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Abstract

The planned widespread adoption of electric vehicles means increased demand for the
batteries to power them. However, the current commercial standard materials are made
from a limited range of elements, placing excessive demands on resources. There is
therefore a motivation to develop new cathode chemistries, form a more diverse range of
materials. A major obstacle to the commercialisation of these new materials is that they
suffer from unwanted side reactions. These can occur at the material’s surface or within

the bulk structure and can negatively impact performance.

This thesis focusses on understanding these unwanted processes, and the performance of
different countermeasures, by exploring the material’s local structure and how it changes
when used in a battery. First, plasma polymerisation was explored as an alternative way of
preparing protective coatings, to prevent surface reactions, using X-ray photoelectron
spectroscopy (XPS), electron paramagnetic resonance (EPR) spectroscopy and 'H solid-
state nuclear magnetic resonance (SSNMR) spectroscopy. Precursor adhesion and
substrate damage are shown to be important considerations when preparing coatings using
this approach. Then oxyfluoride disordered rocksalt (DRX) materials were explored using
a multinuclear SSNMR approach, supported by X-ray diffraction (XRD) and density
functional theory (DFT) calculations. This showed that these materials are not truly
disordered, with the formation of LiF-like regions potentially being important for stabling
the material structure during cycling. Finally, the high-voltage behaviour of vanadium-
based DRX materials was investigated, using SSNMR, XRD and EPR as well as pair
distribution function (PDF) analysis and resonant inelastic X-ray scattering (RIXS)
measurements. These results indicate that structural rearrangements that occur at high

voltages may give the appearance of other side reactions.

The work presented in this thesis uses multiple characterisation techniques to provide
insight into the structures of potential next-generation cathode materials, that could serve

to guide material synthesis.
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1. Introduction

1.1. Lithium-ion batteries

To combat climate change, the UK seeks to reach net-zero carbon emissions by 2050, with
other countries setting similar targets.' Batteries are expected to play an important role in
this by stabilising the intermittent energy outputs of renewable sources and facilitating the
electrification of small vehicles.”” When using batteries in electric vehicles, high
gravimetric energy density is important. This is to say that the amount of energy stored per
unit mass needs to be as large as possible to allow the greatest distance to be travelled
between charges. Lithium-ion batteries (LIBs) are the dominant force in this regard, with
the low mass and negative voltage (—3.04 V vs the standard hydrogen electrode (SHE)) of

124

the lithium ion resulting in energy densities of 250 — 300 Wh kg™

In common with other battery chemistries, (such as sodium- and potassium-ion) LIBs
comprise three fundamental components. These are the cathode and anode submerged in
a liquid electrolyte. This is illustrated schematically in Figure 1.1. The cathode and anode
are typically mounted on current collectors (aluminium and copper respectively), which

can be connected to an external circuit.’



(LI 2
0
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Electrolyte
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Figure 1.1: The components of a LIB.

Commercial LIBs operate via an intercalation or “rocking chair” mechanism, where
lithium ions are inserted into interstitial sites within the electrode structure. This results in
no changes to the structure of the electrode materials, aside from changes in interlayer
spacing. Charge compensation for the movement of ions is provided by redox processes
involving transition metal ions or by m-orbitals in the case of carbonaceous species. On
charging, lithium ions are inserted into the graphite anode, and the cathode (normally a
transition metal oxide) is oxidised. This is thermodynamically unfavourable, and so on
discharging, lithium ions are deintercalated from the anode and reinserted into the cathode

(with the transition metal ion being reduced).*

Energy can also be stored by conversion reactions, instead of intercalation mechanisms.
In these reactions, the insertion of lithium ions into the material causes the formation of
new phases. These phases change as lithium ions are inserted into the material. As such,

the accommodation of lithium ions is not limited to interstitial sites (as in intercalation



materials). This can result in higher capacities for conversion materials, although structural

transformations result in lower electrode stability.’
1.2. Energy density and capacity

When considering portable applications, such as electric vehicles, the gravimetric energy
density of the battery is important to consider, which is the amount of energy stored per

unit mass. This is related to the operating voltage of the cell and the specific capacity.’

The voltage of a cell is determined by the difference in potentials between the two

electrodes as per Equation 1.1.°

Veeu = Veathode — Vanode (1.1)

Equation 1.1 shows that having a larger difference in potentials between the electrodes
leads to a greater cell voltage and by extension, greater energy density. This highlights the
first benefit of using LLIBs as the very negative potential of the lithium ion (vs the SHE)

facilitates high cell Voltages.8

The specific capacity of a material is how much charge that material can store per unit
mass. This is derived from Faraday’s law of electrolysis, which states that the mass of
material deposited in an electrochemical reaction is proportional to the amount of
electricity put through the cell. This can be expressed mathematically by Equation 1.2,
where 7 is the current, #1is the time, 7 is the moles of product formed, g is the number of

electrons transferred, and F is Faraday’s constant (96485 C mol™).”"

it=nFz (1.2)
Equation 1.2 can then be rewritten as Equation 1.3, where Q is the charge, 7 is the mass

of material and M, is the molar mass of the material.'’

_mFZ 3
_MW (')

Specific capacity is the amount of charge stored normalised by mass, and so Equation 1.3
can be rearranged to give Equation 1.4. As specific capacity is normally expressed in
mA h g (rather than A s g), a factor of 3.6 is included here (a combination of the two

conversion factors for hours and milliamps).

Q Fz
— = (1.4)
m 3.6M,,




The relationship in Equation 1.4 highlights the second benefit of using lithium ions, which
is that they are light, leading to high specific capacities.® It should be noted that in principle,
using higher valence cations could also improve capacity as more electrons can be
transferred per ion intercalated. However, the higher charge density of these ions means
that they experience greater electrostatic interactions with the cathode material, slowing
diffusion." Furthermore, the smallest ion with a charge higher than lithium is magnesium.
With an atomic mass of 24 g mol™, magnesium is more than 3 times heavier than lithium,
meaning that the improvement in capacity from the higher charge is mitigated somewhat

by the heavier ion.
1.3. Testing battery materials

Testing of battery materials on a small scale is normally performed using a coin cell. Figure
1.2 shows the general construction of such a cell, although there are variations in the type
of electrode, separator and specific electrolytes used.'” Swagelok cells can also be used

when larger amounts of sample are required for analysis."
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Figure 1.2: Components of a coin cell commonly used to test battery materials.

The most common way to test a material’s performance is to use galvanostatic cycling. In
this test, a constant current, determined by the mass of active material, is applied. When a
specified cutoff voltage is reached, the current is reversed. This is repeated for the desired
number of cycles. Currents are often expressed in terms of C-rate. This is an indicator of
the time to completely charge or discharge the theoretical capacity of the material at that

specific current. For example, a C-rate of 1 C means that the material will be fully charged



or discharged in one hout, whilst a C-rate of C/20 means it will take 20 hours for the same

process.'>"*

The result of galvanostatic cycling is a voltage profile, which is a plot of specific capacity
against voltage, and can be used to provide information on the electrochemical properties
of a material. Sloped regions indicate the presence of solid solution reactions whereas
plateaus suggest the formation of a new phase at a particular potential.”” Voltage profiles
are also used to calculate Coulombic efficiency, which is the ratio of the capacity achieved
by a charging or discharging step compared to its preceding step. A Coulombic efficiency
that deviates significantly from 100% indicates the presence of parasitic side reactions, that

cause a loss of capacity over multiple cycles."

Another useful parameter that can be obtained from galvanostatic cycling is the cycle life
of a material. This is defined as the number of cycles before the capacity drops below 80%
of the initial capacity. Initial capacity in this case does not always refer to the capacity of
the first cycle, as there may be large drops in capacity between the first and second cycles
due to side reactions. In these cases, it is more appropriate to calculate cycle life based on

later cycles, as these are more representative of the long-term behaviour of the material."

1.3. Anode materials

1.3.1. Lithium metal anodes

The most efficient way to incorporate lithium ions into an electrode is simply to use a
lithium metal anode. Metal anodes require no additional materials, to host the lithium ions,
improve conductivity or act as a current collector. Thus, lithium metal anodes have high
specific capacities. Furthermore, the negative potential of lithium (vs the SHE) would lead
to cells with high energy densities.® However, lithium ions deposit asymmetrically onto the
metal surface, leading to the formation of metallic dendrites. These can detach from the
surface, creating so-called dead lithium, that is no longer usable in the cell, impacting
performance. Furthermore, dendrites can punch through the separator, causing short
circuits.*'* The resulting safety concerns mean that lithium metal anodes have never been
widely adopted. Efforts have been made to develop strategies to facilitate the use of lithium
metal anodes, such as employing metal oxide coatings to supress dendrite formation."”
Lithium metal batteries are also of interest for batteries using solid-state electrolytes.'®"”
However, as this thesis is primarily concerned with materials for “wet” cells, this will not

be discussed further.



It should also be mentioned that lithium metal anodes are routinely used as the anode in
laboratory-scale measurements. This is because of its stable potential and high capacity,
which means that the reactions being tested are never limited by the anode capacity.' Such

cells are often referred to as “half cells”.
1.3.2. Graphite

Since the first commercial LIBs in 1994, graphite has been the anode of choice for most
commercial cells. It is cheap, easy to produce and naturally conductive. Lithium ions can
be accommodated between the graphene sheets up to a stoichiometry of LiCg, resulting in
a capacity of 372 mA h g™'. Charge neutrality is preserved by transfer of electrons into the
graphite T orbitals.* Graphite has a low cell potential of ~0.1 V vs Li/Li", resulting in cells

with high cell voltages."

There are, however, several issues with graphite anodes. Firstly, the low potential means
that there is a risk of dendrite formation and short circuits.”* Poor lithium diffusion limits
the accessible capacity, particularly at low temperatures, with only 12% of the capacity
being accessible at —20 °C.""?' This is potentially an issue when using graphite anodes in
environments that may be exposed to low temperatures, such as electric vehicles. The poor
diffusion of lithium ions also means that graphite exhibits poor capacity when cycled
quickly, as would be required for a fast charging of electric vehicles.” During cycling,
graphite also undergoes volumetric changes. These changes, combined with the formation

of ordered stages, can cause delamination of the electrode from the current collector.”
1.3.3. Lithium titanate

The risk of lithium plating for graphite anodes has led to the investigation of other
materials with higher redox potentials. Lithium titanium oxide (LTO) has a potential of
1.55V (vs Li/Li"), due to the Ti**/** redox couple.”* This removes the risk of lithium plating
as well as SEI formation, as this is above the voltages required to reduce the electrolyte. In
addition, LTO undergoes very small changes in volume when lithium is inserted/removed,
making it more structurally stable. However, it can only store three lithium ions per formula
unit, resulting a theoretical capacity of 175 mA h g™, much lower than the capacity of
graphite.”’ Furthermore, its electrical conductivity is poor, and lithium diffusion is slow.
There is therefore interest in addressing these challenges using doping or conductive

coatings.”



1.3.4. Silicon

Another alternative to graphite anodes are silicon anodes. Abundant and environmentally
friendly, silicon has a very high capacity of 4200 mA h g™', when lithiated to Lis4Si. Silicon
also has a potential of 0.4 V, reducing the risk of dendrite formation, whilst being much
lower than L.TO.* Despite these advantages, silicon undergoes large volume expansion of
over 300% when lithiated (compared to 10% for graphite).” It also has poor conductivity
and so, whilst still of interest, is not currently a competitor to graphite when used on its
own.” However, silicon can be used in combination with graphite, with Tesla making use

of anodes that contain 10 wt% silicon.”
1.4. Cathode materials

The cathode is the heavier and more expensive electrode in a 1.IB.* Furthermore, the
capacity is generally lower than the anode, limiting the performance of the whole cell.

Therefore, the development and optimisation of cathode materials is of particular interest.

Early attempts at rechargeable LIBs used TiS; as a cathode. This is made up of alternating
layers of titanium and sulphur, allowing lithium ions to intercalate in between the layers.”
However, the cell potential of this material is low (< 2.5 V), resulting in low energy density.
To improve the cell voltage, oxide cathode materials were investigated by the group of
John Goodenough. This is because the O* 2p band has a lower energy than the S* 3p
band, allowing for much greater cell voltages.” Oxide materials used for cathode materials
normally belong to one of three material families. These are layered oxides, spinel oxides

and polyanion materials.
1.4.1. Layered materials

The first layered oxide investigated was LiCoO, (ILCO). This is made up of octahedral
Co®"’*" jons coordinated to six O* ions. These are arranged in layers, between which
lithium ions can insert. In addition to its higher operating voltage (~ 4 V), LCO contains
lithium as synthesised, meaning that a lithium metal anode is not required. These qualities
made it an ideal replacement for TiS,, resulting in it being used as the first commercial
cathode material in the 1990’s. However, when more than 0.5 lithium ions (per formula
unit) are extracted, the structure collapses, resulting in poor cycling performance. As a
result, the operating voltage of LCO is restricted to below 4.4 V. This limits the practical

29,30

capacity of LCO to ~140 mA h g™, around 50% of the theoretical capacity.



Different approaches have been used to try and improve the performance of LCO, such
as doping the material with titanium or magnesium or applying surface coatings.”
However, the practical challenges of LCO as well as the cost of cobalt has led to other
materials being investigated.””! One such class of matetials are LiNii;Mn.Co,O, (NMC)
materials.”” These materials address the problems of LCO, by using different metal ions.
Not only are these metals cheaper, but substitution of cobalt for nickel improves the
capacity, whilst the inclusion of manganese stabilises the structure. Cobalt is still used in
these materials as it improves the electron transfer properties of the material. To further
improve the capacity of the material, the other metal ions in NMC materials are reduced
in favour of increasing the nickel content, with capacities of 200 mA h g™' being achieved

for NMC811, as against 150 mA h g™ for NMC111.”!

The obvious extreme end of the NMC series is to only use nickel, resulting in LiNiO,
(LNO). LNO has a high theoretical capacity of 275 mA h g™'. However, it is challenging
to synthesise owing to the stability of Ni** compared to Ni’*. Any Ni** present can occupy
Li" sites (due to their similar sizes). Such cation disorder is unfavourable for matetial
performance. Furthermore, LNO is prone to phase transformations on cycling, resulting
in poor performance.” Despite these challenges, the prospect of such high capacity means
that LNO is an active area of research with different countermeasures being

investigated.”*
1.4.2. Spinel materials

Another class of oxide materials being investigated are spinel materials, the first example
being LiMn,O,. This is significantly cheaper than LCO, owing to the greater natural
abundance of manganese compared to cobalt, whilst offering higher cell voltages. In
addition, the spinel structure allows fast lithium-ion diffusion.” However, in the presence
of trace amounts of H", which can be formed from the decomposition of the electrolyte
salt (Section 1.5.3.), Mn’* ions can disproportionate to Mn** and Mn**. This is problematic
for the capacity of the electrode, but also Mn** dissolves into the electrolyte, poisoning the

graphite anode.””

The compositional space of spinel materials is far more limited than for layered oxides. Of
the other first row transition metals only vanadium and titanium can form spinel oxides,
owing to the difficulty in stabilising the 3+ oxidation states of the other metals.” However,

neither of these materials are suitable as cathode materials. As previously discussed, the



Ti**/** redox couple has a potential of only ~ 1.5 V. LiV,0O4 on the other had undergoes

structural transformations at 3 V.

An alternative approach to accessing other spinel structures is to substitute other ions into
LiMn,O4. Of these LiNipsMni 5Oy is perhaps the most successful. In this material, all the
manganese is Mn*", avoiding disproportionation. Instead, the redox activity of the material
comes from nickel going between the +2 and +4 oxidation states. This has a high voltage
of 4.7 V vs Li/Li", which offsets the low capacity of 147 mA h g™', to achieve high overall
energy density (650 W h kg™). However, the high voltage far exceeds the stability of the

electrolyte, resulting in decomposition reactions (Section 1.5.3.).*”

1.4.3. Polyanion materials: lithium iron phosphate

Another cathode material worth briefly discussing is lithium iron phosphate, LiFePO,
(LFP). LFP has a specific capacity of 170 mA h g™', which is better than the spinel materials
already mentioned. In addition, iron is relatively abundant. These reasons combined with

higher thermal stabilities means that LFP has found a level of commercial success.”**

However, the low conductivities of LFP means that electrodes require large amounts of
carbon additives, reducing the energy density the final cells.” Furthermore, LFP has a low

operating voltage when compared to the materials previously discussed (3.5 V vs Li/Li")."

1.5. Electrolytes and interphases

1.5.1. Electrolytes

The two electrodes previously described are submerged in an electrolyte solution, which
allows lithium ions to migrate between the electrodes. This is normally a lithium salt, such

as LiPFs, dissolved in a mixture of carbonate solvents (Figure 1.3).*
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Figure 1.3: Commonly used solvents in LIB electrolytes. (a) ethylene carbonate (EC), (b)
dimethyl carbonate (DC), (c) propylene carbonate (PC) and (d) diethyl carbonate (DEC).

1.5.2. Electrode-electrolyte interphases

It would be simple to assume that the electrodes and electrolyte exist as three discrete
entities. However, this is not the case. Instead, parasitic reactions between the electrodes
and the electrolyte result in the deposition of electrode-electrolyte interphase layers. The
layer that forms at the anode is called the solid-electrolyte interphase (SEI) and the layer
that forms on the cathode is the cathode-electrolyte interphase (CEI).* Whilst thin, these
layers have significant impact on the overall lifetime of the battery. A stable interphase
layer can mitigate further reactions, facilitating long-term cycling of the battery.*** Indeed,
this is the case for graphite, where a stable SEI forms during the first discharge, that is
imperative for reversible cycling.*** However, an unstable interphase reduces accessible
lithium and may continue to thicken impeding ion diffusion.*® As a result, there has been
interest in understanding the nature of interphase layers and how they form, to improve

cell performance.

In the review by Xiao ef a/ they argue that highly controlled conditions are needed to test
contributions for the CEI, making use of model electrode materials."’ This is likely useful,
but the formation of the CEI is tied to many factors influencing each other, as will be
discussed. Therefore, it may not be valid to isolate individual contributing factors when

the CEI should perhaps be viewed as something greater than the sum of its parts.
1.5.3. Interphase formation mechanisms
The processes that form interphase layers are a mixture of electrochemical processes and

conventional chemical reactions. If the Fermi level of the anode is of higher energy than
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the lowest unoccupied molecular orbital (LUMO) of the electrolyte solvent, the solvent
molecule will be reduced.” This typically starts to occur below 1.5 V, and the
decomposition products of these reactions deposit onto the anode surface, forming the
SEL* The opposite process, ic., oxidation of the solvent molecules, can also occur at the
cathode if the Fermi level is below the energy of the highest occupied molecular orbital
(HOMO) of the solvent molecule. This typically occurs at around 4.5 V and beyond. These
kinds of potentials are not normally reached in commercial cells, and so there is normally

much less deposition at the cathode than the anode.**

Another electrochemical process that contributes to CEI formation is “crosstalk” with the
SEIL Crosstalk is where species from the SEI migrate across to the CEI during cell
discharge.” This idea is supported by the fact that the thickness and composition change
at different states of charge.”' As such, the formation of the SEI plays an important role

in the formation of the CEIL

As mentioned already, there are several chemical reactions that can occur in addition to
the electrochemical reactions, contributing to the interphase layers. Oxygen in M-O bonds
on the surface can act as nucleophiles causing ring opening of the cyclic solvent
molecules.” Similarly reactive oxygen species (such as superoxides, Oz evolved at high

potentials can also react as nucleophiles.”

Another set of possible chemical reactions stem from the decomposition of the LiPFs salt,

shown in Equation 1.5.

LiPF, - LiF + PFq (1.5)

The LiF formed in this reaction can then deposit onto the electrode surfaces. Furthermore,
the PFs can react with any residual water in the system, or water formed from the oxidation
of solvent molecules to form HF (Equation 1.6). This HF can then react with other species,

such as lithium carbonate, to form further LiF.>

PFs — 2HF + POF; (1.6)
The transition metal ions themselves can also be unstable when in high oxidation states.”*

For example Ni*" can be reduced to Ni’* by oxidising the electrolyte.
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1.5.4. Composition of interphase layers

There have been many different species identified as being part of the SEI and CEI,
formed from the electrolyte salt and solvent by the mechanisms previously described.
Consumption of the electrolyte solvent leads to the formation of organic species such as
poly(ethylene oxide) fragments and lithium acetate-type species. LiPFs can form LiFF and
HF. The HF can then react with the metals at the surface or LixCOs forming further LiF.
LiF is a poor ionic conductor and therefore its presence can negatively impact cell
performance.” A combination of reactions also lead to the deposition of organophosphate

species.*

It is also worth noting that species such as LiCOs can be formed from electrolyte
decomposition but may also be “native” to the material. This is to say that they are already
present on the surface of the material, as residue from the synthesis, rather than formed
during cycling.” These species do however contribute to other reactions that occur during

cycling, such as the formation of LiF, as mentioned previously.

Crosstalk is an important part of the formation of the CEL. However, it has been reported
as being somewhat reversible, with poly(ethylene oxide) (PEO) and lithium acetate species
being removed on charging. Such species are thought to solvate to lithium ions, allowing
them to migrate back to the anode.” Therefore the composition of interphases should not

be simply viewed as static.”

The composition of the interphase layer also is thought to depend on what part of the
electrode it deposits on. Hestenes ez a/ report that LiF, Li>CO; and lithium acetate species
deposit selectively onto the cathode material. Alkyl carbonates on the other hand, deposit

indiscriminately, and may be found on carbon or binder regions of the electrode.”
1.6. Thesis summary

Improving energy density requites cells with high voltages and/or specific capacities.
However, these materials suffer from deleterious processes, that originate at the level of
the material’s local structure. The focus of this thesis is investigating the local structure of
materials for use with next-generation cathode materials, either as cathode materials
themselves or as protective coatings. This chapter has introduced the fundamental
operating principles of lithium-ion batteries as well as the types of materials used in their

construction, to provide context for the sections that follow.
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Chapter 2 will address the theory and literature surrounding the materials of interest, used

as surface coatings or cathode materials. Specifically, plasma polymers and disordered

rocksalt (DRX) materials will be discussed.

Chapter 3 will introduce the fundamental theory behind solid-state nuclear magnetic
resonance (SSNMR) spectroscopy, electron paramagnetic resonance (EPR) spectroscopy,
powder X-ray diffraction (PXRD), pair distribution function (PDF) analysis, X-ray

photoelectron spectroscopy (XPS) and resonant inelastic X-ray scattering (RIXS).

Chapter 4 presents an investigation into the use of plasma polymers to supress parasitic
side reactions and provides insight into the interaction of plasma with various substrates,

primarily using XPS and EPR spectroscopy.

Chapter 5 will explore the local structures of a range of oxyfluoride DRX materials and
how these evolve on electrochemical cycling, by employing SSNMR spectroscopy and
PXRD.

Chapter 6 uses SSNMR spectroscopy, EPR spectroscopy, PXRD, PDF analysis and RIXS
to explore the phenomenon of oxygen redox (O-redox) in vanadium-based DRX

materials.
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2. Surface coatings and disordered

rocksalts

2.1. Overview

As discussed in Chapter 1, improving the energy density of lithium-ion batteries (LLIBs)
can be accomplished either by increasing the operating voltage of the cell or increasing the
capacity of the electrodes. As such the work in this thesis is divided in two. Chapter 4 will
focus on surface coatings as a means of improving the performance of high-voltage
cathodes. Meanwhile, Chapters 5 and 6 will focus on understanding high-capacity cathode
materials, specifically disordered rocksalt (DRX) materials. The following sections will
outline some of the literature associated with these areas, as well as introduce some of the

preparation methods that were used to prepare the materials studied in the results chapters.
2.2. Surface coatings

As discussed in Chapter 1, the stability of the interphase layers in a battery is important to
ensure longevity of performance. However, the interphase that forms naturally is not
always stable. The obvious solution is to engineer an interphase with desirable properties.
This can be achieved by one of two methods, using electrolyte additives or surface
coatings.”® As this thesis is primarily concerned with cathode materials, most of the

discussion will be focussed on the cathode electrolyte interphase (CEI).
2.2.1. Electrolyte additives

Interphase layers form because of decomposition of the electrolyte and instability of the
electrodes. This can be capitalised upon by including sacrificial additives in the electrolyte.
These are less stable than the electrolyte salts/solvents and so are oxidised or reduced first.
These then form the interphase, supressing any further parasitic side reactions.”” The ability
to select the additive also allows for a degree of control over the chemistry of the CEL."
Only small amounts of additive are required, which can be added to the electrolyte, making

this approach simple and cost-effective.”®”

Many materials have been tested including both organic compounds and lithium salts such

as vinyl carbonate, fluoroethylene carbonate (FEC), lithium bis(oxalato)borate
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(LiBOB).**” Another approach is to use additives that contain silicon atoms, such as
pentafluorophenyltriethoxysilane (TPS).” This is because it oxidises at high voltages,
forming a silicon-containing CEI. Silicon has a strong affinity for fluorine and so the
coating is thought to be able to scavenge HF. Silicon-containing additives can also remove
HF from the electrolyte before forming the CEI This was shown by Han 7 a/, who used
tris(trimethyl silyl) phosphite as an additive.”’ Whilst in the electrolyte, this molecule reacts
with HF, cleaving the Si-O bond. The products of this reaction then go on to form the
CEL This results in a capacity retention of close to 100% after 50 cycles as opposed to
around 20% for the cells without an additive. These can act as scavengers of fluoride

containing species. This is an idea that is also used in several types of surface coatings.

Multiple additives can be used together. This was demonstrated by Chen ¢ /, who used
LiPOF; in combination with FEC.” This results in a thin CEI (6.8 nm), that has a high
LiF content, which impedes solvent breakdown, whilst still being flexible enough to
accommodate volumetric changes, owing to its organic content. This dramatically
improved the performance of the NMC111 cathode material, with a capacity retention of

86.4% after 400 cycles as opposed to 38.7%.

A variation on this is to use an additive that reacts with the electrolyte solvent. This was
done by Yang e/ a/, who used aluminium isopropoxide to facilitate polymerisation of the
ethylene carbonate molecules.” This results in a coating that contains organic components,
as well as ALOs and AlF;, based on XPS. The coatings produced do result in better capacity
retention for NMC811 and LLCO, provided the amount of aluminium isopropoxide is low
(< 1 wt%). The coatings produced by this method are also thinner than the natural CEI
(7 nm vs 20 nm) but did not crack after cycling unlike the natural CEI It should however
be noted that it is not clear how many cells this analysis was carried out on. Given the

variability between coin cells, the differences in performance may be an experimental issue.

Another approach that could be loosely grouped under additives is to use high
concentration electrolytes, with concentrations of 4 M. Doing so reduces the availability
of reactive solvent molecules.”” As a result, the interphase layers are largely derived from
the decomposition of the electrolyte ions, making them more robust. This is due to a higher
inorganic content, Ze., species such as LiF.” It should be noted however that as discussed
in Chapter 1, LiF has also been linked to poor cell performance. These conflicting results

likely stem from poor testing protocols as argued by Xiao ez /"’
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2.2.2. Surface coatings

The second method to control the CEI is to use a surface coating, also known as an
artificial CEI (ACEI).** In this case, the cathode material is coated prior to cell assembly,
with a coating designed to exhibit favourable properties, suppressing side reactions and

improving cell performance.

There are several criteria a surface coating should ideally fulfil. Coatings should be thin and
homogenous to allow easy and uniform ion mobility. They should also be chemically
robust, as well as having some degree of flexibility to accommodate volumetric changes in
the cathode without cracking. Scavenging groups, such as the previously mentioned Si-O
bond, are also promising for reducing transition metal ion dissolution.” It can also be
beneficial to use electronically conducting coatings to enhance the charge transfer within
the electrode.” However, this is separate to improving the performance by replacing CEI

formation.

There are many examples of materials that have been investigated as cathode coatings. The

following sections will discuss some of the different materials used.
2.2.2.1. Oxide coatings

A popular type of material to use as a protective coating are inorganic oxides such as Al,Os,
Z1rOs, ZnO and SiO2.7** These can have several beneficial effects such as suppressing
ion dissolution and scavenging HF, by reacting to form fluorides. Furthermore, these
coatings can also restrict the volume expansion that may occur during phase transitions.
This however requires the coating material to be harder than the cathode material, so that
it can withstand changes in patticle size without breaking. ** However, oxide matetials do

not always have high ionic conductivities. 65

The cations in the oxides used as surface coatings typically only have one valence state, so
that they cannot take part in redox processes and act as physical barriers between the
electrode and the electrolyte.” This is not to say that other oxides have never been tested.
For example, Zhang ¢t al, used TiO,-based coatings, which initially showed improved

capacity retention.®

However, TiO; can be electrochemically lithiated to form Li TiOx.
The resulting Ti’" can catalyse unwanted reactions, leading to poor long-term performance.
Another example oxide with multiple valence states is V2Os.”" This can also be lithiated,
but the authors kept the voltage to above 3 V, minimising any reduction of vanadium.® As

such, in this case, V,Os was successful in improving the capacity retention of the material.
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Oxide coatings can be prepared by a wide variety of methods, which dictate the properties
and effectiveness of the coating. “Wet” methods, such as sol-gel synthesis, are simplest
and have been used to prepare ALOs coatings. These coatings are often homogenous, but
it is difficult to control the thickness, and the surface chemistry may be modified.” Also,
as previously mentioned, LiPFs forms HF even if only very small amounts of water are
present.”® Therefore, if using a wet method, it is imperative that the drying step is
completely effective. This is less of an issue if the solvent is volatile. For example, Al,Os

coatings can be prepared via a sol-gel method using ethanol as the solvent.”

“Dry” coating techniques avoid the need for thorough drying steps. Nisar ez a/, describe
the use of “soft” ball milling to coat spinel materials with ZrO..” This leads to an
improvement in long-term capacity retention as well as a small improvement in initial
capacity. However, this could be due to the smaller particle size because of the ball milling
process. Smaller particle sizes result in better lithium-ion transport, owing to the shorter
diffusion lengths.”” The nominal amounts of ZrO are also likely inaccurate as milling in a
71O, jar will introduce further ZrO; as the milling media wear down.” It is also not clear
whether such a method will cause phase transitions in the material, given that ball mill

synthesis is often used to prepare metastable phases (as will be discussed in Section 2.4.6.).

Atomic layer deposition (ALD) is perhaps the most suitable way of preparing thin, uniform
surface coatings as it allows for precise control over layer thickness and chemistry and is
solvent-free.”! Furthermore, it can be used to coat whole electrodes, rather than the active
material in its powdered form. This allows electronically insulating materials to be used, as
the external coating does not impact conduction within the electrode, such as ZnO.*
However, the precursors required for ALD are often hazardous. It is also slow and

expensive and therefore may not be suited to all industrial applications.™
2.2.2.2. Solid-state electrolytes

Solid-state electrolyte materials have also been investigated as potential surface coatings.
This is because they have high lithium-ion conductivities, facilitating ion movements, but
low electronic conductivities, supressing unwanted reactions. An example of this is
LisLnz/35TiOs (LLTO), coated onto NMC622 by a sol-gel method.” This does improve
the capacity retention of the material with 87.2% capacity retention after 200 cycles
compatred to 56.6% for uncoated NMC622. But perhaps more interestingly, the synthesis

uses residual lithium species on the surface (left over from the synthesis) as the lithium
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precursor for the LLTO. These species impede lithium-ion transport, so this approach has

additional performance benefits beyond simply protecting the cathode.
2.2.2.3. Polymer-based coatings

Conducting polymers such as polypyrroles or polyimides have also been researched.”"™
These can be ionically and/or electronically conducting and so can improve charge
mobility throughout the electrode. In addition, the flexibility of polymer materials may
allow them to avoid cracking during cycling, preventing the continued deposition of CEI

56

layers.® An example is LNMO coated with a polypyrrole coating.” This sees a 92%
capacity retention after 300 cycles, compared to 76.7% for uncoated LNMO. However,
the electrochemical profile does not seem to change consistently as the weight percentage
of the coating is increased. This could suggest that the differences observed are due to
variation between coin cells. This is perhaps also due to the inherent flexibility of polymer

coatings, allowing them to accommodate volume changes without cracking.

It is worth pointing out that the preparation method for the polypyrrole coatings is
relatively simple, which may make it useful industrially, although the aqueous solutions
used would require heavy drying. The process is however perhaps simpler than the method
for making the polyimide coating described by Cho ez a/ as this requires several consecutive

heating steps to prepare the coating.74

Aside from the previously mentioned conducting polymers, other polymers have been
investigated. Poly(vinyl difluoride) (PVDF) is one such example, as demonstrated by Kang
et al.” Ubiquitous in the battery field as a binder, PVDF undergoes thermal decomposition
when heated. This forms reactive fluorine species that can then react with unreacted
lithium precursors on the cathode surface, like the previously described LLTO coatings.
The result of this is the formation of a protective LiFF layer, which resulted in a 97%
capacity retention compared to 83.6% for uncoated NMC811, after 100 cycles. This also

further suggests that LiIF can be of benefit to cell performance.
2.2.2.4. Alkylated lithium silicates

The final class of materials that will be discussed are alkylated lithium silicates (LiSi;O,).
These are of interest owing to their open frameworks, allowing for easy lithium-ion
diffusion. Also, as mentioned previously, the presence of silicon allows these materials to
scavenge HF. Rosy ¢7 al. report one of these coatings, prepared by ALD with a single

precursor.”® This material, when coated onto 0.35Li:MnOj3°0.651iNi35Mn0.45C002002,
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resulted in a 35% capacity increase, compared to the uncoated material. No reason for this
capacity increase is given, but pethaps it atises due to lithiation/delithiation of the coating
itself. However, this approach would not be suitable for large-scale manufacture in its
current form, as the precursor has a lengthy synthesis. The synthesis also requires the use

of mercury, which is potentially problematic.
2.3. Plasma polymerisation

The coating materials discussed have been shown to be beneficial for improving battery
lifetimes. However, there can be issues with the preparation method, or the precursors
used. Therefore, alternative methods for creating coatings should be explored, particularly

those that use simple starting materials under mild, dry conditions.
2.3.1. Introduction

The chemical properties of surfaces determine how they interact with their environment.
This has led to the development of a range of processes for modifying surfaces. One family
of surface modification techniques are plasma-based processes, which have received
interest owing to their low process temperature, solvent-free nature and versatility. This

section will focus on one such technique, namely plasma polymerisation.

First properly developed by Goodman in the 1960’s, plasma polymerisation is a method
of depositing thin coatings detived from organic plasmas.” They have found use in many
areas, from antibiofouling coatings to carbon fibres, owing to the attractive properties of
the process and the coatings it creates.”™ Plasma polymerisation has a low process
temperature and is entirely solvent-free. Unlike conventional polymerisation, there is no
requirement for unsaturation, enabling a wide range of traditionally “unpolymerisable”
precursors to be used. As a result, plasma polymer coatings can contain a diverse set of
functionalities, including -COOH, C-O-C, -SH and -NH,. The coatings can also be

prepared to be ultra-thin, with coatings below 10 nm in thickness being achievable.”

The coatings created by plasma polymerisation are often also said to be substrate
independent. However, this only refers to the upper most surface of the coating, whilst the
chemistry of the coating bulk can vary throughout its depth and can be influenced by

interactions with the substrate.®

It is important to be clear, that despite being referred to as “polymers”, plasma polymer

coatings are quite different to conventional polymers. Instead of being composed of a
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single repeating monomer unit, a plasma polymer is a random, crosslinked network.”*

Therefore, whilst some would term the starting material a monomer, others would call it a

precursor to better reflect its relationship to the final deposit.
2.3.2. Overview of the process

Plasma polymerisation is not a widely used method of sample preparation, at least when
compared to other forms of polymerisation. Therefore, before looking at the details of the

process, it is useful to give an overview of the basic steps involved.

The process starts with introducing the precursor vapour into a chamber at low pressure.
Through random processes, a small number of electron-ion pairs are then generated.®
These would be of no consequence, if it were not for the application of a radiofrequency
(RF) field. This accelerates the electrons, resulting in collisions that generate radicals and
excited states in addition to further electrons and ions. These electrons are then also
accelerated generating further reactive species, which sustain the plasma. The reactive
species generated then react and deposit onto the substrate, leading to the generation of a

plasma polymer film.**"’

2.3.3. Practical considerations: reactor design

Plasma polymerisation is carried out in a plasma reactor, which must fulfil two basic
requirements. Firstly, it must have a vacuum chamber with a way of introducing the
precursor vapour. Secondly, it must have a way of supplying power to the vapour. This
power supply can be a direct current (DC) or an RF source, but RF power is favoured for
the generation of organic plasmas. RF is supplied at a frequency of 13.56 MHz as per the
allowed frequencies for industrial, scientific and medical (ISM) uses.*® RF also means that
the electrode can be wrapped around the outside of a glass barrel, which is more efficient
than containing the electrodes within a steel vessel.”” Aside from these basic requirements,
there are a wide variety of reactor designs, based on the individual requirements of the
user. For example, cruciform barrels enable the use of extra sensors, whilst vertical barrels
equipped with loudspeakers allow the agitation and uniform coating of powdered
substrates.” Figure 2.1 shows an image of the reactor used for the work cartied out in

this thesis.
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Figure 2.1: An example of a "Clark" reactor.

2.3.4. The plasma phase

2.3.4.1. Equilibrium and non-equilibrium plasmas

As previously alluded to, the plasma phase is a highly complex gaseous phase consisting of
electrons, ions, radicals, excited states and neutral gas molecules. If the gas is more than a
simple monatomic species (such as argon) the complexity increases further owing to the
wide range of fragmented species possible. Regardless of the species, the kinetic energy is
an important thermodynamic parameter when describing plasmas. Typically, this is
referred to by a temperature, which is expressed in electron volts. The conversion factor

is shown in Equation 2.1.%

_ 16x107Y
© 1.38 x 10723JK -1

1eV = 11600 K @.1)

When considering the temperature of species, there are two possible situations. Either the
temperatures of all species are equivalent, or the electron temperature is much higher than
those of neutral species and ions. These are called equilibrium and non-equilibrium
plasmas respectively. Equilibrium plasmas require high temperatures (such as in stars), and

so most man-made plasmas are non-equilibrium plasmas.”’
2.3.4.2. Composition of plasmas

Electrons are the most important species in the plasma as they are responsible for
generating new reactive species and sustaining the plasma. Electrons are generated in one
of two ways. Before plasma ignition, a small number of neutral species are ionised by

absorbing cosmic rays and other random processes. When a radio frequency field is

22



applied, further electrons are generated through collisions with neutral species. These

processes are shown in Equations 2.2 and 2.3 for a neutral species X5.”

X,+hv > X5 +e” 2.2)
X,+e > X)+2e” (2.3)

To possess enough energy to ionise molecules or break bonds, electrons must be heated.
This is achieved through the application of an RF field (Stochastic heating), which
accelerates the electrons. Electrons can also gain energy through collisions (Ohmic
heating), but the amount of energy transferred is negligible in comparison to that supplied

by the external field.

The amount of energy an electron has determines what kind of species it can generate. The
energy of all the electrons in the plasma is described by the electron energy distribution
function (EEDF) (Figure 2.2). This follows a Maxwellian distribution with most electrons
possessing 3 — 5 eV of energy being capable of generating radicals from organic molecules,

and those with > 10 eV being capable of ionisation.”

A
Elastic .
collisions * ' '
1 1 1
| Bonds | ! L
1 broken 1 I ]
F 1 1
H— 1 1 1
< I I Excitation ' >
-] I )
E 1 1
o 1 1
: \ lonisation
1 1
1 ]
1 1
1 1
1 1
L F"""7""
0 2 4 6 8 10 12 14

Electron energyl/eV

Figure 2.2: The electron energy distribution function, at an arbitrary temperature. The
regions are labelled with the processes that can occur at those electron energies. Based on
Figure 2 in the review by Michelmore ¢ a/.”

The formation of positive ions through collisions generates electrons and is therefore a

necessary step in sustaining the plasma. However, positive ions are not very abundant as
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very few electrons have the energy necessary for ionisation, with there being one ion for
every 10" — 10° neutral molecules. As they are relatively large, ions do not get accelerated
by the RF field and remain at ambient temperatures and therefore do not assist in

sustaining the plasma.”

Ions can also be generated in the plasma phase via protonation of neutral species. In this
case the protons are supplied by water adsorbed to the walls of the plasma chamber, as per

Equation 2.4.”

H;0" + X, » X,H" + H,0 2.4

In addition, when precursors containing electronegative atoms are used (e.g,, CFy), electron
collisions can generate negative ions (Equation 2.5). This process consumes electrons and
therefore does not contribute to sustaining the plasma. Negative ions are also thought to
not contribute to the coating deposition in the way that positive ions do (this shall be

discussed in Section 2.3.5.).”

X, +e - X; (2.5)

Fragmentation of the precursor molecule generates reactive radical species (Equation 2.6).
It should be noted that the two radicals need not be identical, depending on which bond

is broken.

X, te > X +X +e” (2.6)

As bond dissociation requires less energy than ionisation, radicals are more abundant in
the plasma phase (for every one radical there are 200 neutral gas molecules). Radicals are
neutral, and therefore are not affected by the RF field, remaining at ambient temperatures.

Radicals can also be generated by abstraction of hydrogen radicals.”

If an electron with energy of 5 — 10 eV collides with a neutral species, the collision can
result in the formation of an excited state. These excited states are typically short-lived
(10 ns), although metastable states can be formed with lifetimes exceeding 1 ms.
Regardless, when excited states relax, they can emit photons. Some of these photons are

in the UV region, (referred to as vacuum UV or VUV), whilst others are in the visible
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range. These visible photons are responsible for the characteristic plasma glow. Equations

2.7 and 2.8 show the generation of an excited state and the subsequent relaxation step.”

X, +e > X; @.7)
X5 = X, + hv (2.8)

2.3.5. Plasma polymer deposition mechanisms
2.3.5.1. Radical-only mechanisms

Radicals are the dominant reactive species in the plasma phase. Therefore, it has been
historically assumed, perhaps influenced by conventional polymerisation mechanisms, that
coating deposition is solely due to radicals. The first model proposed was the Rapid Step
Growth Polymerisation (RSGP) model, put forward by Yasuda in 1985. This is

summarised in Figure 2.3.”

Cycle 1

v / M-+ M —_— M'M- -

MmM—M+M — M-M ——

[ Plasma
excitation

— M-M* «— + Cross-cycle relaxation

Figure 2.3: Rapid step growth polymerisation. M denotes a species undergoing a reaction
in the plasma phase.”

RSGP starts with an initial excitation of the precursor, to generate monoradicals or
diradicals. These then react with uncharged precursor molecules or other radicals in one
of two cycles (cycle 1: monoradicals, cycle 2: diradicals). If the product of the reaction has
no radicals, it is re-excited by the plasma and the process continues until the product

condenses onto the substrate.”’
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2.3.5.2. The role of ions in plasma deposition

In the years since Yasuda’s model, many authors have started to reevaluate the role of ions
in plasma deposition, despite their low abundance. This is due to the consideration of the
physics of placing surfaces into a plasma and the formation of sheath regions. However,

the precise role of ions is still a topic of debate.””

The flux (]) of any species to a surface placed in a plasma is given by Equation 2.9, where
n is the number of that species and » is its velocity given by Equation 2.10 (where £ is
Boltzmann’s constant, T is the temperature of the species and » is the mass of the

species).”

1
] = va (29)
p= |2 2.10)
mm

Electrons are much lighter than any other species and so move much quicker, resulting in
higher electron flux to the surface and a build-up of negative charge at the surface. This
negative charge then repels electrons and attracts positive ions creating a region of positive
charge adjacent to the surface, called the sheath.” The sheath region repels any slow-
moving ions, but if an ion is moving sufficiently fast, it can pass through and be accelerated

toward the surface. This is called the Bohm velocity and is given by Equation 2.11.”

kT,

Xle 2.11)
m

UBohm =

As a result of the acceleration ions experience due to the negative charge build up on the
surface, they gain a large amount of energy (10 — 30 eV). They can then collide with the
surface and generate surface radicals that can react with species in the plasma phase.” The
presence of these sites has been shown by EPR spectroscopy, specifically for poly(ethylene
naphthalate).” However, given that this is an organic material it is maybe not a
representative example of how all substrates would interact. Regardless, higher
incorporation of precursor functionality is observed for ester-containing coatings when

surface activation is used.
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The concept of surface activation has led to the development of the ion-Activated Growth
Model (AGM). In this model, a precursor can be incorporated into the coating through
reactions with the surface sites (induced plasma polymerisation), as well as reactions in the

plasma phase covered by the RSGP model (plasma-state polymerisation).”

Ions are not the only source of surface activation as this can arise due to electron impact
and VUV, although the contributions of these processes are smaller than the contribution
of ions. This is due to the lower energy of these species when compared to ions that have

been accelerated towards the surface.”
2.3.5.3. Plasma phase reactions

In addition to simply activating the surface, there are those who believe that ions also
contribute significantly to the mass of the final coating. There are several reasons for this.
First, plasma polymers have very similar chemistries to hyperthermal films. Hyperthermal
films are deposited only from ions. Secondly, ions have higher sticking probabilities.
Around 20 — 50% of ions that arrive at the surface will stick as against < 0.1% for neutrals
and radicals.” This is because ions artive at the surface with significant energy, whilst other
species are reliant on the surface being activated (to provide the chemical energy necessary
to facilitate the reaction). Radicals must also collide with the surface in the correct

otientation, meaning the rate of deposition can be further slowed by steric effects.”

Further to the higher sticking probabilities, there are also more ions at the surface due to
the negative charge. In addition, ions are potentially larger than radicals as they are not
formed by fragmentation. This means that an ion that arrives at the surface will contribute

more mass to the final coating than a given radical.”

The sticking probability can be improved if the precursor contains double bonds as these
can react with surface species by radical propagation reactions, which greatly increases the

rate of deposition as following the AGM.”

When accounting for the contribution of ions, there appear several additional reactions
with ions not accounted for in the RSGP model and AGM. Considering only two-body
collisions in the plasma bulk, there are five chemical reactions possible. These are shown
in Equations 2.12 to 2.16, where NN indicates a neutral species, I, an ionic species and R a

radical species. The reactions are arranged in descending order of probability.”
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N+R - NR (2.12)

R +R - Nor-RR- (2.13)
N+I" > NIt (2.14)
I*+R - IR" (2.15)

I*+I- >N 2.106)

2.3.6. Coating chemistry

The chemistry of the final coating is derived from the precursor used. Plasmas can be
created from a wide range of precursors and as such a wide range of coating chemistries
are possible.” Quite often the goal is to incorporate as much of the original precursor
functionality into the final coating as possible, imparting the coating with the properties of
the precursor. However, this is challenging as there are numerous fragmentation pathways
possible, leading to a range of different functional groups in the final coating. For example,
using an ether or alcohol precursor containing C-O bonds, will result in a coating with a
degree of C=0O bonds. In addition, the highly cross-linked structure provides an
environment for stable radicals to form. These can be later oxidised, modifying the coating

chemistry after it has been prepared.

Several papers describe so-called “soft landing” of precursor molecules onto substrates.”

The idea of this is to deposit the precursor with minimal damage. There are two parts to
this. First is to use higher pressures as this reduces the energy of each individual ion
through a greater number of collisions, making it more likely that the functional group
survives the collision with the surface. The second part is to use lower power. This means
less energy is transferred to the precursor molecules in the plasma phase, reducing the

amount of fragmentation.

Applying these principles has been reported to improve functional group retention, such

as for -COOH groups and even nitroxide radicals.””’
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2.3.7. Considerations of coating powders and other non-uniform

substrates

Most substrates used for plasma polymerisation are very flat, such as silicon or
polytetrafluoroethylene (PTFE) wafers. For a substrate that is not smooth or a powder,
the amount of material arriving at different points on the surface will vary resulting in a
non-uniform coating. One approach to deal with this as mentioned previously is to agitate
a powder sample during deposition, either with a loudspeaker or by rotating the vessel.”

However, the equipment to do this is not a standard set up.
2.3.8. Precedent for using plasma polymers in batteries

As outlined in the previous section, plasma polymerisation is a solvent-free method of
quickly depositing, thin and uniform coatings with a wide variety of surface chemistries.
These are all desirable characteristics when choosing a coating method for use in batteries.
Furthermore, the fact that the coatings are organic polymers likely endows them with

mechanical flexibility, allowing them to avoid cracking during cycling.

Whilst not commonly used, there is some precedent for using plasma polymerisation to
prepare coatings for use in batteries. In the 1990’s, Takehara ef /. coated lithium anodes
with a plasma polymer derived from 1,1-difluoroethene. This was chosen as it can complex
with lithium to allow for a degree of ionic conductivity.” It was suggested that these
coatings will supress dendrite formation, although they were never tested in a cell and so

it is unclear what practical impact they would have.

In 2002, Nakajima e a/. also used plasma polymerisation, this time to improve the
performance of graphite anodes. Described as “plasma-fluorinated graphite”, rather than
a coating, graphite was exposed to a plasma derived from CF..” This led to slightly
improved capacities, of up to 382 mA h g™, which slightly exceeds the theoretical capacity
of graphite (372 mA h g™'). This is thought to be because the fluorination increases the
surface area, improving the kinetics of lithium intercalation. However, the effect of these
coating was only tested up to 10 cycles, and so the effect of these coatings on long-term
cycling is unknown. More recently fluorinated plasma polymers have been investigated to
coat ZnO anodes."” Whilst these do improve capacity retention, coating the material
results in a different electrochemical profile, with no visible plateaus. The authors do not

comment on this difference, so it is unclear why this occurs.

29



It is worth considering that the highly cross-linked nature of plasma polymers may impede
ion migration. This was highlighted in the previously mentioned work by Takehara e a/,
who note that the conductivity of plasma polymerised poly(1,1-difluoroethene) is lower
than its conventionally polymerised counterpart (3X10° S cm™ vs 4x107 S em™).”
Therefore, it may be necessary to optimise conditions that yield a lower degree of cross-
linking.

Another observation is that the cases where plasma polymers have been used, they have
been exclusively to coat anodes. Whilst this may be because the SEI has been known about
for longer, it raises the question of whether a plasma polymer will be stable at the high

voltages that a cathode will experience.
2.3.9. Potential coating chemistries

Central to applying plasma polymerisation to cathode materials will be the identification
of coatings that benefit performance, whilst still being possible to prepare with plasma
polymerisation. An ideal material would possess all the advantageous properties of the
various materials previously discussed. It would be electronically insulating, to suppress
reactions, whilst still enabling ion migration. Additionally, it should be electrochemically
stable over the voltage range the cell operates, as well as chemically resistant to being
dissolved by the electrolyte solvent. The coating ideally would have HF scavenging groups
to reduce transition metal dissolution. Finally, it should be flexible to prevent cracking
during cycling. Given the control plasma polymerisation enables the user over the final
coating, it should be possible to achieve several of these under the right conditions. The
following sections will discuss three possible coating families that could be useful in the
context of batteries. These are: poly(ethylene oxide)-like films, fluorinated plasma polymers

and silicon-containing coatings.
2.3.9.1. Poly(ethylene oxide)

Poly(ethylene oxide) (PEO) is a polymer with a backbone comprised of C-C and C-O
bonds. Its structure is shown in Figure 2.4. PEO has been investigated as a solid-state
electrolyte, as lithium ions can “hop” through the structure by coordinating to the oxygen
atoms in the polymer backbone.""'”” This ability to conduct lithium ions may mean it is a

viable cathode coating.

30



Figure 2.4: The structure of PEO."”

PEO-like coatings are also of interest in the field of plasma polymerisation for use as
antifouling coatings. As such, there are several different methods for creating these
coatings from different precursors containing the -CH.CH>O- structural unit.'"” Ethers
such as tetraglyme, 12-crown-6 or 15-crown-5 are perhaps most preferable in terms of the
structure of the final coating. These precursors have been shown to lead to coatings with
high PEO character with over 80% of the carbon environments being C-O bonds.'*
However, all these precursors are hazardous, which is not ideal for industrial
applications."” An alternative method is to use ethanol. Whilst this results in fewer C-O
bonds (around 17%), ethanol is much simpler to create coatings from.'” This is because
no heating elements are required to maintain suitable vapour pressure, unlike the

previously mentioned ethers.'™

A potential issue with the application of these coatings to cathode materials is their
electrochemical stability. Conventional PEO is stable up to between 4 — 4.6 V, owing to
oxidation of OH groups.”™""" It would therefore be expected that plasma polymer with
PEO-like chemistry would not exceed this upper range. Materials like LNMO operate at
voltages just outside this range (4.7 V), and so it is likely that the coatings would break
down in this system. This is not to say that the coatings would be useless. PEO fragments
are found in natural CEls so the coating may still benefit the performance to a degree.” It
could also still be applied to lower voltage materials such as lithium iron phosphate (cell

107

voltage around 3.5 V).
3.3.9.2. Fluoropolymers

Like PEO, fluoropolymers have been investigated as solid-state electrolytes. Figure 2.5
shows an example of such a material as reported by Ma e a/. This family of materials are
stable up to 5.3 V, owing to the strength of the C-F bond, which would make them ideal

for coating high-voltage materials.'”
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Figure 2.5: Copolymer of chlorotrifluoroethylene and diethylene glycol methyl vinyl
ether.””

It is also possible to create fluoropolymers by plasma polymerisation of a precursor such
as CF..'"” However, to achieve a structure like that of Ma e# a/, would require at least two
precursors to incorporate the ether sidechain. This is important as removing it would
reduce ionic conductivity. One way to achieve this would be to first deposit a coating with
a particular chemistry, along with a functional handle, which could be used to attach the
sidechain."”"" This would however increase the complexity of the preparation procedure.
Another possibility would be to use a precursor with both desired functionalities, such as
perfluoro-15-crown-5, although this may lead to unforeseen complications due to

unexpected interactions between the different groups.
2.3.9.3. Silicon-containing coatings

The previous discussion of different coatings highlights that silicon-containing coatings
are advantageous due to the ability of silicon to scavenge HF. Therefore, the final class of

materials considered as part of this review are silicon-containing polymers.

A common feature of many of the solutions discussed for extending battery lifetimes is
the incorporation of HF scavengers, typically some sort of Si-O group. This is the reason
for including this last class of materials, siloxane polymers. These are a very interesting set
of polymers that can have extremely diverse structures and functionalities, achieved simply
by varying the deposition conditions. These can range from organosilicon films, with a

high level of organic character, to films that are predominantly SiO;.'"

Siloxane polymers are advantageous over other Si-O containing materials discussed

previously, as a result of the precursors used. Typically, this is hexamethyldisiloxane
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(HMDSO) (Figure 2.6), due to its low cost and toxicity, which sets it apart from the

precursors for ALD."?

Figure 2.6: Structure of HMDSO.'"”

To maximise HF scavenging capabilities, maximising Si-O groups is perhaps the most
important consideration when choosing deposition conditions. This can be achieved by
three methods. First, higher power conditions result in a greater degree of fragmentation,
favouring the formation of O-Si-O groups in the coating.'” Second, the precursor vapour
can be mixed with a large amount of oxygen (10:1 oxygen:HMDSO), resulting in more
oxygen being incorporated into the structure.'™* Third, the frequency of the radiowaves

can be increased to microwaves, as this also increases fragmentation.'”

The Si-O bonds present in these siloxane polymers may have further benefits beyond HF
scavenging. It has been shown that O-Si-O groups in these polymers can hydrolyse in the

presence of water, to Si-OH.'*

This would be advantageous, because as previously
mentioned, residual water is the cause of HF formation. Therefore, these coatings may

offer two routes to dealing with HF formation.
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2.4. Disordered rocksalts

2.4.1. Introduction

As mentioned in the introduction, one way to improve the energy density of a battery is to
use electrode materials with high capacities. One such family of materials being investigated
as potential cathode materials are cation-disordered rocksalt (DRX) materials (LiMO»).
These materials can access both transition metal and oxygen redox (O-redox), resulting in

high capacities, with up to 425 mA h g™' being reported (layered oxides cz. 220 mA h g™).

116

2.4.2. Cation disorder and structure of DRXs

As the name implies, DRXs are based on the rocksalt structure (space group 225, Fm-3m).
This means that they consist of a 1:1 ratio of cations to anions, in a cubic close packed
arrangement. What makes a DRX cation-disordered is that the different metal cations do
not occupy specific sites in the structure as they would in a layered material. Instead, the
cations are randomly mixed across all cation sites.""” Figure 2.7 shows a diagram of the
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Layered Disordered rocksalt

Figure 2.7: The DRX structure compared to a layered rocksalt structure. White, grey and
black circles represent oxygen, lithium and transition metal ions respectively. Based on
Figure 1 in the review by Clement e al.”’”

Cation disorder was generally thought to impact performance. Whilst this is true for some
materials, such as LiTiO,, these materials are generally synthesised without an excess of

lithium ions and therefore would be expected to have poor electrochemical performance
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(see Section 2.4.3.).""*'" In fact there are several benefits that arise from cation-disordered
structures. Firstly, DRX materials have a much larger compositional space that can be
utilised compared to layered materials. In layered materials, migration of transition metal
ions to lithium sites on delithiation leads to poor reversibility. Therefore, only transition
metal ions with high barriers to migration can be used. This limits materials to those
primarily prepared from nickel, cobalt and manganese (provided it is redox inactive and
remains 4+). The reason for this is that these ions have high barriers to migration from
octahedral sites due to their ligand field stabilisation energies.'” This consideration is
unnecessary in DRX materials as all cation sites are the same. It is therefore less of an issue
if the ions migrate, although migration to tetrahedral sites (rather than octahedral sites) can
still be a problem, due to impeded lithium-ion movement.'* An additional benefit in terms
of cycling performance is that the disordered structure also results in small isotropic
volume changes.'"” The disordered arrangement is also what enables O-redox and the

resulting high capacities of DRX materials.'* This will be discussed further in Section 2.4.4.
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Figure 2.8: Comparison of specific capacity of DRX materials with other known cathode
materials. From the review by Chen ¢f 4/, Figure 1a.””

Lithium ions are generally much larger than transition metal ions, due to their lower charge.
Yet, in a DRX structure, all cations occupy the same sites, resulting in distortions. One way
to mitigate these distortions and stabilise the DRX structure is to incorporate 4’ metal ions.
This is because in the absence of 4 electrons, the energy of the site depends solely on the
oxygen orbitals, which are always occupied. This means that the &’ ion is less sensitive to
site distortions, and therefore able to accommodate the distortions from other ions.'* As

a result, many reported DRX materials contain a 4’ ion, such as Ti*", V°* or Nb**."""'»
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2.4.3. Lithium-ion movement in DRXs

In DRX materials lithium ions move by hopping between adjacent octahedral sites via an
intermediate tetrahedral site. This is referred to as o-t-o diffusion and is summarised in

Figure 2.9.12

Gate sites

Figure 2.9: Diagram illustrating the o-t-o hops in a DRX. Red circles indicate anions, blue circles
indicate metal cations. Based on Figure 2b in the paper by Urban et al.’?¢

Figure 2.9 shows that there are four cation sites. The cation disorder present in a DRX
means that for the cations shown in Figure 2.9, there are five possible combinations. These
are Lis, LisM, Li:My, LiM; and My (where M refers to the transition metal cation(s)). For
lithium ions to be able to move, the two octahedral sites must be occupied by lithium ions
and so LiM; and Mj sites do not contribute to lithium-ion diffusion. The energy barrier
associated with lithium ions hopping between octahedral sites depends on the cations
cither side of the tetrahedral site, which are termed gate sites. If either or both sites are
occupied by transition metal ions, the electrostatic repulsion is too great for lithium ions
to “hop”. Therefore, only sites where all four cations are lithium ions (referred to as 0-TM

sites) can take part in lithium diffusion.!26

Stoichiometric DRXs with a 1:1 ratio of lithium to transition metal cations exhibit poor
electrochemical performance.' This is because for lithium ions to move throughout the
structure, known as percolation, there needs to be networks of connected 0-TM sites.'”’
For this to occur, an excess of lithium ions is required. Specifically, an excess of 9% enables
percolation to become active, whilst an excess of 25% enables the extraction of one lithium

ion per formula unit."” This might suggest that the lithium content of a material should be
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increased as much as possible. However, this comes at the expense of transition metal ions,
reducing the conductivity and increasing the reliance on O-redox which negatively impacts

cycling stability."”’

The minimum thresholds assume a fully random structure from which percolating
networks can form. However, the DRX structure is not completely random, with local
ordering or short-range order (SRO) being observed, impacting the formation of
percolating networks.”'* How SRO manifests is a balance between contributions from

bonding and electrostatics.'”’

Jones et al report that ordering occurs so that some level of
local electroneutrality is achieved.'” Analysis of PDF data by Szymanski e a/ also suggests
that high valent cations (such as Ti*") ideally ate as far away from each other as possible,
to minimise electrostatic repulsion. They also suggest that there are local displacements to
minimise strain that occurs because of size differences.” In fluotinated DRX materials
(see Section 2.4.5.), bonding preferences also play a role. The stronger bonding between
lithium and fluorine compared to fluorine and a transition metal, results in fluorine
preferentially associating with lithium. This leads to the formation of lithium-

rich/transition metal poor regions.'*"""!

The impact that SRO can have on percolating networks, and by extension, the
electrochemical performance of a material has led to a number of different ways to attempt
to influence it. These can be minor modifications to synthesis procedures, such as rapid
quenching to “lock in” the disordered arrangement.'”'”> A more drastic approach is to
supress any ordering. This can be achieved by using many different transition metal ions
in a single “high entropy” material, such as Li;sMno1**Coo1* Mno.**Cr”* Tio1Nbo2O17Fo3."
This is not to say that SRO is entirely negative as it can be useful if the formation of
lithium-rich regions is promoted.”” As already discussed, this can be achieved using
fluorinated DRXs as the favourable bonding between lithium and fluorine promotes the

formation of lithium-rich, transition metal-poor regions.
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2.4.4. Oxygen redox
2.4.4.1. Oxygen redox in DRX materials

As mentioned previously, many DRX materials achieve capacities greater than would be
expected for solely TM redox. This additional capacity is thought to originate from redox

activity of the oxide anions, so-called O-redox."

O-redox is not unique to DRXs, with it being reported for other, layered materials."”

However, DRX materials are particularly prone to it. This is because Li-rich materials with
disordered arrangements favour Li-O-Li bonding configurations (with the Li ions being at
180° to each other). Furthermore, the octahedral coordination of oxygen in a DRX means
that multiple such configurations are possible for a single oxide anion. In this Li-O-Li
arrangement, there is poor overlap between the oxygen 2p and the lithium 2s orbitals,
leading to a low degree of hybridisation.'” This means that the oxygen 2p orbital is higher

in energy and active towards O-redox as it is close in energy to the Fermi level.""*

To be practically useful, the additional capacity accessed through O-redox needs to be
reversible. Understanding what makes O-redox requires understanding the nature of the
oxidised oxygen species and how they form. This is a topic that has attracted a large amount
of debate. Some works suggest molecular oxygen is formed, whilst others suggest peroxide

species, with others suggesting both."*"*

It should be pointed out however, that the studies cited explore different materials.
Therefore, the discrepancies observed may be because the different materials respond
differently to O-redox. The wotk by Yue ¢f a/ provides precedent for this."” They observe
that Li115Nio4s5Ti03M001O185F0.15 shows greater O, evolution than Lij15Nioss5T10501.858F0.15,
which they suggest is due to the addition of molybdenum. This being said, the
stoichiometries are not perfectly comparable, which highlights part of the challenge of

preparing materials for direct comparison.

There is also the possibility that there are other processes occurring within the material
that might produce oxidised oxygen species, giving the appearance of O-redox. This is
argued by Ogley ef a/, who note that molecular oxygen is observed in different layered
materials (NMC811 and LLCO) despite their different structural responses to delithiation.'*’
Combined with the variation between materials, this means that without performing a

systematic study on a range of materials, it is very difficult to draw general conclusions

about the nature of the oxidised species.
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2.4.4.2. Characterising oxygen redox

As this thesis is concerned with studying local structure, it is worth exploring the different
techniques used to explore the structural transformations occurring when O-redox is
thought to be active. This will include examples for materials other than DRXs, to
understand what has been done to study O-redox in a broader sense. Further information

about the fundamental theory of these techniques can be found in Chapter 3.

It is worth mentioning that the first indication of O-redox is usually found in the
electrochemistry, with additional capacity being observed beyond what is expected solely
for transition metal redox.'" Whilst this does not give any information about the species
formed, it does suggest at what voltages they are formed, which informs what voltages

should be explored by other techniques.

Of the techniques used to probe oxygen species, perhaps the most highly regarded is O
K-edge resonant inelastic X-ray scattering (RIXS). This is because it can distinguish
between molecular oxygen, superoxides and peroxides, based on the vibrational features
close to the elastic peak. These features have been observed for Li-MnO,F, and were
assigned to molecular oxygen over other species, in agreement with DFT results.” Beyond
DRXs, this method has been used to confirm the presence of molecular oxygen in other
materials, including LiNiO», Li; 2Nio.13C0013Mng5402."**'* However, it should be noted that
this signature of molecular oxygen is seen for other materials, including NMC811 and
LCO, which should not experience the same O-redox processes,140 This could suggest that
the oxygen observed does not come directly from O-redox but is instead formed because
of structural changes that occur on cycling, giving the appearance that it is derived directly
from the electrochemistry. Gao ef a/ have also argued that the molecular oxygen signature
observed comes from the dissociation of M-(O-O) species within the structure.'** This is
thought to occur because of the X-ray beam used in the RIXS measurement. Despite this,
subsequent works still argue for the presence of electrochemically produced molecular

oxygen, on the basis of RIXS.'*

In addition to the signature from molecular oxygen, it has also been reported that RIXS
data shows the formation of -OH groups in Li12Nio.13C00.13Mnes:02."* This is because the
spacings are like what would be expected for bending modes of transition metal
hydroxides. However, at present, this has only been reported once with no evidence from

other supporting techniques and so requires further investigation.
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Additional O K-edge RIXS features can also be observed at an emission energy of around
525 eV. These have not been attributed to anything more specific than oxidised oxygen
species. However, they have been reported for multiple materials.”'*! As such, the growth
and decay of these features on cycling can be used to give some indication into the

reversibility of the O-redox processes.

When O K-edge RIXS is unavailable, O K-edge XAS has been employed. This was used
by Abulikemu ¢ a/ to confirm stable electronic configurations on cycling and by Jiang e a/
to show oxidation of oxygen occurs."”"* However, any conclusions drawn from this are
unreliable as the O K-edge pre-edge features (which are of specific interest) can be

distorted by transition metal effects.'*

Another useful technique is Differential Electrochemical Mass Spectrometry (DEMS).
This can detect oxygen that forms on cycling, such as in LMNO and Li>2NiO.F which show
formation of oxygen gas on charging above ~4.2 V.""*" Equally, it can be used to rule out

47 \Whilst this can be used to corroborate RIXS

the presence of molecular oxygen.
measurements, it also allows the effect of countermeasures (such as fluorination) to be
tested.”” DEMS can also be used to detect CO,, the presence of which implies the
existence of oxidised oxygen species, which react with the electrolyte solvent to form

COZ.]43

The use of XPS has also been reported, to identify the presence of peroxide species.”"*"!*

The challenge of doing this is the limited sampling depth of XPS (< 10 nm), as CEI
formation may confuse interpretation. Whilst the data presented by Sathiya and McCalla
contain peaks assigned to the bulk material, implying the CEI is not obscuring the sample
completely, it is not possible to probe into the bulk of the material with this technique. It
is worth mentioning that the work by McCalla e 2/ also uses STEM, supported by neutron

diffraction, to visualise O-O dimers, providing further support for peroxide formation.

An alternative way to investigate oxidised oxygen species is to use EPR spectroscopy. 02
and O™ are EPR active and therefore can be observed (O;” is EPR silent). This approach
is not applicable to all materials however, as it relies on the transition metal ion being
diamagnetic to avoid dominating any signal from the oxygen species of interest. This is
true for the material Li>Ruo758n02505 at high voltages, allowing oxygen species to be

observed.'
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Another potential technique is 'O NMR as it is sensitive to local environments whilst
avoiding the risk of beam damage associated with RIXS. 7O NMR has never been applied
to a DRX material (as of the time of writing) but was used by House ¢7 @/ to study molecular
oxygen in Li12Nio13Co0.13Mnos4O2.'** The spectra recorded show a broad peak, centred at
3000 ppm with spinning sidebands. This is assigned to molecular oxygen on the basis that
its chemical shift allegedly matches that of condensed oxygen, with the breadth being
because of the paramagnetic nature of oxygen molecules. The signal also appears on
charging and reduces in intensity on discharging, suggesting that it is related to
electrochemical processes. However, this seems an unlikely assignment for several reasons.
First, Bassey e a/ suggest that the chemical shift is incorrect for molecular oxygen. In
addition, Cy for such an environment would be large making any signal difficult to observe.
Further broadening would arise due to the rapid relaxation of paramagnetic species.'™
Fermi contact shifts would also likely result in much larger chemical shifts. For example,
Clement et a/, suggest that a fluorine nucleus directly bound to a paramagnetic metal ion,
would have a chemical shift of around 5300 ppm."” In the case of molecular oxygen, the
oxygen atoms are the paramagnetic centres, meaning that it would not be inconceivable
that the chemical shift would be even larger. For all these reasons it is highly unlikely that
the signal observed comes from molecular oxygen, and that such a signal would be
incredibly challenging to observe. A more likely suggestion is that it comes from oxygen
bonded to transition metal ions that become more diamagnetic on charging. Alternatively,
it could be due to O™ species. As previously stated, these are diamagnetic, meaning that
out of all the potential oxidised oxygen species, they are most amenable to NMR. In this
case the breadth of the signal would be because the surroundings are highly paramagnetic,

due to the transition metal ions and any molecular oxygen trapped within the structure.

It is interesting that RIXS has been applied to several different materials, and whilst
molecular oxygen is sometimes observed, peroxides and superoxides are never observed.
This is despite being observed by other techniques (EPR, STEM and possibly XPS). Based
on the literature discussed so far, it does seem that different materials respond differently
to O-redox, and therefore it is not surprising that RIXS gives different results. However,
the fact that other oxygen species are never observed by RIXS (based on the literature
presented here) could suggest that it is a challenge of the technique. For instance, RIXS is
a “photon hungry” technique and thus is prone to beam damage. Perhaps the high flux of
X-rays destroys any other oxygen species, possibly causing them to decay to molecular

oxygen. As mentioned, this has recently been suggested, although it is the subject of
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debate."* Therefore, whilst RIXS can be a valuable tool in identifying species, it perhaps

should not be relied upon to rule out particular species.
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Figure 2.10: Some of the analytical techniques used to study O-redox. (a) High resolution
RIXS map of LizxMnO:F recorded at 5 V. From Figure 3b in the paper by McColl ez al.””
(b) In sitn DEMS data collected for multiple cycles at different cut-off voltages for LMNO
and LMNOF. From Figure 6 in the paper by Crafton et a."”” (c) X-band EPR spectra of
LiRun55n050; recorded at different states of charge at 4 K. From Figure 5¢ from the paper
by Sathiya ez al.”’

The techniques discussed so far have solely focussed on probing the oxygen species.
However, it is useful to support this by probing the redox activity of the transition metal
ions. Transition metal L.-edge XAS can provide information on whether transition metal
redox is active at a particular voltage.'*""**** If this is challenging, such as in the case of
titanium, L.-edge RIXS can be employed instead.””® EPR can also be used to track whether

metal redox has stopped at a particular voltage based on the intensity of the signal.'*’

2.4.5. Fluorinated DRXs

Whilst O-redox offers additional capacity, this capacity is often not reversible. This is due
to loss of oxygen from the structure as well as parasitic side reactions caused by reactions

3% There is therefore interest in

of the oxidised species with the electrolyte solvent.
developing strategies to counter the deleterious effects of O-redox.'”" One potential
method is to partially substitute oxygen for fluorine. This lowers the total charge of the
anions, whilst maintaining the cation to anion ratio required for a DRX. This means that

the transition metal ion can be in a lower oxidation state, allowing for more lithium to be
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extracted by transition metal redox, even allowing double redox processes (e.g, V*—>V>").

This reduces the reliance on O-redox.!'"151%

2.4.5.1. Structure of fluorinated DRXs

Transition metal - fluorine bonds have high bond energies and are therefore unfavourable.
This means that fluorination is not possible in layered materials as each fluoride ion would
be bonded to three transition metal ions."” In a DRX however, the disordered arrangement
imparts greater flexibility in terms of bonding environments. This means that fluoride ions
can preferentially associate with lithium ions, which is further assisted by the lithium-rich
nature of DRX materials. This allows the fluoride ions to occupy lithium-rich, transition
metal poor regions of the material."'""**'% Monte Carlo simulations suggest that up to 90%
of the fluorine in a material may be coordinated to either six lithium ions or five lithium

ions and one transition metal ion.'>

Whilst the disordered arrangement of DRXs makes fluorination possible, it is not
straightforward. This is because the bonding in LiF is stronger than transition metal
fluorides. As such there is no thermodynamic driving force for fluorine substitution,

161

limiting the solubility of LiFF into the DRX structure.”® The typical limit for fluorides
prepared by solid state synthesis is ~ 10 at.%. This can be improved to around 30 at.%, by
using ball mill synthesis, owing to the ability of ball milling to access metastable states."
However, a reliance on ball milling limits any industrial application of these materials, as

ball milling is highly inefficient.

It is possible that a modest level of fluorination may in principle, be practically useful in
supressing O-redox. However, the preference for fluorine to form lithium-rich domains
means that at low levels of fluorination, there are isolated lithium domains, negatively
impacting percolation. Above a suitable level, the lithium-rich domains connect facilitating

percolation.

This means that for a given material, there is a limited compositional space that results in

electrochemically viable oxyfluoride DRXs.'"”’

2.4.5.2. Effects of fluorination on material performance

The objective of fluorination is to suppress O-redox, and there are examples in literature
where oxide DRXs are compared to analogous oxyfluorides, with reduced oxygen

evolution being observed. For example, Crafton ef a/, compare Lii2Mno.625Nio.17501.95F0.05 to
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LMNO, and observe reduced O, production using DEMS." Li ¢# a/ also report that a
plateau in the electrochemical data (that is attributed to O-redox) is reduced for an
oxyfluoride material compared to an oxide.' This would suggest that fluotination can be
an effective means of reducing O-redox. However, in both cases, O-redox is not perfectly
suppressed and there are other examples where O-redox appears to still be active in
oxyfluoride materials. EPR data collected for Li,VO,F at 4.1 V indicates the presence of
superoxide species, which is supported by DFT calculations, and these are suggested to be
responsible for the poot performance of the material.”” DEMS measurements on LiNiOoF
show oxygen evolution, and RIXS measurements performed on LixMnO,F show evolution

136,

of molecular oxygen."’"" This suggests that it is not possible to fully supress O-redox with

the levels of fluorination currently achievable.

It should be noted that the fluorine incorporated into the DRX is not necessarily stable,
particularly at high voltages. Crafton ez 2/ found that approximately 1 — 2% of the fluorine
within the structure can dissolve at high voltages.'” Fluorine loss has also been reported
by Yue ef al'* This however can be beneficial as it can form a passivating layer on the

surface, reducing further parasitic reactions.
2.4.5.3. Characterising oxyfluorides

As oxyfluoride materials are typically prepared by ball milling, they can be challenging to
characterise by diffraction as the small particle size leads to broad peaks. Furthermore, the
similar scattering strengths of oxygen and fluorine mean that they cannot be readily
distinguished by scattering-based techniques, such as pair distribution function (PDF)
analysis.""” Microscopy has been used to provide some insight, suggesting that oxygen and
fluorine do occupy the same lattice sites.'” Another useful technique is “F solid-state
NMR. Whilst the intrinsic paramagnetism of many systems and overlapping signals from
binders or salts can make interpretation challenging, the sensitivity of the "’F nucleus means
that this has been used in multiple papers to study oxyfluorides."*>"™ This allows the

identification of LiF and LiF-like phases.

In theory it could be possible to use F K-edge XAS to probe redox processes, however it

is difficult to disentangle multiple contributions to the spectra.
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2.4.6. Synthesis methods

2.4.6.1. Solid-state synthesis

One way to synthesise DRX materials is by standard solid-state synthesis. The DRX phase
is never the ground state structure, due to the distortions created by disordering. However,
above a certain temperature the entropic contribution to the free energy means cation
disordering becomes feasible. There are therefore many examples of materials prepared

this way, such as le\VTIO4, Li1‘2Mno‘4Tio‘401_()Fo_4 and Li1_15Ni0_375Tio‘375M00_102.130’164’165
Typical syntheses involve heating between 700 — 1100 °C, under air or argon flow for 10

— 12 hours.'"16

There are however several challenges associated with solid-state synthesis of DRX
materials. Firstly, not all compositions are experimentally accessible as the disordering
temperature is too high. This is because, whilst the entropic contribution is independent
of the material (to first approximation), the enthalpy change associated with disordering
is not.""” For example, the high energy penalty associated with having Co’ in distorted
octahedra, means that LiCoO; disorders at ~5000 K. This is experimentally inaccessible as

it is beyond the melting point of this material.'®

Another challenge of solid-state synthesis is achieving high levels of fluorination, with
levels of only ~ 7.5 at.% being achieved when using LiF as a precursor. This is due to the
strength of the bonding in LiF, which leads to phase segregation at higher fluorination
levels.'”" Other fluorides (such as MnF>) can be used, however LiF still forms during the
reaction. Increasing the reaction temperature can improve transition metal ion
incorporation, however this leads to LiF evaporation and hence lower fluorination levels."”
PTFE can also be used as the fluorine source leading to fluorination levels of ~ 10 —
12.5 at.%. This is because of the lower stability of PTFE compared to LiF, leading to a

greater thermodynamic driving force for fluorine substitution.”*'!

Zhang et a/ adopted an alternative approach to fluorinate their material. Instead of
incorporating fluorine into the synthesis, Lii.15Nio375T10375M00102 was prepared and then
exposed to fluorine gas, using a fluidised bed reactor.'”* This leads to a lower capacity but
better capacity retention. However, this method does not allow access to the other benefits
of fluorination (suppressed O-redox, greater transition metal ion capacity, improved SRO)

as fluorine incorporation is limited to an LiF layer on the surface.
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It is also worth mentioning that DRX materials have been reported being prepared by
hydrothermal synthesis, followed by being heated in a tube furnace under oxygen.''
However, this type of method does not seem to be widely used, possibly because this

method involves a number of steps.
2.4.6.2. Ball mill synthesis

Mechanochemical or ball mill synthesis is another method of synthesising DRX materials.
It is especially useful for synthesising metastable materials with high fluorine contents (e.g.,
Li;VO.F, LiMnO.F and Li;NiO2F), that would otherwise be inaccessible by solid-state

P17 The teasons for why ball milling is able to achieve this are not fully

synthesis.
understood.'® Some work suggests that it is a result of shockwaves causing local heating
and pressure effects when the balls strike the powder.'” It has also been suggested that

ball milling delivers mechanical energy equivalent to ~1750 °C on an empirical basis.'®

In a typical synthesis, metal oxides, LiFF and Li,O are mixed at high speeds (> 500 rpm) for
at least 40 hours under inert atmosphere.'””'® Whilst other precursors are added in
stoichiometric amounts, Li,O is usually added in excess (10%), to account for lithium loss
during the synthesis. Precursors may also be mixed at slower speeds (~ 300 rpm) before

the main, fast milling step.'®®

Whilst ball milling is useful, allowing access to high fluorine contents, it has several
drawbacks. The long milling periods mean that it is energy intensive, despite often being
touted as a “green” technique.”””'" It is also challenging to scale up to an industrial level,
owing to the extra infrastructure required, such as cooling systems.””' This means that
whilst the materials made by this approach may perform well, they may never see
commercial use. Furthermore, on a material level, ball milled samples are prone to
contamination from the milling media, which may influence their performance."” Highly

fluorinated materials may also result in phase separation.'”
2.4.6.3. Microwave synthesis

Both methods described previously are time and energy intensive. In addition, ball milling
is also difficult to scale. A potential alternative method is microwave synthesis. This was
reported by Wu e a/, who were able to synthesise Li12Mno4Ti04O2 and Lii sMnosNbosO1-F
in less than five minutes."” This is made possible by using carbon as a susceptor which
allows temperatures of over 1500 °C to be achieved very quickly. Samples are then

quenched in water, so that the DRX structure does not have time to relax to a more

46



favourable structure. Comparing the electrochemical performance to the same materials
synthesised by solid-state synthesis suggests that this is a viable approach to preparing
DRX materials. However, it is not at present clear what level of fluorination is achieved
(due to difficulty dissolving the samples for inductively-coupled plasma (ICP) analysis).
This approach will likely also encounter the same problem as solid-state synthesis, in that

certain compositions are inaccessible due to their high disordering temperatures.
2.4.6.4. Electrochemical synthesis

DRX materials can also be prepared electrochemically by lithiating a suitable precursor.
Perhaps the most widely reported material this is true for is Li;V2Os, which is prepared by
electrochemical lithiation of V>Os.'” This approach has since been reported for several
other materials including Cr203 and MnO,.* As this is performed on the scale of a single
cell, it is not an industrially applicable method. However, it is perhaps a useful way to

generate samples at different states of charge for mechanistic studies.
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3. Characterisation methods

3.1. Solid-state nuclear magnetic resonance spectroscopy

3.1.1. Introduction

Solid-state nuclear magnetic resonance spectroscopy (SSNMR) is a useful probe of local
structure. It is isotope specific, quantitative and non-destructive. SSNMR also has no
requirement for long-range order, meaning that it is complementary to X-ray diffraction
techniques, that will be discussed later. These qualities make it particularly useful in the

characterisation of energy materials.
3.1.2. Nuclear spin

According to quantum mechanics, the state of a system is described by its wavefunction.

For instance, the total nuclear wavefunction, ¥, can be written according to Equation 3.1.

Y, = l/)spacelpspin 3.1)
Here, ¢)space is a function depending on the spatial coordinates of the nucleus and i
depends on the spin of the nucleus. The contributions to these functions do not greatly
affect each other, and so the spatial component will be ignored as this section is concerned

only with spin and its application to NMR spectroscopy.'”

Spin or spin angular momentum (denoted I is an intrinsic property of the nucleus, much
like its charge or mass. It is determined by the number of protons and neutrons present in

the nucleus.'” The magnitude of the spin is given by Equation 3.2.17

Il =aJId + 1) (3:2)
Here h is the reduced Planck’s constant and I is the spin quantum number. [ is quantised
and can be zero, or take integer or half-integer values, ze., I = 0, 1/2, 1, ete. For a given
value of I, there are 2I+1 allowed spin states. Each of these is given a second quantum
number, 7, which takes values from —I to 1, in integer steps. Each of these spin states can

therefore be expressed using Dirac notation as follows:

|1,m;) (3.3)
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It should be noted that in the case of a spin-1/2 nucleus, the two spin states ate also
denoted as aand 8 (7= 1/2 and —1/2 respectively).'” This is also the case when discussing

electrons and EPR spectroscopy (Section 3.2.).

The energy of a spin state can be determined using the Schrédinger equation (Equation

3.4), where H is the Hamiltonian, or energy operator and E is the energy of the system.'™

H|Im;y = E|I,m) (3.4)
The Hamiltonian for a nuclear spin can be expressed using Equation 3.5, where fl is the
magnetic moment operator and By is the applied magnetic field. [l is then calculated using
Equation 3.6, which can be combined with Equation 3.5 to give Equation 3.7. Here 1 is

the spin operator and p is the gyromagnetic ratio, a nucleus-specific constant.

AH=-u-B, (3.5)
fi=yhl (3.6)
H = —yhlB, (3.7)

As the field is applied along the z-axis, only I, needs to be considered giving Equation 3.8.

H = —yhl,B, (3.8)
The solutions or eigenvalues of I, are the values of 7, and so substituting the Hamiltonian
back into Equation 3.4 results in the energy of a spin state being given by Equation 3.9.

Equation 3.10 then gives the energy difference between spin states, AE,.™

E;m, = —yhBom, (3.9)

AE, = yhB, (3.10)
From Equations 3.9 and 3.10, in the presence of an external field, the energies of the spin
states are not degenerate. Instead, they are split by a constant (in the absence of other
interactions) energy difference, AE,. This is called the Zeeman splitting and is the
interaction that makes NMR possible. The Zeeman splitting can also be expressed as a
frequency. This is called the Larmor frequency and is given by Equation 3.11 (in hertz) or

177

Equation 3.12 (in rad s™).

YBo
= —— 3.11
Vo o 3.11)
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Figure 3.1 shows the energy levels of a spin-1/2 nucleus in the presence of an external

field, B. The allowed transitions, where A= *1, are denoted by arrows.'"*!™
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Figure 3.1: The relative energies of the two spin states for a spin-1/2 nucleus in the
absence of and in the presence of an external magnetic field, B.

For a spin-0 nucleus, there is only one possible spin state (2X0+1), and hence only one
energy level. There are therefore no possible transitions like what is shown in Figure 3.1.

Therefore, spin-0 nuclei are not observable by NMR and are termed “NMR-silent”.

The existence of an energy difference between the spin states means that for an ensemble
of spins there is a population difference as per the Boltzmann equation (Equation 3.13). p
denotes the population of an energy level, s is the Boltzmann constant, and T is the

absolute tempemture.176

kT

The population difference is the origin of the NMR signal and so its size is very important.

AE
Pupper _ exp( Z) (3.13)

Prower

However, the Zeeman energy (Equation 3.10) is very small compared to thermal energy at
ambient temperatures. As such the population difference between spin states is also very
small. For example, for "C ina 9.4 T field at room temperature, for every 100000 spins in
the f state, there are 100017 in the a state. This means that the magnetisation is also small,

and hence NMR is a fundamentally insensitive technique.'”

From Equations 3.10 and 3.13 the magnetic field used when recording NMR spectra
should be as large as possible to maximise the population difference. For this reason, NMR
spectrometers generally use superconducting magnets with fields ranging from 4.7 to
28.2 T and beyond." Often the strength of these magnets is described in terms of the 'H

Larmor frequency at that field, using Equation 3.11. For instance, a 9.4 T magnet would
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be referred to as a 400 MHz spectrometer. Bulk magnetisation can also be increased by
lowering the temperature of the sample. Whilst effective, this can be technically challenging
at very low temperatures, at least at the time of writing."®" Furthermore, relaxation times

(Section 3.1.6.) increase, meaning that individual NMR spectra take longer to acquire.'®

The small population difference means that, in principle, NMR experiments should be
performed on as large a sample as possible, although there may be practical limitations
imposed upon this by the equipment (see Section 3.1.7.). Most NMR-active nuclei are not
100% naturally abundant. °C for example, is only 1.1% abundant, which means that even
with a large amount of sample, only 1.1% of the carbon atoms present will contribute to
the signal. This can be overcome by enriching the sample, but this is expensive and not

always straightforward."”

In addition, the gyromagnetic ratio depends on the nucleus, and so the sensitivity varies.
Of the nuclei commonly encountered, 'H has the highest gyromagnetic ratio, followed by
PF, whilst °C is about four times lower. Table 3.1 shows some example nuclei, their natural
abundance and their gyromagnetic ratios relative to 'H."”

Table 3.1: Natural abundance of selected isotopes studied by NMR as well as the size of
their gyromagnetic ratios relative to "H."”

Nucleus Natural abundance/% w/ ym
'H 99.99 1
YF 100.0 0.9410
p 100.0 0.4049
Li 92.41 0.3887

“Na 100.0 0.2644
Y 99.75 0.2629
Al 100.0 0.2607
BC 1.07 0.2514
Nb 100.0 0.2448
*Sc 100.0 0.2429
SLi 7.59 0.1472
O 0.038 0.1356

Whilst these different gyromagnetic ratios can pose challenges with sensitivity, the fact that

each isotope has a unique gyromagnetic ratio means that each isotope has its own Larmor

52



frequency. This means that when recording an NMR spectrum, generally only one isotope
is observed.'” As a result, NMR can generally be viewed as isotope specific, although it
should be noted that this is not always the case. For example, the gyromagnetic ratios of
“Ti and ¥Ti are —1.5105%10" and —1.5110%10" rad s™ T"', respectively. This means that

these nuclei are often observed simultaneously.'
3.1.3. The vector model and radiofrequency pulses

A wholly accurate description of NMR experiments requires the use of quantum
mechanics.'* However, it is possible to understand some aspects of the theory using a
classical approach called the vector model. This provides an intuitive picture of how the
radiofrequency (RF) pulses used in an NMR experiment interact with the nuclear spins.
Furthermore, much of the language used to describe NMR experiments is based on the

vector model.

As described in the previous section, nuclear spins possess a magnetic moment. In the
presence of an external magnetic field, the most energetically favourable orientation for
this magnetic moment is to be parallel to the direction of the external field (assuming a
positive gyromagnetic ratio). Complete ordering of the magnetic moments is disrupted by
thermal motion. Under the normal conditions used for an NMR experiment, the energy
associated with thermal motion is much larger than the Zeeman interaction and so most
magnetic moments do not align with the field. However, given the energetic preference to
align with the field, when the vectors of all individual magnetic moments are averaged
together, there will be a slight net alignment with the field. The entire sample therefore has
a magnetic moment, referred to as the bulk magnetisation or polarisation, aligned along

the z-axis, the direction of the external field (Figure 3.2)."”
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Figure 3.2: Formation of the bulk magnetisation through the application of an external
magnetic field along the z-axis. The red arrows represent individual nuclear spins, and the
blue arrow represents the applied field, By. The arrow labelled M represents the bulk
magnetisation.

If the bulk magnetisation moves away from its equilibrium position along the z-axis, it will
precess at the Larmor frequency (Figure 3.3). If this motion occurs inside a coil, the
movement of the magnetisation will induce a current in the coil that can be detected,
resulting in the NMR signal. It should be noted that the nuclear spins do precess about the
z-axis, when at equilibrium. However, this is not observed as they do so out of phase with

each other.'”’
i !

RF pulse
:y - :y

Figure 3.3: Larmor precession of the bulk magnetisation after the application of an RF
pulse causing the bulk magnetisation to move away from the z-axis by an angle 6.

The orientation of the bulk magnetisation can be manipulated by the application of RF
pulses, applied along a different axis to the external field. This is because the pulse will
have a magnetic field component, which the magnetisation can precess around. However,

as soon as the magnetisation leaves its equilibrium position, it will start to precess about
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By, as well as the magnetic field of the RF pulse. The combination of this precession with
the motion caused by the oscillating magnetic field of the RF pulse, results in complicated
motion, making it difficult to understand the effect of individual pulses. To simplify this,
it is common to use a rotating coordinate system, rather than a static one (referred to as
the laboratory frame). The frequency at which the magnetisation appears to precess in this
rotating frame, is the difference between the Larmor frequency (wo) and the frequency of

the rotating frame (wrr). This difference is called the offset, €2, calculated using by Equation
3.15.'7

)= wy = Wrot (3.15)
From this, if the frequency of the rotating frame is equal to the Larmor frequency, the
offset will be zero and the magnetisation will appear to be stationary. However, if they are
not equal, the magnetisation will appear to precess about a much smaller field. This reduced

field, AB, is given by Equation 3.16, a rearrangement of Equation 3.12."”

Q 3.16
AB = —= 5-16)
14

The magnetic field associated with the RF pulse, B, will start to influence the
magnetisation when is comparable in size to the reduced field. This is the case when the
transmitter frequency (and the frequency of the rotating frame) is similar to the Larmor
frequency, and the offset is close to zero. In this way, the RF pulse can manipulate the

precession of the bulk magnetisation, despite being much weaker than the external field.

The reduced field and B are orthogonal vectors and so add together to give the effective
magnetic field, at an angle relative to Bo. The bulk magnetisation then precesses about this

effective field. The size of the effective field can be calculated by Equation 3.17, based on

Berr = /Bf + (AB)?2 G17)

The angle that the effective field makes relative to By is referred to as the tilt angle (Figure

Pythagoras’ theorem.'”

3.4). This is determined by the strength of the pulse as well as its duration, wme. It is

calculated using Equation 3.18.1"

0 = ‘yBl‘['-RF (318)
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Figure 3.4: The effective magnetic field, Bes, arising from the vector sum of the reduced
field and RF field.

Pulses are typically referred to by their tip angle, as well as the axis they are applied along.
For example, the most basic pulse-acquire experiment uses a 90° pulse, applied along the

179

x-axis (Ze., a 90,°)."” This pulse moves the bulk magnetisation to align with the —y-axis.

When the pulse is switched off, the magnetisation then precesses about the z-axis (Bo),

inducing a current in the detector coil. This is shown in Figure 3.5."

i Z ?
% t /-
—< y — _/ y

Figure 3.5: The effect of a 90° RF pulse on the bulk magnetisation (top) and a
representation of this as a basic pulse sequence diagram (bottom).

Pulses can have any tip angle and be applied along any direction (aside from the z-axis) as
required by the experiment (Sections 3.1.9. and 3.1.10.). Another common pulse is the 180°
pulse. This inverts the magnetisation to point along the mirror image axis and is used to
refocus signals, such as in the spin echo pulse sequence (Figure 3.6).""'"" The applications

of this will be discussed in Section 3.1.8.
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Figure 3.6: The effect of a 180,° RF pulse on the bulk magnetisation.

In addition to their angle, pulses can also be defined as hard or soft, also known as non-
selective or selective pulses, respectively. A hard pulse is when the nutation frequency of
the pulse, wi, is much larger than the resonance offset. In this case, the pulse can affect
resonances whose frequency is somewhat different to the transmitter frequency. These
pulses can therefore excite wider regions of the spectra. Soft pulses have much lower RF
frequencies, closer to that of the offset. These pulses therefore excite a much narrower

region and so can be used in certain experiments to excite only specific peaks.'”
3.1.4. The NMR signal

The signal that is recorded by the spectrometer is called the free-induction decay (FID).
This is a plot of intensity as a function of time. However, it is very difficult to extract
meaningful information from it. As a result, it is often converted to an NMR spectrum, in

terms of frequency. This is done by performing a Fourier transformation, as per Equation

3.19.'7

S(w) = J S(t)exp (—iwt).dt G19)
0

This converts the intensity as a function of time to an intensity as a function of frequency.

It should be noted that in practice integrating to infinity is not necessary, with the upper

limit being some time when the signal has died away. If this time is shorter than the

duration of the FID, a Fourier transform of the data will result in sinc “wiggles” in the

baseline and an overall loss of resolution. This is called truncation and is avoided by

ensuring that the acquisition time is sufficiently long."”

To determine the direction of precession, and as a result, the sign of the frequency
measured, it is necessary to measure the signal at two points orthogonal to each other (ze.,

along the x-and y-axes). This is called quadrature detection. Practically, this is achieved by
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passing the output from the probe through two electronic mixers. These have a phase shift
of 90° to each other, resulting in two components, referred to as the real and imaginary

components. These are then combined to give the NMR spectrum.'”
3.1.5. Internal interactions

Whilst the Zeeman splitting is normally the dominant interaction that a spin will experience
in a magnetic field, there are several other interactions that manifest in an NMR
experiment. For a diamagnetic material, these are: chemical shielding, dipolar coupling, |
coupling and the quadrupole interaction. Together these are termed internal interactions.'”
Table 3.2 summarises the different sizes of these interactions compared to the Zeeman
interaction.

Table 3.2: The interactions that a nuclear spin may experience and their typical
magnitudes.'”

Interaction Magnitude /Hz
Zeeman 10"-10’
Shielding 10— 10°
Dipolar coupling 10°-10°
J coupling 1-10°
Quadrupolar 10°- 10’

In the case of paramagnetic materials (those with unpaired electrons), there are additional

interactions that will be discussed later (Section 3.1.10.).
3.1.5.1. NMR of solid samples

Before discussing the different internal interactions, it is important to highlight that each
of them has an anisotropic component. This means that its size depends on the orientation
relative to the magnetic field. In a solution, there is rapid tumbling which averages the
anisotropic components to zero. As such, these components do not have any great
influence on the spectra recorded for samples in solution. This is not the case in solid
materials, where there is minimal motion. As such, the orientations are fixed. Furthermore,
in a powdered sample a distribution of crystallite orientations is present. This gives rise to

broad peaks, referred to as powder patterns.'™'75!”
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3.1.5.2. Chemical shielding anisotropy

In the previous discussion it has been assumed that the nucleus will experience the full
extent of the external field and will precess at the Larmor frequency as defined by
Equation 3.11. However, the electrons surrounding the nucleus interact with the magnetic
field, producing a secondary field that opposes or augments the applied field. This is called
the chemical shielding interaction, which manifests in an NMR spectrum as the chemical

shift.!”

The shielding interaction can be considered as comprising two parts, the diamagnetic and
the paramagnetic shielding. Diamagnetic shielding arises due to the circulation of electrons
(usually core electrons), which induce a field that opposes the applied field. Paramagnetic
shielding arises from distortion of the electronic distribution by the external field. This
causes mixing of excited states leading to a small amount of paramagnetic character and a

field that supports the applied field.'”

The size of the shielding field depends on the size of the external field and is given by
Equation 3.20. o is the shielding tensor, shown in Equation 3.21. A tensor is required to
describe the shielding as the electrons may not be spherically distributed around the

q
nucleus.'”

B, = —0B, (3.20)
Oxx Oxy Oxz

o0 =|0yx Oyy Oyz (3.21)
Ozx Ozy Ozz

If By is applied along the z-axis (Equation 3.22), the components of B, are given by
Equations 3.23 — 3.25."”

Oxx Oxy Oxz 0
B, =— (ny Oyy Uyz) . ( 0 ) (3.22)

Ozx  Ozy  0Ozz) \B,

By = —0,,By (3.23)
B, = —0,,B, (3.24)
B,, = —0,,B, (3.25)

Often tensors are symmetric (e.g, dy= 0yx). This means that there are six unique
components of the tensor, and a set of axes can be selected, so that the tensor is diagonal

(all off-diagonal elements are zero). This is called the principal axis system or principal axis
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frame (PAS or PAF). The diagonal terms in this tensor are referred to as the principal

components. Equation 3.26 shows ¢"*%."™

oxy O 0
aP4s =< 0 oy O ) (3.26)

0 0 oy
The principal values can be used to define three parameters which describe the tensor.
These are the isotropic shielding, anisotropy and asymmetry (Equations 3.27, 3.28 and 3.29
respectively).'* Note that the sizes of the tensor components have been determined by the

Haeberlen convention, although other conventions may be used.'*

1
0iso =3 (0xx" +0v¢" +077°) (3.27)
A= 0—5245 — Oiso (3.28)
_ oxk — vy (3.29)
A

Using these quantities, the chemical shielding for any orientation to the external field can
be calculated. Equation 3.30 describes the case where all three principal values are not

equal. Note that #and ¢ are the polar angles shown in Figure 3.7."

1
wes(0,P) = —wo0ig — EwOA(Scosze — 1+ nsin?6cos2¢p) (3.30)

BO

A

brd PAS

Figure 3.7: Definitions of the polar angles used in Equation 3.30 drawn on an illustration
of the chemical shielding tensor.
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From this equation, the value of the shielding depends not only on the principal values (or
quantities derived from them) but also the orientation of the PAS relative to the external
field (Figure 3.7). This means that a different shielding will be observed depending on how
a molecule is oriented. In a liquid, tumbling of the molecules averages this to zero, leaving
only the isotropic shielding. However, in a powdered sample, where all orientations are
present, continuous powder lineshapes are observed. The appearance of these changes
depending on the relative magnitudes of the principal components of the tensor as shown

in Figure 3.8.""

o (ppm)
Figure 3.8: Powder lineshapes resulting from chemical shift anisotropy, with different

asymmetries (7).

In an actual NMR experiment, the chemical shielding is not measured. Instead, a chemical
shift, 4, is defined relative to a reference and reported in parts per million (ppm). This is

calculated using Equation 3.31.'

5 =10° x (@ons = @rer) (3.31)
(‘)ref

Chemical shift is used as it is independent of field, allowing spectra recorded at different

fields to be compared.
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The size of the chemical shift interaction that nuclei experience depends on the
surrounding electron density. This means it is affected by factors such as the size of the
atom and the electronegativity of its neighbours.'” Circulating electrons in n systems

nearby can also influence the chemical shift (termed ring-current shift).'

3.1.5.3. J coupling

The ] coupling, also referred to as scalar or indirect coupling, is typically described as a
through bond interaction, mediated by the electrons present in the bond. It can therefore
be used to provide information about bonding arrangements. In addition, ] coupling can

provide information about less well-defined bonding interactions like hydrogen bonding."”

In a solution sample, | coupling manifests as a splitting of the peaks. For example, two
magnetically inequivalent spin-1/2 nuclei that are J-coupled together would result in the
peak for each environment being split in two. The size of the splitting of this “doublet”

peak is the | coupling constant. It is independent of the external field and given in hertz."”

As shown in Table 3.2, ] coupling is very small compared to the other NMR interactions.
As such it is usually dominated in the solid-state by the dipolar interaction.'” This is not
to say that it is not useful, as even when it cannot be observed it can be leveraged to provide
information such as in the heteronuclear multiple quantum correlation (HMQC)

experiment.'*
3.1.5.4. Dipolar coupling

In classical physics, two magnetic moments separated from each other in space, can
interact through dipolar (or dipole-dipole) interactions. It has no isotropic component and
so does not affect the isotropic chemical shift observed. It does however result in an

otientation-dependent splitting, which for an isolated spin pair is given by Equation 3.32.""

1
—Z—;V;Zsz (3cos26 — 1) (3.32)
IS

Wp =
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o

Figure 3.9: Diagram illustration the dipolar interaction between two spins (I and S) as per
Equation 3.32.

As mentioned, the size of the splitting depends on the orientation relative to the external
field. In a solution, where the molecules can freely tumble, the dipolar coupling is averaged
to its isotropic value of zero. On the other hand, in a powdered sample, where all
orientations are present, a “Pake doublet” will be obtained. However, this is only true in
the case where the spin pairs are isolated. These however are typically not observed,
particularly when the nucleus in question has a high gyromagnetic ratio and is abundant
within the material being studied. In these cases, there will be many possible dipole-dipole
interactions between the various spins in the sample. This results in a Gaussian-like peak,

174,179

typically many kHz wide.
3.1.5.5. Quadrupole interaction

The final main internal interaction is the quadrupole interaction, which unlike the others
is due to electric fields rather than magnetic effects. This applies to quadrupolar nuclei (I

> 1/2), which is the case for more than 70% of the isotopes on the periodic table."™

Quadrupolar nuclei possess a nuclear electric quadrupole moment, owing to the
distribution of charge inside the nucleus. This can interact with electric field gradients
(EFGs) that arise at the nucleus when the local environment is asymmetric (Z.e., not
cubic).'® The intrinsic size of the interaction depends on the size of both parameters, and

is described by the nuclear quadrupolar coupling constant, Cp:'’

eQV,

Here ¢Q is the quadrupole moment of the nucleus (with ¢ being the charge of a proton)

(3.33)

and 17 is the largest of the principal values of the EFG tensor. As with the chemical
shielding, we can also define an asymmetry based on the principal components of the

tensot, as shown in Equation 3.34.""
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Voy — V.
g = ——2% (3.34)
VkZ

The potential size of the quadrupole interaction means that it can significantly perturb the
energy levels of the Zeeman interaction. Figure 3.10 shows the energy levels for a spin-3/2

nucleus in the presence of the quadrupole interaction.
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-~
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Zeeman First-order Second-order
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Figure 3.10: The nuclear spin states for a spin-3/2 nucleus in the presence of the Zeeman
interaction (Ze., an applied external magnetic field) and the first and second order
quadrupole interactions.

The size of the perturbation is given by the quadrupole splitting parameter, Equation 3.35.

This is related to Cy as shown in Equation 3.36."

wPAS
Wy = ( 3 > [(Bcos?8 — 1) + ng(sin®Ocos2¢)] (3.35)
3nC,
PAS Q
= 3.36
Yo T 212 -1) (5:36)
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As with dipolar coupling, this angle dependence results in a powder lineshape for solid
samples, as shown in Figure 3.11. Solution samples do not show quadrupolar coupling, as

the rapid tumbling averages it to zero.'”

2w

o)
0

0 (ppm)

~

o

2w 2w
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Figure 3.11: Quadrupolar powder patterns for (a) a spin-1 and (b) a spin-3/2 nucleus.

It should be noted for a half integer nucleus, the central transition is unaffected by the
quadrupole interaction, so long as the interaction is relatively small. In this case, the
quadrupole interaction can be treated as a first-order perturbation of the Zeeman energy,
as with the other internal interactions discussed. However, if the nucleus resides in an
asymmetrical site, there will be a large EFG. In these cases, second order contributions to
the quadrupole interaction become significant. This is shown by Equation 3.37, assuming
no = 0 for simplicity.'’
(w5

© =" = (A% + A% (B)dio () + A*dio (B)dio () (3.37)

G3a) = 5 (Bcos?y — 1) (339)
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1
dso(x) = 3 (35cos*y — 30cos?y + 3) (3.39)

Here fis the angle of an individual crystallite relative to the field and yis the axis of rotation

relative to the field (this will be discussed in Section 3.1.7.).

This additional second order perturbation affects the energy of the central transition. As

such the central transition experiences further broadening,.
3.1.6. Relaxation

RF pulses can manipulate the magnetisation because they have an oscillating field at close
to the Larmor frequency. However, local oscillating fields can also occur naturally in the
sample, driven by thermal motion of the material. Such fields randomly vary in terms of
their direction and magnitude. For spin-1/2 nuclei, changing local fields are caused by
dipolar interactions and the chemical shift anisotropy. In the case of quadrupolar nuclei,
the quadrupole interaction can also participate. In fact, in solution, the rapid relaxation
caused by the quadrupole interaction can make recording spectra difficult for quadrupolar
nuclei. All these interactions are anisotropic and so any motion in the sample will cause
changes in these interactions leading to changing local fields. If the field fluctuates at the
Larmor frequency, it will drive the bulk magnetisation back to its equilibrium position

along the z-axis. This is called relaxation.!”’

The random motion in the sample is characterised by the correlation time 7. This can then
be used to define the reduced spectral density j(wy), which is a measure of how much of

the motion occurs at the Larmor frequency. This is calculated using Equation 3.40.""

27,

— 3.40
1+ wit? 540)

j(wo) =

From this, two limiting cases can be defined. When motion is fast, and so wpz. << 1,

meaning that j(wy) is given by Equation 3.41. When motion is slow and woz. >> 1, j(wy) is

given by Equation 3.42.'7
j(wo) = 21, (3.41)
) 2
J(@o) = —— (3.42)
0%c

After a 90,° pulse, the magnetisation precesses in the xy plane. To return to its equilibrium

position along the z-axis, it needs to recover its z-component, and the x- and y-components
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need to decay to zero. There are therefore two types of relaxation: longitudinal and

transverse.'”’

Longitudinal or spin-lattice relaxation is the process by which the z-component of the
magnetisation, M,, is recovered. It is characterised by the time constant 11, as per Equation

3.43, where M, is the initial magnetisation."”*'”

M,(t) = M, (1 — exp (— %)) (3.43)

1

To obtain an NMR spectrum, it is normal to repeat the experiment multiple times, so that
the signal from the individual scans can be added together.175 This can offset the low

intrinsic sensitivity of NMR.

The individual scans are separated by a time period called the recycle delay, sometimes
referred to colloquially as D1. This is to give the magnetisation time to decay back to its
equilibrium state. If the recycle delay is too short, each subsequent scan will have reduced
intensity. Full recovery of the magnetisation along the z-axis would take an infinitely long
time, and so often a recycle delay of 5T; is used as this recovers > 99% of the
magnetisation. This is shown in Figure 3.12. However, increasing the number of scans,
whilst using a shorter recycle delay can lead to better signal-to-noise per unit time. In this

case, the optimum recycle delay is 1.267:."”

Magnetisation

0 Time ST,

Figure 3.12: Time-dependence of the M., and M, components of the magnetisation.
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In the rotating frame in the presence of a spin locking pulse (as will be discussed in the
cross-polarisation experiment) it is also necessary to define another constant for spin-
lattice relaxation within the rotating frame. This is called Ti,, and is usually much shorter

than Ti, as it requires fluctuations at the RF frequency, rather than the Larmor frequency.'”

In addition to recovering the z-component, the xy-component of the magnetisation needs
to decay. As this occurs in the transverse plane, it is called transverse relaxation (or spin-
spin relaxation). Transverse relaxation is characterised by the time constant 15, as shown
in Equation 3.44, where M (7 is the x- or y-component of the magnetisation as a function

of time and M, (0) is the initial magnetisation.'”

t
M, ,(t) = M, ,,(0)exp (— T_) (3.43)

2

Transverse relaxation results from dephasing caused by the magnetic moments that make
up the bulk magnetisation precessing at different rates. This is due to motion in the sample
causing random variations in local magnetic fields. Over time this leads to the effective

magnetisation in the xy plane decaying to zero, as shown in Figure 3.13.

Z Z Z

Figure 3.13: Dephasing of the bulk magnetisation.

In addition to the interactions between spins causing relaxation, inhomogeneities in the
external magnetic field also cause dephasing. These two contributions can be used to define

a new time constant,T>*, as shown in Equation 3.44.'™

1 1 1

T_z* = T_2 + ﬁ (3.44)
Here T, refers to the relaxation that is related to interactions, whilst 717’, is due to field
inhomogeneity. However, T, is the most interesting component, as this relates to the

sample properties.
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3.1.7. Experimental methods in solid-state NMR
3.1.7.1. Magic-angle spinning (MAS)

As has been mentioned, the internal interactions give rise to broad peaks in the solid state,
owing the fact that the anisotropy is not averaged by molecular motion. Whilst these can
be useful, the loss of resolution and signal-to-noise ratio that they cause complicates

interpretation.

The anisotropic component of each of the internal interactions contains the same factor
to describe the angle dependence, which is 3cos*#—1. If the sample is spun about an axis
set at an angle fk, relative to the external field, the average value of this angle dependence
is given by Equation 3.45, where f is the angle between the z-axis of the tensor and the

rotation axis.'™

(3cos?%0 — 1) = %(SCOSZQR —1)(3cos?p — 1) (3.45)

B

Rotation
axis

Figure 3.14: An illustration of the angles used in Equation 3.45. tk is the angle of rotation
relative to the external field whilst §is the angle of the PAS relative to the rotation axis.

If 6 is set to 54.74°, the average value of 3cos’f—1 becomes zero, provided that the
spinning frequency is fast enough. This angle is the eponymous “magic angle”. Spinning
about this angle, ze., magic-angle spinning (MAS), results in narrowing of the peaks
observed in the NMR spectrum, improving the resolution and signal-to-noise. To remove
the anisotropy completely, the MAS frequency needs to be at least three times as large.'™
If this is not the case, the powder pattern will break up into an isotropic peak and artifacts
called spinning sidebands. These appear at multiples of the rotation frequency and are
typically identified in a spectrum by asterisks (¥)."”” At the time of writing, MAS frequencies

of up to 60 kHz are frequently used in literature, with up to 200 kHz being reported.'®
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MAS requires the ability to spin the sample. This is achieved by using sample tubes called
rotors. These are zirconia cylinders, fitted with a plastic cap that has fins built into it,
allowing the rotor to spin when air is blown across them.'” Rotors are often referred to by
their outer diameter. Larger diameter rotors hold more sample but cannot spin as fast as
smaller rotors. Selecting the correct rotor size for an experiment is therefore a balancing
act between sensitivity and achieving sufficient resolution, as well as considering any

requirements of the pulse sequence(s) being used."”’

Figure 3.15: Examples of rotors used for NMR experiments. Outer diameters are 2.5, 3.2,
4 and 7 mm, left to right.

Provided the spinning frequency is fast enough, MAS can effectively remove the first-order
contributions from the different internal interactions. However, it cannot remove second
order quadrupolar broadening. This is because, as can be seen in Equation 3.37, this term
has two angular dependencies, and so no one angle can average both terms to zero. In this
case, it is possible to use specially designed rotors that have a smaller rotor inside a larger
one. This approach is known as double-angle rotation (DOR) and allows the samples to
spin at two angles simultaneously, reducing second-order broadening. However, the MAS
frequencies achievable by this method are lower (because of the larger size required) and

it is technically challenging to prepare and spin the samples.'"'”

3.1.7.2. Decoupling

For very strong dipolar interactions, such as those involving 'H, normal MAS frequencies
are not enough to completely average the interaction. Whilst very fast MAS is possible, it
depends on the availability of equipment to perform it. An alternative method is to remove

the interactions by applying RF pulses. This is called decoupling.

In the case of heteronuclear decoupling, such as between "H and "°C, the simplest method

is to apply a high-power RF pulse at the 'H Larmor frequency whilst acquiring the
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spectrum for the coupled nucleus. This causes rapid transitions between the spin states of
"H (w1 = £1/2), averaging the dipolar interaction to zero.'”* This method however is can
lead to large residual dipolar couplings in solid samples.'". Therefore, other methods such
as two pulse phase modulation (TPPM) have been designed, which involves applying a

continuous set of RF pulses, but alternating the phase of the pulse.'™"”"!

One of the problems with decoupling is that it requires very high RF powers, at least three
times the size of the dipolar interaction being removed. The decoupling pulses are also
applied for a relatively long time. This can cause damage to the probe, and so it is important
that the acquisition time is as short as possible. Furthermore, adequate time needs to be
left between acquisitions, such that the RF pulse is only applied for at most 10 — 20% of

the recycle delay."”

Homonuclear decoupling is more complex as a spectrum is acquired on the same channel
as the decoupling is being applied. In these cases, decoupling is achieved using pulse
sequences such as WAugh-HUber-HAeberlen (WAHUHA) or Decoupling Using Mind-
Boggling Optimisation (DUMBO)."”>'”?

3.1.8. One-dimensional NMR

3.1.8.1. Cross polarisation

The cross polarisation (CP) experiment transfers the magnetisation from an abundant spin-
1/2 nucleus to another nucleus. CP is often used to study organic materials, with
polarisation transfer between 'H and “C, but it can be used for other nuclei. Transfer of
magnetisation is mediated by dipolar coupling between the two nuclei. Figure 3.16 shows
the pulse sequence for the CP experiment.'”

90 °

X

1
H ISpin-Iock Decoupling

Contact n(\n o

"

A 4

A 4

Figure 3.16: Pulse sequence for a CP experiment between a '"H nucleus and another
nucleus X.
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The first step is a 90° pulse, applied to the 'H channel, rotating the magnetisation to lie
along the —y-axis. Next a spin locking pulse is applied along this axis, which acts to maintain
the magnetisation along this axis. Simultaneously, another pulse, known as the contact
pulse, is applied to the X channel, which transfers magnetisation between the nuclei,

provided the following condition is met:!™

YuBiwy = YxBix) (3.46)
This is known as the Hartmann-Hahn matching condition and means that the nutation
frequencies of the two nuclei are equal. As a result, the separation of energy levels for both
nuclei are equal. As the spins are dipolar coupled, transitions between the "H spin states
can be balanced by transitions between the spin states of X. This results in a larger
population difference building up for the X nucleus, and therefore an increase in the

magnetisation. Finally, the X signal is acquired, often with decoupling on the 'H channel."”

CP has several uses. Firstly, the increase in magnetisation of X enhances the signal up to a
limit of pi/yx. For "H/"”C this is a factor of four, resulting in the experimental time
decreasing by a factor of 16. This makes it useful for studying nuclei with low sensitivity
and/or low natural abundance. Furthermore, such nuclei often relax slowly either due to
weak dipolar coupling or low abundance isolating the nuclei from each other. However, in
a CP experiment, relaxation is determined by the 'H nuclei, which relax much faster due
to their stronger dipolar coupling. This therefore means that individual scans take less time.
Together the signal enhancement and faster recycle delays mean that CP spectra are much
faster to acquire than by direct excitation. Since dipolar coupling is distance dependent, CP
can also be used to provide insight into distances between the two nuclei. Increasing the
length of the contact pulse (known as the contact time), means that environments further
away can be observed. However, this distance dependence does mean than CP spectra are

non-quantitative.'”*!”

There are several situations where CP is not suitable. As previously mentioned, it is non-
quantitative. In addition, if there are no protons, or other nuclei, then CP cannot be used.
CP also does not work if the material is paramagnetic, or highly mobile, due to fast
relaxation and averaging of the dipolar interaction respectively. In these cases, spectra
should be recorded by direct excitation, as in use a variation of the pulse-acquire
sequence.'” When studying proteins it may be preferable to use “C labelling to boost

signals of specific sites."*
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CP is not limited to paits of spin-1/2 nuclei but can also be applied to study quadrupolar
nuclei. However, this can be challenging to implement, particularly under MAS. In the case
of quadrupolar nuclei, the Hartmann-Hahn matching condition depends on the size of the
quadrupolar splitting relative to the nutation frequency. The two limiting cases when
Wis >> wp and @5 << @y are shown in Equations 3.47 and 3.48. The intermediate range

is poorly defined.'®

W1 = W1s (347)
1
w1 = (S + E) Wqg (34‘8)

Despite this difficulty, quadrupolar CP can still be useful when exploring whether nuclei

are close in space.174
3.1.8.2. Spin (Hahn) echoes

As described when discussing the vector model previously, a spin echo refocuses the
magnetisation by applying a 180° pulse. Whilst such pulses are useful as parts of other
pulse sequences, spin echoes have several uses on their own as an alternative to standard

pulse-acquire expetiments.'”*'”’

Signal acquisition cannot begin immediately after the end of an RF pulse, to allow the pulse
to dissipate and avoid “ringdown”. This necessitates a period after the end of the pulse
before the spectrum is recorded, known as deadtime. However, broad peaks have FIDs
that die away quickly. This can pose a problem if a significant proportion of the FID occurs
during the deadtime, as Fourier transforming this signal will lead to distortion of the
spectrum.'” Spin echoes can be used to avoid this issue. This is because the signal is not
refocussed immediately (Figure 3.17). Instead, the maximum echo intensity is delayed by a
time equal to the difference between the two pulses. This means that maximum signal

intensity is not observed until well after the end of the deadtime.'®’

90°
| -

Figure 3.17: Pulse sequence for a spin echo experiment.
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This particular property of echoes makes them particularly useful in pulsed EPR owing to
the extremely fast relaxation of unpaired electrons (Section 3.2.5.). It is important to note
that relaxation due to T relaxation, is not refocussed by a spin echo, meaning that the
intensity will be reduced. However, this does make echoes useful for determining 1>, as
the experiment can be repeated multiple times, with increasing echo delays. The loss of

intensity as the delay period is increased can then be fitted to determine T>.

Another use of echoes is to suppress background signal, arising due to the components of
the probe. Typically, this is done by chaining two echoes together as part of a so-called
“depth” experiment. Signals originating from outside the coil experience a weaker field and
so are not petfectly refocussed by the 180° pulse. The contributions from these signals to

the spectrum can then be removed by phase cycling.”
3.1.8.3. Transfer of population in double resonance (TRAPDOR)

The transfer of population in double resonance (TRAPDOR) experiment performed
under MAS and utilises dipolar coupling between spin-1/2 and quadrupolar nuclei, to gain
information about environments where the nuclei are close together. In a TRAPDOR
experiment, the spin-1/2 nucleus is observed, whilst a pulse is applied to the quadrupolar
nucleus. Observing the spin-1/2 nucleus makes it a particularly useful tool for studying
systems where observation of the quadrupolar nucleus is either challenging or

uninformative due peaks being broadened by the quadrupole interaction."*'”’

A TRAPDOR experiment comprises two steps shown in Figure 3.18. The first is simply a
Hahn echo, acquited for the spin-1/2 nucleus. This is then repeated, but during the first
delay, a pulse is applied to the quadrupolar nucleus, altering the populations of the spin
energy levels. This changes the strength of the dipolar coupling between the different
nuclei, preventing its complete averaging by MAS. As a result, the intensity of the second
spectrum is lower than the first."’* Subtracting the second spectrum from the first gives the
TRAPDOR difference spectrum.'””'” As only environments where the two nuclei are
dipolar coupled are affected by the pulse, peaks in the difference spectrum must arise from

environments where the two spins are close in space.
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Figure 3.18: TRAPDOR pulse sequence between two spins I and S. Based on Figure
1 in the paper by Lang e al.””

The intensity of the difference spectrum depends on three main factors. First is whether
the transitions between spin states are adiabatic. This is quantified by the adiabaticity
parameter, o, expressed in terms of the RF frequency, »,, the spinning frequency, » and the

size of the quadrupole interaction, v. Adiabatic transitions occur when o > 1."

vi

a =
VrVg

(3.49)

The second factor that determines the intensity of the TRAPDOR difference spectrum is
the strength of the dipolar coupling. As this experiment prevents complete refocussing of
dipolar coupling by MAS, environments with stronger dipolar coupling are more strongly
supressed in the second part of the experiment. The final factor is the number of rotor
periods in the delay. Longer irradiation leads to greater dephasing of the dipolar coupling.

However, it can also lead to reduced signal intensity due to 1> relaxation, so it is important

to balance an increased TRAPDOR effect with increased signal—to—noise.m
3.1.9. Two-dimensional NMR

The previously discussed experiments result in 1D NMR spectra, with a single frequency
axis. However, it is often helpful to acquire 2D NMR spectra, with two frequency axes to

gain further insight into the relationships between environments.'”’

The general pulse sequence for a 2D experiment (Figure 3.19) starts with a pulse (or block
of pulses) referred to as preparation pulses. This is followed by a delay, #, during which
time the state of the sample evolves according to the effects of the preparation pulses. No
signal is acquired during this time. # is followed by a second block of pulses, called mixing
pulses, which allows the signal to be measured in the period #. This process is repeated

many times, with # being incrementally increased. The signal acquired is affected by the
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state of the sample, meaning that it will change as # is increased. A Fourier transform of

both axes yields the 2D spectrum.'”’

Preparation| «<———| Mixing |[= -

L 4

Figure 3.19: The basic form of the pulse sequence for a 2D experiment.

A relatively simple example of a 2D experiment is the HETeronuclear CORrelation
(HETCOR) experiment. This is essentially a 2D version of the CP experiment previously
discussed. In this experiment, the initial 90,° pulse is the preparation pulse, which is
followed by a delay, during which time the magnetisation of the 'H nuclei evolves. This
evolved state is transferred to the X nucleus by the spin lock and CP pulses, which serve
as the mixing pulses. This yields a 2D spectrum, where peaks are observed where the "H

. . . . q
environment is close in space to the X environment.'”’

90,°
H Homonuclear Heteronuclear
Decouplin Spin-lock |  Decoupling X
t t

1

X

Contact
Na
Vv

Figure 3.20: Pulse sequence of a HETCOR experiment between 'H and “C.

3.1.9.1. Radiofrequency-driven recoupling

As discussed with TRAPDOR, dipolar coupling can be employed to provide information
about the arrangements of different sites in space. Doing so under MAS requires the
application of pulses to selectively reintroduce dipolar coupling, which is known as
recoupling. One approach to do this for homonuclear dipolar interactions is to use
radiofrequency-driven recoupling (RFDR). This uses 180° pulses, synchronised with the
middle of the rotor period to reintroduce the dipolar interactions. The resulting 2D
spectrum then shows correlations between sites that are close enough in space to be
recoupled. Pulses can be repeated for many rotor periods, extending the range over which

20¢

recoupling can occur.””"' For example, Roos ¢z a/ report "’F cross peaks for sites separated

by up to 9.5 A.*” Figure 3.21 shows the pulse sequence used for RFDR.
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Figure 3.21: The pulse sequence for an RFDR experiment. The pulse in brackets is a 180°
pulse, which is repeated n times as set by the user.

3.1.10. Paramagnetic NMR

3.1.10.1 Overview

A paramagnetic species is one that possesses unpaired electrons, such as organic free-
radicals or transition metal ions with partially filled & orbitals. Electrons are spin-1/2 and
therefore possess a magnetic moment that can interact with external magnetic fields
through the Zeeman interaction as well as other spins.”*” This is the basis of electron
paramagnetic resonance (EPR) spectroscopy, as will be discussed later, but this also has

ramifications for the acquisition and interpretation of NMR spectra.

The coupling between electron and nuclear spins is called the hyperfine interaction, which
has two components. These are the Fermi contact and dipolar interactions, also referred

to as the isotropic and anisotropic hyperfine interactions, respectively.

The Fermi contact interaction depends on the interactions between the electron and
nuclear dipole moments because of there being electron density at the nucleus. It is
described by the isotropic coupling constant given by Equation 3.50, where ¥(0) is the
value of the electron wavefunction at the nucleus, p,r is the gyromagnetic ratio of the

electron/nucleus and z is the permittivity of free space.”"*

2
A= (%) Yev h? ¥ (0)I? (3:30)

This part of the hyperfine interaction results in a shift to the isotropic chemical shift of the
nucleus, referred to as the Fermi contact shift. The size of this shift is proportional to the
electron density transferred into the orbitals of the nucleus of interest. These orbitals must
be s orbitals or have s character, to have electron density at the nucleus. There are two

mechanisms for electron density transfer, which are electron delocalisation and spin
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polarisation. Electron delocalisation involves overlap with the half-filled orbital, resulting
in an increased electron density at the nucleus being observed. As a result, the nucleus is
more shielded and therefore has a more negative shift. Spin polarisation involves overlap
with an empty orbital on the metal ion, orthogonal to the half-filled orbital. This results in
the electron density at the nucleus of interest decreasing, and a more positive chemical
shift. As the mechanism is determined by orbital overlap, which in turn depends on the

bonding arrangements, Fermi contact shifts can be used to infer structural information.”

The mechanism of the dipolar contribution to the hyperfine interaction is similar to the
dipolar interaction between nuclei previously discussed. However, electrons have a larger
gyromagnetic ratio (roughly 660 times that of a proton), and so the dipolar interaction
between electrons and nuclei is much larger as per Equation 3.32. This leads to additional,

large shift anisotropies and consequently further line broadening in the spectra recorded.

In addition to affecting the chemical shift and anisotropy of the observed peaks,
paramagnetic ions significantly increase the relaxation rate of nuclei. This is called the
paramagnetic relaxation enhancement (PRE). For insulating solids, the effect on the
nuclear T) and T, are described using the Solomon-Bloembergen-Morgan equations
(Equations 3.51 and 3.52). Here S is the total electron spin, A" is the size of the Fermi
contact interaction (Equation 3.50), Ti./ T are the electron relaxation times, ws/; are the

electron and nuclear Larmor frequencies and &1 is the size of the dipolar interaction

(Equation 3.53).*"

1 2 FC\? Tye 2 be\2
—=Z5(5+1 +—S(S+1 (—)
T, 3 ( )<h>1+(a)s—w,)2Tzze 15 ( ) h
(3.51)
3Tle 6TZe + TZe
14+ w?TE 14 (ws + w)?TE 1+ (ws — w))?TS
! —1S(S+1) Arey’ T,o + T2e 15(5
T, 3 h 1+ (w5 — w))?T2| 15
b 2
+0(3)
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hZ
by, = VeI (3.53)

Whilst these equations are very complex, they highlight two things. First, the PRE is due
to both components of the hyperfine interaction, not just the dipolar term. Second, the

relaxation time of the nuclei is tied to both electron relaxation times.*”

Another interaction that should be mentioned is the Knight shift, which operates in metals
and metallically conductive materials. The Knight shift arises due to the interaction of the
nuclear magnetic moment with conduction electrons, and results in large changes in
chemical shift. For example, metallic lithium and sodium have chemical shifts of ~ 250
and ~ 1100 ppm, respectively, compared to chemical shifts of ~ 0 ppm for diamagnetic

compounds."
3.1.10.2. Experimental methods in paramagnetic NMR

The previously outlined qualities of paramagnetic NMR mean that it is challenging to
record useful spectra. However, many useful materials (particularly for batteries) are
paramagnetic and so there is interest in developing experimental methods that address the

challenges.

The first consideration is the magnetic field used in the experiment. Paramagnetic
interactions scale with field, and so it is common where possible to perform measurements
using a spectrometer that is 200 MHz or less.”""”*** However, quadrupolar broadening is
increased at low field, which may lead to poor resolution when recording *Na spectra for
example. Using low fields can also result in problems with low sensitivity, although the
short relaxation times of paramagnetic samples can mitigate this issue, owing to the shorter
recycle delays required. However, as discussed previously, fast relaxation can lead to a
significant amount of the FID occurring during the deadtime. Rotor-synchronised spin
echoes can mitigate this although fast spinning is advisable to minimise the echo delays

and any resulting loss of signal due to T> relaxation.””

Fast spinning is also important to remove dipolar coupling. The decoupling pulses typically
employed to remove dipolar interactions are not effective over wide frequency ranges. The
wide chemical shift ranges and large anisotropies can also pose an issue if using spin echoes

to acquire the spectrum, as 180° pulses cannot excite as wide a range of frequencies as
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shorter pulses. However, repeating the experiment at different offset frequencies (known
as frequency stepping) allows the complete lineshape to be mapped out. This can be
inefficient and so people have developed different ways of exciting wide spectral widths in

a single experiment.””

One such approach is the 2D projection Magic-Angle Turning Phase-Adjusted Spinning
Sidebands (pj-MATPASS) experiment.”” As suggested by the name, this is a combination
of the MAT and PASS experiments.'”**"

A MAT experiment is a 2D experiment that separates the isotropic and anisotropic
components of the chemical shift. It is conducted under very slow spinning (~50 Hz),
which means that during acquisition, the rotor is quasi-static, resulting in a powder
lineshape. However, it is still possible to average out the anisotropy by recording at least

three such spectra at equally spaced orientation. Figure 3.22 shows the pulse sequence for

the MAT experiment.'**"!
t/3 t/3 ti3
i1 il
1 2 1k

Figure 3.22: Pulse sequence for a MAT experiment (top) and a diagram showing the three
rotor positions used during acquisition (bottom). All pulses are 90° pulses.

The initial 90° pulse is followed by a delay equal to #/3, during which time the

magnetisation evolves, but the rotor appears static. After this, another 90° pulse moves the
magnetisation back along the z-axis, whilst the rotor moves to its second quasi-static
position. This process is repeated a third time, followed by acquisition. The 2D data set is
then generated by incrementing #. A Fourier transform of this gives a 2D spectrum with

a static lineshape in the direct dimension, and the isotopic chemical shifts in the indirect
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dimension. This is because the anisotropy is averaged by the three equally spaced evolution

periods, and so evolution in # depends only on the isotropic chemical shift.'™**"!

A PASS experiment is a method of separating out spinning sidebands. The pulse sequence
consists of a 90° pulse, followed by five 180° pulses, which is repeated with different
timings of the 180° pulses. This means that each sideband has a different phase according
to its order, ze., what multiple of the spinning rate it is away from the isotropic peak. Each

row then contains one sideband, with the number of rows being determined by the number

of sidebands.!**!

PASS sequence
(t,)

Figure 3.23: Pulse sequence for a PASS experiment, consisting of a 90° pulse followed by
five 180° pulses.

A pj-MATPASS experiment combines features of both experiments (Figure 3.24). It is
based on the MAT experiment, using 90° pulses and containing three delays equal to #/3,
although the third is part of a longer delay. The phases of the pulses are determined by a

20-step cogwheel phase cycle, but this will not be discussed here. # evolution gives phase

information based on the order of the sidebands, turning it into a PASS experiment.””

t/3 4t/3-t/3 /3 4t/3 2t/3

1
B ——_—

i if 1 |

Figure 3.24: The pulse sequence for a pj-MATPASS experiment. All pulses are 90° pulses,
with phases determined by a 20-step cogwheel phase cycle. % refers to a rotor period.

The pj-MATPASS experiment has several advantages when considering its application to
paramagnetic systems. Firstly, it is quantitative and can be used at high fields. pj-MATPASS
also avoids the use of 180° pulses, unlike a PASS experiment, which improves the
bandwidth that can be excited. The first # increment is also not required to be zero,
meaning that no spin echoes are required to avoid deadtime effects.””However, the

sensitivity of the experiment is reduced compared to a PASS because of the coherence
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transfer pathway used. In addition, the evolution periods do not have fixed durations,
which means that the effects of T> dephasing can be inconsistent, leading to imperfect

separation of sidebands.”

3.1.11. In situ NMR

When studying battery materials, it is simplest to perform ex sizu analysis, where the cell is
disassembled at a particular state of charge and studied with NMR. However, this may miss
metastable or short-lived species that form during cycling. Therefore, an alternative
approach is to perform NMR experiments 7z sitn. This involves making a cell out of a bag
or a plastic shell which is inserted into the coil. The cell is connected to an external
potentiostat allowing NMR data to be collected during cycling, typically following the

behaviour of lithium or sodium ions.?**"

Whilst it can provide useful insight, iz sitn NMR 1is not trivial, and has several practical
challenges. Firstly, experiments are normally performed without MAS, meaning resolution
can be poor, particularly in the presence of quadrupolar and paramagnetic broadening.
This can be mitigated somewhat by the chemical shift of metallic lithium or sodium being
Knight shifted, and therefore easier to resolve.””® However, the broad chemical shift ranges
can make it difficult to excite the entire spectrum simultaneously, meaning that retuning
may be required. Furthermore, changes in the characteristics of the cell on cycling mean

that recalibration may be required."

It is worth mentioning that progress has been made on performing 7 situ experiments
under MAS conditions. For example, Mohammed ¢ a/, assembled a cell that can be taken
in and out of 2 4 mm rotor, allowing it to be cycled outside the rotor.”” However, it is not
clear as to whether the required manipulation of the cell would affect its electrochemical

behaviour.
3.1.12. Predicting NMR parameters using density functional theory

Whilst NMR spectra can be assigned based on experimental information, it can be helpful,
indeed sometime necessary, to predict the NMR parameters of a given structure. This is

often done using density functional theory (DFT) calculations.

The time-independent nonrelativistic Schrodinger equation is given by Equation 3.54,
where H is the Hamiltonian, ¥ is the wavefunction and E is the energy associated with

that wavefunction.
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AY =E¥ (3:59)
The Hamiltonian contains contributions from all kinetic and potential energies in the
system and can be expressed as shown in Equation 3.55. Here T, is the electron kinetic
energy, Tn is the nuclear kinetic energy, Ven is the electron-nuclear potential energy, ]739 is

the electron-electron potential energy and Vy,,, is the nuclear-nuclear potential energy.”"

H=T, + Ty + Von + Voo + Vi (3:55)
This is a many-body problem that cannot be solved. However, it is possible to simplify the
problem by invoking the Born-Oppenheimer approximation. This means that the nuclei
are considered as stationary from the perspective of electrons (due to their much larger
masses). Based on this, Equation 3.55 can be simplified to give Equation 3.56, the electron

Hamiltonian.?!?

He = Te + Ven + ‘Zze (3.50)
Using the electron Hamiltonian in the Schrédinger equation gives the electronic
wavefunction. Wavefunctions cannot be measured directly, but the related electron density
can. DFT is based on the idea that the ground state energy of a system is a functional of
the electron density. The form of this functional is not known and is instead approximated
by using a combination of known functions, called basis functions. These can be localised,
atomic-centred orbitals or planewave functions. Whilst atomic orbitals may be more
accurate, they are more demanding computationally, and so, for large periodic systems,

planewaves are more practical.

There are several considerations when performing DFT calculations. First is the number
of k-points or the k-point spacing. A greater number of k-points means that more basis
functions are used, resulting in a more accurate result. However, more k-points requires
more computational power, with often only small improvements in accuracy. The number
of k-points is therefore optimised on a known system, prior to starting calculations on the

systems of interest.”'’

Another consideration is the use of pseudopotentials. These replace the electron density
associated with core electrons with a fixed, approximate value. This reduces the
computational expense of the calculations. NMR parameters are intrinsically linked to the
electron density at the nucleus and so NMR calculations require suitable pseudopotentials,

with gauge including projected augmented wave (GIPAW) being a popular approach.”!
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In addition, when considering heavier elements, relativistic effects start to manifest as the
electrons close to the nucleus start to travel close to the speed of light. In these cases,
relativistic corrections, such as zero-order regular approximation (ZORA) should be

included in the calculation.??

Finally, whilst DFT calculations can be performed on any structure, be it experimentally
determined or created for a specific purpose, it is necessary to make sure that the structure
is an energy minimum. This is because, even for experimentally determined structures, light
atoms, such as hydrogen may be difficult to locate using X-ray diffraction (from which
many structures are derived). Furthermore, DFT calculations are performed at 0 K rather
than at room temperature. Therefore, prior to an NMR calculation being performed, the
structure is subjected to a geometry optimisation calculation. This makes small changes to
atomic positions and unit cell parameters to minimise the forces exerted on individual
atoms. It should be said that these parameters may be fixed at the user’s discretion. This
process is repeated until the changes between each iteration fall below a user-defined limits.

When this happens, the optimisation is concluded.*"
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3.2. Electron Paramagnetic Resonance spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is sensitive to the local environment
of unpaired electrons, such as those found in free-radicals or transition metal ions. Given
the challenges of observing paramagnetic species with NMR, EPR is a useful
complementary tool. The information in this section is taken from the primer by Chechik

¢t al, unless otherwise stated.””
3.2.1. The electron Zeeman interaction

As has already been mentioned, electrons possess spin (spin-1/2) and so can interact with
external magnetic fields through the Zeeman interaction. Figure 3.25 shows the effect of
an external magnetic field on the electron spin states. Note that the signs of the quantum
number 7 are reversed compared to those shown in Figure 3.1, with the § state being

lower energy.
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Figure 3.25: The relative energies of the two spin states for an unpaired electron in the
absence of and in the presence of an external magnetic field.

The energy of the Zeeman interaction for an unpaired electron is given by Equation 3.57.

AEz = getipBo (3.57)
Here g. is the free-electron g-value (known also as the g-factor) and g is the Bohr
magneton, 9.274 X 107*] T™'. The g-value is a dimensionless constant used in EPR

spectroscopy in place of the gyromagnetic ratio (Equation 3.58).

_ Jellp (3.58)
)/8 - h

A free electron has a g-value of 2.0023, however g-values recorded experimentally for
samples are often shifted from this. This is because of mixing between energy levels

because of spin orbit coupling. The g value of a system is given by Equation 3.59, where «
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is the covalency parameter, A is the spin-orbit coupling constant and AE is the difference
in energy between the mixed states. This change in g-value is also expressed in terms of g-

shift, as per Equation 3.60.

a’*nl
9=9: 7 (3.59)
Ag=9g—ge (3.60)

Spin-orbit coupling is a relativistic effect and so A is larger for heavier elements, resulting
in larger g-shift. Organic radicals have small shifts of Ag < 107, whereas for first row

transition metal Ag ~ 107"

It is also important to realise that the Zeeman interaction is anisotropic and so the g-value
is better described as a g-tensor. In solid samples, this results in powder lineshapes, similar

to what is observed in powdered NMR samples (Figure 3.206).
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Figure 3.26: Effect of g-anisotropy on the EPR spectrum recorded. (a) isotropic case, (b)
axial case and (c) rhombic case.

3.2.2. Other interactions of unpaired electrons

As with NMR, there are several other interactions electrons can experience, some of which

have already been discussed in the context of paramagnetic NMR.

The first of these interactions is the hyperfine interaction between electrons and nuclei. In
an EPR spectrum, this results in a splitting of the peaks, into 2/+1 lines (where Iis the spin
of the nucleus) in a manner like | coupling. Hyperfine splitting is most often associated
with EPR spectra recorded of solutions and can provide structural information. It can be
observed in the solid-state but is often hard to resolve because of the broadening from g-

anisotropy.
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There are also interactions between electrons that result in additional broadening. First is
dipolar coupling, like what is observed between nuclei, but much stronger. Electrons can
also interact through an exchange interaction. This requires orbital overlap, making it a
short-range interaction. Exchange interactions can broaden spectra due to increased
relaxation but can also cause narrowing at high concentrations due to the loss of hyperfine
splitting. Transition metal ions with more than one unpaired electron can also experience
something called zero-field splitting. Like the other interactions, this causes broadening,
but it also causes the appearance of an additional peak at a field half that of the resonance
condition. It should be noted that for ions with integer electron spin, it is very difficult to

observe spectra due to the broadening present in these “non-Kramer’s” ions.
3.2.3. Continuous wave EPR

The gyromagnetic ratio for an unpaired electron is around 660 times larger than that of a
"H nucleus, resulting in a much larger Zeeman splitting between the spin states. This has

ramifications for the acquisition of EPR spectra.

Firstly, the greater energy gap requires MW rather than RF sources to excite transitions.
This greater energy gap also means that the population difference between the spin states
is larger, resulting in a larger magnetisation. Consequently, EPR is much more sensitive

than NMR, and is practical at much lower fields (By <1 T).

A higher gyromagnetic ratio also means that the dipolar coupling is stronger leading to
much faster relaxation, resulting in much faster experiments. However, stronger
interactions means that EPR spectra are much broader than NMR spectra, making it
challenging to excite the entire spectral width with a single pulse. Fast relaxation means
that a significant amount of the signal is lost in the deadtime. Even with an echo, it can be
impossible to acquire a signal if T5 is too quick. For these reasons, it is far simpler to record
EPR spectra using a continuous wave (CW) approach rather than by applying pulses
(although this will be discussed in Section 3.2.5.). In CW EPR, a fixed MW frequency is
applied, and the external field is swept. When the field is such that the resonance condition
is met (Equation 3.54) a spectrum is recorded. Sometimes the x-axis is expressed in terms

of g-value rather than magnetic field, as g-value is independent of frequency.

To improve the signal-to-noise of the spectra recorded, the EPR signal is not recorded
directly. Instead, it is modulated by the application of a small oscillating magnetic field

(typically 100 kHz). Only signal with the same modulation as the reference is detected.
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Therefore, random noise is not detected. Using this approach also results in the derivative

lineshape associated with EPR. Figure 3.27 illustrates the effect of signal modulation.

output

field

Magnetic field/mT Magnetic field/mT

Modulated f\

Figure 3.27: The effect of field modulation on the EPR signal recorded.

As mentioned, in an EPR experiment, the MW frequency is kept constant. EPR
spectrometers are therefore classified into bands, according to their MW frequency. The
most common spectrometer is an X-band spectrometer (~9.5 GHz), which is suitable for
organic systems. However, if greater resolution of the different components of the g-tensor
is required, higher frequencies may be required, such as Q-band (34 GHz) or even W-band
(95 GHz). It should be noted that increasing the frequency means that smaller sample

tubes need to be used.
3.2.4. Sample considerations

It is worth briefly discussing the properties of the samples that can be studied with EPR.
Whilst spectra can be recorded for both solid and liquid samples (sometimes even gases),
it is important to consider the dielectric constant of the sample. This is because the sample
sits inside an area called the cavity which has a standing MW inside it. As an
electromagnetic wave, the MW consists of a magnetic and electric field, and the cavity is
designed so that the sample sits at the maximum magnetic field and minimum electric field.
This is to minimise energy losses due to interactions with electric dipoles in the sample.
However, if the dielectric constant is high, a large amount of energy is dissipated this way.*"
This makes tuning the spectrometer difficult and affects the acquired signal. In the case of
such samples, it is important to use small sample vessels that sit in the electric field

minimum as best as possible.
3.2.5. Pulsed EPR

CW EPR is the simplest and most widely used form of EPR, for the reasons previously
outlined. However, sometimes it is beneficial to use pulsed EPR, to gain access to greater

structural information, such as interelectron distances or relaxation times. Such

88



measurements are often acquired at low temperatures, to slow electron relaxation to

acceptable levels, using echoes to avoid the issues of deadtime.

3.3. Dynamic Nuclear Polarisation

3.3.1. Introduction

NMR and EPR are based on the same fundamental spin physics. It is therefore natural
that there is overlap manifesting as paramagnetic effects in NMR spectra or hyperfine
splitting in EPR spectra. However, it is also possible to combine the two techniques, an

approach that is called dynamic nuclear polarisation (DNP).

As mentioned previously, NMR is sometimes referred to as being intrinsically insensitive,
due to the size of the Zeeman interaction. This can be further compounded by nuclei of
interest having low natural abundance (*’Si = 4.7%, °C = 1.1%)), or the element simply not
being present in high proportions in the sample."” On the other hand, EPR is highly
sensitive owing to the higher gyromagnetic ratio of the electron when compared to
nuclei.”” The premise of DNP is to use unpaired electrons to increase the polatisation of

nuclear spins, enhancing the NMR signal.

Using DNP, enhancements of 20 — 200 times are routinely achievable."* Whilst an
enhancement of 20 may seem small when compared to the theoretical maximum, this
enhancement would allow an equivalent experiment to be performed 400 times faster than
without DNP. This means that an experiment that would otherwise take a year, could be
completed in around one day. Not only does this have the potential to speed up acquisition
of normal experiments, but it can also make experiments that would otherwise be
unfeasible, achievable. For example, Hope e a/ were able to record 'O spectra for the

surfaces of CeO, nanoparticles, at natural abundance.””
3.3.2. Mechanisms of polarisation transfer

The enhancement obtained from a DNP experiment depends on how efficiently
polarisation is transferred from the unpaired electron to the nuclei of interest. Polarisation
transfer is governed by one of four mechanisms: the Overhauser effect (OE), the solid
effect (SE), the cross effect (CE) and thermal mixing. Which mechanism operates depends
on the system DNP is being applied to. Thermal mixing is not often encountered and so

will not be discussed here.?'*
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The OE transfers polarisation between an electron and a nuclear spin, interacting via the

Fermi contact component of the hypetfine interaction.”’

For the OE to operate, the
hyperfine interaction must vary with time, to drive the relaxation of electrons. This is
simplest to achieve in liquids, due to the motion of the molecules, making the OE the
dominant mechanism for solution-state DNP. The OE can also operate in solids, such as
metallic conductors using the mobile conduction electrons as a polarisation source. There
are some reports of the OE operating in insulating solids, like the a,p-bisdiphenylene-$-
phenylallyl (BDPA) radical, where the conjugated structure causes fluctuations in spin

density at the protons in the structure.*”’

The SE operates in insulating solids and requires a nucleus coupled with an electron
through the dipolar interaction. Unlike for the OE, these should be in a rigid arrangement.
This interaction causes partial mixing of the different spin states, allowing for zero- and
double-quantum transitions to be excited. These are formally forbidden as A # 1.
(Section 3.1.2.). The two transitions are then excited by applying MW radiation at wg,£w,,
resulting in positive and negative enhancements depending on the transition irradiated. It
is important to note that the SE scales poorly with field as the transition probability

decreases at higher field, owing to decreased mixing of the spin states.”'**"’

The final mechanism that will be considered here is the CE. This is a 3-spin process,
involving two electrons dipolar coupled to a nucleus. Unlike the formally forbidden zero-
and double-quantum transitions used in the OE and SE, the flip-flop-flip transitions
involved in the CE are allowed as Aw; = 1. As a result, the CE is the most efficient method

of polarisation transfer, and therefore the most desirable.”®

The CE requires two unpaired electrons whose Larmor frequencies are separated by the
nuclear Larmor frequency. This can either be achieved by using radicals with broad EPR
lines, or two radicals with narrow EPR lines tethered together. When this condition is met,
irradiating the sample with MWs at the frequency of the one of the electrons results in a
positive enhancement. Irradiating at the frequency of the other electron results in a

negative enhancement.””’
3.3.3. Polarisation transfer

To enhance an NMR spectrum, each unpaired electron needs to polarise many nuclei. This
can happen either by direct transfer or by spin diffusion. Direct transfer is where

polarisation is transferred to many nuclei via one of the mechanisms described previously,
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resulting in homogenous polarisation. Direct transfer dominates when paramagnetic
relaxation enhancement is the dominant relaxation mechanism.” Most DNP experiments
rely on spin diffusion for transferring polarisation. In this case, polarisation is transferred
to nuclei close to the polarising agent (core nuclei). Strong homonuclear dipolar coupling
then allows for polarisation transfer by flip-flop transitions. The distance spin diffusion is
effective over can be estimated using Equation 3.61, where D is the spin diffusion constant

that depends on the dipolar coupling and T is the longitudinal relaxation time.*'

L=.,/DT, (3.61)
Equation 3.61 highlights the fact that for spin diffusion to be effective, the relaxation time
must be sufficiently long and the dipolar coupling sufficiently strong. This latter point can
cause problems when the nucleus of interest is insensitive, like 'O, making spin diffusion

slow.”"
3.3.4. Polarising agents

The unpaired electrons source used for DNP is called a polarising agent. Polarising agents
can be split into two types: endogenous and exogenous. Endogenous polarising agents are
those found inside the material, such as dopants, or defects, whilst exogenous polarising

agents are those added to the sarnple.214

3.3.4.1. Transition metal dopants

Many materials contain paramagnetic transition metal ions. Whilst in principle, any
paramagnetic ion could be used as an endogenous polarising agent, in practice the number

of suitable ions is limited.

When using transition metal ions for DNP, it is unlikely the enhancement will come
through the CE, as the concentration of ions required to achieve a broad enough line

would result in very short relaxation times. Therefore, enhancement normally arises from

the SE.*!

Electron relaxation time can also be affected by ZFS and spin-orbit coupling. These also
cause broadening of the EPR line, which, as previously mentioned, may lead to excitation
of both the zero- and double-quantum transitions simultaneously and consequently a
significant reduction in enhancement. ZFS can be reduced by ensuring dopant ions are in
highly symmetrical sites. On the other hand, SOC can be quenched by using ions with half-

filled shells. This limits the number of ions that can be used dramatically, and so in DNP
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literature Cr’*, Gd™*, Mn*" and Fe’* are the ions most encountered.”” Hyperfine splitting
can also play a role with Fe’* being preferable to Mn**, but this choice may depend on the

system.”
3.3.4.2. Nitroxide biradicals

Most materials are either diamagnetic or contain paramagnetic ions unsuited to DNP. As
a result, it is often easier to add radicals to the sample, via a solution which is then frozen,
forming a glassy matrix.”” The most common radicals used for this purpose are nitroxide
biradicals. These are based on the 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) radical,

The structure of which is shown in Figure 3.28.%

o
CH; | CH;,
H4C N CHj

Figure 3.28: The structure of TEMPO.

Nitroxides are popular as they have large g-anisotropies, leading to broad lines that can
satisty the requirements of the CE previously discussed, resulting in in large enhancements.
Originally, the CE was performed using TEMPO and its derivatives. However, this
requires high concentrations to result in dipolar couplings large enough for the CE, which
leads to short relaxation times and inefficient transfer. As a result, it was proposed that
TEMPO moieties could be tethered together to create biradicals, the first being the BTnE
series (Figure 3.29). Using these radicals reduces the concentration required (as the radicals
are guaranteed to be close together) and allowed for enhancements of up to 175 for BI2E

(as against 45 for 4-hydroxy-TEMPO).**
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Figure 3.29: Structure of the BTnE serties of radicals.””

In the years since this development, a substantial amount of research has gone into further
optimising these materials. Adding OH groups to the tether as in TOTAPOL, improved
the water solubility of the radicals, increasing the number of systems that could be
studied.*” Even shorter, rigid tethers were then used for AMUPOL,, increasing the dipolar
coupling further, whilst locking the radicals into favourable orientations relative to each
other. In addition, the methyl groups that surround the radical centre were replaced by
rings, with the reduced motion increasing the electron Ti time. Together, these

improvements lead to an enhancement of up to 400.%°

Accessibility of the radical centre to the solvent molecules has also been suggested to be
important with polarising agents with restricted access to the radical centre showing smaller
enhancements. This is thought to be because greater accessibility allows for more efficient

transfer to the protons in the solvent molecules, making spin diffusion more efficient.””’

The poor scalability of the CE with field has been another line of inquiry with radicals
being designed that operate well at high field. One example of this are “TinyPol” radicals.
These use shorter, mobile tethers and perform roughly twice as well as TEKPol and
AMUPol at high field. This suggests that at high field, orientation is less important than

strong dipolar coupling.”
3.3.4.3. Metallic polarising agents

As mentioned previously, the OE is not often applicable to solid materials, as they lack the
motion required to cause fluctuations in the hyperfine interaction. However, metals can be
used if present in the sample. For example, Hope ¢# a/, used lithium metal as a polarisation

source to study the SEI formed in batteries and compare the effect of different additives.
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What is particulatly interesting about this is that whilst the enhancements are relatively
small (¢ < 15), it can be done at room temperature, rather than cryogenic temperatures.
This is because the relaxation time of the electrons does not change dramatically at lower
temperatures. As a result, this approach can also be applied to 7 situ measurements, as the

electrolyte will not freeze.”®
3.4. X-ray diffraction and Pair Distribution Function analysis

Unless stated otherwise, the information in this section is taken from Basic Solid-State

229

Chemistry.
3.4.1. X-ray sources

In a laboratory instrument, X-rays are generated by an X-ray tube. This contains a tungsten
filament that is heated, giving off an electron beam. These electrons are then accelerated
by a high voltage at a metal target, which gives off X-rays. This method produces two types
of X-rays. These are white radiation, which has a range of wavelengths and monochromatic
X-rays. Monochromatic X-rays are produced by ionising the 1s orbital, which is then filled
by a higher energy electron releasing an X-ray of fixed energy. The X-ray is designated
according to the orbital the electron comes from, with K, referring to an electron coming
from a 2p orbital and Kg, the 3p orbital. The wavelength of K, radiation is given by
Equation 3.62.

7= C(Z - o) (3.62)
Here C and ¢ are constants, and so the wavelength depends on the mass of the atom.
Typical sources for a lab-based instrument are copper and molybdenum which have
wavelengths of 1.54 A and 0.71 A, respectively. If higher resolution is required,

synchrotron sources may be used instead.
3.4.2. Crystal structures

Crystalline materials are made from regular, three-dimensional arrangements of atoms or
ions. The repeating nature of these structures means that it is possible to define a single
repeat unit, that shows the full symmetry of the material. This is referred to as the unit cell.
A unit cell can be defined by the length of its three axes (4, b and ¢) as well as the three
angles between them (a, § and ). Together, these six values are termed the unit cell
parameters. There are seven possible different combinations of these parameters, which

are called crystal systems. These are summarised in Table 3.3.
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Table 3.3: The seven crystal systems and their unit cell parameters.

Crystal system Unit cell shape
Cubic a=b=¢a=p=y=90°
Tetragonal a=b#cca=p=y=90°
Orthorhombic atbFcea=p=y=90°
Hexagonal a=b#c¢a=p=90°y=120°
Trigonal (a) a=b#c¢a=p=90°y=120°
Trigonal (b) a=b=¢a=p=y#90°
Monoclinic atb#c¢a=y=90°p8%90°
Triclinic aF bt aFt fFy#o0°

In addition to the seven crystal systems, there are four types of lattice centring (Figure

3.30). These refer to how the atoms are arranged. The simplest case is a primitive lattice

(denoted P), where there are only lattice points on the corners of the unit cell. Body-centred

lattices (I) have an additional lattice point at the centre of the cell, whilst a face-centred

lattice (F) has lattice points on the corners and at the centres of each face. There are also

side-centred lattices (A, B or C) which have lattice points on two opposite faces, in addition

to each cornet.
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Figure 3.30: The four lattice centring types.

The combination of the seven crystal systems with the four lattice centring types results in
14 unique combinations, called Bravais lattices. Crystal structures can also be described by
a collection of symmetry elements (mirror planes, rotational axes, e#.). These collections

of symmetry elements are called space groups and there are 230 unique groups.

An example crystal structure is the so-called “rocksalt” structure, shown in Figure 3.31.
This belongs to the cubic crystal system and has a face-centred lattice, with a 1:1 ratio of
cations to anions occupying octahedral sites. The rocksalt structure, along with its variants,
are also often referred to by its space group, Fm-3m (number 225). As the later chapters
of this thesis are concerned with disordered rocksalt materials, this is a useful example to
aid the following discussion of X-ray diffraction (XRD) and pair distribution function
(PDF) analysis.
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Figure 3.31: The rocksalt structure.

Lattice planes are imaginary, parallel planes through a crystal structure. These serve as a
reference grid and can be used when understanding diffraction-based techniques. Lattice
planes are described by Miller indices, written in the form (b&)). b, £ and / are calculated
from the points at which the plane intercepts the @, 4 and ¢ axes of the unit cell, respectively,

and taking the reciprocal of the resulting fractions to obtain three integer values. A rocksalt

structure has six visible planes: (111), (200), (220), (311), (222) and (400).

The perpendicular distance, d, between the lattice planes for an orthorhombic crystal is
related to 4, £ and /by Equation 3.63.

1 h? k* I?

Gy @ e

(3.63)
dhkl

For a cubic system, the fact that 2 = b = ¢, means that this can be rewritten as shown in

Equation 3.64.

1 h? 4+ k? 4+ [?
dir a?

(3.64)

3.4.3. X-ray diffraction

The regular structure of a crystal means that they can diffract radiation that has similar
wavelengths to the spacing between lattice planes, in a manner like how an optical grating

diffracts light.

There are two ways this can be described, either using the Laue equations or Bragg’s law.

Whilst the Laue equations are more mathematically rigorous, Brage’s law offers a simpler
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approach that agrees with more robust treatments. Therefore, Bragg’s law is the standard

way to discuss the diffraction of X-rays.

The derivation of Bragg’s law considers two incident X-ray beams, reflected off two

adjacent lattice planes, A and B. This is shown in Figure 3.32.

Figure 3.32: Scattering of two parallel X-ray beams (1 and 2) off two adjacent lattice planes
(A and B).

The additional distance travelled by beam 2 before it is reflected, is related to the d spacing

and the angle of incidence by Equation 3.65.

XY = dsinf (3.65)
The additional distance travelled by beam 2 after being reflected is equal to the additional
distance travelled before being reflected. As such, the total additional distance travelled can

be calculated using Equation 3.66.

XYZ = 2dsinf (3.60)
To avoid destructive interference between the two X-ray beams the additional distance
travelled must equal to some number of wavelengths. Thus, Bragg’s law can be expressed

according to Equation 3.68.

nd = 2dsinf (3.68)
3.4.4. Powder X-ray diffraction

Single crystals scatter X-rays when the crystal is oriented so that it satisfies Bragg’s law.
This allows for accurate crystal structures to be obtained. However, it can be difficult to
obtain suitable single crystals, particularly of inorganic materials, which typically exist as
powders. A powder consists of many individual crystallites, with randomly distributed
otientations. This means that Bragg’s law will be satisfied by at least some of the crystallites,

resulting in a powder diffraction pattern.””
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Powder X-ray diffraction (PXRD) patterns give information about the crystalline
compounds/phases present in a material. Each phase has a characteristic pattern of peak
positions and intensities. Each peak corresponds to a separate lattice plane, with the
position depending on the 4 spacings. This in turn depends on the size and shape of the
unit cell. As such, even materials with the same symmetry, will have peaks in different

positions.

The intensities of the peaks in a diffraction pattern first depend on the size of the atoms
in the structure, or more specifically, the number of electrons that they have. Heavier
elements with more electrons scatter more effectively than lighter elements. Intensities are
also affected by systematic absences. These arise if the lattice is non-primitive and mean
that certain reflections are not observed as they destructively interfere with each other.
Whether or not a reflection is observed depends on the system and the Miller indices. As
an example, for a face-centred cubic structure like a rocksalt, 4, £ and /must all be odd or
all be even. This means that the (110) plane for instance, is systematically absent. Even
planes that satisfy this rule, may have reduced intensities. Again, in a rocksalt structure, the
(111) reflection may have lower intensity as the anions are midway between the cations
and so scatter 180° out of phase. The intensity of this peak therefore depends on the

difference in scattering strengths between the cations and anions.

It is also worth noting that the breadth of the peak can be affected by particle size. This is

231

quantified by the Scherrer formula (Equation 3.69).” Here L is the particle length
(assuming a spherical patticle), £ is a constant, A4 the wavelength, B the peak width and ¢
the Bragg angle. This is especially important for ball milled samples, where the particle size
is small. As such, peaks belonging to phases with different 4 spacings may not be fully

resolved.

L - kA
" Bcos#

A modern powder diffractometer has three key elements: a source, a detector and a sample

(3.69)

stage. Measurements are performed by moving the source and detector through a range of
angles at a set speed. Data is then displayed on a computer screen in terms of 20, which is

the angle between the incident and scattered beams.
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3.4.5. Pair Distribution Function analysis

Whilst useful in assessing long-range structural features, X-ray diffraction provides little
information on local distortions or amorphous materials (where long-range order is
absent). This information however can be obtained using total scattering, also known as

pair distribution function (PDF) analysis.

In addition to Bragg peaks, X-ray diffraction data contains weak features in the baseline.
These arise due to diffuse scattering, which relates to two-body correlations. In a normal
PXRD pattern, it is not possible to utilise this information. However, performing a Fourier

transform on the collected data gives a pair distribution function (PDF).*?

This is a plot
of the probability of finding an atom at a given distance from another atom allowing
information about bond distances to be readily obtained by looking at the separation
between peaks. More detailed analysis can be performed by fitting the data with theoretical
PDF patterns, calculated from the .cif files of known unit cells. This allows unit cell

parameters to be calculated, revealing local distortions that may be missed if only a PXRD

pattern is recorded.””

The resolution of PDF data depends on the magnitude of the scattering, (. For a given

wavelength A and a particular angle, 0 is given by Equation 3.70, with the resolution being

dependent on the maximum value of O (Equation 3.71).**

0= 4mtsind (3.70)
A
5r = —= 371
T = .
Qmax ( )

© > 30 A is generally desirable for PDF analysis. This means that PDF is typically
reserved for synchrotrons. However, lab-based data can be collected using a diffractometer

equipped with 2 molybdenum source, achieving O values of at least 14 A%
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3.5. Resonant inelastic X-ray scattering (RIXS)

3.5.1. Overview of RIXS

Resonant inelastic X-ray scattering (RIXS) is a combination of XAS and X-ray emission
spectroscopy (XES). It is largely considered a bulk technique with a sampling depth of 50
— 100 nm.” A RIXS measurement consists of two steps. First, the sample is irradiated
with X-rays, exciting core electrons to excited states. These then relax releasing X-rays
which are detected. The relaxation of excited states can be elastic, or inelastic, where the
energy of the emitted photon is lower than that of the incident photon.'***>*° Figure 3.33

summarises the processes involved in a RIXS experiment.

Excited state
-~
L2
5 z
=] =2 T
E s| 8 =
’2 w
<
A 4
Ground state

Figure 3.33: The processes involved in a RIXS experiment. Absorption refers to the
absorption of the incident X-ray photon, whilst inelastic and elastic refer to the emission
of X-ray photons by inelastic or elastic processes.

Measurements are taken at different incident energies and combined to generate a 2D map,
with incident energy plotted against emission energy or energy loss. High-resolution line
scans may then be performed at specific incident energies, according to the features seen
in the RIXS map.”>** As discussed in Section 2.4.4.2., the region closest to the elastic peak
at 0 ppm is often of interest. Sharp peaks here arise due to molecular vibrations, allowing
species present to be identified. Broad features may also be observed in other regions of

the spectra, although the origin of these have not been described in detail.
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Figure 3.34: (A) a RIXS map. Dotted circles denote features of interest associated with
molecular oxygen. (B) Line scans for samples at different states of charge taken at 531 eV.
Spectra labelled HD and FC show vibronic features attributed to molecular oxygen in
addition to the elastic peak at 0 eV. Reproduced from the Figure 3 (a and b) in the paper
by House ez al.””

3.5.2. Application of RIXS to battery materials

Whilst RIXS can be used to give information about transition metal ion oxidation states in
battery materials, its most common application to battery materials is to confirm the
presence of molecular oxygen thought to be produced as part of O-redox processes.'*'*
This is because of the peak spacings observed at around 531 eV (Figure 3.34), that match
those expected for molecular oxygen, although there is still debate as to whether this

oxygen arises due to electrochemical activity of the electrode materials."*""**

It should be noted that whilst in principle this information is contained within K-edge soft
XAS data, the pre-edge region contains contributions from transition metal character.
Therefore, any conclusions are unreliable, and so RIXS is required to resolve these features

of interest.'*
3.5.3. Practical considerations

When characterising ex sizn battery samples, it is important to consider that they are air
sensitive and that any states of interest may be unstable. The former is not an issue for
RIXS as the equipment is kept under ultra-high vacuum. However, the inelastic processes

that are leveraged in a RIXS measurement are low probability, meaning that high flux of
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photons is required. This may result in beam damage, particularly for unstable samples.
Therefore, high efficiency spectrometers are required to reduce the radiation dose."” Part
of this involves maximising the resolution, either through improved optics or building

spectrometers with longer detector arms.”’

Figure 3.35: The RIXS spectrometer hall for the 121 beamline at Diamond Light Source.
The blue detector arm is set to 90°.
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3.6. X-ray photoelectron spectroscopy (XPS)

Unless stated otherwise, the information in this section is taken from Introduction to X-

ray Photoelectron Spectroscopy.””
3.6.1. Introduction

X-ray photoelectron spectroscopy (XPS) is a powerful surface analysis technique, use to
study a wide range of materials. XPS can observe all elements, except hydrogen and helium,

and provide quantitative information about the local chemical environments present.
3.6.2. Generation of photoelectrons

XPS is based on the photoelectric effect. When a sample is irradiated with soft X-rays (with

energy < 6 keV), electrons are emitted from core orbitals. This is shown in Figure 3.306.
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Figure 3.36: Generation of photoelectrons due to the absorption of an X-ray photon.

Electrons emitted have kinetic energy, and this is what is measured in an XPS experiment.
The kinetic energy the electron has, depends on the energy of the incident X-rays, the work
function (p) of the sample and electron analyser and the binding energy of the electron. As
the other parameters are known or measured, the relationship between these is expressed
as shown in Equation 3.72, where Ep and Ex are the binding and kinetic energies

respectively and /v is the energy of the X-rays.

Es=hv—Ex— ¢ (3.72)

The binding energy is a measure of how tightly bound the electron is and depends on the
local chemical environment. Increasing electronegativity of the nearest neighbours

increases binding energy. For example, the binding energy for a C-C environment is 285
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eV which increases to 288 eV in a C=0 environment. Binding energy also increases with

oxidation state as the greater positive charge makes it harder for electrons to be removed.
3.6.3. Auger electrons

A fact ignored until now is that the emission of photoelectrons generates a hole in the core
orbitals, which is unstable. This state can relax by an electron from a higher energy orbital
dropping down. The excess energy of this electron can either be released as a photon (X-
ray fluorescence, XRF) or transferred to another electron in a high energy orbital, which is

then emitted. Figure 3.37 shows these two processes.

A

2p,, —o-0—0-0—
2p,, ——e—
E 2s
/ hv’
18 *— *—
XRF Auger

Figure 3.37: The processes leading to XRF and the production of Auger electrons.

The electrons emitted in this way are called Auger electrons, and result in additional peaks
in an XPS spectrum. Auger peaks can be useful in qualitative analysis and are identified by
moving between X-ray sources. However, they are not important when analysing the XPS

spectra presented in subsequent chapters and so will not be discussed further.
3.6.4. Surface sensitivity

X-rays penetrate a sample up to a depth on the order of a few um. There are then three
possible scenarios that the emitted photoelectrons can encounter. First, they can be
emitted without experiencing any inelastic collisions and arrive at the detector with
maximum kinetic energy. These electrons are what contribute to the main peaks observed
in an XPS spectrum. Second, electrons can experience several inelastic collisions but still
have enough energy to leave the material. These electrons have lower kinetic energy and
so contribute to the background of the XPS spectrum. The third situation is that the
electrons experience many inelastic collisions and do not have enough energy to escape

the material and are therefore not detected.
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The probability of experiencing collisions increases the deeper electrons are generated. The
intensity of emitted electrons, I, from a given depth, 4, is given by Equation 3.73, where I

is the total intensity and A is the attenuation length.

I = Iyexp (%d> (3.73)

For an electron with a kinetic energy of 1000 eV, 95% of electrons escape from the sample
from a depth of 10 nm. This is referred to as the sampling depth and is the limit to which

XPS measures. Therefore, XPS is considered a surface sensitive technique.
3.6.5. Interpretation

There are two main types of XPS spectra: wide scan (also known as survey spectra) which
cover a large range of binding energies and high-resolution spectra which focus on single
peaks. Wide scan spectra are used to provide general chemical information, whilst high
resolution spectra allow the assignment of different chemical environments. Spectra are
plotted in terms of binding energy against intensity (in counts per second), with binding

energy going from high to low, moving left to right.

The peaks in XPS spectra are labelled by the element and orbital the electrons come from.
For example, an electron from the carbon 1s orbital contributes to the Cls peak. The

energies for each element are well-defined allowing the peaks to be identified.

Peaks arising from s orbitals are singlets, but those from other orbitals are doublets, due
to spin-orbit coupling. Equation 3.74 shows the relationship between the total angular

momentum quantum number, /, and the orbital and spin angular momentum, s and />’

j=l+ts (3.74)
From this it can be seen that there are two possible states when / > 0, resulting in a doublet.
If /=0, there can only be one state (as j must be positive), which leads to peaks from s
orbitals being singlets. The intensities of the peaks in the doublet can then be determined

from the degeneracy of the spin states, (27 + 1).

Systems with many electrons, such as aromatic materials can result in additional features,

such as so-called shake up peaks.

It should be noted that it is necessary to calibrate the spectra, before making detailed

assignments. This is typically done using the Cls peak which is set to 284.5 eV. Carbon
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contamination is ubiquitous in surface samples, meaning this approach can be applied even

when analysing materials that should in theory not contain carbon.
3.7. Summary

The techniques outlined in this chapter each allow for specific aspects of a material’s
structure to be studied. PXRD provides information about long-range structural features,
whilst NMR and PDF are sensitive to local structure. These are all generally bulk
techniques and so exploring the surface is best done using XPS. Probing specific species
such as radicals or molecular oxygen require more specialised techniques, namely EPR and
RIXS, respectively. Understanding complex materials, like those described in Chapter 2,
therefore requires strategic deployment of multiple techniques, as will be discussed in the

following results chapters.
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4. Plasma polymer coatings for

extending electrode lifetimes

4.1. Introduction

As discussed in the introduction, the planned widespread adoption of electric vehicles has
spurtred interest in new cathode materials with high energy densities.* High energy densities
can be achieved by using cathode materials with high operating voltages or high capacities.

This chapter will focus on the high-voltage materials.

Whilst high-voltage materials, such as the spinel lithium nickel manganese oxide (LNMO),
result in high energy densities, they are prone to parasitic side reactions. This is because
the voltages achieved exceed the stability of the electrolyte solvent. For example, LNMO
has a voltage of 4.7 V (vs Li/Li"), which is higher than the upper limit of stability for
ethylene carbonate (> 4.5 V).”**?* Furthermore, high voltage materials often also form
reactive oxygen species on cycling that can attack the solvent molecules.” In addition to
these processes at the cathode, degradation reactions at the anode (electrolyte reduction)
result in decomposition products that can migrate to the cathode (referred to as
crosstalk).” Together, these processes lead to the formation of a layer called the cathode-
electrolyte interphase (CEI). This is a thin layer, comprised of both inorganic species, such
as Li:CO3, and organic deposits.”**" Formation of the CEI leads to an itreversible loss of
capacity but can be important to ensure the long-term performance of the cell* It is

therefore important to develop strategies to control the formation of the CEIL

One approach is to coat the cathode with a coating that has a specifically chosen chemistry.
There are many such materials that have been investigated as discussed in Chapter 2.°%%>7¢
However, no perfect preparation method has been devised. For example, atomic layer
deposition is slow but provides uniform coatings.” Meanwhile, sol-gel methods, whilst
simple to implement, require extensive drying steps to remove any residual solvent but are

practically simple to implement.”>*

The work in this chapter will investigate the use of plasma polymerisation to prepare
protective coatings. Plasma polymerisation is a solvent-free method of creating thin and

uniform coatings and could be applied to powders or completed electrodes. In addition, it
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is fast with deposition times of minutes rather than hours.”’ Furthermore, plasma
polymerisation can be used to create coatings from a diverse range of precursors, allowing

for a wide range of coating types to be created and tested.”’

Chapter 2 discussed several different possible coating types that could serve as protective
cathode coatings. However, it is important that the cathode coating serves not only as a
barrier layer but is also ionically conductive.” Poly(ethylene oxide) (PEO) is one possible
material that could be used as an inspiration. It is organic and its C-O bonds allow for
lithium ions to move through the structure.'”” Therefore, polymers containing C-O bonds
were chosen for this initial investigation, specifically ethanol-based coatings.'**'"® Ethanol
is a small molecule, meaning that the coatings prepared will have limited complexity.
Furthermore, it is simple to handle, making it a useful model precursor. This will allow

unforeseen challenges with the technique to be more easily identified.

Another possible coating type, that leverages the diversity of coatings possible using
plasma polymerisation are coatings based on the 2,2,0,6-tetramethylpiperine-1-oxyl
(TEMPO) radical. This is a stable oxygen-centred radical, the structure of which is shown
in Figure 4.1. TEMPO-based plasma polymers have been previously reported, with the
first work being by Michl ¢f a/ in 2018.* In the battery field, TEMPO has seen use as an
electrolyte additive, with it being suggested that it can mitigate side reactions by reacting
with radical species formed during cycling. However, TEMPO is electrochemically stable
up to 3.5V, making it more suited to being used as an anode coating, rather than a cathode

*» However, as mentioned already, CEI formation is not exclusively due to

coating.
reactions at the cathode and has been shown to be influenced by “crosstalk’ with the solid-
electrolyte interphase (SEI) that forms on the anode.” An alternative or complementary
strategy to controlling CEI formation could therefore be to modulate SEI formation, Ze.,

by applying a coating to the anode as well.

Therefore, the second part of the work in this chapter will focus on investigating whether
these coatings provide a viable way of attaching radicals to the electrode surface. Radical-
containing surface coatings could also serve as a means of polarising the nuclei on the
surface, allowing DNP-enhanced NMR to be performed.””* DNP-enhanced NMR has
been used on several occasions to study interphases.””***** Therefore, this could be a useful
approach to provide greater insight into the layer that forms, whilst avoiding the standard

DNP sample preparation steps.
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Figure 4.1: The structure of the TEMPO free-radical.

4.2. Experimental

4.2.1. Plasma polymer coatings

Plasma polymer coatings were prepared using a custom-made reactor with a driving
frequency of 13.56 MHz. An image of the reactor used may be found in Chapter 2 (Figure
2.1), with the specifics of the design being described elsewhere.** Prior to each
experimental day, the reactor was cleaned with water and isopropanol, followed by an air

plasma (10 Pa, 60 W) for 10 minutes.

Coatings were prepared using three different precursors: ethanol (Fisher Scientific, =
99.8%, HPLC grade), TEMPO (Alfa Aesar, 98%+) and 2,2,6,6-tetramethylpiperidine
(TMP) (Alfa Aesar, 98%). The reactor barrel, precursor flask and needle values were
switched between using ethanol and the nitrogen-containing precursors, to avoid
contamination of the coatings. When using ethanol and TMP, ~ 5 ml of precursor was
added to the sample flask and degassed by freeze-thawing. When using TEMPO, ~ 1 g of
precursor was used, which was degassed by opening the needle valve to vacuum three

times. In addition, when using TEMPO, the precursor flask was submerged in a water bath

set at 25°C throughout deposition, to ensure a stable pressure.

Ethanol-based coatings were prepared on silicon wafers (Inseto), ALOs; powder (Acros
Organics, chromatography grade, 50 — 200 um) and LiNiosMno3Co0202 (NMC532)
electrodes (MTT, 0.6 um, batch number: 0011511). Specific plasma deposition conditions

for the ethanol-based coatings are given in the text.

TEMPO-based coatings were prepared on SiO, powder (Alfa Aesar, 99.5%), NaCl (Sigma
Aldrich, > 99.5%), ALO; powder and polytetrafluoroethylene (PTFE) (Goodfellow).
Coatings were deposited using a pressure of 10 Pa, a power of 5 W and a deposition period
of 3 x 10 minutes. Powdered materials were mixed between each deposition period to

maximise coverage. Samples were also prepared by exposing the substrates to TEMPO
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vapour (pressure of 10 Pa with the power set to 0 W) and air plasma (10 Pa, 60 W) for the

same length of time.

TMP-based coatings were prepared on ALOs; powder, using a pressure of 20 Pa and a
power of 20 W, for 3 x 10 minutes, with the powder being mixed between each deposition

period.
4.2.2. Electrochemical tests

12 mm NMC532 electrodes (uncoated and ethanol-coated) were assembled into half cells
under argon atmosphere (< 0.1 ppm O»/H,O). The cells were constructed using parts
made from 304 steel (TOB machine), 1 M LiPF in EC:DMC (1:1) (Sigma Aldrich) as the
electrolyte, Whatman glass fibre separators (18 mm) and lithium wafers (15 mm x 1 mm)
(TOB machine). Cells were cycled at a rate of 1 C between 2.5 and 4.2 V using Neware

electrochemical cyclers.
4.2.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) spectra were recorded by Drs Alex Robson and
Alessio Quadrelli, using a Kratos AXIS Supra spectrometer using monochromatic Al Ka
1486.7 eV operating at 15kV and 15 mA. Spectra were fitted with CasaXPS and the spectra
were referenced to the Cls peak at 284.5 eV.

4.2.4. Solid-state NMR spectroscopy

Solid-state  NMR experiments were performed using a Bruker Avance III HD
spectrometer operating at a magnetic field strength of 16.4 T, equipped with either a 3.2
mm or 4 mm probe. 'H and "C NMR spectra were referenced to tetramethylsilane using
[ -alanine as a secondary reference. 'H spectra were referenced to the -NH;" peak (8.5
ppm) whilst the "C spectra were referenced to the -CH; peak (20.5 ppm). Depth
experiments were used to acquire the 'H spectra and "°C spectra were acquired using cross
polarisation (CP). The 'H pulse length was optimised to 2.5 ps, whilst the contact pulse
powet (85 W) was lineatly ramped from 70 — 100 %, and 'H decoupling was applied using
a two-phase pulse modulation scheme. The contact time was 1 ms. Further experimental

details can be found in the figure captions of the spectra.
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4.2.5. Electron paramagnetic resonance spectroscopy

EPR spectra were recorded on a Bruker EMXplus spectrometer (9.8 GHz) and 4 mm
quartz EPR tubes. The microwave power in all cases was 2.135 mW and modulation
frequency was 100 kHz. Unless stated otherwise the number of scans, time constant and
conversion time were 16, 5.12 ms and 20 ms, respectively. Other experimental details are
detailed in the figure captions of the spectra. To account for the discrepancy between the
measured field and the field at the centre of the cavity, spectra were recorded for strong
pitch and TEMPO. Based on these known g-values (2.0028 and 2.0006, respectively) a
correction of —0.01684 was applied to all g-values calculated by WinEPR processing.**

4.3. Results

4.3.1. Ethanol-based cathode coatings

There are several precursors that could be used to achieve coatings containing C-O groups,
such as crown ethers.”'"*'" However, plasma polymers have only rarely been applied to
battery materials. Therefore, to begin this investigation, a precursor that is simpler to use
is a more suitable choice, allowing potential issues with the process to be identified.
Ethanol has a low boiling point, making it practically much simpler than using crown
ethers, which would require heating elements to ensure a uniform and adequate vapour
pressure in the reactor barrel. Crown ethers, such as 12-crown-4, are also more hazardous
than ethanol.'"” For these reasons, ethanol was chosen as the precursor for this initial

investigation.
4.3.1.1. Effect of plasma conditions on coating properties

The functional groups present in a plasma polymer coating are largely determined by the
precursor used, as this provides the basis for the coating. However, the coating is also
influenced by the deposition conditions, namely the precursor pressure, radiofrequency
(RF) power and deposition time. It is therefore useful to explore the effect of these
conditions prior to optimising the coating chemistry or coating electrodes for testing in

coin cells.

First, the effect of precursor pressure was investigated by preparing coatings on silicon
wafers at a fixed RF power (5 W) using pressures from 2 - 10 Pa. The deposition time in
all cases was 10 minutes. For each of these samples, wide scan XPS spectra were recorded

to determine the elemental composition. These are shown in Figure 4.2.
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Figure 4.2: Wide scan XPS spectra recorded for ethanol-based coatings deposited onto
silicon wafers for 10 minutes with a power of 5 W and a pressure of 2 Pa, 3 Pa, 5 Pa and
10 Pa.

All the XPS spectra recorded for the coated silicon wafers show Cls and Ols peaks (at
285 and 531 eV, respectively). This means that an organic layer has successfully been
deposited onto the silicon wafer. It can also be seen that the baseline of each spectrum
rises between 0 — 300 eV. This rise can be attributed to the silicon substrate, and the fact
that it is visible means that all these coatings are less than 10 nm thick (as this is the
sampling depth of XPS). There is some variation in the extent of this rise, with it being
most pronounced in the spectrum recorded for the 5 Pa sample, and least pronounced in
the spectrum for the 3 Pa sample. This is indicative of different thicknesses between the
samples, possibly arising from differences in plasma density. It is not possible to quantify

the differences from this data.
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From Figure 4.2 it can also be seen that all spectra, aside from the one recorded for the 10
Pa sample, contain an N1s peak (400.5 e¢V), meaning that nitrogen has been incorporated
into the polymer. There are two likely explanations for this. Either this could come from
contamination of the reactor barrel with an amine precursor or from leaks allowing air into
the barrel during deposition. The intensity of the peak does not follow a trend, in terms of
precursor pressure. This would suggest that it does not originate from contamination, as
the coatings were prepared in order of increasing pressure. If contamination was the cause,
the N1s peak would be expected to be most pronounced for the 2 Pa sample, as this was
produced first, with the intensity decreasing with each increase in pressure as the
contaminant is burnt off. Therefore, this N1s peak is more likely to stem from leaks, caused
by slight shifts in the reactor set up as the system is cycled between base pressure and

atmospheric pressure.

It should also be noted that the spectrum recorded for the 2 Pa coating shows a peak at
1071 eV, indicative of sodium. This could originate from sample preparation and handling,
with the source being sweat. However, if this is the case, it would also be expected that a
CI2p would also be present (~199 eV). Therefore, this is likely an artifact/noise that

CasaXPS has incorrectly identified as a peak.

Following this, the effect of R power was investigated. Coatings were prepared with a
precursor pressure of 5 Pa, and the power was varied, with coatings prepared using 5, 10
and 20 W RF power. Again, the deposition time was 10 minutes. Figure 4.3 shows the wide

scan XPS spectra recorded for these samples.
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Figure 4.3: Wide scan XPS spectra recorded for ethanol-based coatings deposited onto
silicon wafers for 10 minutes with a pressure of 5 Pa and a power of 5 W, 10 W and 20 W.

As with the previous spectra, all the spectra show peaks Cls and O1s peaks, indicating the
successful deposition of an organic coating. The spectra for the coatings produced using 5
and 10 W also show N1s peaks, which as discussed before may just be the result of random
leaks. For the spectrum recorded for the sample prepared using an RF power of 5 W, the
Si2p peak is visible at 99.4 eV, and the baseline rises between 0 — 300 eV. The baselines
for the two spectra recorded at higher powers are flat in this region. This would suggest
that the coating produced at lower power is less than 10 nm thick, whilst the other two
coatings are thicker than 10 nm. One explanation for this is that the increased power results

in more reactive species in the plasma phase and therefore a thicker coating.

The final factor to address during this initial exploration of parameters the effect of
deposition time. Therefore, a coating was deposited using 5 W RF power and a pressure
of 5 Pa, with a deposition time of 5 minutes as opposed to 10 minutes. The wide scan

spectrum for this sample is shown in Figure 4.4.
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Figure 4.4: Wide scan XPS spectra recorded for an ethanol-based coating deposited onto
a silicon wafer using a pressure of 5 Pa and a power of 5 W for 5 minutes.

The spectrum in Figure 4.4 shows a Cls, Ols and N1s peak, with a rise in the baseline
between 0 — 300 eV. This agrees with the spectrum for the sample with the same conditions
and a 10-minute deposition, as would be expected. To gain more insight into any
differences, high resolution Cls spectra were recorded for both samples. Figure 4.5 shows

these spectra overlaid.
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Figure 4.5: High-resolution Cls spectra recorded for ethanol-based coatings prepared
using a pressure of 5 Pa and a power of 5 W, deposited for 5 (green) and 10 minutes (red).

The Cls spectrum recorded for the coating deposited for 5 minutes is broader than the
spectrum recorded for the 10-minute coating. As this broadening is on the higher binding
energy side of the peak, this likely comes from increased C-N and C=0O environments.
One explanation for this is that the coating prepared with a shorter deposition time is less
stable and so reacts with air forming more C=O bonds. The coating prepared with a longer
deposition time spends more time in contact with neutral precursor molecules, and so

reactive species in the coating could be quenched by reactions with the precursor instead.

The results in this section demonstrate that it is possible to successfully deposit ethanol-

based coatings onto silicon wafers. These coatings can be made to be less than 10 nm thick,
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with high RF powers resulting in thicker coatings. The coatings can be prone to nitrogen
contamination, likely from leaks in the reactor barrel. There is also an indication that
deposition time influences the functional groups present in the final coating, with coatings

deposited for shorter periods having a greater proportion of C=O environments.
4.3.1.2. Effects of deposition conditions on C-O incorporation

The previous work served as a preliminary investigation of the main parameters that can
be changed when depositing plasma coatings. However, before coating actual electrodes it
would be useful to optimise the parameters to control the proportion of C-O bonds. As a
starting point, it may be advantageous to prepare coatings with the most C-O bonds, as

these could help facilitate ion diffusion through the coating.

Coatings were prepared on silicon wafers using different conditions within the range
explored in the previous section. Cls spectra were then recorded and deconvoluted to
determine the proportions of the peak that could be attributed to C-C and C-O bonds.
The results of this are shown in Figure 4.6, with the y-axis given as the ratio of the two
environments. It is not possible to include error bars due to CasaXPS no longer being

accessible at the time of writing.
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Figure 4.6: The ratio of C-O:C-C environments in ethanol-based coatings deposited using
different combinations of pressure and power for 10 minutes.

From Figure 4.6 for the coatings produced using 5 and 10 W RF power, the ratio of the
two environments increases to a maximum at 5 Pa before decreasing at 10 Pa. The coatings
produced using an RF power of 20 W follow a different trend, with the proportion of the
two environments decreasing with increasing pressure. This means lower pressure is likely
better for producing coatings containing the most C-O bonds. Furthermore, aside from

the coatings prepared using a pressure of 2 Pa, the coatings prepared using an RF power
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of 5 W show the highest amount of C-O bonds. This is likely due to the lower power
fragmenting the precursor to a lesser extent. However, it should be noted that in all cases
the C-O environments may include C-OH environments as well as the desired C-O-C
environments. This is because they cannot be distinguished using XPS. Whilst -OH groups
may facilitate ion transport, they are undesirable as they may reduce the electrochemical

stability of the coating.*"’

Based on these results a second set of coatings were prepared using an RF power of 5 W
and pressures of 4, 5, 6 and 7 Pa, to further narrow down the optimum conditions. The
previous fitting procedure was repeated, and the results are shown in Figure 4.7, along with

the results from the first attempt for comparison.
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Figure 4.7: The ratio of C-O:C-C environments in ethanol-based coatings deposited using
different pressures at a power of 5 W for 10 minutes.

Figure 4.7 shows that the ratio of the two environments is quite consistent across the
second series of samples, with the ratio staying between 0.8 and 0.85. This would suggest
that the pressure does not exert significant influence over the coating chemistry, although
there is a slight downward trend. A notable point is that the coating prepared using a
pressure of 5 Pa shows the lowest proportion of C-O environments, whereas for the first
series of coatings, this coating shows the highest proportion. This raises a question of the
reproducibility of plasma polymer coatings. However, this could also be due to error in the

fitting and so this discrepancy is something that requires further investigation in the future.
4.3.1.3. Uniformity of plasma polymer coatings

It is important that the plasma polymer coatings be uniform across the electrode surface,

to ensure consistent protection. A first attempt at exploring this was made using scanning
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electron microscopy, however the sub-10 nm coating thicknesses meant that it was not

possible to observe the coating.

Another approach to gain some insight into coating uniformity is to use XPS to record
Cls spectra at different sites. Figure 4.8 shows the Cls spectra recorded for coatings

prepared using an RF power of 5 W.
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Figure 4.8: Overlaid Cls spectra for coatings deposited for 10 minutes using a power of

5 W and a precursor pressure of 2 Pa, 5 Pa and 10 Pa.

For all three coatings there is good agreement between the three Cls spectra recorded.
This indicates that the coatings produced could be considered uniform across the silicon

wafer, an area which is comparable to the size of electrodes used in coin cells.
4.3.1.4. Ethanol-coated electrodes

Up to this point, all the coatings prepared were prepared on silicon wafers. Whilst this is a
convenient model substrate, testing the electrochemical properties of the coatings requires
coating actual electrodes. Commercially manufactured NMC532 electrodes were chosen
for this purpose, to reduce any variation between the electrodes caused by making them
by hand. Figure 4.9 shows the wide scan XPS spectra recorded for a pristine NMC532

electrode and for a plasma-coated electrode.
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Figure 4.9: Wide scan XPS spectra recorded for a pristine NMC532 electrode and ethanol-
coated NMC532 electrode.

The spectrum in Figure 4.9 for the uncoated electrode shows several peaks, which can be
attributed to the different elements present in the electrode. Specifically, nickel (853 eV),
manganese (641 eV), cobalt (779 eV) and oxygen (531 eV). Peaks are also observed at 685
eV and 285 eV which correspond to fluorine and carbon, respectively. The fluorine signal
likely originates from the binder used, whilst carbon is present both as an additive as well

as in the binder.

Figure 4.9 also shows the wide scan spectrum for the ethanol-coated NMC532 electrode.
This spectrum contains only two prominent peaks, which come from carbon (285 eV) and
oxygen (531 eV). None of the other peaks previously observed are seen here. This means
that the peaks present can be attributed to an ethanol-based coating and that it is greater
than 10 nm thick. It should be noted that this means that the coating is thicker than the
coating deposited onto the silicon wafer (Figure 4.2). This would imply that the different

substrates result in different deposition rates.

The XPS results suggest that coatings can successfully be deposited onto electrodes.

Therefore, four coated electrodes were used to assemble cells. As a comparison, three cells
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were also assembled using uncoated NMC532 electrodes. Figure 4.10 shows the specific

capacities obtained during the charging step for each of these cells for the first 100 cycles.
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Figure 4.10: Specific capacities for the charging step for the first 100 cycles. Red lines
show the data for the three cells prepared using uncoated electrodes, black lines the data
for the cells prepared from ethanol-coated electrodes.

The first thing to note about the data shown in Figure 4.10 is that five of the cells show
negligible capacity for the first cycle. Two of these cells also show negligible capacity for
the second cycle. This is likely due to a technical fault, as only two data points were

recorded for each of the defective cycles.

Aside from the delay in starting point, the behaviour of all cells during the initial cycles is
similar. A capacity on the first (or first correctly operating cycle) of over 150 mA h g™ is
achieved followed by a drop to around 125 mA h ¢ on the next cycle. The initial capacity,
whilst lower than the theoretical capacity, is in line with the practical capacities commonly
reported for this material.*** Whilst higher capacities can be achieved, the high C-rate used
here means that a lower capacity would be expected. The drop between the first and second

cycles suggests irreversible reactions occur during the first cycling step, possibly because

of the high C-rate.

The capacities for all cells are consistent, up until around cycle 60. After this point the
capacities of the cells assembled using coated electrodes start to be lower than those
assembled using uncoated electrodes. This is particularly noticeable beyond cycle 80 and

would suggest that these coatings negatively impact performance.

Figure 4.11 shows the charge-discharge curves recorded for all cells for the first and second

(complete) cycles.
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Figure 4.11: Galvanostatic charge-discharge plots for the (a) first and (b) second complete
cycles. Red lines refer to cells assembled using pristine electrodes, black line cells assembled

with ethanol-coated electrodes.

During the first and second discharges, two of the cells constructed using coated electrodes
show an additional plateau at around 3.4 V. This is not seen for the other cells and could
suggest that the coating or coating process affects the performance. However, there were
issues with assembling the cells and so it is not possible to confidently say that the
additional features are not an experimental error. Whilst this would ideally be investigated
further, this was not possible due to equipment availability. It is therefore difficult to say
whether the coatings impact performance or whether they are destroyed under

electrochemical conditions.
4.3.1.5. Solid-state NMR studies of ethanol-based coatings

The electrochemical stability of a polymer-like coating is dictated by the functional groups
present. For PEO, Yang ¢# a/ note that C-O-CHj3 groups lead to higher electrochemical
stability than C-OH.*’ These two environments cannot be distinguished by XPS. NMR
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however can distinguish these environments, although silicon is not a suitable substrate
for NMR. Furthermore, the low surface area of a wafer means that the amount of coating
would be undetectable. Therefore, ethanol-based coatings were prepared on AlLO;
powder, to increase the surface area that could be coated. In addition, NMR is a bulk
technique and so to see a surface coating, the substrate should ideally not contain any

nuclei that are of interest for the coating.

Figures 4.12 and 4.13 shows the "H and "°C spectra recorded for the ethanol-coated ALO:s.
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Figure 4.12: (a) 'H depth NMR spectra acquired for ethanol-coated Al,O; (red) and
pristine ALOj5 (black). "H spectra are the sum of 16 transients. Spectra were acquired using
a 4 mm probe, spinning at 12.5 kHz.

Uncoated
Coated

"ll | “Hv |
.‘1‘ " |MJ n 'ﬁ*" ,‘WN yil ; W !lw "

r o o1 1.1 111 11 1 1 T 1 T T T T 1
200 150 100 50 0

& °C (ppm)

Figure 4.13: "C CP MAS NMR spectra acquired for ethanol-coated ALO; (red) and
pristine ALOj3 (black). The C spectrum for the ethanol-coated sample is made of 6144
transients, whilst the spectrum for the pristine material is 1024 transients, multiplied by six.
Spectra were acquired using a 4 mm probe, spinning at 12.5 kHz.

The 'H spectrum recorded for pristine ALO3 shows an intense peak at 4.6 ppm, which can

be attributed to water adsorbed to the surface the surface.” The "H spectrum recorded
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for the ethanol-coated Al,Os also shows a peak at 4.9 ppm, which could also be attributed
to the ALO; surface. However, overlaying the two spectra shows that the intensity of this
peak appears to be reduced compared to the pristine material and the position is shifted.
This suggests that the surface species from the pristine material have been removed by the
plasma treatment. In addition to this peak, the "H spectrum also shows two additional
peaks at 0.8 ppm and 3.4 ppm. The alkyl protons in ethanol itself have "H chemical shifts
or ~1.1 ppm (CHs) and 3.4 — 3.7 ppm (CH>), depending on the solvent.” As such the
peaks in the 'H spectrum for the coated sample could be assigned to CH3 (0.8 ppm) and
CH: (3.4 ppm) protons. It is hard to predict where the OH peak for ethanol would appear
as it varies substantially, depending on the solvent. However, as previously mentioned, OH
groups on the surface of ALOs are expected at 4.6 ppm, and so the peak at 4.9 ppm is
likely some kind of OH group. It should be noted that the spectra are not mass normalised.
However, since the size of the rotors used for both spectra were identical, the sample

masses should be roughly equivalent.

The PC CP MAS spectrum recorded for the coated Al,O; shows two sharp peaks at 22.4
and 57.2 ppm, as well as a broad feature between 0 and 100 ppm. This broad feature
matches well the PC spectrum recorded for the pristine material and therefore cannot be
attributed to the plasma coating process. The C chemical shifts expected for ethanol in
solution are around 18 ppm for the CH; carbon and 56 — 58 ppm for the CH; carbon.”
The two peaks observed in the experimental spectrum likely belong to CH; (22.4 ppm)
and CH: (57.2 ppm) carbons, which is consistent with the results of the 'H NMR

experiments.

Plasma polymers are described as random, cross-linked structures. This would be expected
to yield broad peaks in the NMR spectra. However, the peaks observed are quite sharp
and are consistent with the chemical shifts observed for ethanol. Therefore, the peaks
observed could come from ethanol molecules, adsorbed to the surface. These would be
relatively mobile as they do not form part of the polymer network, resulting in broad peaks.
It could be possible that the PC peaks arising from the plasma polymer are too broad to
be detected. However, "H NMR is relatively sensitive, yet shows no further environments
beyond those attributed to adsorbed ethanol. On this basis, it could be concluded that no
true plasma polymer is deposited onto the surface. Adsorbed ethanol molecules if present
on the surface of the electrodes could dissolve into the electrolyte, leading to the reduced
performance of the coated electrodes. Another explanation for the absence of peaks from

a plasma polymer deposit, is that the process of deposition incorporates radicals into the
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polymer structure. The resulting paramagnetic relaxation enhancement could then make it
difficult to observe any peaks. Whilst, in principle, EPR measurements could have
provided clarity on this, it is likely the results would have been ambiguous. As will be
discussed in the following sections, fluorinated polymers (used as binders in the electrode)
can form radicals when exposed to plasma. It would therefore be challenging to know

whether the signal observed comes from the deposit or reactions with the binder.
4.3.2. Radical-containing electrode coatings

The ethanol-based cathode coatings previously described have a negative impact on cell
performance. This effect is slight, and it is unclear whether the coatings survive in the cell
environment. Whilst it may be possible to optimise these coatings to improve performance,

it was decided to try an alternative strategy.

The objective of a cathode coating is to form a CEI that has a favourable chemistry and
therefore improves long-term cycling performance. However, the CEI is heavily
influenced by the structure of the SEI that forms on the anode. Therefore, an alternative
strategy to influencing the CEI is to instead control the SEI formation with an anode

coating.

For this work, it was decided to explore coatings derived from the TEMPO radical, as
reported by Michl ez a/in 2018.** TEMPO has been successfully employed as an electrolyte
additive previously by Lin e a/** Here the authors propose that TEMPO molecules trap
hydrogen radicals formed during SEI formation on a mesocarbon microbead anode. Using
TEMPO-based coatings is perhaps preferable to the ethanol-based coatings previously
described as the stability of TEMPO is known (up to 3.5 V), which is above the voltage
experienced by typical anode materials. Furthermore, dissolution of the coating into the
electrolyte is not necessarily an issue as in this case the TEMPO is essentially an electrolyte

additive, which as previously mentioned can benefit performance.

TEMPO is also the basis for many of the most popular polarising agents used for
enhancing NMR spectra using DNP.**** Therefore, even if unsuccessful at improving
performance, the coating could be used to enhance the signals observed, allowing the

interphase that forms to be studied in greater detail.
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4.3.2.1. Reproducing literature work

The key to using TEMPO-based coatings as anode coatings, for electrochemical
performance or signal enhancement, is whether the coating deposited contains nitroxide
radicals. Some studies employ EPR spectroscopy to confirm the presence of radicals,
whilst others rely solely on XPS.”**'* XPS is unable to explicitly “see” radicals, and so
its use in the absence of EPR data is questionable. In the cases where EPR has been used,
it is unclear whether the signals observed come from the successful deposition of TEMPO
radicals, or radicals created by the action of plasma at the substrate surface. As outlined in
Chapter 2, the plasma phase is a violent environment, and so it is unintuitive that any
radicals would survive. Therefore, for this work, EPR spectra were also recorded for the
substrates exposed to an air plasma and for a TEMPO vapour. This allows for a more

systematic approach to studying the origin of the EPR signals.

Michl et al report EPR spectra in several different works for quartz and NaCl subjected to
TEMPO plasma. These indicate successful deposition of radicals.****' Therefore, coatings
were prepared on SiO, and NaCl powders, to verify that this result could be reproduced.
Powdered SiO; was chosen instead of quartz wafers as the higher surface area of the
powder means that there is a better chance of successfully observing an EPR signal. In

addition, powders pack better into the EPR tube, improving the filling factor.”'

Figure 4.14 shows the EPR spectra collected for the SiO, samples exposed to air plasma,
TEMPO plasma and TEMPO vapour, whilst Figure 4.15 shows the spectra for the NaCl

samples.
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Figure 4.14: CW EPR spectra recorded for SiO; exposed to TEMPO vapour (modulation
amplitude = 0.5 G, 1 scan), air plasma (modulation amplitude = 3 G, 1 scan), and TEMPO
plasma (modulation amplitude = 1 G, 2 scans).

The EPR spectrum for SiO; exposed to air plasma shows only a broad feature centred at
g~ 2.03, which can be attributed to background as it is repeatedly observed across multiple
samples (as will be seen throughout the rest of this chapter). This means that no radicals
are created by the action of plasma. The EPR spectrum recorded for SiO; exposed to
TEMPO plasma shows a signal at g = 2.0077. The presence of a signal for this sample but
not for the sample exposed to air plasma implies that the signal at g = 2.0077 originates
from TEMPO. This is supported by the fact that the g-value is close to that reported for
pristine TEMPO (g = 2.006), with the slight difference possibly being due to interactions
with the surface.** However, the EPR spectrum for SiO: exposed to TEMPO vapour also
shows the same signal, centred at g = 2.0077. In this case, the only source of an EPR signal
is TEMPO molecules, possibly adhering to the surface. Given the g-values are the same
for the TEMPO plasma and TEMPO vapour samples, the species they originate from is
likely the same, ze., TEMPO adhered to the surface. This is reasonable as the dominant
species in the plasma phase are neutral precursor molecules, and so there are molecules
available to adhere to the surface. There may also be contributions from a plasma polymer

coating, however, it is difficult to disentangle to the different contributions.
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Figure 4.15: CW EPR spectra recorded for NaCl exposed to TEMPO vapour, air plasma
and TEMPO plasma. The modulation amplitude used for all spectra was 3 G. The
spectrum for the TEMPO vapour sample was acquired using a conversion time of 60 ms
and a time constant 10.24 ms.

Figure 4.15 shows that the spectra recorded for all the NaCl samples show the broad
background feature at ¢ = 2.03. In addition, the sample exposed to TEMPO vapour shows
a signal at g = 2.009, although it is difficult to accurately determine the g-value due to the
sloping baseline and poor signal-to-noise. This may be the result of the increased
conversion time used to acquire the spectrum but could also indicate weak TEMPO

adhesion. Therefore, a wide scan XPS spectrum (Figure 4.15) was recorded for the coated
NaClL
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Figure 4.16: Wide scan XPS spectrum recorded for NaCl exposed to a TEMPO plasma.

The XPS spectrum in Figure 4.15 shows peaks that can be attributed to carbon, oxygen,
nitrogen, sodium and chlorine. This suggests that a coating derived from TEMPO has
successfully been deposited. However, it is very thin (< 10 nm) as the elements in the
substrate are still visible. This means that a coating is deposited, but that the radical
concentration is very low, either because they do not survive deposition or because the

coating is too thin.

The results presented in this section suggest that it is possible to deposit radicals onto
substrates when using TEMPO-based plasmas, in agreement with previous reports.
However, the signals observed are likely attributable to adhesion of TEMPO molecules
onto the substrate surface rather than from a TEMPO-based plasma polymer deposit. This
would fit with an observation made by Michl ez a/. In their 2020 work, they washed silicon
wafers subjected to a TEMPO plasma with water and recorded an EPR spectrum of the
resulting solution.”* The signal they record is split into three lines, as would be expected
for a nitroxide radical in solution. This means that it is possible to dissolve some/all the
coating in water, which suggests the radical species are adhered to the surface rather than

polymerised.

It should be noted that it is difficult to know whether the radical species observed here are
identical to those observed in other works. This is because none of the papers report
accurate microwave frequencies, and so it is not possible to calculate accurate g-values
from the spectra plotted in terms of field.”"* The original paper does plot EPR spectra
in terms of g-value, but the g-value for the sample is not explicitly stated.*** However, from
the spectra reported the g-value is approximately 2.006, which agrees with the work

presented here.
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4.3.2.2. TEMPO-based coatings on Al,O3

The work looking at ethanol-based coatings used silicon and ALO; as a model substrates
and so TEMPO-based coatings were prepared on Al,Os to provide a point of comparison
between the two coating types. Silicon is not a suitable substrate for EPR owing to its high

dielectric constant, which complicates tuning of the spectrometer.

EPR spectra were recorded for ALO; exposed to the same conditions as the previous
substrates (TEMPO vapour, air plasma and TEMPO plasma). Figure 4.17 shows the

spectra recorded for these samples.
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Figure 4.17: CW EPR spectra recorded for Al,Os exposed to TEMPO vapout, air plasma
and TEMPO plasma. The modulation amplitude used for all spectra was 3 G.

As can be seen in Figure 4.17, all three spectra show signals. The samples exposed to
TEMPO vapour and TEMPO plasma show a signal at ¢ = 2.006, whilst the signal for the
sample exposed to air plasma is centred at g = 2.01. This difference in g-values suggests
that there are two different species present. As discussed previously, a signal at g = 2.006
indicates deposition of a TEMPO radical, likely through adhesion rather than
polymerisation, since the signal is present for the sample exposed only to TEMPO vapour.

Meanwhile the signal at g = 2.01 suggests that the action of plasma alone generates radicals
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in ALO;. This is in agreement with previous literature, which reports the formation of

aluminium peroxyl groups in porous alumina when it is exposed to plasma.*”

Whilst the two spectra recorded for samples exposed to TEMPO are centred at the same
g-value, the spectrum for sample exposed to TEMPO plasma features a shoulder similar
to what was observed for the comparable SiO; sample. This suggests that the two deposits
are not the same, with TEMPO vapour resulting in greater dipolar and/or exchange
interactions resulting in broadening. To explore this further, another sample was prepared
by exposing Al,O; to TEMPO vapour and an EPR spectrum recorded (Figure 4.18). This
sample was then exposed to an air plasma (Figure 4.18) to try and split apart the

contributions from the TEMPO vapour and the action of plasma.
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Figure 4.18: CW EPR spectra recorded for ALO; exposed to TEMPO vapour and
TEMPO vapour followed by air plasma. The modulation amplitude used for both
spectra was 3 G.

As expected, based on the previous results, both spectra show clear EPR signals centred
at the same g-value (g = 2.008), indicating radicals have successfully been deposited. This
g-value differs slightly from the previous value obtained (g = 2.0006), although this can be
attributed to differences in tuning, owing to the age of the instrument. The spectrum
recorded for the sample treated by air plasma (Figure 4.18) is also more resolved than the
TEMPO vapour sample, which is consistent with the previous set of data. This would
suggest that the plasma influences the nature of the radicals deposited, even if it not the

primary cause of deposition.
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Characterising these TEMPO-based coatings with NMR is not possible. This is because
of the unpaired electrons, which will complicate acquisition of a system that is already
challenging to study. However, the EPR data collected provides little structural
information about any coatings deposited, whilst XPS is insensitive to hydrogen.
Therefore, coatings were prepared using TMP (Figure 4.19). This is analogous to TEMPO,

but the oxygen is replaced by a hydrogen, removing the radical.
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Figure 4.19: Structure of TMP.
Figure 4.20 shows the '"H NMR spectrum acquired for ALO; exposed to a TMP-based

plasma as well as the pristine y-ALOs.
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Figure 4.20: 'H depth spectra recorded for ALOs (black) and TMP-coated Al,O; (red).
Spectra were acquired using a 3.2 mm probe and an MAS frequency of 15 kHz. The
number of scans for both spectra was 1600. 100 Hz line broadening was applied to the
uncoated spectrum to mitigate the effects of truncation.

The spectrum recorded for the Al,Oj; exposed to a TMP plasma shows a peak at 0.8 ppm.
This peak is also present in the spectrum recorded for the pristine material, suggesting that
it comes from the ALLO; or is a background feature. The peak at 4.6 ppm is absent in the
spectrum recorded for the coated sample. This suggests that proton environments on the
surface have been removed, which is consistent with the previous results for the ethanol-

based coatings. However, no signal was observed in the "C CP MAS NMR spectra
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recorded for this sample (not shown). This suggests that unlike when using ethanol, TMP

does not strongly adhere to the ALOs surface.
4.3.2.3. TEMPO-based coatings on polytetrafluoroethylene

The objective of this work is to determine whether TEMPO-based coatings would be
useful for coating anode materials. Whilst the materials studied this far have been useful in
building understanding of the nature of the coatings, they are not representative of the
materials found in a functional anode. As discussed in Chapter 1, the active material in an
anode is usually graphite, mixed with carbon black and a fluoropolymer binder.
Carbonaceous materials are challenging to study with EPR as their high dielectric constants
lead to energy losses in the cavity. This makes tuning the spectrometer difficult and so
polytetrafluoroethylene (PTFE) was chosen as the first substrate. PTFE is also a carbon-
based material, unlike the other materials studied, enabling greater understanding of the

deposition mechanism by expanding the types of substrates studied.

Figure 4.21 shows the EPR spectra recorded for PTFE wafers (approximately 1 cm?)
exposed to TEMPO vapout, air plasma and a TEMPO plasma, in addition to the spectrum

recorded for a pristine wafer.
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Figure 4.21: CW EPR spectra recorded for a PTFE wafer, a PTFE wafer exposed to
TEMPO vapour, a PTFE wafer exposed to an air plasma and a PTFE wafer exposed to a
TEMPO plasma. The modulation amplitude used for all spectra was 3 G.

The EPR spectrum for the pristine wafer shows no clear signals, with there only being a
broad feature centred at ¢ = 2.03. This can be attributed to the background and so the
PTFE wafers are EPR-silent, as would be expected. In contrast, the three other spectra do
show clear signals. The signal recorded for the wafer exposed to TEMPO plasma is centred
at g = 2.009, which from the previous investigations can be attributed to a nitroxide radical,
ze., TEMPO, adsorbed to the surface. Unlike the previously recorded spectrum, this
spectrum is split into three lines, which indicates two things. First, the splitting pattern
indicates that the radical is close to a spin-1 nucleus, such as "N, which supports the
assignment of this as coming from a nitroxide radical. Second, the fact that this hyperfine
splitting is visible means that electron-electron exchange and dipolar interactions are
weaker, improving the resolution. This means that the radicals are distributed at low
concentrations such that the average distance between them is large, which is supported

by the fact that the background peak is visible to the left of the main signal.
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The EPR spectra recorded for the two wafers exposed to air and TEMPO-derived plasmas
(Figure 4.21) show signals centred at g = 2.02, meaning that the radical present in both
samples is the same or similar. A g-value of 2.02 is significantly shifted from what would
be expected for a nitroxide radical, suggesting that this is a different type of radical to what
has been observed up this point. This is further supported by the shape of the peak, with
more of the peak lying above the baseline than below it, indicating that the g-tensor is
axially symmetric, rather than approximately isotropic. The region on the right below the
baseline is also split into two peaks, although this is more apparent for the TEMPO plasma
sample. Splitting into two lines implies coupling to a spin-1/2 nucleus, which combined
with the fact that this signal is observed when an air plasma is used suggests that the radical
is present within the PTFE substrate. The radical couples to F nuclei, resulting in the
splitting pattern observed. The greater resolution of the TEMPO plasma sample implies
fewer radicals are present, resulting in less broadening. This would be expected as the air

plasma employs higher RF power (60 W), resulting in greater damage to the substrate.

The observation of PTFE-based radicals is not without literature precedent. Oshima e# a/,
report EPR spectra of PTFE after exposure to ionising radiation.®* Whilst no g-values are

given, the lineshape resembles that seen here.

It is worth noting that the spectrum for the PTFE sample exposed to TEMPO plasma
does not show any evidence of the nitroxide radical observed for the sample prepared by
exposure to TEMPO vapour. This means that radicals caused by plasma damage are far

more numerous, either because plasma damage generates more radicals or because the

TEMPO radicals are destroyed.

Opverall, the work in this section shows that radicals can be deposited onto substrates from
a TEMPO plasma, in agreement with literature. However, the radicals likely do not reside
in a polymeric deposit. Instead, they can either come from adhesion of TEMPO molecules
to the surface or damage caused by plasma exposure, with the dominant process depending
on the substrate material. Battery anodes are generally made of multiple components, and
so any coatings applied to entire electrodes would likely be non-uniform. Furthermore, the
radicals that may be generated by plasma damage may promote additional parasitic side
reactions, negatively impacting performance. Further electrochemical tests were not

possible, due to the necessary equipment being moved to other institutions.
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4.4. Discussion

The work in this chapter focussed on two types of plasma polymer coatings derived from
ethanol and TEMPO plasmas, with the objective of exploring their use in protecting
cathode and anode materials, respectively. However, the results presented show that the
process of plasma polymerisation is more complex than what is presented in literature.
Ethanol-based coatings were successfully deposited onto model substrates as well as
NMC532 electrodes but yielded no positive impact on cycling performance. The coatings
are likely mostly unreacted precursors can adhere to the surface, rather than a polymeric
deposit as might be imagined based on previous literature work. Meanwhile, the TEMPO-
based coatings do contain nitroxide radicals, but they likely do not belong to any polymeric
deposit. This work also shows that deposition may result in additional radicals being

generated in the substrate which may promote unwanted reactions.

When taken together as a whole, the work in this chapter does provide some insight into
the deposition of plasma polymers. The surface sensitivity of XPS makes it particularly
useful in characterising plasma coatings. However, it cannot detect hydrogen atoms directly
or radical species, but these can be studied with "H NMR and EPR, respectively. The NMR
results highlight the potential for plasma to remove surface species, with the "H spectra
recorded for plasma-coated AlO; showing a significantly reduced number of surface
hydrogen environments. This could be supported by EPR, which shows a weak signal
when ALQO; is exposed to air plasma, potentially coming from radical sites generated by

the removal of surface species.

The systematic use of EPR also suggests that intact precursor molecules can adhere to
substrate surfaces, contributing to the final deposit. This is also a possible explanation for
the sharp peaks in the "C CP MAS spectrum recorded for ethanol-coated Al,Os. The EPR
results also highlight the risk of damaging substrates because of the action of plasma. These
two findings could offer explanations for the slightly negative performance of the ethanol-
based coatings, as adhered molecules could dissolve into the solvent, whilst surface radicals

may promote unwanted side reactions. However, this requires further investigation.

Finally, regarding the use of TEMPO coatings to study interphase formation with DNP,
the results presented in this chapter suggest that it could be possible to deposit radicals.
However, it is not clear if they are suitable as polarising agents, in terms of their properties

like relaxation time and dipolar coupling. Furthermore, the potential to generate multiple
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radicals within the structure may make irradiating the correct EPR transition challenging.
Should it prove possible to produce an enhancement, additional radicals may cause
additional side reactions, that may influence interphase formation. Therefore, it would not
be possible to know if the coating observed is representative of the interphase that forms

in the absence of a coating,.
4.5. Conclusions

In summary, the work in this chapter serves as an initial investigation into the possible use
of plasma polymers as protective coatings in batteries. The initial results utilising ethanol-
based coatings, optimised for C-O retention, show a slight negative effect on performance.
Meanwhile the TEMPO-based coatings highlight the risk of plasma-induced damage in

substrates, the electrochemical impact of which, needs to be investigated further.

However, this work demonstrates a more holistic approach to characterising the local
structure of plasma polymers, by employing '"H NMR and EPR as well as the commonly
used XPS. Doing so highlights additional processes that need to be considered when
discussing the deposition of plasma polymers, specifically precursor adhesion, removal of
surface groups and the generation of radicals in the substrate. These findings offer an
alternative explanation to the results previously reported in literature, which may have

ramifications for applications of TEMPO-based coatings beyond the field of batteries.
4.6. Future work

Whilst it would be possible to investigate coatings made using the other precursors
suggested in Chapter 2, it would be first important to determine whether the damage to
the substrate caused by plasma has a noticeable impact on electrochemical performance.
Whilst some investigation into the effect of plasma was done using the ethanol-based
coatings, it is not possible to correlate specific aspects of the plasma with electrochemical
performance. This would involve subjecting electrodes to high energy air plasmas, to
maximise the damage incurred without introducing any coatings. Presence of radicals
would then be confirmed or excluded by EPR. The coated electrodes would then be tested
in coin cells for multiple cycles and at different cycling rates to see if any changes in

performance are observed.

If no significant impact on electrochemical performance were to be observed, the next

step would be to investigate the stability of the coatings, as this is not clear from the work
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in this chapter. This would involve preparing coatings using different precursors and
plasma conditions and recording XPS spectra before and after immersion in electrolyte
solvents. Initially this would just be a mixture of EC and DMC. However, if certain coating
chemistries show promise, then this test could be expanded to other combinations of

solvents, to explore if there are any limitations.

It would be useful to also investigate the electrochemical stability of the coatings, such as
by a similar approach to the one described for solvent stability, but using electrodes
extracted from cells. However, this may not be straight forward as CEI formation would
contribute to the XPS signal observed or may bury the coating below the sampling depth
of XPS. 'H SSNMR could overcome this since NMR is not surface specific, although the
contributions from multiple species within the electrode bulk would make the spectra

challenging to interpret.

Studies are also required to investigate the reproducibility of the precise coatings of plasma
polymers, as variation in coatings will lead to variable performance in the assembled cells.

This would therefore be important to establish prior to any further electrochemical tests.
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5. Probing local structure in
oxyfluoride disordered rocksalt

materials

5.1. Introduction

As outlined in Chapter 2, disordered rocksalt (DRX) materials are promising as Li-ion
battery cathodes, due to their high capacities and compositional flexibility."*""” However,
they are prone to rapid losses in capacity, arising due to oxygen redox (O-redox), and

therefore are not yet practically viable.

The reliance on O-redox can be reduced by using fluorinated DRXs. Substitution of

fluorine into the structure reduces the charge of the transition metal ion(s) required for

maintaining charge neutrality. This allows access to double redox processes (e.g., V"=V,
reducing the reliance on O-redox to extract all lithium ions from the structure.”®"
However, the structures of these materials are not fully understood, which in turn limits

understanding of their electrochemical behaviour.”*'”

When imagining the local structure of an oxyfluoride DRX, it would be easy to assume
that the anions are arranged similarly to the cations. This is to say, that they are randomly
mixed across generic octahedral anion sites. In such a structure, it would be expected that
there are many possible anion environments present, ranging from fully coordinated to
lithium to fully coordinated to the transition metal ion. A similar degree of randomness
would then be present in the second coordination shell, and so on. However, this is
thought not to be the case, with it being suggested that fluoride ions prefer lithium-
rich/transition metal-poor regions of the material.'**'** This is because the bonding present
in LiF is stronger than the bonds that might form between transition metal and fluoride

ions, limiting the solubility of LiF into the DRX.

Considering this, the work in this chapter has two main objectives. The first is to establish
a model of the local structures of oxyfluoride DRX materials, whilst the second is to
investigate how this structure evolves during electrochemical cycling. Structural studies of

battery materials often use diffraction-based techniques to characterise changes in long-
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range structure. However, oxygen and fluorine have similar X-ray scattering strengths and
so ate difficult to distinguish.""” Therefore, this work will use solid-state NMR (SSNMR)
to probe the local structures of DRX materials. SSNMR has been used in other works for
this purpose, however the paramagnetic nature of many of the materials studied makes
assignment of the spectra complex.'>”**” Therefore, the initial work presented in this
chapter will focus on building a structural model using diamagnetic analogue materials.
The transition metal ions in these materials are chosen to have no 4 electrons, eliminating
paramagnetic effects. This understanding will then be applied to redox-active materials,

both pristine and cycled, to understand the structural changes that occur.

5.2. Experimental

5.2.1. Ball mill synthesis

Materials were synthesised using a method that is an amalgamation of those previously
published.""'"**  Samples of LiixxMO:Fx DRX materials were prepared using
stoichiometric amounts of M>Os; (M=Al, Sc, Ti, V or Y), LiFF and Li,O. LiNiOoF was
prepared using LiNiO; and LiF as precursors. The precursors were added to a zirconia ball
mill jar (20 ml) along with ten zirconia balls (10 mm diameter). The total sample mass in
all cases was 1 g, and a 10% excess of Li,O was used to offset any lithium loss. Samples
were ball milled for 48 hours total (192 cycles of 5 minutes plus 10 minutes rest). Ball mill
jars were sealed and opened inside the glovebox. The manufacturers and purities of the

different precursors are shown in Table 5.1.
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Table 5.1: Details of the different precursors used to prepare the DRX materials.

Precursor Manufacturer Purity
Li,O Alfa Aesar 99.5%
LiF Alfa Aesar 99.5% +
ALO; Acros Organics 99.7% +
TiOs Alfa Aesar 99.8%
Sc:0s Thermo Scientific 99.9%
V,0; Tokyo Chemical Industries > 95%
LiNiO; Sigma Aldrich = 98%
Y203 Thermofisher 99.9%

NbO,F was prepared by Ellie Dempsey in the group of Dr James Cumby at the University

of Edinburgh, as per a method described elsewhere.”’
5.2.2. Electrochemical tests

Self-standing electrodes were prepared by mixing the active material with carbon black for
15 minutes followed by PTFE pellets. The resulting film was then rolled to a final thickness
of 150 pm. 5 mm electrode discs were then assembled into half cells under argon
atmosphere (< 0.1 ppm O,/H,0). The cells were constructed using parts made from 304
steel (TOB machine), 1 M LiPFs in EC:DMC (1:1) (Sigma Aldrich) as the electrolyte,
Whatman glass fibre separators (17 mm) and lithium wafers (15 mm X 0.38 mm)
(Cambridge Energy Solutions). Cells were cycled at a rate of C/20, unless stated otherwise,
using Neware electrochemical cyclers. Further details for the cycling protocols for each of

the cells are given in the text and summarised in Table 5.2.
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Table 5.2: Cycling protocols for each of the cells referred to in this chapter.

Active Charge/discharge Number of Lower cutoff Upper cutoff
material first cycles voltage/V voltage/V
Charge 2 1.0 4.6
0.5 (1s
Discharge 0.5 N/A
LTOF discharge)
Discharge 1 0.5 3.0
Discharge 5 0.5 3.0
Carbon black Discharge 1 0.5 3.0
Charge 0.5 (15t charge) N/A 41
Charge 1 2.0 4.1
LVOF
Charge 5 1.3 4.1
Charge 50 1.3 4.1
0.5 (1st
Discharge 1.1 N/A
discharge)
0.5 (1=t
Discharge 1.0 N/A
discharge)
NbO2F
0.5 (1st
Discharge 1.0 N/A
discharge)
Discharge 1 1.0 4.0
Discharge 50 1.0 4.0

Samples for ex sitn analysis were washed in DMC (TOB machine) and dried at ambient
temperature, under vacuum. NMR samples were packed into the zirconia rotors with KBr
(Merck, IR spectroscopy grade) to fill the remaining volume. Powder X-ray diffraction

(PXRD) samples were prepared by sealing the electrode in Kapton tape.
5.2.3. Powder X-ray diffraction

PXRD measurements were performed using either a Rigaku Smartlab diffractometer
equipped with a Cu K, source or an Agilent Technologies Supernova single crystal
diffractometer equipped with a Mo K, source. These are referred to as the Smartlab and
Supernova diffractometers in the text. All patterns were converted to Cu K, for the sake
of comparison. Data collected using the Agilent Technologies Supernova single crystal

diffractometer was collected and extracted by Matthew Leesmith and Mingging Sun.
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5.2.4. Solid-state NMR

SSNMR experiments were performed using Bruker Avance III HD spectrometers
operating at magnetic field strengths of 9.4 or 16.4 T, equipped with a 2.5 mm probe.
Additional experiments were performed using a Bruker Avance Neo spectrometer
operating at a magnetic field strength of 20.0 T at the University of Warwick, equipped

with a 1.3 mm probe.

%/TLi spectra were acquired using a single pulse-acquire sequence and an MAS frequency of
25 kHz unless otherwise specified. "F spectra were acquired using a depth sequence and
an MAS rate of 30 kHz, unless specified otherwise. °'V spectra were acquired using a Hahn
echo sequence and an MAS frequency of 25 kHz, whilst ”Nb spectra were acquired using

a single pulse-acquire sequence and an MAS frequency of 30 kHz.

¢/TLi spectra were referenced to ‘LiCO; (0.11 ppm), F spectra to PTFE tape (—122 ppm),
'V spectra to V205 (—610 ppm) and *Nb spectra were referenced to LiNbO3 (-1004
ppm).""*** Pulse lengths were measured on the reference samples (°Li = 2 ps, 'Li = 1.5 ps,
PF =2 ps,”V =2 psand ”Nb = 1 ps). Further experimental details are given in the figure

captions.
Where given, intensities were measured using TopSpin 4.5.0.

5.2.5. DFT calculations

CASTEP calculations were performed using CASTEP 22.11 on Lancaster University’s
High End Computing Cluster. To determine NMR parameters, two sets of unit cells were
constructed, comprising 48 and 96 atoms. This was done by populating 6X4X2 and 6x4x4
unit cells with the correct number of cations and anions (2:1 Li/O:Sc/F). Geometry
optimisations and NMR calculations were performed using the PBE functional and the
ZORA relativistic treatment. The cutoff energy was 800 eV, and the k-point spacing
0.04 A™. For the geometry optimisations, convergence was reached when the changes in
energy, force displacement and stress were below 0.0001 eV, 0.05¢V A, 0.001 A" and
174 GPa. NMR shieldings were converted to chemical shift based on an identical

calculation run for LiF.
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5.3. Results

5.3.1. Diamagnetic DRX materials
5.3.1.1. PXRD and SSNMR characterisation

Understanding the incorporation of fluorine into the rocksalt structure requires exploring
the local environments of fluorine.''” For this reason, SSNMR is often utilised when
studying oxyfluoride DRXG, as it is sensitive to local structure. Furthermore, "’F is a highly
sensitive nucleus, making it a powerful structural probe for these materials. However,
typical DRXs contain paramagnetic ions, meaning that the "’F spectra recorded are broad
and pootly resolved, even when acquired using fast MAS at low magnetic fields. This
makes it difficult to determine how many environments are present, as well as their

chemical shifts. As a result, interpretation of the spectra is complex.'”

Broadening due to paramagnetic effects can be eliminated by studying DRX materials
where the non-lithium metal ion(s) have no 4 electrons. Whilst these materials are not
electrochemically active, they can provide a model as to the bonding environments present
in paramagnetic materials. This insight can then be used to understand the behaviour of

redox-active materials.

Three diamagnetic analogues were attempted of the type LiMO,F, where M = Al, Sc and
Y (referred to hereafter as LAOF, LSOF and LYOF). These are all 3+ ions without 4
electrons, and all possess an NMR-active isotope, allowing an additional opportunity for
structural insight. The synthesis conditions were based on those reported in literature to
synthesise electrochemically active materials as will be discussed later.'””** Figure 5.1 shows

the PXRD patterns for these materials.
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Figure 5.1: PXRD patterns recorded using the Smartlab diffractometer for LSOF, LAOF
and LYOF.

As detailed in Chapter 3 (Section 3.4.2.), a rocksalt structure has six possible lattice planes:
(111), (200), (220), (311), (222) and (400). Assuming a perfect DRX structure (ze., perfectly
cubic), the expected positions of the resulting peaks can be estimated using Equations 3.61
and 3.65. Table 5.3 contains the predicted peak positions for LSOF, LAOF and LYOF,
assuming that the unit cell length is twice the Li/M-O/F distance (M denoting a 3+ ion).
This distance was estimated based on the ionic radii, with the average distance also
considering the ratio of the different ions (2:1 Li/O:M/F). Table 5.3 also includes the
expected positions for Lil¥ as a reference.

Table 5.3: Predicted positions of the PXRD peaks of the different DRXs attempted.

Based on the Shannon ionic radii.’®! LiF positions are from the PXRD pattern simulated
for the crystal structure from the Materials Project (mp-1138).***

Predicted peak position/°
Lattice plane

LSOF LAOF LYOF LiF
(111) 36 38 36 38
(200) 42 44 41 44
(220) 61 64 60 64
(311) 74 76 72 77
(222) 77 81 75 82
(400) 92 97 90 98
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The PXRD pattern for LSOF shows peaks at 38, 41, 61 and 77°. These positions are a
reasonable match for the predicted positions of the (111), (200), (220) and (222) planes for
LSOF, suggesting the formation of the DRX phase. The (311) may not be intense enough
to be observed, whilst the (400) plane is beyond the range of angles measured. Further
evidence for the formation of the DRX phase is that the position of the peaks is shifted
slightly from what would be expected for LiF. This indicates that the LiFF has reacted and
the rocksalt peaks observed are not only due to residual LiF. However, it is not possible to
exclude the presence of residual LiF entirely as the peaks are broad due to the small particle
sizes created by ball milling (see Equation 3.66). Presence of residual LiF may cause the
apparent peak positions to shift slightly. This may be the cause of the slight discrepancy
between the predicted and experimentally observed positions of the (111) and (200) peaks
arising due to the (111) and (200) planes. The pattern for LSOF also has peaks at 22, 31

and 52°, which can be attributed to unreacted Sc,Os.>

The PXRD pattern for LAOF shows peaks at 38, 44, 64 and 77°. These match the
positions of the peaks from the DRX phase, but also unreacted LiF. The remaining peaks
can be attributed to Al,Os (25, 35, 37, 43, 52, 57, 66 and 68°).>** The presence of peaks that
can be attributed to Al,Os; mean that it is likely at least some of the rocksalt peaks come
from unreacted LiF, but it is not possible to conclusively rule out the presence of a DRX

phase.

A similar situation is encountered with the PXRD pattern recorded for LYOF, with there
being peaks attributable to LiF, rather than LYOF, with the remainder matching those
expected for Y>03.” This means that there is likely no yttrium-containing DRX phase

prSCI’lt.

To further characterise the structures of the reaction products, "F SSNMR spectra were
recorded. These are shown in Figure 5.2, overlaid with a spectrum for LiF, as the only

fluorine-containing precursor.
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Figure 5.2: "F MAS NMR spectra recorded for LSOF, LAOF, LYOF and LiF at 16.4 T
and an MAS frequency of 30 kHz. Asterisks denote spinning sidebands. Spectra for LSOF,
LAOF and LYOF were acquired using a depth sequence, and are the sum of 16 scans with
a recycle delay of 3 s. The spectrum for Lilf was acquired using a Hahn echo sequence and
is the sum of 16 scans with a recycle delay of 20 seconds.

The "F spectrum for LSOF shows a peak that overlaps with the peak for LiF at =204 ppm.
In addition, this peak has a shoulder at ~—194 ppm. There is also a broad peak around
— 155 ppm, although this is partially due to a spinning sideband. Therefore, it can be
suggested that there are three types of fluorine environment present in this material,

meaning that at least some of the LiFF precursor has reacted.

The “F spectrum recorded for LAOF shows a similar pattern of peaks to LSOF, with a
peak at —204 ppm, a shoulder around —195 ppm and a peak at —170 ppm. AlF;also has a
chemical shift of =170 — —180 ppm, which suggests this final environment could be a

fluoride anion bridging two aluminium ions.'”***

This means that despite PXRD showing
that some precursors remain, some of them have reacted. However, the product phase(s)

are likely not a rocksalt, as bridging fluoride ions are not consistent with this structure.
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Therefore, this material may not be useful to study further in the context of developing a

model of the DRX structure.

The spectrum for LYOF shows a single peak at —204 ppm. This is consistent with the
PXRD data which suggests that the precursors did not react. There is a slight shoulder to
the left of the peak, which could suggest that some of the LiF has reacted, but not to the
extent of the other samples. This may be due to the ionic radius of the Y** ion (0.9 A).
This is significantly larger than the 3+ ions used to synthesise other DRX materials (e.g.,
T’ = 0.67 A, V** = 0.64 A), and this mismatch of ion sizes may preclude the formation
of the DRX phase.” Therefore, like LAOF, LYOF is not a suitable model compound for

this work.

From the “F spectrum trecorded, LSOF appears to have three types of fluorine
environment present, with shifts of —150, =195 and —204 ppm. This third peak matches
the chemical shift of LiF and so this environment could be attributed to fluoride ions
octahedrally coordinated to six lithium ions. These could be within the DRX structure or

unreacted LiF, but it is not possible to distinguish these from the data collected.

The other environments in the F spectrum cannot be so easily assigned. ScF; has a
chemical shift of —=36 ppm, ruling out bridging fluoride environments as were observed for
LAOF.*" Therefore, to further investigate the environments present in the material, °Li
and *Sc spectra were recorded. These are shown in Figure 5.3. °Li NMR was chosen over

"Li due to the superior resolution of °Li spectra.
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Figure 5.3: (2) ‘Li MAS NMR spectrum for LSOF at 9.4 T. The spectrum is the sum of
3072 scans acquired with a recycle delay of 60 s and an MAS frequency of 25 kHz. (b) *Sc
NMR spectrum of LSOF acquired at 16.4 T. The spectrum is the sum of 256 scans

collected using a recycle delay of 0.25 s and an MAS frequency of 30 kHz. Asterisks denote
spinning sidebands.

The °Li spectrum shown in Figure 5.3 shows a peak at 0.1 ppm, with a shoulder around —
1 ppm. These chemical shifts match Li>COs and LiF, respectively and so these peaks can
be assigned to lithium ions coordinated to oxygen and fluorine, specifically octahedral
LiFs.* Therefore, this spectrum is consistent with what would be expected from a lithium-
containing rocksalt material. Furthermore, the position of the peak is not at 2.6 ppm,

meaning that the Li»O has reacted.”®®

The *Sc spectrum has a peak at 150 ppm with a shoulder to the right side. 150 ppm is the
chemical shift reported for LiScO,.*” This material contains alternating lithium and
scandium ions octahedrally coordinated to six oxide anions. Therefore, the peak in the
experimental spectrum can be assigned to octahedral ScOs environments. The shoulder
can be assigned to unreacted ScOs, based on its chemical shift and the PXRD pattern

previously discussed.””

In a fully random DRX structure, it would be expected that there are scandium sites where
scandium is bonded to fluorine. From literature, there are two compounds that contain Sc-
F bonding and have *Sc shifts reported. First is ScFs, which contains octahedral ScF sites
and has a *Sc chemical shift of ~—50 ppm.*""*”* Second is ScOF, which contains scandium

ions coordinated to three oxide ions and three fluoride ions and has a *Sc chemical shift
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of 64 ppm.”” From these two compounds it would be expected that sites with bonding
between scandium and fluorine would have chemical shifts to the right of those observed
for ScOy sites. There are no peaks between 75 and =50 ppm, meaning that there likely are
no sites where there are three or more fluoride ions coordinated to the scandium ion (based
on the structures of ScOF and ScFs). There may however be sites where one or two
fluoride ions are coordinated to the scandium ion as these would be expected to have
higher chemical shifts. However, because of the breadth of the peaks, these would likely
overlap with peaks from ScOg sites, making it difficult to confirm or exclude their presence.

A *Sc MQMAS experiment was performed but this did not yield any greater insight.
5.3.1.2. "F{X} TRAPDOR

Whilst the “Li and “Sc NMR spectra show features that would be expected to be found in
a rocksalt structure, they do not help in assigning the environments observed in the ""F
spectrum. One way to gain information about the fluorine bonding environments present
is to use TRAPDOR. This uses dipolar interactions between the metal ions and the fluoride
ions to determine whether they are close in space. It is ""F-detected and so capitalises on
the better resolution of the "F spectrum to provide information about the metal ion. The
fact that it is ""F-detected also means that TRAPDOR can more readily provide
information that can be used to assign the unknown peaks in the "’F spectra, as against

quadrupolar CP (notwithstanding the challenges of implementing quadrupolar CP).

As outlined in Chapter 3, TRAPDOR involves acquiring two Hahn echo spectra, with the
second employing a low power pulse on the X channel, preventing complete averaging of
dipolar interactions. Subtracting the second spectrum from the first gives the TRAPDOR
difference spectrum. Peaks that appear in this spectrum correspond to fluorine
environments that are near the X nucleus."”” Larger TRAPDOR effects are achieved by
using slower MAS frequencies and longer echo delays. However, slower MAS frequencies
lower the resolution of the spectra recorded, whilst longer echo delays result in greater T,
relation. Therefore, TRAPDOR experiments were performed at 25 kHz MAS and echo
delays equivalent to 1 and 5 rotor periods, to balance resolution with achieving TRAPDOR

effects.

Figure 5.4 shows the results of the "F{*Sc} TRAPDOR expetriments whilst Figure 5.5
shows the results of the "F{’Li} TRAPDOR experiments. In both cases, a 40 kHz pulse
was applied to the X channel. Whilst this may not be the optimum for both nuclei, this

was determined to be a safe power level to use, based on previous literature."”’
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Figure 5.4: Hahn echo and "F{*Sc} TRAPDOR difference spectra acquired for LSOF
using echo delays of (a) 1 and (b) 5 rotor periods (MAS frequency = 25 kHz). Spectra are
the sum of 128 scans, separated by a recycle delay of 3 s. Dipolar couplings were
reintroduced by applying a 40 kHz pulse to the *Sc channel. Asterisks denote spinning

sidebands.

The “"F{*Sc} TRAPDOR difference spectrum recorded at 25 kHz using an echo delay of
1 rotor period (Figure 5.4a) shows the three environments seen in the Hahn echo spectrum
(=140, ~=195 and —204 ppm). This confirms that all three environments are real (rather
than background) and close in space to scandium ions, including the peak at —204 ppm
meaning that it not only from residual LiF, but also LiF-like environments in the bulk
structure. The difference spectrum recorded using an echo delay of 5 rotor periods shows
peaks at —140 and ~—195 ppm, whilst the peak at —204 ppm is absent. No other sidebands
are observed, which means that the peak at —140 ppm, is not simply due to sidebands of
the other two peaks and is a distinct environment. The peak at —204 ppm is absent in the
difference spectrum recorded using an echo delay of 5 rotor periods. As this peak is present
in the difference spectrum recorded with a delay of 1 rotor period, it suggests that this site
has a shorter T, time. The signal intensity is therefore lost during the longer delay.
However, there is still a peak at =204 ppm in the Hahn echo spectrum. This can be
explained by there being two types of FLis site. The first site is within the DRX and has

scandium ions close by, resulting in a TRAPDOR effect. However, being part of the
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disordered structure means that this site has a relatively fast T, meaning that no
TRAPDOR effect is observed after 5 rotor periods. The second site is unreacted LiF. This
likely has a longer 15 as it does not contain other ions and so is still observed in the Hahn
echo spectrum. However, as it is not part of the DRX structure, and therefore separated

from the scandium ions, it is not reflected in the TRAPDOR difference spectrum.
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Figure 5.5: Hahn echo and "F{’Li} TRAPDOR difference spectra acquired for LSOF
using echo delays of (a) 1 and (b) 5 rotor periods (MAS frequency = 25 kHz). Spectra are
the sum of 128 scans, separated by a recycle delay of 3 s. Dipolar couplings were
reintroduced by applying a 40 kHz pulse to the 'Li channel. Asterisks denote spinning
sidebands.

The "F{’Li} TRAPDOR difference spectra shown in Figure 5.5 have features at —140, —
195 and —204 ppm. This means that all three environments observed in the 1D “F NMR
spectrum for LSOF contain fluoride ions close to lithium ions. Furthermore, the peak at
—204 ppm is reflected in the difference spectrum recorded with an echo delay of 5 rotor
periods, unlike in Figure 5.4. This means that the site observed here likely has a longer 1>,

which supports the suggestion that there are two FLis sites.
5.3.1.3. DFT calculations

From the NMR results presented so far, it can be suggested that LSOF contains a number
of different types of lithium, scandium and fluorine sites. However, full assignment of the

PF spectrum is not possible based on this data. TRAPDOR suggests that the unassigned
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sites are close in space to both lithium and scandium ions, but it is difficult to say how
many of each metal ion are present and how close they are to the fluoride ions. Overlap of
sidebands with potential peaks in the "F spectra also means that it is difficult to be
quantitative when interpreting the spectra. Therefore, to aid the assignment, DFT
calculations were performed to explore what bonding environments could give rise to the
"F chemical shifts observed. Whilst the output files from the calculations do contain details
about the “Sc parameters, these are not discussed here as the objective of the calculations

was to assign the "’F spectra.

To explore this, a set of five, 48-atom model unit cells were created, using the crystal
structure of LiF as a starting point. The 24 cations/anions were randomly assigned to their
positions according to the stoichiometry of the material (2:1 Li/O:Sc/F). First, geometry
optimisations were performed using the PBE functional, to allow the unit cell to expand.
Four out of the five structures converged (Structure 2 did not), however the eight fluorine
environments in Structures 4 and 5 are identical. As such Structure 4 was not included in
subsequent analysis. These optimised structures were then used to calculate "’F chemical
shieldings. These were then referenced using LiF, optimised using the same parameters,

using the .cif file from the Materials Project as a starting structure.’®?

The relationship between YF chemical shifts and the number of metal ions coordinated is

shown in Figure 5.6.
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Figure 5.6: A plot showing the calculated F chemical shifts of the different environments
in the 48-atom unit cells, based on the number of lithium ions immediately coordinated to
the F~ion (0 — 0).
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Figure 5.6 shows that, in general, as the number of lithium ions in the coordination shell
increases, the chemical shift becomes more negative. The chemical shifts of sites with six
lithium ions coordinated to the fluoride ion are also noticeably separated from the other
environments by at least 30 ppm. This would suggest that the addition of scandium to the
coordination sphere noticeably affects the chemical shift. The chemical shifts for the six-
coordinate environments also cover a much smaller range than the other types of
environments, which span 40 ppm up to over 100 ppm. This however may be because
there are fewer six-coordinate environments, and so the full spread of chemical shifts is

not seen.

Figure 5.7 shows the calculated chemical shifts overlaid with the experimental spectrum.
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Figure 5.7: The ranges of the calculated "F chemical shifts for the 48-atom unit cells,
overlaid on the experimental spectrum for LSOF (Figure 5.2). Chemical shifts are divided
according to the number of lithium and scandium ions directly coordinated to the F~ ion
(“X Li, Y Sc”, where X +'Y = 6).

The calculated chemical shifts do not match the experimental spectrum perfectly, with the
bulk of the chemical shifts being more positive than any of the experimentally observed
peaks. However, as noted already, there is a separation between the environments that
include scandium in their coordination shell with those that are fully coordinated to
lithium. This does qualitatively agree with the experimental spectrum, as there is a gap in

the peaks, rather than a continuous distribution of environments.

It would be expected that the distances between the fluoride ions and the metal ions are

shortest as these are directly bonded. However, inspection of the optimised structures
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reveals that O-F and F-F distances are shorter than the longest F-M distances. This means
that the bonding environments cannot be described as perfectly octahedral, as some of the

six cations that make up the octahedral site are further away than the nearest anions.

The size of the unit cell may be a contributing factor to the unexpected bonding
environments, and so two random 96-atom unit cells were constructed, under the
assumption that increased size will allow distortions to be better accommodated. In
addition to these random structures, it was also decided to investigate a structure where
the fluoride ions entirely reside in a segregated LiF-like region. This was to create structures
that represent the short-range ordering preferences described in literature for these
materials.””> However, the fully segregated structure did not converge and so four further
structures were generated from one of the random structures. Each successive structure
had one additional fluoride ion moved into the LiF-like region until the geometry
optimisations failed to converge. As with the previous unit cells, the chemical shifts for
each fluorine site for each of the six structures were recorded along with the surrounding

metal ions. This information is presented in Figure 5.8.
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Figure 5.8: A plot showing the calculated "’F chemical shifts of the different environments
in the 96-atom unit cells, based on the number of lithium ions immediately coordinated to
the Fion (0 — 6). Red lines denote the average chemical shift for that type of environment.

Figure 5.8 shows that the chemical shifts calculated for the fully lithiated environments are
noticeably separated from those that have scandium ions within the first coordination shell.
It can also be seen that the chemical shift ranges for the environments that have scandium

ions within the first coordination shell overlap significantly. These observations agree with
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the previous set of results obtained using 48-atom unit cells. Furthermore, the chemical
shifts recorded for the FLi sites are closer to what would be expected experimentally (—
204 ppm), suggesting that the larger unit cell is a better model, at least for this type of
environment. This is supported by the fact that the average energy per atom is lower for
the 96-atom unit cells than the 48-atom unit cells (Table 5.4), meaning that the 96-atom
structures are more stable.

Table 5.4: Energy per atom for each of the different 48- and 96-atom unit cells after
geometry optimisation.

48-atom unit cells 96-atom unit cells
Structure
Energy per atom/eV Energy per atom/eV

1 —538.406 —538.4

2 —538.385 —538.441

3 —538.385 —538.458

4 - —538.474

5 - —538.471

6 - —538.466
Average 538392

—538.452

Figure 5.9 shows the calculated chemical shift ranges overlaid with the experimental

spectra.

158



3 Li,3Sc

v

<k

) 41i 2Sc X
) 51i 1Sc _
6 Li, 0 Sc
0 ~50 ~100 ~150 ~200 —250 —300
d "°F (ppm)

Figure 5.9: The ranges of the calculated "F chemical shifts for the 96-atom unit cells,
overlaid on the experimental spectrum for LSOF (Figure 5.2). Chemical shifts are divided
according to the number of lithium and scandium ions directly coordinated to the F~ ion
(“X Li, Y Sc”, where X +Y = 0).

The chemical shifts of the environments with six lithium ions in the first coordination shell
overlap well with the shoulder at =195 ppm observed in the experimental spectrum. These
environments differ from pristine TiF as the bond lengths vary from 2.04 A. This
distortion may be the cause of the deviation in chemical shift. The chemical shift ranges
calculated for the other environments all overlap with the broad feature at —150 ppm in
the experimental spectrum (except for the single 2 Li, 4 Sc site). As such, the larger unit
cell seems to give better agreement with the experimental data than the 48-atom unit cells.
However, the chemical shifts calculated still cover a much larger range than the peaks in
the experimental spectrum. To explore the cause for this, the average Li-F and average Sc-
F interatomic distances were plotted against the calculated chemical shifts. Figure 5.10

shows the information for the Li-F distances.
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Figure 5.10: A plot of the average Li-F bond lengths against calculated "’F chemical shift
for the 96-atom unit cells, separated according to the metal ions directly coordinated to
the I~ ion. Lines are included as a guide rather than as lines of best fit.

Figure 5.10 shows that for sites coordinated to six lithium ions, the average Li-F distance
is roughly —200 ppm, regardless of average bond length. This includes a structure with an
average bond length of ~2.35 A, which is noticeably larger than the other structures
(< 2.1 A). Therefore, for sites coordinated to six lithium ions, bond length does not affect
chemical shift. This means that the improvement in calculated chemical shifts moving from
the 48-atom to 96-atom unit cells is likely driven by a more accurate coordination number
(six rather than five). The Li-I distances are also generally shorter than those that are
coordinated to scandium, which may be partially the reason why there is a separation in
chemical shifts for these environments. The other environments show a slight positive
correlation between chemical shift and average interatomic distance, although there is a lot
of variation between the data points, meaning that average Li-F distances are not a good

indicator of chemical shift.

Figure 5.11 shows the calculated chemical shifts plotted against average Sc-F distances.
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Figure 5.11: A plot of the average Li-F bond lengths against calculated YF chemical shift
for the 96-atom unit cells, separated according to the metal ions directly coordinated to
the I~ ion. Lines are included as a guide rather than as lines of best fit.

There is in general a negative correlation between average Sc-F distance and chemical shift,
with larger distances giving more negative chemical shifts. This is consistent with the data
collected for Li-F distances where the environments close to lithium ions have much larger

Sc-F distances, and hence more negative chemical shifts.

The data points for the [5 Li, 1 Sc] sites have a much narrower spread than the other two
series. Despite this, there does appear to be a break in the data points at around 2.15 A,
after which the gradient of the data is lower. This may simply be a coincidence. However,
after this point, the data seems to follow a shallower trend, suggesting that there are two
regimes. Below 2.15 A, the proximity of the scandium ion has a significant impact on

chemical shift, which is lessened beyond 2.15 A.
5.3.1.4. Local structure of Li;ScO,F

The goal of the work so far in this chapter was to prepare a model oxyfluoride material,
whose local structure can be comprehensively characterised to provide a basis for
understanding the behaviour of other similar materials. Of the materials attempted LSOF

was the most suitable choice.

‘Li NMR confirms the presence of LiFs and LiOs structural units, whilst *Sc NMR
suggests the presence of ScOg units as well as an Sc,Os impurity. All these observations are
consistent with the impure DRX observed by PXRD. No evidence of an ScF site is
observed. The "F NMR spectrum recorded for this material shows three sites, one of

which can be readily assigned to FLig sites because of its chemical shift (—204 ppm).
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However, some of these environments are close in space to scandium ions as a TRAPDOR
effect is observed for this peak. This means that this peak is not entirely from unreacted

LiF but also from LiF-like domains in the DRX phase, which are close to scandium ions.

DFT calculations suggest that another one of the "’F environments (at —150 ppm) can be
attributed to FLiSce sites. This is supported by this peak being affected by both forms
of TRAPDOR experiment, implying that these fluorine ions are close to both Li* and Sc™*.
The DFT calculations performed show that, in general, decreasing the number of lithium
ions in the first coordination shell increases the chemical shift. Therefore, the value of X
in the FLiScs sites is more likely to be higher ze, X = 4 or 5, in agreement with
literature.” The presence of mixed coordination sites also implies the existence of ScO¢-
F and LiOgF. sites. However, these cannot be directly confirmed by °Li and “*Sc NMR.
This is because of the poor resolution of the spectra owing to the narrow chemical shift

range of °Ti and the large quadrupole moment of *Sec.

DFT calculations suggest that the final environment observed in the F spectrum (195
ppm) can be assigned to distorted FLis units. This makes sense as its chemical shift suggests
that it is chemically similar to LiF. TRAPDOR experiments also suggest that it is part of
the DRX phase as TRAPDOR effects are observed in the "F{"Sc} difference spectra.
This does suggest that there are two types of FLis structural unit within the DRX (in
addition to residual LiF), one that is ordered and one that is distorted. Both are close to

scandium ions, and so the cause of the distortion is unclear.
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5.3.1.5. Incorporation of fluorine into the DRX structure

There are three different fluorine environments in LSOF, which have been assigned in the
previous discussion. However, it is not clear how these environments form in the DRX.
Therefore, two other samples of the type Lij+:ScO.F, where x = 0.2 and 0.6 were prepared.
These will be referred to as LSOF0.2 and LSOF0.6 respectively. Figure 5.12 shows the

PXRD patterns recorded for these materials.
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Figure 5.12: PXRD patterns for the LSOF series Li;+xScO,F where X = 0.2, 0.4 and 1.0.
Patterns were acquired using the Smartlab diffractometer.

As with the PXRD pattern for LSOF, the PXRD patterns recorded for LSOF0.2 and
LSOFO0.6 show peaks at 38, 41, 61 and 77°. As already discussed, these indicate the
presence of a rocksalt phase and confirm successful synthesis. There are also peaks at 22,

31 and 52°, which can be attributed to unreacted Sc,Os, like the pattern for LSOF.

Figure 5.13 shows the mass-normalised '’F NMR spectra recorded for LSOF0.2, LSOF0.6
and LSOF.
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Figure 5.13: Mass normalised "’F NMR spectra acquired at a field of 16.4 T and an MAS
frequency of 30 kHz. Asterisks denote spinning sidebands. Spectra were acquired using a
depth sequence, and are the sum of 16 scans with a recycle delay of 120 s.

All three spectra shown in Figure 5.13 show the three peaks previously discussed in this
chapter. The intensity of all three peaks also grows as the amount of fluorine is increased,
however the relative intensities vary. For LSOF0.2, all three peaks have similar heights. On
increasing the fluorine concentration to LSOFO0.6, the broad peak at —150 ppm does not
appear to grow significantly, but the other two peaks do. Increasing again to LSOF sees
the peak at —204 ppm grows, whilst the others remain roughly the same. These
observations can be rationalised based on the peak assignments. At low fluorine levels
(LSOFO0.2), the LiFF can react with the other precursors, resulting in the formation of the
FLiSce« sites (—150 ppm). However, as the scandium ions never reach full fluorination
(ScFg), the amount of fluorine that can be incorporated into scandium-containing regions
is limited. On increasing the fluorination level to LSOF0.6, a smaller proportion of the
fluoride ions can be incorporated into scandium-containing sites resulting in an increase in
the two FLig sites. This agrees with literature precedent which suggests that oxyfluoride
DRXs form transition metal-poor, fluotine-rich regions.'” Finally, as not all the Sc.Os
reacts (based on PXRD), when the fluorine level is increased to LSOF, the remaining LiFF
is unable to react and incorporate into the DRX structure, increasing the intensity of the

peak at —204 ppm.
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5.3.2. Redox-active oxyfluoride materials
5.3.2.1. Initial PXRD and “F SSNMR characterisation

The previous work studying LSOF provides insight into the types of environments that
may be present in oxyfluoride DRX materials. However, to understand the structural
changes that occur during cycling it is necessary to investigate materials that are redox-
active and can therefore function in a battery. A range of different redox-active oxyfluoride
DRX materials have been reported in literature.”*"”""**'% As a starting point, three
materials previously reported were prepared by ball mill synthesis. These were LixNiOoF
(LNOF), Li;TiO:F (LTOF) and Li:VOF (LVOF).”*** Figure 5.14 shows the PXRD
patterns recorded for these materials, whilst Table 5.5 shows the predicted positions of the

peaks for each of the lattice planes present in a DRX.

LNOF

LTOF

LVOF —

—_— . ;
10 20 30 40 50 60 70 80 90
28/°

Figure 5.14: PXRD data acquired for LNOF, LVOF and LTOF. Data was acquired using
the Smartlab diffractometer.
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Table 5.5: Predicted positions of the PXRD peaks of LNOF, LVOF and LTOF
attempted. Based on the Shannon ionic radii.”*" LiF positions are from the PXRD pattern
simulated for the crystal structure from the Materials Project (mp-1138).**

Predicted peak position/°
Lattice plane

LNOF LVOF LTOF LiF
(111) 38 37 37 38
(200) 44 43 43 44
(220) 63 63 62 64
(311) 76 75 75 77
(222) 80 79 79 82
(400) 96 94 94 98

The PXRD pattern for LNOF shows peaks at 37, 44, 64, 76 and 81°. This pattern of peaks
is in good agreement with what was predicted for LNOF. There are some small peaks at
around 20, 30 and 50°, meaning that it is not completely pure. The peaks at 30 and 50°
could be attributed to ZrO, introduced from the ball milling media. It is not possible to
assign the peak at 20° as it is too low intensity and there appear to be no other peaks

associated with it, and neither of the precursor materials have a peak in this region.

The LTOF PXRD pattern contains peaks at 38, 44, 64 and 81°, which could be assigned
to the LTOF DRX. As with LNOF, there appear to be peaks from ZrO,, at around 30
and 50°.

The pattern for LVOF also shows peaks at 44, 64 and 81°, meaning that a rocksalt phase
is likely present. However, there are many other peaks, meaning that the material is not
pure. The peaks at 24, 33, 36, 41, 49 and 54° could originate from unreacted V,Os. This
means that the rocksalt peaks could be from, at least in part, unreacted LiF. The peaks at

31, 35, 50 and 60° would suggest the presence of ZrO,, as with the other two samples.

From the PXRD data shown, all samples likely contain a rocksalt phase, although in the
case of LVOF, this may be at least partially unreacted LiF. Whilst further optimisation of
the synthesis may have yielded purer samples, it was decided that this was unnecessary, as
the isotope specific nature of NMR means that ZrO, will not be observed. V>O; is
paramagnetic and will be invisible to >V NMR, and the “F chemical shift of LiF is well
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known (=204 ppm).
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"F NMR spectra were also recorded for each of the materials. These are shown in Figure

5.15.

LTOF * X »
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Figure 5.15: "F NMR spectra of LNOF, LVOF and LTOF acquired at a field of 16.4 T
and an MAS frequency of 30 kHz. Asterisks denote spinning sidebands. Spectra were
acquired using a Hahn echo sequence, and are the sum of 64 (LNOF), 640 (LVOF) and
16 scans (LTOF), separated by a recycle delay of 1 s (LNOF + LVOF) and 120 s (LTOF).

The "F NMR spectrum acquired for LNOF contains a single isotropic resonance at —204
ppm, with several spinning sidebands. This agrees with previous reports and can be
assigned to LiFs sites based on its chemical shift, which matches that of LiF." The large
number of spinning sidebands would suggest that at least some of this signal comes from
LiF-like regions close to paramagnetic nickel centres (ie., in the DRX phase), rather than
simply unreacted LiF. The peak at —204 ppm is also slightly asymmetric, potentially
indicating an additional environment slightly to the left. This is as observed for LSOF and

could suggest the presence of distorted FLic sites.

As with LNOF, the spectrum for LVOF shows a single isotropic peak at —204 ppm with
associated spinning sidebands, in agreement with previous reports.'”’ It can also be seen
that the baseline is not flat, with a broad feature being present underneath the isotropic
peak and its sidebands. This broad feature was also observed by Chang ¢# a/, and would
suggest that there are other fluotine environments close to vanadium ions."” The proximity

to these paramagnetic ions would cause any peaks observed to be broad and low intensity.

The spectrum for LTOF shows potentially three environments like the spectrum observed

for LSOF. First is a sharp peak at —204 ppm, which as previously mentioned, likely comes
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from an LiF-like environment. Next is a shoulder at roughly —195 ppm with a third
environment at approximately —150 ppm, causing the left-hand spinning sidebands to rise
compared to those on the right of the spectrum. Based on the previous work these would
be assigned to distorted FLis and FLiTic sites, respectively. It is worth noting that the
peak corresponding to a distorted FLis site is more pronounced (relative to the peak at —
204 ppm) than was observed for LSOF. This could be due to the smaller size of Ti’" ions

resulting in more distorted FLig sites.

To attempt to improve the resolution of the F spectrum of LTOF and reduce the overlap
of spinning sidebands, a second spectrum was recorded at the National High-Field Solid-
State NMR Facility using the 850 MHz spectrometer at 60 kHz MAS. This is shown in
Figure 5.16.

* *

50 -100 -150 -200 -250 —300
3 °F (ppm)

Figure 5.16: "F NMR spectrum of LTOF acquired at a field of 20 T and an MAS
frequency of 60 kHz. Asterisks denote spinning sidebands. The spectrum was acquired
using a depth sequence, and is the sum of 64 scans with a recycle delay of 2 s.

Figure 5.16 shows slightly improved resolution of the two peaks around —200 ppm.
However, what is more noticeable is the absence of a peak at —150 ppm. This would
support the assignment of this peak originating from FLi,Tic. sites. Ti’" ions are
paramagnetic, and so the paramagnetic broadening would be exacerbated by the higher
magnetic field. It could be argued that this peak was originally from background, not
observed using this probe. However, subsequent experiments performed at 16.4 T using a
depth sequence, also show this feature. Therefore, it is unlikely that this originates from
background (see Chapter 3). Furthermore, a similar feature is observed for LSOF, and this
feature was observed to show a TRAPDOR effect. For this to occur due to a background
signal, the potential background feature would need to also contain bonds between

scandium/lithium and fluorine, which seems unlikely.
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5.3.2.2. Further characterisation of Li,VO,F

Both the "F NMR spectra recorded for LNOF and LVOF are similar, showing only a
single, clear isotropic resonance. It was therefore decided to only continue studying one of
these materials. LVOF has an additional viable NMR-active nucleus compared to LNOF

('V) and so further characterisation efforts were focussed on this material.

First, to explore the incorporation of fluorine into the structure of LVOEF, a series of
samples were prepared with different levels of fluorine, Li;+«VO:F, (x = 0.2, 0.4, 0.6 and
0.8). Figure 5.17 shows the PXRD patterns for these materials. These confirm the
formation of a DRX phase, although V,O; impurities can still be seen as already noted in

the PXRD pattern for LVOF (Figure 5.14).
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Figure 5.17: PXRD patterns collected for the LVOF series, using the Smartlab
diffractometer.
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Figure 5.18 shows the F spectra recorded using an 850 MHz spectrometer at 60 kHz,

whilst Figure 5.19 shows the integrated intensities.
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Figure 5.18: "F NMR spectra of the LVOF series acquired at a field of 20 T and an MAS
frequency of 60 kHz. Asterisks denote spinning sidebands. Spectra were acquired using a
depth sequence, and are the sum of 256 scans with a recycle delay of 0.5 s.

N w
]

Intensity x10%a.u.
[ ]
[

0 0.2 04 06 0.8 1.0
Xin Li,, VO,F

Figure 5.19: Relative total integrated intensities of the "’F spectra for the LVOF series
(Figure 5.19). Intensities are normalised to LVOF0.2.

As the amount of LiF in the reaction mixture increases, the normalised intensity of the "’F
signal increases. This would be expected to grow linearly, with the intensity of LVOF being
roughly five times LVOF0.2. However, this is not the case, with the intensity being around
7x10° for LVOF0.2, 0.4 and 0.6. After this the intensity roughly doubles to 1.5x10° for
LVOFO0.8 before doubling again to around 3X10°. This would suggest that signal is being
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lost at low fluorine concentrations due to proximity to paramagnetic centres. After this the
LiF is not being incorporated into the DRX material and so the intensity grows roughly

linearly. This agrees with the data discussed for the LSOF series.

Another possible way to probe the structure of LVOF is to use >’V NMR. This is likely
complex due to the presence of paramagnetic V" ions.”” Nevertheless, 'V spectra have
been reported for this material on two occasions, with the isotropic chemical shifts given
as —546 and —566 ppm.">'"" Therefore, 'V spectra were collected for the LVOF series, and
are shown in Figure 5.20. These were acquired using a Hahn echo sequence and are the
sum of five individual spectra recorded at different offset frequencies. Whilst these could
have been acquired using the pj-MATPASS sequence discussed in Chapter 3, the relatively
poor signal meant that it was more time-efficient to acquire five 1D spectra with a greater

number of scans, than a 2D spectrum.
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Figure 5.20: >'V NMR frequency-stepped spectra recorded for the LVOF series. Spectra
were acquired at 9.4 T, using a rotor-synchronised Hahn echo sequence (MAS frequency
= 25 kHz). Spectra are the sum of five individual spectra, each the sum of 6400 scans
separated by a recycle delay of 0.25 s.

The spectra in Figure 520 contain a peak at ~—550 ppm, with associated spinning
sidebands, sat on top of a broad feature approximately 2000 ppm wide. The intensities of

the peaks do not appear to follow a clear trend, with LVOF0.2 being most intense followed

171



by LVOF, LVOFO0.6, LVOF0.8 and LVOF0.4. The 'V spectra for LVOF from other
works each show a single peak, with chemical shifts of —546 and —566 ppm being reported.
In the context of >V NMR, this chemical shift difference is significant enough to indicate
two different materials are being observed (as will be discussed further below). The sharp
peak seen here is at =555 ppm but spans both chemical shifts, meaning that both phases
are likely present in this sample. As mentioned already, the observation of a V** containing
phase by NMR is unexpected. Both authors offer different explanations for this. Chen ez

al suggest that this comes from V** that they observe by EPR.'”

However, this seems
unlikely as V** is also paramagnetic, hence it is EPR-observable. Whilst it can be possible
to observe V** species, in such cases the peaks are often dramatically shifted away from
the chemical shifts observed (a-VOa2: —4766 ppm, f-VOa: 2113 ppm).”**” Chang et a/ offer
an alternative explanation that V°* trimers form, rendering the material diamagnetic, as
demonstrated by magnetic measurements."” Similar behaviour has been reported to occur
in LiVO,, with the formation of trimers being demonstrated by PDF.*® Whilst this could
occur, the diamagnetic dimers formed in VO; still result in marked shifts in peak position

as previously mentioned. Therefore, it seems likely that peaks from any V" trimers would

also be shifted.

Ignoring for a moment the expected oxidation state of the material, the chemical shifts
seen in the data presented here, and published in literature are close to the chemical shifts
reported for LizVO, (=544 ppm) and LiVO; (=573 ppm)."™"" This would imply the
presence of lithiated and delithiated regions (Li;VO4 and LiVOs, respectively). However,
crucially, vanadium is in the +5 oxidation state in these materials. This agrees with literature
precedent that suggests that lower oxidation states of vanadium are only visible under
specific circumstances, such as in VO..*” It is likely that such phases are only minor
impurities as they do not clearly appear in the PXRD patterns recorded. This would
potentially also explain why the intensities of the peaks do not appear to follow a clear
trend. Whilst chemical shifts and established precedent suggest that the *'V signal observed
for LVOF can be attributed to V" phases, sample preparation occurs under inert
atmosphere without a source of V**. Therefore, for this explanation to be true, V>* would
need to be oxidised. To investigate whether this is possible, V,O3; was milled using the
same conditions used to prepare the LVOF series of materials. Figure 5.21 shows the
PXRD pattern recorded for V,O; milled under argon atmosphere, whilst Figure 5.22
compares the >V NMR spectra recorded for pristine V>O; and V>0O; ball milled under

argon atmosphere.
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Figure 5.21: PXRD patterns for pristine VO3 and V,O; ball milled for 48 hours under
argon. Patterns were acquired using the Supernova diffractometer.
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Figure 5.22: Frequency-stepped *'V NMR spectra collected for pristine V.03 and V.05
ball milled under argon. Spectra were acquired at 9.4 T using a rotor-synchronised Hahn
echo sequence (MAS frequency = 25 kHz). Spectra are the sum of eight individual spectra
each the sum of 6400 scans separated by a recycle delay of 0.25 s.

The PXRD pattern for milled V,Os3 shows peaks at 30, 38, 42, 54°. These match those
expected for VO, meaning that in this situation the V>* ions can be oxidised to at least V**.
This is supported by the 'V NMR spectrum recorded for ball milled sample, which has a
broad peak at 2110 ppm, which can be attributed to the formation of f-VO,. The >’V NMR
spectrum also shows a peak at —645 ppm. Based on its chemical shift this likely a V>*
species. This could either form directly by oxidation of V" species (like VO3) or by

disproportionation of VOo,.
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As mentioned already, the impurity phase(s) observed by >V NMR for LVOF are likely
minor phases as they are not discernible in the PXRD patterns. However, the fact that they
cannot be attributable to the DRX itself, means that >V NMR is likely not a useful tool
for characterising the pristine materials. However, it could still be used at high voltages to

characterise V" phases that form on charging.
5.3.2.3. Electrochemical changes in Li,TiO.F

LVOF and LTOF possess redox-active transition metal ions and so it is possible to explore
the structural changes that occur in the materials on cycling. Therefore, electrodes were
prepared for both materials, which were then studied at different states of charge. This

discussion will first focus on LTOF, before moving back to LVOF.

Whilst LTOF has been synthesised in previous works, its performance as an electrode
material has not been tested. Therefore, it is first necessary to establish an appropriate

potential window and cycling protocol for testing the cells.

In LTOF, the titanium ions are Ti’", if the stoichiometry of the ball milled product is
correct. It should therefore be possible to extract lithium ions from this material, by
oxidising T’" ions to Ti**. This would be expected to occur around 1.55 V (vs Li/Li"),
based on the behaviour of lithium titanate.” On this basis, for the initial exploratory cycling
of LTOF, it was decided that (a) the first step should be a charging step and (b) an
appropriate lower cutoff voltage would be around 1 V (to allow reduction of Ti*" back to
Ti’"). 4.6 V was then chosen as the upper cutoff voltage. Whilst this exceeds the potentials
that would be expected for titanium redox, it means that any unexpected processes, such
as O-redox can be observed. Figure 5.23 shows the performance of LTOF cycled in this

way for two cycles.
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Figure 5.23: The first (red) and second (black) cycles of LTOF. Cycled at C/20
(11.85 mA g) between 1 and 4.6 V.

On charging from open circuit voltage to 4.6 V, a capacity of 20 mA h g', less than 10%
of the theoretical capacity (237 mA h g™). Discharging from 4.6 V down to 1 V achieves a
capacity of around 100 mA h g™'. This is then observed for the second charge and discharge

step.

The fact that a larger capacity is observed when discharging the cell (compared to the initial
charge), means that more lithium ions are inserted into the electrode than are initially
extracted. If it is assumed that the LTOF in the electrode is Li,TiOF, this would mean
that some Ti’" ions are being reduced to Ti*, to accommodate the additional positive
charge of the lithium ions. However, the work in the previous sections suggests that
transition metal ions are oxidised during the prolonged milling process. Therefore, another
explanation for the increased capacity is that during the first discharge, the titanium ions
oxidised during synthesis (to Ti*") can be reduced to Ti’*, allowing greater insertion of

lithium ions.

Whilst a reasonable starting point, the capacity achieved when discharging down to 1 V is
less than half of the theoretical capacity. Therefore, for the next series of cells, the cycling
protocol was revised. First, negligible capacity is observed above 3 V, so this was chosen
as the new upper cutoff voltage. Second, the lower cutoff voltage was decreased to 0.5V,
to see if this enables access to greater capacity. Finally, it was decided to discharge the
material first, operating under the assumption that the redox activity comes from Ti*" ions

introduced during the synthesis (since minimal capacity was observed when charging first).
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Figure 5.24 shows the electrochemistry for three cells, disassembled after the first discharge

(to 0.5 V), the first charge (to 3 V) and the fifth discharge.
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Figure 5.24: Galvanostatic charge-discharge plots for LTOF for (a) the first discharge, (b)

the first cycle and (c) the first five cycles. Red lines indicate the first cycle, black line the
subsequent cycles. Cells were cycled at C/20 (11.85 mA h ¢™') between 0.5 and 3 V.

At the end of the first discharge, the three cells achieve capacities of between 370 and

450 mA h g, exceeding the theoretical capacity. The first charge then achieves a capacity
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of ~ 200 mA h g™'. Very similar charge capacities are observed for the next four cycles,

indicating that this process is highly reversible.

One of the challenges of DRX materials is that they suffer from poor long-term cycling
performance (as discussed in Chapter 2). Such highly reversible behaviour without any
material optimisation is therefore interesting. However, the presence of significant
additional capacity suggests that something else is happening when the electrodes are taken
to low voltages. To explore this, a new cell was made using an electrode comprised of only
carbon black and PTFE. This was then cycled in the same potential window at a current
of 9.41 mA g (due to an error 11.9 mA g was not used). Figure 5.25 shows the

electrochemical performance for the first cycle of this cell.
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Figure 5.25: clectrochemical profile for the first cycle of the carbon black/PTFE
electrodes cycled at 9.41 mA g between 0.5 and 3 V.

Figure 5.25 shows that when the cell is discharged a capacity of almost 500 mA h g™ is
achieved during the first discharge. This is likely due to the carbon black as it is known to
exhibit capacity when cycled below 1.5 V.*”® In light of this, it would appeat that carbon
black can account for most/all of the capacity observed during the first discharge. Then
during the first charge, a capacity of 90 mA h g'. This is lower than what was observed for
the LTOF electrodes (~ 200 mA h g™'), meaning that LTOF likely does contribute during
this step. With some understanding of the electrochemical behaviour, it is then possible to
begin to explore the changes that may occur during cycling. First, PXRD patterns were

recorded for the LTOF cells disassembled. These are shown in Figure 5.26.

177



05V
3.0V

20 30 40 50 60 70 80 g0
20/°

Figure 5.26: PXRD patterns recorded for LTOF after the first discharge to 0.5 V (black)
and the first charge to 3 V (red). Patterns were acquired using the Supernova
diffractometer.

Both patterns show peaks at 37, 44, 64 and 81° indicating the DRX phase is retained
throughout cycling. The peaks at 18 and 25° can be attributed to the PTFE binder and

carbon black, respectively.

Figure 5.27 shows the single pulse i NMR spectra recorded for the cycled LTOF
electrodes. Table 5.6 contains the absolute integrated intensity of the spectra, and the

intensity normalised to the intensity of the pristine spectrum.
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Figure 5.27: 'Li NMR spectra recorded for the LTOF electrodes at different states of
charge. (a) shows the full spectral width, whilst (b) shows the region around the isotropic
peak. Asterisks denote spinning sidebands. Spectra were acquired using a single pulse
experiment at 9.4 T and 15 kHz MAS. Spectra are the sum of 16 scans separated by a
recycle delay of 60 s.

Table 5.6: The absolute intensities of the 'Li spectra acquired at different states of charge,
as well as the relative intensities, normalised to the pristine electrode. Intensities were
measured using TopSpin 4.5.0.

Absolute intensity

Sample Relative intensity
(single pulse)
Pristine 58950000 1
0.5V (1* discharge) 33580000 0.5696
3V (1 charge) 66940000 1.136
0.5V (5" discharge) 45500000 0.7717

When the electrode is discharged to 0.5 V, the intensity of the peak decreases compared
to the pristine electrode. On charging to 3 V, the intensity increases again to slightly more

than the intensity of the pristine. The intensity then reduces again after the fifth discharge.
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During discharging the amount of lithium in the sample should increase, due to lithium
intercalation as well as SEI formation on the electrode surface. The fact it decreases
suggests that the sample becomes more paramagnetic, resulting in greater paramagnetic
relaxation enhancement. This is consistent with the oxidation state of titanium being
lowered as more lithium ions enter the structure. As already mentioned, there are likely
Ti*" ions present in the sample, introduced during the synthesis. During discharging these
could be being reduced to Ti*', increasing the paramagnetism of the sample. Another
source of paramagnetism on discharging could be the PTFE binder. Whilst in a separate
phase, PTFE decomposes at low voltages (as will be discussed more in Chapter 0),

introducing radicals into the electrode.

The F NMR spectra recorded for the LTOF samples are shown in Figure 5.28.
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Figure 5.28: "F NMR spectra recorded for LTOF at different states of charge, acquired
at 16.4 T and an MAS frequency of 30 kHz. Asterisks denote spinning sidebands, whilst
crosses denote peaks from the PTFE binder. Spectra were acquired using a depth
sequence, and are the sum of 1024 scans with a recycle delay of 0.25 s.

When the material is discharged, the intensity of the DRX peaks in the F spectrum
decreases. This is in line with the 'Li data discussed previously (Figure 5.27) and can be
rationalised by the increased paramagnetic relaxation enhancement arising due to the lower
oxidation state of titanium. In particular, the peak at —195 ppm is noticeably suppressed,
which would suggest that this environment is closer to paramagnetic centres or that there
are more such centres nearby. This fits with the assignment of this peak coming from a
distorted FLis site, since titanium ions are smaller than lithium ions, and so they likely

distort the structure around them.
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After charging the electrode, the intensity of the signal increases to more than that seen
for the pristine material. This means that the titanium is likely in a higher average oxidation
state than in the pristine material. It could also mean that there is some structural
rearrangement, moving fluoride ions away from paramagnetic titanium ions. Such changes
are likely only minor, as the PXRD data shows that the rocksalt structure is retained. The
signal may also partially originate from LiF in the SEI on the electrode surface. However,
this would result in increased signal for the discharged sample as well, since surface LiFF
should be less affected by changes in the transition metal oxidation state. The intensity
then decreases again for the fifth discharge, which follows what was observed for the first

discharge.

The “F spectrum for the pristine material also contains a sharp peak at —122 ppm, with
associated spinning sidebands. This can be assigned to the PTFE binder. After discharging,
the intensity is noticeably reduced, indicating that the PTFE reacts in some way. As already
mentioned, this could be due to the formation of radicals, resulting in the signal being

suppressed due to an increase nuclear relaxation rate.
5.3.2.4. Electrochemical changes in Li,VO,F

The relatively low redox potential of the oxidation of Ti’" to Ti*" means that the carbon
black and PTFE contribute to the observed electrochemical behaviour. Vanadium redox
however typically occurs at potentials over 3 V (vs Li/Li").”>*” This means that LVOF

electrodes are perhaps a simpler system in which to study DRX cycling behaviour.

Unlike LTOF, the electrochemistry of LVOF has been documented previously, meaning
that there is already information on what potential windows can be used.">'*” Therefore,
the first cell was cycled five times between 1.3 and 4.1 V. As the pristine material should
contain extractable lithium ions, cells were first charged, then discharged. Figure 5.29

shows the galvanostatic cycling data for this cell.
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Figure 5.29: Galvanostatic charge-discharge plot for the first five cycles of LVOF, cycled
at C/20 (23.1 mA g) between 1.3 and 4.1 V. Red lines denote the first cycle.

During the first cycle, a charging capacity of 130 mA h g™ is achieved followed by a
discharge capacity of 225 mA h g™'. This capacity is retained on the subsequent cycling
steps. The increase in capacity of around 100 mA h g™ agrees with previous work looking
at LVOF and is also observed for other oxyfluoride materials. One possibility for why this
occurs is the previously discussed oxidation of the precursors during synthesis. Having
vanadium in higher oxidation states means that fewer electrons can be transferred and
hence less lithium extracted. However, these ions can be reduced, allowing more lithium

to be inserted during the discharge step.

It is important to say however that even with this increase in capacity, the capacity falls
short of the theoretical capacity of 460 mA h g™'. This is probably because the sample is
impure, containing unreacted V>Os and ZrO,. These do not contribute to the material’s
capacity and therefore are “dead weight”, reducing the capacity. However, previous works

also fail to achieve full capacity for this material.">'"’

To further explore the structural changes during these first five cycles, three additional cells
were prepared and disassembled at different states of charge. Specifically, after the first
and second charging steps as well as at 2 V during the first discharge. This is because at
this point the amount of lithium in the structure should be the same as the pristine material,
and so the structures may be expected to be the same. The electrochemical data associated

with these cells is shown in Figure 5.30.
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Figure 5.30: Galvanostatic charge-discharge plots for LVOF for (a) the first charge, (b)
the discharge to 2 V and (c) the second charge. Red lines indicate the first cycle, black lines

the subsequent cycles. Cells were cycled at C/20 (23.1 mA g ') between 1.3 and 4.1 V
unless otherwise stated.

All three cells show a first charge capacity of between 130 — 150 mA h g™'. This is equivalent

to the extraction of 0.5 — 0.65 lithium ions, per formula unit (ze., Li~15VO,F).
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Discharging to 1.3 V yields a capacity of 210 mA h g™'. This means that there are 0.39
additional lithium ions inserted per formula unit (Li»4sVO,F). Charging to 4.1 V for the
second charge results in a capacity of 215 mA h g™, returning the material to the same
lithiation level as the first charge (~ 0.5 lithium ions deintercalated relative to a pristine

electrode).

Figure 5.31 shows the PXRD patterns collected for the four samples.
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Figure 5.31: PXRD patterns recorded for LVOF at different states of charge. Patterns
were acquired using the Supernova diffractometer.

As with LTOF, the intensities of the peaks change throughout cycling. However, the
positions remain unchanged, indicating that the rocksalt phase is retained throughout

cycling.

Figure 5.32 shows the "Li spectra collected for the pristine material and electrodes at the
different states of charge previously discussed. Table 5.7 also shows the intensities of the

spectra.

184



a Pristine
First charge

First discharge (2 V)
Second charge

Fifth discharge

| | | | | | | | | | | | | | | | | | |
80 60 40 20 0 -20 —-40 -60 -80
O "Li (ppm)

Figure 5.32: 'Li NMR spectra recorded for the LVOF electrodes at different states of
charge. (a) shows the full spectral width, whilst (b) shows the region around the isotropic
peak. Asterisks denote spinning sidebands. Spectra were acquired using a single pulse
experiment at 9.4 T and 25 kHz MAS. Spectra are the sum of 1024 scans separated by a
recycle delay of 0.5 s.

Table 5.7: The absolute intensities of the 'Li spectra acquired at different states of charge,
as well as the relative intensities, normalised to the pristine electrode. Intensities were
measured using TopSpin 4.5.0.

Sample Relative intensity
Pristine 1
41V 0.3937
2V 0.1416
2" charge 1.3 ->4.1V 0.2560
5" discharge 1.3->4.1V 0.2036

The 'Li spectrum for the pristine electrode shows a peak at —1 ppm, which can be

attributed to LiFF or LiF-like environments. There is also a broad shoulder to the right
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which likely comes from lithium ions near to V>* ions. These ions experience a shift away
from the normal diamagnetic range of "Li due to the Fermi contact interaction. A negative
shift indicates an increase in electron density at the observed nucleus, and so this can be
suggested to be lithium in a Li-O-V environment, where the bond angle is 180°.* It should
be said however that other environments may be present, but the signal for these sites is

lost during the deadtime.

On charging to 4.1 V, the intensity drops to 40% of the intensity of the pristine electrode.
This is expected to a degree, as lithium ions are extracted from the structure. However, the
specific capacity suggests that around a quarter of the lithium ions are removed from the
structure (assuming perfect stoichiometry). The fact that a more significant proportion of
the signal is lost means that not all the lithium ions are observed in the pristine material.
Instead, the spectrum for the pristine material likely only shows a proportion of lithium

ions that are present in regions where there are relatively few vanadium ions. This could
explain why the spectrum only contains evidence of a 180° Li-O-V site, despite a rocksalt

structure implying that 90° Li-O-V sites should also exist. 90° sites mean that the vanadium
and lithium ions are closer together, meaning that the lithium ions likely relax much faster

than those in 180° sites.

On discharging to 2 V, the intensity further decreases which can be attributed to increased
relaxation because of the decreased vanadium oxidation state. This is even though the
lithiation level, and by extension the vanadium oxidation state, should be roughly
equivalent to the pristine material. One explanation for this is that the lithium ions do not
have the same distribution within the DRX structure when they are reinserted. The
reduction in signal intensity would suggest that the lithium ions are closer to the vanadium

paramagnetic centres, rather than favouring lithium-rich regions as might be found in the

pristine DRX.!12%

The fifth discharge also shows lower intensity than the pristine material. This would be
expected based on the results obtained for the LTOF series, owing to the reduction in

transition metal oxidation state.

After the second charge, the intensity increases slightly relative to the discharged states,
due to the increased vanadium oxidation state, but remains slightly lower than the first

charge.
Figure 5.33 shows the "F NMR spectra recorded for the cycled electrodes.
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Figure 5.33: "F NMR spectra recorded for LVOF at different states of charge, acquired
at 16.4 T and an MAS frequency of 30 kHz. Asterisks denote spinning sidebands, whilst
crosses denote peaks from the PTFE binder. Spectra were acquired using a depth
sequence, and are the sum of 1024 scans with a recycle delay of 0.25 s.

All the spectra show a peak at —204 ppm, as well as a peak at —122 ppm (attributed to the
PTFE binder). When the material is charged to 4.1 V, the intensity of the peak at —204 ppm
decreases (relative to the pristine electrode) but increases again after discharging to 2'V.
The second charge to 4.1 V shows reduced intensity compared to the first. Then after the

fifth discharge, the intensity returns to a similar level as observed on the first charge. These
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changes in intensity are likely the result of the vanadium ions changing oxidation state, and
hence their electronic relaxation properties. This would support the idea that the LiF-like
environments that give rise to this peak are part of the DRX phase, so that they experience

a paramagnetic relaxation enhancement.

Charging the material should oxidise the vanadium ions towards V°*, making *'V NMR
viable. Therefore, >'V spectra were recorded for the pristine electrode and the two charged

states. These are shown in Figure 5.34.
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Figure 5.34: 'V NMR spectra recorded for LVOF at different states of charge, acquired
at 9.4 T and an MAS frequency of 25 kHz. Asterisks denote spinning sidebands. Spectra
were acquired using a rotor-synchronised Hahn echo sequence and are the sum of 10240
(first charge/discharge) or 20480 scans (pristine/second charge) with a recycle delay of
0.25 s. Spectra are mass normalised but have been separated due to the poor signal-to-
noise of the spectra.

All four spectra show a peak at =570 ppm. However, the intensity of the peaks for all the
cycled samples is lower than for the pristine material, indicating fewer visible V>* ions.

Charging should result in more V" ions and so the reduced intensity observed is likely due
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to increased paramagnetic relaxation enhancement, possibly due to a greater presence of

V* ions in the vicinity of the V" ions that are formed upon charging.

To investigate the long-term structural changes a sample was prepared by cycling a cell 50

times. The galvanostatic charge-discharge plot for this cell is shown in Figure 5.35.
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Figure 5.35: Galvanostatic charge-discharge plots for LVOF cyled 50 times. Cells were
cycled at C/20 (23.1 mA g') between 1.3 and 4.1 V.

From Figure 5.35 after the initial increase in capacity after the first cycle, the capacity
decreases with increasing cycle number, with a capacity of around 125 mA h g™ being
observed on the 50" charge, compared to around 200 mA h g™ on the fifth charge. This
is not surprising and suggests that the insertion and removal of lithium ions is not perfectly
reversible. Looking further shows that, aside from for the first cycle, the charging step has
a higher capacity than the discharging step. This means that with each cycle, more lithium
is extracted from the structure but is not reinserted. After the 50" charge, around 2.5
lithium ions (per formula unit) have been removed from the structure. This means that all
the lithium ions, including the extra ions inserted during the first discharge have been
removed from the structure. However, this number should not necessarily be treated as an
accurate representation of the number of ions removed. This is because the mass used to
normalise the capacity will be larger than the mass of the active material, due to the “dead

weight” coming from the impurities identified in the pristine material.

Figure 5.36 shows the PXRD pattern for this sample, as well as the previously shown

patterns for the pristine material, first charge and second charge.
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Figure 5.36: PXRD patterns recorded for LVOF at different states of charge, including
the 50" charge. Patterns were acquired using the Supernova diffractometer.

The PXRD pattern for the sample prepared after the 50® charge still shows the peaks

associated with the rocksalt phase at 44 and 64°. This means that despite the loss of

capacity, the rocksalt phase is retained.

Figure 5.37 shows the "Li spectra recorded for the sample prepared after 50 cycles as well

as the pristine material and the first charge sample.
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Figure 5.37: 'Li NMR spectra recorded for LVOF after the 50" charge (red) as well as the
previously shown spectrum for the pristine material (black). (a) shows the full spectral
width, whilst (b) shows the region around the isotropic peak. Asterisks denote spinning
sidebands. Spectra were acquired using a single pulse experiment at 9.4 T and 25 kHz MAS.
Spectra are the sum of 1024 scans separated by a recycle delay of 0.5 s.

The spectrum recorded for the 50" charge sample contains a peak at —1 ppm and a broad
shoulder to the right. The intensity of the peak is the same as for the pristine material,
which means that on repeated cycling, the amount of this environment has increased, or
the number of paramagnetic vanadium ions nearby has decreased, compared to the first
charge. Meanwhile, the intensity of the shoulder is reduced slightly. As the negative shift
is caused by the presence of paramagnetic ions nearby, a reduction in this environment
would also suggest reduced paramagnetic ions. However, this could alternatively be due to

enhanced relaxation, due to a change in the relaxation properties of the ions.

Figure 5.38 shows the "’F spectrum recorded after the 50" charge as well as for the pristine

material and first charge.
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Figure 5.38: "F NMR spectra recorded for LVOF after the 50" charge as well as the
previously shown spectra for the pristine material and first charge. Spectra were acquired
at 16.4 T and an MAS frequency of 30 kHz using a depth sequence and are the sum of
1024 scans with a recycle delay of 0.25 s. Asterisks denote spinning sidebands, whilst
crosses denote peaks from the PTFE binder.

The spectrum for the cycled electrode shows a single peak at —204 ppm, that is similar in
intensity to the pristine material, and much higher intensity than the first charge. This is
consistent with the 'Li data and suggests that either more LiF is formed or that more LiF

becomes visible due to changes in relaxation rate.

A 'V spectrum was also recorded for the 50" charge sample (Figure 5.39). This shows a
single isotropic resonance at =570 ppm as seen for the pristine material, with the intensity
being slightly reduced. In the pristine sample, this signal was attributed to a V" impurity
phase. This means that the impurity likely does not participate in the cycling of the material,

as it is able to survive up to 50 cycles.

192



Pristine
50™ charge

Figure 5.39:°'V NMR spectra recorded for LVOF after the 50 charge (red) as well as the
previously shown spectrum for the pristine material (black). Spectra were acquired at 9.4
T and an MAS frequency of 25 kHz using a rotor-synchronised Hahn echo sequence and

are the sum of 6400 scans with a recycle delay of 0.25 s. Asterisks denote spinning
sidebands.
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5.3.3. Electrochemically synthesised oxyfluoride DRXs

The materials studied so far have been prepared by ball mill synthesis, using Lil¥ as the
source of fluorine. As discussed, LiF also has a rocksalt structure and so it is difficult to
use PXRD to determine whether it has mixed into the DRX structure or whether some
exists in a separate phase. The results presented so far indicate that at least some of the
LiF is incorporated into the DRX structure. However, it would be useful to compare the

results with a similar material were LiF is not used as a fluorine source.

PTFE has also been used as a fluorine source in conventional solid-state synthesis.””*'"'

However, this does not result in high levels of fluorine incorporation. Furthermore, the
disordering temperatures of the desired compositions may not be practically accessible. An
alternative method is to use electrochemical synthesis. This involves lithiating a starting
material inside a coin cell resulting in phase transformations.”® After this initial formation
step, the new phase can be cycled like materials synthesised by other methods. Whilst not
scalable, this approach allows for the material of interest to be prepared iz sitw and is
therefore convenient for mechanistic studies (Chapter 6). However, in the case of
oxyfluoride materials, if the initial precursor contains fluorine, LiF is no longer required as

part of the synthesis.

An ideal comparison would require synthesis of VO,F. This can itself be prepared by ball
milling V205 and VOF:.**** However, as of the time of writing, it has not been possible
to acquire VOF;. Through collaboration with the University of Edinburgh, NbO.F was
identified as an alternative. Figure 5.40 shows the "’F and “’Nb spectra recorded for these

materials.
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Figure 5.40: (a) "F NMR spectrum of NbO:F acquired at 16.4 T and an MAS frequency
of 30 kHz. Spectrum is the sum of 5808 scans separated by a recycle delay of 0.25 s. (b)
“Nb NMR spectrum of NbO,F acquired at the same field and MAS frequency. The
spectrum is the sum of 128 scans using a recycle delay of 0.25 s. Asterisks denote spinning

sidebands.

The "“F spectrum recorded for NbO,F shows a peak at —49 ppm. This agrees with literature
and can be assigned to Nb-F-Nb sites, broadened due to dipolar coupling between "F and
“Nb.” There is an additional feature at 110 ppm. This is unusually shaped but has been
observed for this material before and is attributed to a defect. The Nb spectrum shows a

 However, six

single site at —1350 ppm, once again, in agreement with literature.
coordinate niobates typically have Cy values of at least 20 MHz.** This means that the
observed peak is much narrower than it should be, and so it is likely that only a portion of
the lineshape is being observed here. ”Nb NMR is therefore likely not useful for studying

this material.

As an initial test to confirm that electrochemical lithiation will form a DRX phase from
this material, two cells were prepared using NbO,F self-standing electrodes and discharged
until a capacity of 350 mA h g™ was reached. This occurs around 1 V (vs Li/Li") and

corresponds to two lithium ions being intercalated, resulting in the desired 1:1 ratio of
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cations to anions. Figure 5.41 shows the electrochemical data associated with the first

discharge of these cells as well as the PXRD data recorded for the two samples after the

discharge finished.
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Figure 5.41: (a) Galvanostatic discharge plots for the two cells and (b) PXRD patterns for
the electrodes after washing. Red lines denote the sample discharged to 1.1 V whilst black
lines denote the sample discharged to 1 V. The cycling rate for both cells was C/20 (17.0
mA g). PXRD patterns were collected using the Supernova diffractometer.

Figure 5.41(b) shows that the PXRD patterns for both samples have peaks at ~35, 43 and
62°, suggesting the formation of a DRX phase. Peaks at 18 and 25° can be attributed to
PTFE and carbon black respectively, with the remaining extra peaks coming from
unreacted precursor material. The DRX peaks are more intense for the sample discharged

to 1 V suggesting that this is a better cutoff voltage than 1.1 V.

A new set of cells were prepared with one cell being discharged to 1 V and one

subsequently charged to 4 V. The electrochemical profiles for these cells are shown in

Figure 5.42.
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Figure 5.42: (a) Galvanostatic charge-discharge plots and (b) PXRD patterns for the
samples prepared after the first discharge and charge (Supernova diffractometer).

Figure 5.42(a) shows that discharging to 1 V results in the theoretical capacity being
achieved. For the sample prepared after the first full cycle, this corresponds to
approximately 2.1 lithium ions. This is slightly higher than 2 lithium ions, but it should be
expected as some capacity will come from electrochemical activity of carbon black.*
However, charging the material results in a capacity of approximately 300 mA h g™'. This
means that there are roughly 0.4 lithium ions remaining in the structure and therefore it is

not possible to extract all lithium from the material under these conditions.

Figure 5.42(b) shows that a rocksalt phase is formed on the first discharge, consistent with
the previous samples (Figure 5.42(b)). However, the peaks at 36, 43 and 62° are not
observed after charging to 4 V. Instead, there are new broad peaks centred at
approximately 30 and 55°. This suggests that the rocksalt phase is no longer present on

charging. The breadth of the peaks would also suggest that the resulting material is highly

disordered.

"Li NMR spectra wete recorded for the two samples and are shown in Figure 5.43.
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Figure 5.43: 'Li NMR spectra recorded for NbO,I after the first dischrage (black) and
first charge (red). (a) shows the full spectral width, whilst (b) shows the region around the
isotropic peak. Asterisks denote spinning sidebands. Spectra were acquired using a single
pulse experiment at 9.4 T and 25 kHz MAS. Spectra are the sum of 640 scans separated by
a recycle delay of 0.25 s.

The "Li spectra show single peaks centred at approximately 0 ppm. Whilst in principle, the
i NMR spectrum would show nothing for the sample prepared at 4 V, the
electrochemistry would suggest that there are still lithium ions present. The spectrum for
the sample prepared at 1 V is more intense than the sample prepared at 4 V. This would
be expected, as there are more lithium ions in the 1 V sample. However, based on the
electrochemistry data, the 1 V spectrum should be around 5 times as intense as the 4 V
spectrum. Instead, the difference is a factor of 2.2. This means that not all the lithium ions
can be observed, likely due to their proximity to Nb’* ions, resulting in paramagnetic

relaxation enhancement.

"F spectra were recorded for the two cycled samples and these are shown in Figure 5.44.
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Figure 5.44: "F NMR spectra recorded for NbO,F at (2) 1 V and (b) 4 V. Asterisks denote
spinning sidebands, whilst crosses denote peaks and spinning sidebands from the PTFE
binder and may be ignored. Spectra were acquired at 16.4 T and an MAS frequency of 30
kHz. Spectra are the sum of 5808 scans separated by a recycle delay of 0.25 s.

Figure 5.44(a) shows a broad peak around —190 ppm, with another broad peak at —150
ppm, causing the left spinning sideband to be raised relative to the one on the right. These
features are similar to those observed for LSOF and so can be assigned to distorted FLis
(<190 ppm) and FLiSce« (—150 ppm) environments. It should be noted that there is no
clear peak at =204 ppm, suggesting that there are fewer LiF-like domains. This absence can
be attributed to the fact that no LiFF is used in the synthesis. However, not all the LiFF
previously observed is an impurity. This would suggest that this electrochemically

synthesised DRX is not a perfect analogue of those produced by ball milling.

The spectrum recorded for the 4 V sample (Figure 5.44(b)) shows a small peak at —204
ppm and a broad, low intensity feature between —50 and —150 ppm. This is consistent with
the PXRD data that shows that the structure formed at low voltage is destroyed at high
voltages. Furthermore, a change in chemical shift to more positive values suggests that the
fluoride ions are coordinated to niobium cations, as in pristine NbO.F. The breadth of the
peak means that these ions, or ions nearby are not Nb**, resulting in broadening of the
observed peaks. This is supported by the electrochemical data for this material that

suggests that not all lithium ions are extracted, meaning that not all the niobium ions can

be fully oxidised.
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From the PXRD and NMR data collected, the structural transformation between low and
high voltages is dramatic. Therefore, to see if it is reversible, samples were prepared after
the end of the second, fifth and 50" discharges. The electrochemical data for the sample

prepared after the 50" discharge is shown in Figure 5.45.
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Figure 5.45: Galvanostatic charge-discharge plot for NbO.F cycled 50 times at C/20 (17.0
mA g') between 1 and 4 V.

It can be seen from Figure 5.45 that as the cycle number increases, the specific capacity
decreases. For example, a capacity of 365 mA h g is achieved on the first discharge,

compared to 40 mA h ¢! on the 50" discharge, equivalent to 11%.

Figure 5.46 shows the PXRD pattern acquired for NbO,I after the 50® discharge.
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Figure 5.46: PXRD pattern recorded using the Supernova diffractometer for NbO,F after
the 50" discharge.

The PXRD pattern shows peaks at 37, 43 and 63° which were previously observed and
suggest the formation of the rocksalt phase. However, there are also broad peaks at 30 and

55° which were previously observed in the charged state. This means that after the 50"
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discharge the sample is a mixture of both phases, and this could be the origin of the poor

cycling performance.

Figure 5.47 shows the ""F NMR spectra recorded for the pristine electrode, and after the

1%, 2™ and 50" discharge.
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Figure 5.47: F spectra recorded for NbO,F at 1 V after the 1%, 2™, 5" and 50" discharges.
Asterisks denote spinning sidebands, whilst crosses denote peaks and spinning sidebands
from the PTFE binder and may be ignored. Spectra were acquired at 16.4 T and an MAS
frequency of 30 kHz. Spectra are the sum of 5808 scans separated by a recycle delay of

0.25s.

The spectra in Figure 5.47 show a broad feature at —190 ppm, with spinning sidebands.
This is the same as the first discharge sample and means that the fluorine environment
returns to a similar structure on subsequent discharges. However, the intensity of the peak
decreases as the number of cycles increases, until there is only a peak at —204 ppm after
the 50" discharge. This agrees with the PXRD data that shows that after prolonged cycling,
both the DRX and the charged phase are present.
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5.4. Discussion

The work undertaken in this chapter had two objectives, the first of which was to
investigate the local structures of DRX materials to derive a structural model. The model
compound LSOF was studied using °Li, F and *Sc NMR. Assigning the peaks in these
spectra provides evidence for the following octahedral environments being present (with
the first atom at the centre of the octahedron): LiOs, LiFs, FLisScs, FLisSc, FLig"",
FLi™**! and ScOs. The presence of FLiScs and FLisSc also implies the presence of
ScF.Og sites, although these are not observed in the *Sc spectrum, likely due to
quadrupolar broadening. However, there is also no evidence of an ScF site, so this can
likely be excluded. TRAPDOR results also indicate that the FLi sites are at least partially

within the DRX framework and not just limited to residual LiFF impurities.

This approach does have limitations however, as the absence of 4 electrons may mean that
the ions in redox-active DRX materials may have different local ordering preferences. In
addition, only using one metal cation means that the model is only based on one cation
size (aside from lithium). Using a different cation may yield different results as the different

size will mean that the extent of distortions within the structure would be different.

Despite this, the model proposed can explain the spectra observed for the redox-active
materials reasonably well. The "’F spectra recorded for LNOF and LLVOF both show single

ordered

peaks at —204 ppm, indicating FLie units. These are likely not simply residual LiFF due
to both peaks possessing several intense spinning sidebands, meaning that the fluoride ions
are likely close to the 3+ cations. These peaks both also have a shoulder to the left,

distorted

suggesting the presence of FLig sites. Further peaks are not observed as the model
would suggest that these environments have direct bonding to the transition metal cation.
These are likely difficult to observe owing to the effects of paramagnetism. In the cases of
LTOF and NbOF the "F spectra recorded show the same peaks observed for LSOF,
suggesting similar bonding environments. This would suggest that the paramagnetic effects
of the metal ions in these materials are not as extreme as for LNOF and LVOF. The peak
at —150 ppm does disappear at higher field, alluding to a greater level of paramagnetic

character, which would fit with the suggestion that this peak contains direct bonding to

the transition metal ion.

The second objective of this work was to understand how the structure changes as the

DRX materials are cycled, and whether this can explain their poor capacity retention. This
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is not straightforward as the intensities of the 'Li and "’F peaks vaty, but do not necessarily
follow clear trends. This is because the relaxation properties of the transition metal ions
change which may alter the intensities observed. It is also possible that the intensities may
also be affected by some local structural rearrangement, bringing the transition metal ions
into closer contact with the nuclei of interest. However, there are differences between the
ball milled DRXs and the DRX prepared electrochemically. From PXRD, the ball milled
samples seem to retain their DRX structure, even after prolonged cycling, although any
truly amorphous regions would be invisible to PXRD. On the other hand, the
electrochemically synthesised material does not, with the structure forming a mixture
between the DRX and another phase. This second phase likely sees the fluoride ions
associating with transition metal ions based on the "F NMR data collected. One possible
explanation for this difference is that the ball milled DRX seems to have more of the
fluoride ions in LiF-like environments, and hence more lithium ions in these environments.
These lithium ions may possibly be more difficult to extract, due to the strong bonding
between lithium and fluorine. Removing less lithium means that the delithiated structure
is more stable and less likely to collapse, unlike in the electrochemically synthesised system.
This agrees with the idea of “lithium-gettering”, put forward by Kitchaev e a/'*® where
undercoordinated fluoride ions, bind more strongly to remaining lithium ions, preventing
their extraction. Niobium ions are also larger than vanadium ions and so this may play a

role in why this material is less stable than those prepared by ball milling.

Another finding from this work is that the precursors used in the synthesis of DRX
materials can be oxidised during the synthesis, despite being prepared under inert
atmosphere. This can explain the previously reported *'V signals for LVOF, as lithiated
V" regions, rather than sites with vanadium in lower oxidation states. Furthermore, this
could offer an explanation as to why LVOF and many other oxyfluoride materials reported
in literature show an increase in capacity between the first and second charge. This is
because after the first charge, there are additional ions in higher oxidation states, beyond
those formed by delithiation of the active material. These ions can then allow for greater

lithium insertion into the material when the voltage is decreased.

A common discussion point in the literature on oxyfluoride DRXSs is the suppression of
oxygen redox processes. This is thought to be because the lower anion valence, increases
the amount of lithium that can be extracted by transition metal redox, reducing the need
for oxygen redox. However, it is still observed for some materials. Considering the model

here could suggest that there are other factors at play in suppressing O-redox. Specifically,
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Seo et al propose that O-redox requires the presence of Li-O-Li structural units, which
possess labile electrons that can facilitate O-redox.'” However, this model suggests that all
fluoride ions are bonded to multiple lithium ions. This reduces the number of lithium ions
that could possibly fulfil the Li-O-Li criteria. Furthermore, transition metal ions
overwhelmingly do not bond to fluoride ions and are more likely to associate with oxide
anions. This will further reduce the number of Li-O-Li sites available for oxygen redox.
The apparent suppression of oxygen redox may therefore be also in part due to a reduced
probability of suitable environments. There will still be some Li-O-Li configurations which
may be why weak O-redox activity is often observed, and disordering preferences of
certain transition metal ions could lead to a greater number of Li-O-Li sites. However, this

requires further investigation.
5.5. Conclusions

The work presented in this chapter investigated the local structures of oxyfluoride DRX
materials. Through the use of a diamagnetic analogue, LSOF, a model structure was
proposed that was then applied to redox-active DRX material. This model structure
suggests that DRX structures are not completely random, but that certain environments
are more favourable, in agreement with prior literature. This structural model was applied
to understanding how the structures of these materials change throughout electrochemical
cycling. However, the influence of paramagnetic ions means that it is not fully possible at

this stage to understand the behaviour of these materials.
5.6. Further work

The only successful diamagnetic analogue produced was LSOF. However, it would be
useful to revisit LAOF and LYOF, perhaps using other mechanochemical synthesis
methods. LAOF has been reported previously and so should be possible to synthesise.”*
Including other ions sizes will give better insight into how distortions can influence the
structure of the materials and how these differences manifest in the NMR spectra and in
the DFT calculations. Furthermore, *'Y is spin-"2, and so any Y spectra recorded may
have better resolution than the *Sc spectrum presented here, owing to the absence of any
quadrupolar broadening. This could allow any mixed coordination transition metal sites to
be identified, allowing the structural model to be further refined. It would also be
interesting to prepare these materials using Scls, AlF; and YFs as precursors. This is

because this approach would avoid any residual LiF, so the signal at —204 ppm would only
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arise from LiF-like regions in the DRX. In the case of ScFs, the "F chemical shift should
be well removed from the chemical shifts of the DRX phase, removing the ambiguity of

the assignment.

As already mentioned, a better comparison than NbO,F would be VO,F, as this would
allow a direct comparison between ball milled LVOF and electrochemically synthesised
LVOF. This material has been studied in literature but not in the same way as the ball

milled samples discussed in this chapter, limiting the comparisons that can be made.

It would also be useful to address some of the paramagnetic effects encountered in the
cycled samples to reduce the ambiguity surrounding this data. First would be to use XAS
to establish what oxidation states are present. Then the experiments performed here could

be repeated using low field and/or fast MAS to try and improve the spectra recorded.
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6. Exploring Oxygen Redox in
Vanadium-based Disordered

Rocksalt Materials

6.1. Introduction

The oxyfluoride DRX materials discussed in the previous chapter are of interest because
fluorination suppresses oxygen redox (O-redox) processes. As discussed in Chapter 2,
these processes are often considered as undesirable as they can lead to rapid losses of
capacity. However, oxyfluoride DRX materials still exhibit limited long term
electrochemical performance. In addition, the fact that many compositions are only
accessible via ball milling may make their commercial implementation challenging.
Furthermore, if controlled, O-redox could provide an additional source of capacity.

Therefore, oxide DRX materials ate still of active interest in the community.'"

Combating degradation due to O-redox requires understanding the structural changes that
occur at high voltages when O-redox is active. Solid-state NMR is therefore, once again, a
useful tool to investigate these processes. However, the challenge of paramagnetism is
ever-present when studying battery materials. Whilst in the previous chapter paramagnetic
effects were avoided by exploring diamagnetic analogues, such an approach is not possible
in this case. This is because O-redox is intrinsically linked to electrochemical activity and
so the materials studied must be redox-active. A possible way to deal with this is to instead
use redox-active materials that become diamagnetic at high voltages, Ze., the transition
metal ion is fully oxidised. As a result, the work in this chapter will focus on the DRX

Li;V2Os, which if fully delithiated will contain V°* ions which are 4.

To be useful for this work, LisV,Os needs to be able to be fully delithiated. Luger ez 4/,
report that this is not possible, with 0.4 lithium ions remaining within the structure.”® This
work used an upper cutoff voltage of 3.8 V, and so further extraction may be possible at
higher voltages. However, there is limited information on the high voltage behaviour of
Li;V20s, as most studies use it as an anode material.”*”** There are reports of other lithiated

V,0s phases being used as cathodes. For example, Li,V>Os (0.2 < x < 1) can be fully
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delithiated when charged to 4.5 V.*”” Whilst this is a different structure to Li;V2Os, it does

indicate that full delithiation may be possible.

Alongside Li;V20Os, this work will also study the high voltage behaviour of the Li,VO,F
(LVOF) DRX discussed in the previous chapter. This is because, as already mentioned,
the substitution of fluorine into the structure should suppress any O-redox, but the
material is still vanadium-based and so should be diamagnetic at high voltages. LVOF is

therefore useful as a comparison.

6.2. Methods

6.2.1. Material synthesis

V205 was used as purchased (Alfa Aesar 99.6% +), without further processing. LVOF was
prepared by ball milling using the method described in Chapter 5.

"O enrichment of V205 was performed by Heitor Secco Seleghini in the group of Prof.
Sharon Ashbrook at the University of St Andrews. V2Os was heated in a 70% 'O,

(Cortecnet) atmosphere for 72 hours at 600°C.
6.2.2. Electrode fabrication and cell assembly

Powder electrodes were prepared by mixing the active material with carbon black (2:1).
Approximately 5 mg was used in constructing coin cells. Self-standing electrodes were
prepared by mixing the active material with carbon black for 15 minutes followed by
polytetrafluoroethylene (PTFE) pellets (6:3:1, V,Os: carbon: PTFE). The resulting film was
then rolled to a final thickness of 150 pm and the electrode was cut into 5 mm diameter

discs.

Coin cells were assembled under argon atmosphere (< 0.1 ppm O,/H,0O). The cells were
constructed using parts made from 304 steel (TOB machine), 1 M LiPF, in EC:DMC (1:1)
(Sigma Aldrich) as the electrolyte (150 pL), Whatman glass fibre separators (17 mm) and
lithium wafers (15 mm x 0.38 mm) (Cambridge Energy Solutions). Cells were cycled at a
rate of C/20, using Neware electrochemical cyclers. Voltage windows are given in the

figure captions.

In situ cells were assembled using PEEK 7z sitn cells (NMR Service GmbH). A V,O:s self-
standing film was pushed into an aluminium mesh for the cathode, a lithium wafer and

copper wire were used as the anode and 1 M LiPFs in EC:DMC was used as the electrolyte
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(80 pL). PTFE wafers were used to maintain pressure inside the cell, whilst PTFE tape was
used to seal the openings for the current collectors. Cells were cycled using a Biologic
SP 150 potentiostat and a static H/F-X probe (NMR Setvice GmbH) equipped with 5
MHz pass filters.

Samples for ex sitn analysis were washed in DMC (TOB machine) and dried at ambient
temperature, under vacuum. NMR samples were packed into the zirconia rotors with KBr
(Metck, IR spectroscopy grade) to fill the remaining volume. PXRD/PDF samples wete
prepared by sealing the washed electrodes in Kapton tape. RIXS samples were mounted
onto the stubs using carbon tape and the samples were always kept either under argon or

vacuum.
6.2.3. Powder X-ray diffraction and PDF

PXRD and PDF measurements were performed using an Agilent Technologies Supernova
single crystal diffractometer equipped with a Mo K, source. All patterns were converted

to Cu K, for the sake of comparison. PDF data was collected and extracted (using

PDFgetX2) by Dr Nathan Halcovitch.

6.2.4. Solid-state NMR

"Li and 'V solid-state NMR experiments were performed using a Bruker Avance III HD
spectrometer operating at a magnetic field strength of 9.4 T equipped with a 2.5 mm HX
probe, using an MAS frequency of 25 kHz. 'Li spectra were acquired using a single pulse-
acquire sequence and 'V spectra were acquired using a rotor-synchronised Hahn echo
sequence, unless otherwise stated. 'O solid-state NMR experiments were performed
Bruker Avance III HD spectrometer operating at a magnetic field strength of 16.4 T
equipped with a 2.5 mm probe, using an MAS frequency of 30 kHz. Spectra for pristine
"O-enriched V205 were acquired using single pulse-acquire experiments with a dead time
of 15 us. Spectra for the cycled electrodes were acquired using a rotor-synchronised Hahn

echo sequence.

"Li spectra were referenced to ‘Li-CO; (0.11 ppm), 'V spectra to V,Os (610 ppm) and
O spectra were reference to H;O (0 ppm).'™ Pulse lengths for i and 'V were optimised
on the reference samples ('Li = 2.5 ps and >'V = 2.5 ps) whilst 'O pulse lengths were
optimised on "O-enriched V205 (3.5 us).
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In sitn®V NMR experiments were performed using a Bruker Avance III HD spectrometer
operating at a magnetic field strength of 9.4 T equipped with a static H/F-X probe (NMR
Service GmbH). Individual rows were the sum of 1024 scans, separated by a recycle delay
of 0.5 s. Spectra were referenced to the V,Os signal prior to the start of the experiment

(200 ppm).
6.2.5. Resonant inelastic X-ray scattering measurements

O K-edge (532.1 eV) RIXS measurements were performed at the 121 beamline at Diamond
Light Source. Measurements were performed with the detector arm set at 90° and at

cryogenic temperatures with continuous rastering to avoid beam damage.
6.2.6. Electron paramagnetic resonance spectroscopy

EPR spectra were recorded on a Bruker EMXplus spectrometer (9.8 GHz). The
microwave power in all cases was 2.135 mW and modulation frequency used was 100 kHz.
Unless stated otherwise the number of scans, time constant and conversion time were 16,
1.28 ms and 4 ms, respectively. To account for the discrepancy between the measured field
and the field at the centre of the cavity, spectra were recorded for strong pitch and
TEMPO. Based on these known g values (2.0028 and 2.0006, respectively) a correction of
—0.01684 was applied to all g values calculated by WinEPR processing.

To keep the samples under inert atmosphere, the washed electrodes were packed into 2.5
mm zirconia NMR rotors, with the black mark removed. These were then placed inside 4

mm quartz EPR tubes so that they could be held inside the spectrometer cavity.
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6.3. Results

6.3.1. Electrochemical synthesis of Li3;V20Os

LizV20s can be prepared by chemical or electrochemical lithiation of V20s."** This is a
well-known process, with six phases being identified depending on the level of lithiation.
These are q, ¢, 6, § y and w (LizV20s), with the latter being a DRX phase, formed at 1.9 V

173,2

and below.'”*" It should be noted that the {'and y phases are thought to be structurally

similar, with most papers referring only to the y phase.””

As mentioned, the preparation of LizV,Os from V>Os is well documented.”” However,
before moving onto studying the structural changes that occur at high voltages, it was first
necessary to explore the first discharge and confirm that the desired phase can be
reproduced in the system being used (ze., a coin cell will self-standing electrode). Figure

6.1 shows the electrochemical data associated with the first discharge.
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Figure 6.1: Galvanostatic discharge plot for V2Os discharged at C/20 (22 mA g ') to
0.75 V.

The data in Figure 6.1 shows five plateaus at 3.3, 3.2, 2.3, 2.0 and 0.8 V. This agrees with
literature, with each of the plateaus corresponding to transitions between the different
phases.”” In order, these are a—¢ (3.3 V), e—>5 (3.2 V), 6—y (2.3 V) and y—w (2.0 V). The
final plateau at 0.79 V, is additional capacity, arising from lithiation of the w phase (with
lithiation into the tetrahedral sites). Further capacity will also arise from lithiation of the

carbon black additive and SEI formation.?>***

To study the structural transformations that occur during the conversion of V,Os to
Li;V,0:s, cells were assembled then disassembled at 3.2, 2.7, 2.15 and 0.75 V. The first three

voltages correspond to the steps in the voltage profile, whilst 0.75 V is the lower voltage
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cutoff used. This point is after the reaction has finished, ensuring that a DRX should be

present. The samples were then studied with PXRD as shown in Figure 6.2.

20 30 40 50 60 70 80 90
20/°

Figure 6.2: PXRD patterns for V,Os at different voltages during the first discharge.

Figure 6.2 shows that as the voltage decreases the PXRD pattern changes. The pristine
V205 pattern shows peaks at 15.3, 18.0, 20.3, 26.1, 31.1 and 34.2°. On discharging to 3.2
V, several of the peaks shift to 15.8, 26.5 and 31.6°. The peak at 18.0° remains but grows
in intensity, whilst the peak at 20.3° disappears. Three new peaks also appear at 23.9, 27.3
and 29.9°. This means that the V»O:s is lithiated forming one or more new phases. Based
on the voltage this is likely the ¢ phase.”>*” It is not possible to rule out the presence of
other phases based on this data, as the breadth of the peaks may disguise lower intensity
reflections. On further discharge to 2.7 V, the pattern does not change aside from the

intensity of the drops as they become broader.

At 2.15 V the pattern changes, with the first peak shifting to 17.1°. This shift indicates

increased lithiation, with the structure moving towards the § and y phases.”” New peaks
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also appear at 25.3, 32.3, 44.2 and 64.5°. The latter two peaks can be assigned to a rocksalt
phase, meaning that the w phase is forming. These two peaks increase in intensity further
on discharging to 0.75 V, with peaks also becoming visible at 38° and 81.2°, further
confirming the presence of the rocksalt phase. Aside from these peaks, only peaks at 18.2°
and 25° are observed. These can be assigned to PTFE and lithiated carbon black,
respectively.”*”” The fact that these peaks are visible suggests that most of the V>Os has

reached the rocksalt phase, and no longer dominates the PTFE/carbon peaks.

To further explore the phases present at each of the states of charge, 'Li NMR spectra

were recorded. These are shown in Figure 6.3, with expanded views shown in Figure 6.4.
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Figure 6.3: 'Li MAS NMR spectra recorded for V,O:s at different states of charge during
the first discharge. Asterisks denote spinning sidebands. Spectra are the sum of 320 scans
separated by a recycle delay of 3 s.
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Figure 6.4: The region of the i NMR spectra shown in Figure 6.3 between 100 — —100
ppm.

The NMR spectra shown in Figures 6.3 and 6.4 show several peaks indicating the presence
of several phases. The spectrum for sample at 3.2 V shows peaks at 12, and —25 ppm.
These peaks are also present when the voltage is decreased to 2.7 V although the intensity
of the peak at —25 ppm is reduced, whilst the peak at 12 ppm has grown. In addition, two
new peaks can be seen for the 2.7 V sample at 45 and —12 ppm. This means new phases

have formed on lowering the voltage despite the PXRD patterns being very similar.
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Continuing to decrease the voltage to 2.15 V sees the peak at 12 ppm disappear and the
intensity of the one at —25 ppm be significantly reduced. In addition, a new peak starts to
appear at 0 ppm. Finally, for the 0.75 V sample, there is a peak at O ppm with a broad
shoulder at ~—10 ppm.

Assigning which of the six observed peaks originates from which phase is not
straightforward as only the d and p phases have reported chemical shifts, and these vary by
publication (as will be discussed further later).””®*” Considering the spectrum for the 0.75
V sample, there are two peaks at 0 and ~—10 ppm. The PXRD patterns previously shown
suggest that the DRX phase dominates the other vanadium-containing phases at this
voltage, as also reported in literature.'” This means that one or both peaks come from the
DRX. However, the vanadium ions are either in the V°*" or V** state. Environments within
the DRX would therefore be expected to experience Fermi contact shifts and should not
appear around 0 ppm. Another possibility is that this peak comes from SEI species, as SEI
formation has been reported to occur below 2.3 V. Another possibility is that the carbon
is lithiated and this could contribute to the peak. To test this idea, a new cell was made
with an electrode made of carbon and PTFE. The '.i NMR spectrum for this is shown in
Figure 6.5, overlaid with the spectrum recorded for a V,Os cell, both discharged to 0.75 V.

V.0, @0.75V
Carbon black @ 0.75 V

*
* 3: i *
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Figure 6.5: 'Li NMR spectra recorded for the carbon black electrode discharged to 0.75
V and for V2Os at 0.75 V. The spectrum for the carbon electrode is the sum of 160 scans
whilst the spectrum for V,Os is the sum of 320 scans. The recycle delay in both cases was
3 s. Asterisks denote spinning sidebands.

The spectrum for the carbon electrode shows a sharp peak at O ppm. Therefore, the
shoulder at ~—10 ppm can be attributed to the DRX. This would agree with the
assignments of the LVOF spectra discussed in Chapter 5. The other peak likely comes

300

from SEI species such as LiO.” Assuming these assighments to be correct, four peaks
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remain to be assigned to five phases. However, the y and { phases are thought to be
structurally similar, so their peaks may overlap, leaving four peaks for four phases. It may
be possible that the peak at 0 ppm also has some contribution from the DRX, however
this is unlikely as it would be expected that such environments would be paramagnetically

shifted to lie outside the diamagnetic range of 'Li.

The first two peaks to appear are at 12 and —25 ppm. These are therefore likely from the a
and ¢ phases as these form at the lowest levels of lithiation. As the a phase has the lower
amount of lithium in its structure, it would be expected that that this phase disappears at
higher voltages than the e phase. This would disagree with literature as the J phase has
been reported to appear at —22 ppm.””” However, the presence of the § phase at this state
of charge would mean that different regions of the sample are lithiated at different rates.
If this were the case, it would be expected that three peaks should be visible as to get to
the J phase, the sample would have to pass through the preceding two phases. Literature
also suggests that there could be some variability in chemical shift for phases formed under

different conditions, but this will be discussed more below.

The final two peaks to be assigned are at 45 and —12 ppm and could be assigned to the 0
and y phases respectively. This is because they form at lower voltages than the preceding
phases and persist until 0.75 V, when the sample is, at least in the most part, a DRX. The
reason for the specific assignment is that the y phase has been reported to appear at —7.8
ppm, which is relatively close to —12 ppm, especially when it has been suggested that the
synthesis route can change the chemical shift.””® It is important to note however, that the
y phase has been reported to have a chemical shift of 0 ppm.”" This could be a
misinterpretation of surface species or impurities present in the samples studied, as it seems
unusual that a formally paramagnetic material should result in a peak so close to 0 ppm. It
should also be said that based on the PXRD, whilst present at 2.7 V, they are likely not the

dominant phase.

The 'Li NMR discussed supports the presence of multiple phases throughout cycling
ending up with a single phase, that is similar to what has been discussed in the previous
chapter for other DRX materials. However, the presence of paramagnetic effects means
that these assignments should be considered as tentative, as certain peaks may not be

visible.

PDF data was also collected for this series of samples and is shown in Figure 6.6.
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Figure 6.6: PDF data (r = 1.5 — 10 A) collected for V,Os at different states of charge
during the first discharge.

Figure 6.6 shows a broad peak for the V,Os electrode between 1.4 and 2.2 A. This is due
to the range of V-O bond lengths present in V,Os (from 1.6 — 2.0 A). On discharging to
3.2V there is a shift to 1.89 A with a peak still being present at 1.6 A. This shift continues
as the voltage is decreased further to 1.99 A at 0.75 V. Lengthening of the V-O bond
suggests that the vanadium coordination number has increased from five (in V2Os). This
would agree with the PXRD data previously discussed that shows the formation of a
rocksalt-like phase, implying octahedral coordination. 1.99 A is in the range that would be
expected for octahedral vanadium compounds such as V.05 (1.99 — 2.06 A), VO, (1.91 —
1.99 A) and LiVOs5 (1.9 — 2.05 A). Since the material is reduced to accommodate the
lithium ions, it is unlikely that the vanadium remains as V>*. As the V-O bond distance is
in between those found in V2O and VO, it could be inferred that the vanadium ions atre
mixed between V’* and V*, which is what would be predicted based on the formula

Li3V,0s.

Based on Pythagoras’ theorem, assuming a face centred cubic structure, the second peak,
corresponding to the shortest V-V distance, should appear at 2.81 A. The third peak should
then appear at twice the V-O distance ze., 3.98 A. However, this is not the case, with the
second peak at 2.96 A and the third at 4.06 A. This means that whilst by PXRD, the
material appears to be a rocksalt, it is slightly distorted. This agrees with previous literature,
that suggests that the w phase exists in the C2/m space group, rather than as a perfect

Fm3-m structure.””!
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6.3.2. Structural changes in Li3V20s5 on electrochemical cycling

The previous data confirms the presence of a rocksalt-like phase after the end of the first
discharge. This means that the Li;V.Os can be formed 7 situ by lithiating V>Os, making
this a convenient starting point to study further structural transformations on subsequent

cycles. Figure 6.7 shows the galvanostatic charge-discharge data for the first cycle of V,Os
between 0.75 and 4.6 V.

5_

Voltage/V
w IS
| |

N
|

-
|

0 100 200 300 400 500 600
Specific capacity/mA h g™

Figure 6.7: The galvanostatic charge-discharge plot for the first cycle of V,Os between
0.75 and 4.6 Vat C/20 22 mA g ).

The data shown in Figure 6.7 shows that during charging the theoretical capacity of
440 mA h g appeats to be achieved by 4 V, although some of this capacity will arise from
carbon being delithiated. Above 4.3 V, there is an additional plateau, indicating another
process occurring. For example, it may be necessary to utilise O-redox to extract the
lithium remaining in the structure. Alternatively, this could be due to electrolyte

decomposition.

To study the changes that occur throughout the first charge, samples were prepared at 3,

3.5, 4 and 4.6 V. The PXRD patterns for these samples are shown in Figure 6.8.
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Figure 6.8: PXRD patterns for V,Os at different voltages during the first discharge.

In Figure 6.8 the peaks at 44° and 64° are retained throughout cycling, although the
intensity is reduced at high voltages. This suggests that the original DRX structure is
retained somewhat when charged to high voltages, although it becomes less ordered
leading to broader, lower intensity peaks. This is likely a consequence of lithium extraction,

leading to partial structural collapse.

From Figure 6.8, it can also be seen that the peak at 25° shifts right as the voltage is
increased. This peak corresponds to carbon black, a shift to higher angles indicates that it
is being delithiated. This indicates that some of the observed capacity of the electrode likely

comes from the carbon.’”

Figure 6.9 shows the mass-normalised 'Li NMR collected for the samples prepared during

the first discharge
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Figure 6.9: 'Li NMR spectra recorded for the V>Os electrodes at different states of charge
during the first charge. (a) shows the full spectral width, whilst (b) shows the region around
the isotropic peak (100 — —100 ppm). Spectra are the sum of 320 scans separated by a
recycle delay of 3 s.

Throughout charging, the spectra retain the same overall shape previously discussed, with
a sharp peak at 0 ppm and a broad peak to the right. This is consistent with the PXRD
previously shown and further suggests that the structure that is created on discharging to
0.75 V is retained on charging. It can also be seen that as the voltage is increased, the
intensity of the peaks decreases, which indicates that lithium is being removed from the
sample, as would be expected on charging. The exception to this is the sample recorded at
4 V, which has significantly higher intensity before decreasing again at 4.6 V. This was
observed in a second set of samples, and so likely is not experimental error. One
explanation for this is that due to paramagnetism of the V" and V*" ions a significant
quantity of the lithium in the sample is invisible to NMR at lower voltages, as it relaxes too
quickly to be detected. At 4 V, enough of the vanadium has oxidised to V** enabling more

of the lithium to be seen. Another factor that may play a role is the migration of lithium
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ions to tetrahedral sites. This has been investigated experimentally in the material Li» \VOs;
and was found to occur at 3.1 V.*” Perhaps in this material it occurs at a higher voltage
and may lead to the movement of lithium ions towards V>* ions and therefore an increase
in signal. A final point to mention is that there is still lithium present in the sample at 4.6
V, which means that it is not possible to remove all lithium from the structure, even at

high voltages.

PDF patterns for the samples prepared from the first charge are shown in Figure 6.10.

0.75v 30V 35V 40V 46V

Figure 6.10: PDF data (r = 1.5 — 10 A) collected for V.Os at different states of charge
during the first discharge.

As the voltage is increased, the position of the first peak shifts to smaller values of 7. This
means that the V-O bond is shortening and is consistent with oxidation of the vanadium
ions. The exception to this is the 4 V sample which has a shorter V-O bond length than
the 4.6 V. This implies that the V-O bond length contracts before expanding again, and

this unexpected structural change may lead to the unexpected 'Li results.

The PDF pattern for the sample prepared at 4.6 V has peaks at 1.74, 3.4, 4.4 and 4.87 A.
The shortest distance is likely the V-O bond length, meaning the next shortest distance is
the V-O-V bond length, which appears at roughly twice the V-O bond length. Assuming
again a cubic structure, the next distance would be the diagonal distance between vanadium
ions on the corners of the unit cell at 4.81 A. However, the presence of a peak at 4.4 A
once again suggests that this is distorted from a perfect cubic structure. Furthermore, there
is no peak at 2.43 A, which would correspond to the diagonal distance between vanadium
ions on the corners and on the faces in a Fm3-m structure. This means that the structure
is likely a primitive structure without ions on the faces of the unit cell, implying some

migration of the vanadium ions.
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To confirm that the structural transformations that occur on delithiation are revetsible, a
PXRD pattern, 'T.i NMR spectrum and a PDF pattern were acquired for a sample prepared
after the second discharge to 0.75 V. These are shown in Figures 6.11, 6.12 and 6.13,

respectively.

0.75V, first discharge
0.75V, second discharge
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Figure 6.11: PXRD patterns collected for V,Os at 0.75 V at the end of the first and second
discharges.

0.75V, first discharge
0.75V, second discharge
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Figure 6.12: 'Li NMR spectra recorded for V2Os at 0.75 V at the end of the first and
second discharges. Spectra are the sum of 320 scans separated by a recycle delay of 3 s.
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Figure 6.13: PDF data (= 1.5 — 10 A) collected for V,Os at 0.75 V at the end of the first
and second discharges.

The PXRD patterns shown in Figure 6.11 show that the peaks at 44.2 and 64.5° are present
for both samples, indicating that the DRX phase is still present after the second discharge.
This is supported by the 'Li NMR spectra (Figure 6.12), which is similar for both samples
as are the PDF patterns (Figure 6.13). However, the positions of the peaks in the PDF
pattern recorded for the second discharge are shifted slightly, indicating that the process is

not fully reversible.
6.3.3. Exploring the high-voltage behaviour of Li;V20s

The previous sections address the broad changes in structure that occur up to the second
discharge. However, O-redox, if present, will occur at high voltages. 'L.i NMR is not very
informative at high voltages because as the voltage is increased the amount of lithium
present in the sample decreases, meaning that there are fewer nuclei to study. In addition,
any regions with lithium still present likely have not undergone any reactions, meaning that

"Li NMR may not provide insight into processes that are happening.

An alternative way to explore the high voltage region is to use >V NMR. This is because
as the material is charged, the oxidation state of vanadium will increase towards V°7,
making >'V more viable. Furthermore, regions that are observed will have had to have
reacted to form V°*, making this useful for studying the processes that ate occurting above

4V.

Initially, >V spectra were recorded at three voltages. These were 0.75 V (i.e., at the end of

the first discharge), 3 V and 4.6 V (during the first charge). This was done to see at whether
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*'V NMR is viable, and if so, what approximate voltages are practical. The spectra recorded

for these samples are shown in Figure 6.14.
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Figure 6.14: The *'V spectra recorded for V>Os at 0.75, 3 and 4.6 V. Spectra are the sum
of 6400 scans separated by a recycle delay of 0.25 s. Asterisks denote spinning sidebands.

The °'V spectrum recorded at 0.75 V shows no signal, consistent with the material
containing entirely V>* and V** ions. At 3 V, a broad peak is observed, centred at around
—400 ppm. This indicates that there are some V°* ions present, but the presence of many
lower oxidation state ions nearby, results in a broadened peak. At 4.6 V there is an isotropic

peak observed at =570 ppm. This can be attributed to lithiated V°* phases.'”

The 'V spectra initially recorded suggest that >’V NMR is particularly viable at high
voltages, as would be expected. Therefore, further samples were prepared at voltages above
4 V. Spectra were acquired using frequency stepping to ensure no features of interest were

missed. These spectra are shown in Figure 6.15.
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Figure 6.15: The 'V spectra recorded for V,Os above 4 V, obtained by frequency
stepping. Frequency stepped spectra are comprised of four individual spectra of 6400 scans
separated by a recycle delay of 0.25 s. Asterisks denote spinning sidebands, whilst the red
line marks the position of the sharp feature in the spectra recorded for the 4.6 V sample.
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All the frequency stepped spectra show a broad peak, several thousand ppm wide, with a
sharp feature at ~—600 ppm. The sharp feature can be attributed to diamagnetic V>*
phase(s) whilst the broad feature likely comes from V" close to paramagnetic ions, with
the breadth cause by increased relaxation. As the voltage is increased the intensity of the

peaks increases (Figure 6.16). This is consistent with further oxidation of the vanadium

ions.
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Figure 6.16: Intensities of the Sy spectra shown in Figure 6.15.

The frequency stepped spectra all show a sharp peak at ~—600 ppm. This peak is broad
and appears to contain two peaks. To discern more accurate chemical shifts, spectra were
recorded overnight for each of the samples, with the offset frequency at the frequency of
the peaks of interest. Whilst this means that the whole spectrum will not be excited, it will
improve the signal-to-noise ratio of the region of interest. These spectra are shown in

Figure 6.17.
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Figure 6.17: The *'V spectra recorded for V,Os at different voltages above 4 V, at an offset
frequency of -45000 Hz. Spectra are the sum of 153600 scans separated by a recycle delay
of 0.25 s. Asterisks denote spinning sidebands, whilst the red line marks the position of
the sharp feature in the spectra recorded for the 4.6 V sample.
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Due to the greater number of scans for these spectra, it is also now possible to more clearly
see the sharp peaks appearing on the top of the broad peak. It is apparent that there are
two peaks at =540 ppm and —600 ppm, and that these peaks grow with increased voltage.
The peak at —600 ppm is similar in chemical shift to V>Os (—610 ppm), and so this peak is
likely fully delithiated regions of the sample with connected VOi units and no lithium. The
peak at =540 ppm is similar to that reported for Li;VO4.'™ This would suggest that there
are isolated VO units separated from other vanadium units by lithium. This agrees with
the "Li data that suggests that lithium is still present even at high voltages, as well as reports
that isolated tetrahedral lithium sites are difficult to delithiate.”” These assignments are also
consistent with *'V NMR literature that suggests increased lithiation of vanadium

compounds leads to a more positive chemical shift.””

It is important to say that assigning *'V peaks based solely on chemical shift is not ideal;
however, in this case it is not possible to accurately measure chemical shift anisotropies,

due paramagnetism and disorder giving rise to additional broadening.'*”

The characterisation up to this point has been performed ex situ, at specific voltages. This
means that short-lived intermediate states or unstable species removed by washing, may
have been missed. It was therefore decided to attempt 7z sitzu NMR measurements. In situ
'Li NMR is relatively common, but as already mentioned, is likely not particulatly
informative at high voltages."***"®*'® >/ is more useful at high voltages, but has at the

time of writing, not been reported.

In situ NMR experiments are performed under static conditions, due to the need to connect
the cell to an external potentiostat. This means that the resolution is reduced, especially
when compared to MAS spectra.” This can be mitigated to a degree depending on the
system. For example, metallic lithium experiences a Knight shift, meaning that it is well
resolved from diamagnetic species by several hundred ppm.">*”® However, *'V has a larger
quadrupole moment than 'Li, in addition to broadening from CSA."®' Further
broadening would also arise due to the paramagnetism of the vanadium ions. Despite this,
it was decided that 2 sitn °'V experiments may highlight voltages of interest that could be

the targets of further ex szz# experiments.

Figure 6.18 shows the results of the iz situ >'V experiment performed. The cell was cycled
twice at C/20 (22 mA g ), to allow enough time to acquire sufficient scans per row. After
the end of the second cycle, the cell was left inside the magnet to see if any of the species

formed at high voltages persist.
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Figure 6.18: [ situ °'V NMR spectrum acquired for V2Os, cycled twice between 0.75 — 4.6
V. The spectrum is made up of 506 rows, with each row being the sum of 1024 scans,
separated by a recycle delay of 0.5 s, for a total time of ~8.5 minutes per row.

At the start of the first discharge, a broad feature can be seen between —200 and —400 ppm,
which can be attributed to V2Os. This quickly disappears, likely due to paramagnetic
broadening once the vanadium ions start to be reduced. No signal is observed until around
3.8 V on the first charge, when the signal reappears before disappearing again at the start
of the second discharge. This repeats on the second charge but the signal persists as the

material is allowed to relax inside the magnet.

In addition, the broad peak, there are two sharp peaks that appear at above 4 V. The first
is a peak at =500 ppm and the second appears at =590 ppm. These are observed for both

cycles (Figure 6.19), with the first peak persisting as the cell is allowed to relax.
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Figure 6.19: Rows 253 and 420 from the iz situ >V experiment shown in Figure 6.18.
These correspond to 4.6 V for the first and second charges respectively.

To understand what these peaks correspond to, the cell was disassembled, and the
separator and electrode were repacked into separate rotors. It is worth noting that a green
colour was observed on the separator, although this may just not have been noticeable on

the black electrode. Static spectra were then recorded for both samples and are shown in
Figure 6.20.
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Figure 6.20: Static *'V spectra acquired for the separator and V2Os electrode taken from
the in sitn cell after cycling. Spectra were acquired using a Hahn echo and are the sum of
800 scans separated by a recycle delay of 0.5 s.

The spectrum recorded for the separator shows the two sharp peaks, whilst the spectrum
shows a broad peak, which can be assigned to V** ions in the bulk electrode material, such
as unreacted V>Os. This means that the species that give rise to the two sharp peaks likely
reside in the electrolyte, in order to be observed in the separator. They are therefore likely
V" species formed in solution due to the dissolution of vanadium out of the structure.
This is known to occur below 1.5 V, although it is more pronounced at faster cycling

#63% However, the fact that there are two peaks, that appear and disappear at slightly

rates.
different voltages, means that there are likely two species present. Considering the species
present, the vanadium ions could coordinate to some combination of oxygen, phosphorus
and fluorine atoms. Based on the chemical shifts reported, these are more likely to be
coordinated to oxygen, as compounds with bonding to phosphorus and fluorine typically

have more negative chemical shifts.®*% Vanadium dissolution also means that the

structure of the DRX will become vanadium deficient. This means that there are fewer
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vanadium ions available for charge compensation when extracting lithium ions, which may

lead to O-redox at high voltages.
6.3.4. Behaviour of Li,VO:F at high voltages

O-redox may or may not be active in Li;V2Os, and so it is useful to have a comparison
material where O-redox is assumed to be inactive (or at least reduced). As already
discussed, oxyfluorides typically have suppressed O-redox making LVOF a useful
comparison. Therefore, cells were made using LVOF and cycled to the same voltages as
used for the high voltage studies on Li;V,Os. The galvanostatic charge plots for these cells

are shown in Figure 6.21.
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Figure 6.21: Galvanostatic charge plots for separate LVOF cells charged to above 4 V at
a rate of C/20.

All the cells assembled have a capacity of around 150 mA h g™, except for the 4.2 V cell
which achieves a capacity of around 200 mA h g™'. This is likely due to the lower open
circuit voltage of this cell (~2 V), which is likely caused by a small short circuit in the cell.
Regardless, all of these capacities are much lower than the theoretical capacity. However,
as discussed in the previous chapter, a lower capacity is consistent with previous literature
and may be due to unintended oxidation of the precursors.'”" Furthermore, there is no
additional plateau above 4 V as seen for Li;V2Os. This suggests that whatever process gives
rise to the plateau in Li;V2Os is not present here. Therefore, the process is perhaps not
electrolyte decomposition, as this would likely also occur for LVOF as well. This could
mean that the plateau is attributable to O-redox, but it may also be due to a structural

rearrangement that occurs at high voltages.

Figure 6.22 shows the Sty spectra recorded for LVOF over the same voltage range as

LizV20:s.
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Figure 6.22: The *'V spectra recorded for LVOF above 4 V, obtained by frequency
stepping. Frequency stepped spectra are comprised of three individual spectra of 6400
scans separated by a recycle delay of 0.5 s. Asterisks denote spinning sidebands, whilst the
red line marks the position of the sharp feature in the spectra recorded for the 4.6 V
sample.
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The *'V spectra in Figure 6.22, show a single peak at ~—580 ppm along with spinning
sidebands. As discussed in the previous chapter, this can be assigned largely to V>* impurity
phases. The intensity of the signal observed also does not increase steadily with increasing
voltage. This is consistent with the electrochemistry shown in Figure 6.21, as negligible
capacity is observed above 4 V. Negligible capacity means that the oxidation of vanadium
(from V" to V%) has largely finished, and so the intensity of the *'V signal should not

increase.
6.3.5. Evolution of the local structure of oxide anions

The work discussed so far has involved probing the structure of the DRX materials using
diffraction-based techniques and solid-state NMR. However, none of these techniques
probe the local structure of the oxide anions directly, which is important when probing O-
redox. Several techniques have been used in literature to try and address this. The following
sections attempted to use three techniques previously described: RIXS, 7O NMR and EPR

SpCCtI'OSCOpy.
6.3.5.1. Resonant inelastic X-ray scattering

RIXS is perhaps one of the most popular, yet controversial ways of studying O-redox.
Inelastically-scattered X-rays lead to additional peaks in the RIXS spectra, the spacings of
which can be used to determine if there are any species with O-O bonds and identify the

specific species.'**'*

Figure 6.23 shows the RIXS data collected for the pristine V2Os electrode as well as V2Os
charged to 4.4 and 4.6 V.
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Figure 6.23: O K-edge (531 eV) RIXS spectra for pristine V>Os and Li;V,Os charged to
44and 4.6 V.

All three RIXS spectra show a peak at 0 eV, which arises due to elastic processes.'**** No
additional features are observed as the signal-to-noise ratio for all three spectra is poor.
There may be some very weak features around the elastic peak for the 4.6 V sample, but it

is not possible to confirm this.

RIXS data was also collected for LVOF charged to 3, 4 and 4.4 V as shown in Figure 6.24.
Equivalent samples were also attempted for V2Os, however problems with the beam meant

that these could not be measured.
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Figure 6.24: O K-edge (531 eV) RIXS spectra for LVOF charged to 3, 4.4 and 4.6 V.

In addition to the elastic peak, the spectra in Figure 6.25 show a broad feature between 4
and 6 eV. Similar features have been attributed in other works to “oxidised oxygen”
species. However, in this case this seems unlikely. This is because this feature is observed
for the sample prepared at 3 V, which is likely too low for O-redox to occur. The intensity
of this feature does vary between samples, but this is likely due to the overall intensity of
the spectrum being lower, due to differences in sample quality. Such variations were also
observed for the successful V,Os samples, with the intensity of the elastic peak varying

between samples.

The region around the elastic peak (0 — 0.5 eV) also contains additional peaks, that could
indicate the presence of reactive oxygen species. Figure 6.25 shows an expanded view of

this region whilst Table 6.1 displays the positions of the peaks.
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Figure 6.25: The region of the O K-edge (531 eV) RIXS spectra recorded for LVOF
around the elastic peak around the elastic peak (—0.5—1 V).

Table 6.1: Positions of the peaks observed in the RIXS spectra for the charged samples
of LVOF.

Peak position/eV Average
Sample
1 2 3 separation/eV
3V 0.113 0.223 0.330 0.109
4V 0.114 0.223 0.343 0.115
44V 0.118 0.231 - 0.113

Figure 6.25 shows that all three spectra have peaks at ~0.11 — 0.12 eV. This is followed by
other peaks at ~0.22 — 0.23 eV and possibly 0.33 — 0.34 eV, although the poor signal-to-
noise ratio means that it is difficult to determine accurate peak positions. Typically, this
information is used to construct a Birge-Sponer plot, from which the energy of the
vibration can be determined."”® However, this is not possible here given the limited number

of peaks observed.

Considering the average spacing between the peaks observed, it is likely that these peaks
do not come from molecular oxygen as a spacing of 0.18 eV would be expected for such
a species. The observed spacing however is much closer to an O; species. What is
interesting is that these species are first observed in LVOF, where O-redox should in
principle be inactive and second are observed at relatively low voltages (3 V). This suggests
that these species form through processes other than O-redox as it is classically imagined.
One possible explanation is that these species are caused by beam damage, but they may

also be from intrinsic defects.!**

237



6.3.5.2.70 solid-state NMR

Another method that has been reported in literature as a way of studying O-redox is to use
O NMR. As discussed in Chapter 2, House ¢f a/ supposedly observe molecular oxygen
forming on charging, although Bassey ¢/ 4/ argue that this assignment is incorrect, as the
reported chemical shift does not match what would be expected for molecular oxygen.
1214 Despite this, it might be possible to see the 'O signal appear as the vanadium is
oxidised to V>* before dying away as the oxide anions are oxidised and molecular oxygen

potentially produced.

V205 was enriched with 'O, gas by heating at 600°C for 72 hours. To verify that this
process does not alter the structure of the material PXRD patterns and °'V NMR spectra

were recorded for the enriched material as well as unentiched, natural abundance V,Os.

This data is shown in Figures 6.26 and 6.27.
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Figure 6.26: PXRD patterns recorded for '"O-enriched V,Os and natural abundance V,O:s.
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Figure 6.26: 'V NMR spectra recorded for '"O-entiched V,Os and natural abundance
V,0:s. Spectra were acquired using a single pulse-acquire experiment and are the sum of 64

scans with a recycle delay of 3 s. The red line denotes the isotropic peak (—610 ppm), with
all other peaks being spinning sidebands.

The PXRD patterns show good agreement with each other, as do the >V NMR spectra.
This indicates that enrichment has not noticeably affected the long-range structure of the
material as well as its local structure. 'O NMR was then performed to verify that the

material had been enriched. This is shown in Figure 6.28.
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Figure 6.27: 'O NMR spectrum for "O-enriched V,Os. The spectrum is the sum of 1024
scans with a recycle delay of 30 s. The red arrows denote the sites of V>Os whilst the green
arrow indicates the ZrO, peak. All other peaks are spinning sidebands.

A O signal is observed for the entiched V,Os, with sites being observed at 460, 950 and
1210 ppm. This would be expected based on the crystal structure, as the unit cell contains
three unique oxygen sites.”” However, a peak is also observed at 380 ppm. This can be
attributed to zirconia from the rotor, and the fact that it is visible means that the
enrichment level is not very high.'” Despite this, a cell was assembled and cycled to 4.6 V,
to see if it is possible to observe a signal. However, no signal was observed (Figure 6.28)
aside from a very weak peak at 380 ppm, which can once again be attributed to the rotor.
This is likely due to the paramagnetism of the sample with not all the vanadium ions being

fully oxidised. In addition, it may also be because the enrichment level is not high enough.

V205 decomposes at 690°C, and so higher temperatures are not accessible.””
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Figure 6.28: 'O NMR spectrum for "O-enriched V,Os charged to 4.6 V. The spectrum
was acquired using a Hahn echo sequence and is the sum of 174080 scans separated by a
recycle delay of 0.25 s.
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6.3.5.3. Electron paramagnetic resonance spectroscopy

The final technique for characterising O-redox that will be considered in this chapter is
EPR spectroscopy. This has been used by the group of Tarascon to highlight the formation
of Oy species.”” Therefore, EPR spectra were recorded for LizV>Os self-standing

electrodes at different states of charge. These are shown in Figure 6.29.
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Figure 6.29: EPR spectra recorded for V,Os at different states of charge. (b) shows an
enlarged view of the region about g = 2
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The EPR spectrum for the sample recorded at 0.75 V shows a signal centred at g = 2.001.
On charging to 3 V, the intensity decreases and the signal shifts to g = 2.003. The peak
then shifts slightly again to ¢ = 2.002 when charged to 4 V and the intensity grows again.
Charging to 4.6 V sees the intensity increase once again but the position does not shift.
The changing g value of the peak suggests that the structure of the radical varies

throughout cycling, or that multiple paramagnetic species appear throughout cycling.

Considering first the nature of the unpaired electron that is present at 0.75 V, the
immediate assignment would be that this signal comes from vanadium ions in the DRX
material. Both V’* and V** are paramagnetic, although only V*" is observable using this
spectrometer (as V*" is a non-Kramer’s ion). This could explain why the signal intensity
decreases on charging to 3 V, as vanadium ions start to be oxidised to V°*, giving an
observable >V NMR signal (Figure 6.15). However, g values for V** ions are often on the
order of 1.93 — 1.98.°""" The observed g value of 2.001 therefore may be slightly too high
for this signal to come from V* ions. This may seem counterintuitive, as the bulk of the
material at this point will be V>*/V*". However, these signals may still be present but are
dominated by the signals observed that come from species with smaller g-anisotropies and
therefore have much more intense lines. On the basis of g value, it can also be said that

the other paramagnetic species formed at higher voltages also likely are not V** ions.

Based on the work described in Chapter 4, another possible source of radicals could be
degradation of the PTFE binder. With this in mind, powder electrodes were prepared by
mixing V>Os with carbon black in a 2:1 ratio. Figure 6.30 shows the EPR spectra recorded
for these cells. Samples were also prepared using only carbon black, to isolate any

contributions coming specifically from carbon black (Figure 6.31)
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Figure 6.30: EPR spectra recorded for the V>Os/catbon black mixture at different states
of charge.
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Figure 6.31: EPR spectra recorded for carbon black at different states of charge.

The spectrum recorded for the V,Os/carbon black mixture at 0.75 V shows two features
at g = 2.002 and g = 1.974. These can be assigned to carbon-based radicals and V** ions
based on their g values.””"* The intensity of these peaks is also significantly reduced from
the signal observed for the full self-standing electrode, as can be seen from the reduced
signal-to-noise and the fact that the V*" peak is observable. This means that the intense
feature seen in the spectrum for the self-standing electrode is likely primarily from the
decomposition of PTFE. On charging to 3 V the signal shifts to g = 2.004 before shifting
back to ¢ = 2.003 at 4 and 4.6 V, which mirrors the shift observed for the self-standing

electrode samples, although there are slight discrepancies in the g value measured. This
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may be because there are no longer contributions from PTFE, which could cause the
apparent position of the peak to shift right. The intensity of the signal measured also grows
between 3 and 4 V, which suggests that new paramagnetic species are formed, this trend

does not continue when charging to 4.6 V.

The spectrum recorded for carbon black discharged to 0.75 V shows a peak at g = 2.004.
This is slightly different compared to the V,Os/carbon black mixture at the same state of
charge (¢ = 2.002). The peaks are also asymmetric, with respect to the baseline. This means
that the g-tensor for pure carbon is axial, rather than isotropic as in the case of V,Os mixed
with carbon. Furthermore, the spectrum recorded for the pristine carbon black is also
much narrower (1 G vs 11 G). These differences suggest that the paramagnetic species are
different, perhaps because of the phase transitions V>,Os undergoes, breaking up the carbon

black particles. Grinding the two powders together could also reduce particle size.

The spectrum recorded for carbon black charged to 4.6 V has a g value of 2.003, meaning
that it has shifted relative to the sample prepared at 0.75 V. In addition, the intensity of the
peak grows. This suggests that the properties of carbon black change throughout cycling,

can are likely the cause of the changes obsetved for the V,Os/carbon black mixture.

The RIXS spectra recorded for LVOF indicate the presence of oxidised oxygen species,
despite O-redox being assumed to be inactive in this material. EPR spectra were therefore
recorded for the pristine material, and LVOF mixed with carbon black at 3, and 4 V. These
are shown in Figure 6.32.
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Figure 6.32: EPR spectra recorded for the LVOF/carbon black mixture at different states
of charge.
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The spectrum recorded for the pristine material shows two peaks at ¢ = 2.003 and g =
1.974, which as with the discharged V,Os sample, can be assigned to carbon-based radicals
and V*" ions respectively. Whilst low levels of V** ions would be expected due to oxidation
of the precursor, carbon-based radicals should not be present in this material. This is likely
background from the rotor or residual electrode inside the rotor from previous samples,

based on the blank spectrum recorded (Figure 6.33).

The spectra recorded for LVOF charged to 3 and 4 V show peaks centred at g = 2.002,
with axial symmetry, which can be attributed to carbon black, as already discussed for
Figure 6.31. The fact that the symmetry of the peak is the same, unlike for the V>Os sample
suggests that the change in tensor symmetry is due to something related to V,Os as already
suggested. The increased peak width (9 G) is likely a consequence of grinding the active
material powder with carbon black, as the width is more like what was seen for the V»Os

samples, rather than the pristine material.
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Figure 6.33: EPR spectrum recorded for KBr packed into a 2.5 mm rotor.
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6.4. Discussion

The objective of the work in this chapter was to study the structural changes that occur in
DRX materials when O-redox is active. For this purpose, Li;V2Os was chosen as it is
redox-active, but the vanadium ions can be oxidised to V°* (&) at high voltages. This makes
this material more amenable to study by solid-state NMR, allowing the local structure to
be more thoroughly investigated. Structural changes could then be correlated with any
oxygen species formed, and compared to the behaviour of LVOF, where O-redox is in

principle, inactive.

First, considering the electrochemical data collected, Li;V2Os has an additional plateau
above 4 V, indicating a new process occurring at high voltages. One possible explanation
is that this is due to electrolyte decomposition. However, a similar plateau is not observed
for LVOF. This implies that this is due differences in the material, as the same electrolyte
was used for both cells. Furthermore, work by Asl e a/, shows that the phases that form
prior to the DRX phase, do not exhibit this plateau even at high voltages.””” This means
that this is perhaps unique to the DRX phase. Given that this plateau is not present for
LVOF, the next possible explanation is that this could indicate O-redox processes, hence
why it appears at high voltages. This cannot be confirmed or excluded by the RIXS data,
due to the poor data quality. A similar situation is true with the "O NMR. The EPR data
does show signals at high voltages, but these signals can be attributed to the carbon black
additive and the PTFE binder. This means that it is likely no EPR-observable oxygen
species are present. However, it is difficult to fully exclude the possibility of such species
being present, as the expected g value (2.007) overlaps with the peaks observed for carbon.

Weak signals from oxygen species could therefore be dominated by other signals.

Another explanation is that the high voltage plateau is caused by a structural rearrangement
that occurs at high voltages. The intensities of the 'Li NMR spectra do not follow a trend
with the sample prepared at 4 V showing greater amounts of lithium than the cells prepared
at lower voltages. This could suggest that the material structure changes, moving the
lithium ions away from paramagnetic vanadium ions, meaning that the signal intensity is
higher. This is further supported by the PDF data which shows that the V-O distance
expands between 4 and 4.6 V. As already mentioned, LVOF does not show this high
voltage plateau. The capacities however for LVOF are much lower than those achieved

for LisV,0s. This could mean that this structural rearrangement only occurs when
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significant amounts of lithium are extracted from the structure, a condition that LVOF

does not fulfil.

These two explanations for the high voltage plateau are not mutually exclusive as any
rearrangement could be driven by the onset of O-redox or structural rearrangement could
allow O-redox to become active. However, the results presented here there is no evidence
of oxidised oxygen species from the data collected, although it is also not possible to

exclude their presence.

It is also worth discussing the RIXS signals observed for LVOF. The signals observed
suggest that oxidised oxygen species are present in LVOF after charging. This is unusual
as O-redox should be limited or inactive in this material and it is observed at relatively low
voltages (3 V). EPR however does not provide any evidence to support the presence of
these species which means that the species observed by RIXS may be caused by the

measurement itself causing reactive species to form.
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6.5. Conclusions

The work presented in this chapter studied the structural transformations that occur in the
model DRX material Li;V2Os. This was prepared by the electrochemical lithitaition of
V;0:s, the formation of which follows the same mechanism as the chemically lithitated
phases previously reported. On charging to above 4.6 V, this material shows an additional
plateau, which may be due to the structure rearranging when significant amounts of lithium
are extracted from the structure. It is possible that this could be due to or facilitated by O-
redox, however no evidence of oxidised oxygen species was obtained from the results

collected.
6.6. Future work

A key part of this work was observing oxidised oxygen species, but only limited evidence
of such species was observed using RIXS. However, it is difficult to say that O-redox is
not present as the species of interest may not have been observed due to experimental
issues. Therefore, it would be useful to revisit some of the methods used and attempt other
methods reported in literature. The 'O enrichment of V,Os was unsuccessful, however
this could provide an interesting route to study these materials further. Any further
enrichment by the method used here would likely be limited owing to the relatively low
decomposition temperature of V,Os. Therefore, enrichment would need to be achieved by
other means such as by oxidising VO3 or VO, to form V,Os. This would likely require
atmospheres with very high oxygen content to oxidise the lower oxides fully to V,0s.’"
DEMS could also be used to see if any molecular oxygen is released, although it might be
difficult to determine whether these come from electrolyte decomposition or O-redox. I
sitn EPR experiments, like those performed by Sathiya e 4/, could also allow short-lived
paramagnetic species to be observed, that may be lost during ex si## sample preparation.””
However, these may still encounter the problem that EPR signals form the carbon additive
used may dominate any species of interest. This could be mitigated to a degree by using
other types of carbon that have less pronounced EPR signals. The data presented suggests
that properties of the radical can be changed by preparing and cycling electrodes, which
could suggest that different carbons have different EPR signatures. It would therefore be
necessary to first investigate different carbon types, under the conditions to be used for

the EPR measurements.
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The in sitw °'V measurements performed in this chapter provide an interesting way to
potentially study other materials, but it is not clear what the species in solution are.
Therefore, the separator should be studied with "Li, "’F and *'P NMR to assist in identifying
any species. Given that *'V is spin-7/2, any J-coupling, particulatly in the "F spectra
collected should be readily apparent. It may also be interesting to study the first discharge
process with zz sitn 'Li NMR, to better understand the formation of the different Li,V,Os

phases.

The *'V spectra collected ate very broad and so it is difficult to extract in-depth information
from them. pj-MATPASS experiments were attempted but did not yield any further
insight. However, repeating the experiments using much faster MAS (> 100 kHz) would
massively improve the resolution compared to the 25 kHz MAS frequency used in this
work. Furthermore, all of the vanadium spectra are acquired using a rotor-synchronised
Hahn echo sequence. Faster MAS frequencies would reduce the delay required and reduce
the amount of signal lost due to 715 relaxation. The smaller rotor diameter required for
these MAS frequencies (0.7 mm) would likely not pose an issue in terms of sample volume
as most of the volume of a 2.5 mm rotor is taken up by KBr, with only several milligrams
of electrode being present in the rotor. Even more routine speeds of 60 kHz would be
beneficial. Lower magnetic field strengths could also help to reduce paramagnetic effects,
although this may make acquiring spectra difficult given the low sample volumes and

moderate sensitivity of *'V.
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7. Conclusions

This thesis explored the local structure of materials for lithium-ion batteries using a range
of characterisation techniques, chief among them SSNMR. Chapter 4 focussed on
protective surface coatings for high-voltage materials whilst Chapters 5 and 6 investigated

the bulk structure of DRX materials.

Plasma polymerisation was investigated as an alternative way of preparing protective
coatings. The coatings were characterised using XPS, EPR and NMR and initial
investigations into their electrochemical performance were conducted. Whilst coatings
were successfully deposited, plasma deposition was noted to result in the removal of
surface species, and the formation of radicals in some substrates investigated. Precursor
molecules were also found to adhere to the substrate surface. These observations explain
previously reported EPR signals for coatings derived from the TEMPO radical and
highlight that the deposition of plasma polymers is more nuanced than is often portrayed.
No substantial effect on electrochemical behaviour was observed beyond the first cycle
when the coatings were applied. However further investigation is needed into this,

especially exploring other potential precursors

When using SSNMR to explore the bulk structure of paramagnetic electrode materials,
such as DRXs, there are a number of experimental techniques that can be employed.
However further insight can be gained by selecting appropriate model materials, that are
diamagnetic models. Chapter 5 explored the structure of oxyfluoride DRXs using a
scandium-based analogue. This allowed for in-depth characterisation using SLi, F and *Sc
NMR, as well as CASTEP calculations. From this a structural model was constructed,
showing that LiF is, in part, incorporated into the DRX phase, rather than existing as an
impurity. There is also evidence of direct bonding between transition metal cations and
fluoride anions. This information was then used to understand the electrochemical
behaviour of DRX materials. DRXs prepared by ball milling retain their DRX structure
throughout cycling. In contrast, DRXs produced by electrochemical lithiation do not, with
the coordination of the fluoride decreasing ions changing when the material is discharged,

leading to the destruction of the DRX phase.

Diamagnetic analogue materials are not always appropriate, particularly when the processes

of interest are driven by electrochemical activity such as O-redox. In such cases an
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alternative approach is to choose a material that is diamagnetic at the state of charge of
interest. Vanadium-based DRXs were studied as in principle, complete oxidation of the
vanadium ions will render the material diamagnetic. However, it was not possible to fully
delithitate the structure. Therefore, whilst new V> phases can be observed by *'V NMR,
indicating a structural transformation occurs at high voltages, it is difficult to fully elucidate
the structure. However, the data collected shows promise and acquiring spectra using faster
MAS may sufficiently address the paramagnetic broadening encountered. In addition,
situ”'V NMR allows for the observation of vanadium species formed when vanadium ions
dissolve out of the structure. This approach therefore may be of use to study other

vanadium-based cathode materials.

The work presented in this thesis demonstrates ways that SSNMR can be combined with
other techniques to provide information about surfaces and paramagnetic materials, that
are often considered challenging. The structural insights presented may give some guidance

to those preparing and studying similar materials.
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