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Abstract

The predicted theoretical energy density of a Li-O, battery is close to that of gasoline,
which makes it one of the most promising forms of energy storage. To allow Li-O,
batteries to achieve their full potential, multiple issues need to be overcome. One issue is
the large charge and discharge overpotentials caused by sluggish kinetics of the reactions
within the battery and the solid, insulating nature of the discharge product Li,O,. Applying
soluble electrocatalysts (redox mediators or RMs) that aid the formation and decomposition
of the Li,O, can help to reduce the overpotentials. Other challenges associated with the Li-
O, battery include instability, leakages, flammability and volatility of commonly used
aprotic electrolytes. In this thesis, two series of compounds are investigated as solutions to
these issues: (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) substituted imidazolium
ionic liquids (TEMPOImILs) with different lengths of alkyl linkage between the TEMPO
and imidazole moieties and with either H or CH3 on the 2-position of the imidazole ring,
and phenyl nitronyl nitroxides (RPTIOs) with varied substituents on the benzene ring. The
compounds were characterized using NMR and FTIR together with elemental analysis,
TGA, DSC and EIS for TEMPOImILs. Redox processes were studied using cyclic
voltammetry and, for RPTIOs, UV-visible spectroelectrochemistry. The effect of the RMs
on the battery performance was tested by assembling and cycling Li-O, batteries. For
RPTIOs, cathodes were analysed after cycling of the batteries using SEM and XRD, and
battery tests in argon were conducted to determine if there was a contribution to the
capacity from redox shuttling of the RM. It was found that TEMPOImILs can serve both as
charging RMs and safer electrolyte solvents for Li-O, batteries, while RPTIOs not only
catalyse the charge process but also provide some improvement of the discharge
performance. The length of alkyl chain in TEMPOImILs did not have any noticeable effect
on the battery performance, whereas TEMPOImILs with 1-methylimidazolium cations
provided substantially longer cycle life than those with 1,2-dimethylimidazolium cations.
The charge potentials of the batteries with RPTIOs with the electron-donating groups were

the lowest, showing that altering the structures of nitronyl-nitroxide-based RMs can
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directly affect battery performance. Overall, the use of the RMs in combination with other

measures discussed in the thesis can lead to high-performance Li-O, batteries.
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Overview

There is currently an active search for alternatives to non-renewable energy resources.
Alternative energy sources include sunlight, nuclear reactions, wind, and tide power. In
some cases, the energy generated by these types of plants must be stored. Batteries are a
common and important form of energy storage. Energy storage devices are also used in
transportable electronics for civilian and military purposes, uninterrupted power supplies,

2

battery storage power stations, power tools, and electric vehicles.'? The latter are

particularly interesting as an alternative to conventional vehicles.’

Most of the existing electric vehicles utilise lithium-ion (Li-ion) or nickel-metal hydride
battery packs with the former prevailing during the last few years due to a higher specific
energy.” However, the theoretical specific energy for Li-ion batteries does not exceed 600

Whkg™", which makes it difficult to compete with the internal combustion engine.®”

Lithium-oxygen (Li-O;) secondary batteries have attracted considerable attention
because their theoretical specific energy is the highest of all known cathode and anode
materials and is close to that of gasoline.*® In practice, there are many issues affecting the
performance of Li-O; batteries. An important problem is the accumulation of the discharge
product, Li,O,, that blocks the cathode surface leading to a high charge overpotential and

9-11

poor cycle life.”" To address this issue, soluble electrocatalysts (redox mediators) have

been proposed that have a better contact area than traditionally used heterogeneous

catalysts.”"*

20



Other drawbacks include the formation of Li metal dendrites, flammability, volatility
and instability of all known liquid electrolytes in the presence of reactive oxygen

species.”'* ! New electrolytes targeting these issues need to be considered.

It was hypothesised here that new redox mediators that reduce the charge overpotential
and improve the cyclability of Li-O; batteries could be synthesised. In addition, electrolytes
could be chosen such that they suppress the dendritic Li growth and provide safer batteries.
Overall, the project aimed to develop high-performance Li-O, batteries. Thus, the specific
project aims are:

e To synthesise compounds with properties suitable for the use as redox mediators
and/or electrolytes in Li-O; batteries.

e To fabricate and characterise Li-O, batteries that integrate the proposed redox
mediators and/or electrolytes.

e To analyse the effect of implementing the new redox mediators and/or

electrolytes on the charge and discharge overpotentials, charge and discharge

capacity and cycle life of Li-O, batteries.
To satisfy these aims, two series of compounds have been proposed: (i) TEMPO-
functionalised imidazolium ionic liquids and (ii) substituted phenyl nitronyl nitroxides.
While the latter were used solely as redox mediators, the former compounds combined the

properties of redox mediators and electrolyte solvents.

The thesis is organised as follows: Chapter 1 provides a brief overview of theory of
batteries with some important definitions and analyses the information available in the
literature about Li-O, batteries, i.e., operating principles, drawbacks emphasising the need
for new redox mediators and electrolytes, redox mediators and electrolytes applied to date.
Chapter 2 contains a detailed explanation of the research approach and methods used in this
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project, including synthetic methods and characterisation techniques, and presents
experimental data. Chapter 3 focuses on the synthesis and general characterisation of
TEMPO-functionalised imidazolium ionic liquids, followed by the analysis of
electrochemical results. Chapter 4 presents and discusses the results obtained for
experiments using substituted phenyl nitronyl nitroxides as RMs. Chapter 5 summarises the
essential findings and suggests directions for future research. Appendices include figures
containing TGA and DSC data for TEMPOImILs and a study investigating the potential of

octa- and deca-methylferrocenes to be used as RMs for Li-O; batteries.
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Chapter 1: Redox Mediators and Electrolytes in Li-O:

Batteries

1.1. General Theoretical Considerations for Batteries

This section provides a general overview of some fundamental concepts related to

battery operation.

Batteries convert stored chemical energy into electrical energy by electrochemical
oxidation/reduction reactions.” 4 battery consists of one or more voltaic cells electrically
connected in an appropriate series or parallel arrangement depending on the desired output
voltage and capacity. Apart from voltaic cells, batteries usually include casing material,
terminals, markings, and sometimes additional components such as monitors, controls,

fuses, and diodes.'* These other components are not discussed further here.
1.1.1. Voltaic Cells

A voltaic cell is composed of two half-cells. Each half-cell contains an electrode
immersed in a conducting material and is separated from the other half-cell by a porous
membrane or connected by a salt bridge through which ions of the conducting material can
pass. Current will flow when the two electrodes are connected, and the voltaic cell will

produce electricity. "

In each half-cell, a chemical oxidation or reduction reaction occurs. The electrode at
which electron affinity is stronger, other conditions being equal, will undergo a reduction
reaction, while the one that has a comparably lower electron affinity will be oxidised.
According to this, it is possible to predict the direction of the current."
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According to the convention widely adopted for voltaic cells, the electrode at which
oxidation happens spontaneously (during discharge of a cell) is a “negative” pole or anode,

and the one at which reduction happens spontaneously is a “positive” pole or cathode."

The anode, cathode and a conducting material need to be selected correctly to assembly
a functional voltaic cell. Ideally, these components should not react with each other. Non-
toxic and relatively cheap materials are also attractive for practical purposes. For the
electrodes, materials with a high theoretical capacity, appropriate working voltage, good
conductivity and high stability should be considered. Efficient reducing agents with a high
negative standard electrode potential are good candidates for anode materials, and strong
oxidants with high positive potential may be appropriate as cathode materials (this will
provide higher theoretical voltage of the cell). The conducting material must have suitable
ionic conductivity, but at the same time should be electronically insulating, otherwise
internal short-circuiting will occur. The properties of the conducting material should not
dramatically change with temperature. Conducting materials include aqueous solutions of

electrolytes, fused salts, non-aqueous liquid and solid electrolytes.'*
1.1.2. Primary and Secondary Batteries

Depending on the ability to be recharged, batteries can be primary (non-rechargeable)

and secondary (rechargeable).

Primary batteries generally have a good shelf life and high energy density at low to
moderate discharge rates. They can be used only once and need to be discarded after the
anode has been exhausted. Primary batteries are applied in portable electronics,

photography, toys, lighting, and military devices.'*"
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In secondary batteries, dissolved electrode material can be re-formed. Secondary
batteries can substitute primary batteries in some devices and can be more economical.
Furthermore, secondary batteries can store energy from primary energy sources and deliver

the energy to a load on demand.'*
1.1.3. Theoretical Voltage, Capacity, and Energy

The theoretical voltage of a voltaic cell is also called the electromotive force or standard
cell potential (Eﬂ(ceu)) and is measured in volts (V). It is an algebraic sum of the two

electrode potentials (Eq. 1).

Eo(cell) = Eo(cathode) - Eo(anode) (D

Electrode potential is the difference in the electrical potential at the surface of separation
between the electrode and the conducting material. If it is an oxidation reaction, for
example, a metal yielding ions into the solution of a corresponding salt, then the metal will
become negatively charged to the solution; therefore, the potential difference between the

metal and the solution will have a negative sign."

Standard electrode potentials E° of the half-cells are often reported against the standard
(or normal) hydrogen electrode (SHE or NHE) which has a potential chosen to be 0 V. The
SHE is composed of a platinum electrode immersed in a solution of hydrochloric acid with
hydrogen gas bubbled through it.'® For Li-based batteries, the reference electrode typically
used is Li redox couple (Li/Li") which has a potential of —3.05 V vs. SHE at 25 °C in an

.10
aqueous solution.

The theoretical capacity of a cell is the total amount of charge that may be obtained

from the active materials and is measured in ampere-hours (Qeor, Ah), which is
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proportional to coulombs. In other words, the capacity is the amount of time a battery can
supply a certain current until the cut-off voltage is reached.'” In practice, it is calculated by
integrating the discharge current, I, over the discharge time, fp (Eq. 2).” This equation
allows the calculation of a nominal capacity Q,.m (capacity obtained under specific

conditions).
Qnom = fOtD [(t)dt =1 X tp (for a constant current I) 2)

Gravimetric specific capacity is a capacity per kilogram of active material (Ah kgfl).
For an individual compound, it equals 26.8Ah mol™" or 96487 C mol™" divided by the
molecular weight of the compound and multiplied by a number of electrons transferred in
the reaction. To calculate the theoretical gravimetric specific capacity of a cell, one should
add reciprocals of the capacities of reactants in the overall chemical reaction and inverse

the obtained value.'*

The theoretical energy (Upeor) of a cell is a product of the theoretical voltage and

capacity and is measured in Watt hours (Wh, Eq. 3), which is proportional to joules.

Utheor(Wh) = Eo(cell) (V) X Qtheor (Ah) 3)

Theoretical gravimetric specific energy (Wh kg ') is the energy per kilogram of active
material or a product of the theoretical voltage and gravimetric specific capacity.'* In

practice, predicted energy of the battery is only partially achieved due to many reasons."*

Actual specific energy U of a cell can be calculated from charge/discharge (galvanostatic
cycling) curves by integrating the discharge voltage (£, V) curve over the course of

discharge and multiplying it by half of the applied constant current 7 (Eq. 4).2
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U=1["E(t)dt )

1.1.4. Discharge, Charge, Cycle Life, Coulombic Efficiency, State of Charge,

Definitions Related to Voltage

In rechargeable batteries, the reaction at the electrodes can proceed in either forward or

reverse directions.

The discharge is a process of conversion of the chemical energy of the battery into
electric energy. During discharge, the reactions in a voltaic cell happen spontaneously and,
consequently, the current flows from the anode to the cathode. A battery cell is completely

discharged when the anode material had been consumed.'*

Charge or recharge (also referred to as electrolysis) is a process of conversion of the
electric energy from the external current into chemical energy within the battery. During
the charge, an external current applied in the opposite direction reverses the reactions and

leads to the re-forming of the anode and the cathode electrolyte.'

The cycle life (lifetime, life span, cyclability) is the number of complete discharge-
charge cycles under specified conditions a cell can experience before it fails to meet

. . . . . 14
specific performance criteria, e.g., a certain capacity or voltage value.

Coulombic efficiency is a ratio between the amount of charge obtained from the battery

during discharge to the amount of charge supplied during charging.”

Overpotential is the difference between practically and thermodynamically determined

potentials of the redox process.'*
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The cut-off voltage is the voltage at which a battery cell is considered fully discharged

and further discharging will cause harm.

The open-circuit voltage (OCV) of a cell is the voltage measured at zero current.”

1.2. Redox Mediators and Electrolytes in Aprotic Li-O2 Batteries

There has been significant development in the field of Li-O; batteries in the last decade

. .. . . 9.18
as they are considered the most promising power sources for electric vehicles.™

Many
authors refer to Li-O; batteries as “lithium-air batteries”, but in most cases not air but pure
oxygen gas is used as the cathode material to avoid side reactions occurring in the presence
of CO, and H20.19'21

The development of aqueous Li-O, batteries started in the 1970s and they were

susceptible to corrosion that decreased the capacity of the battery.?'**

The prototype of the
non-aqueous Li-O, cell with molten salt electrolyte was reported by Semkow and Sammels
in 1987.% In 1996, Abraham and Jiang presented the first Li-O, battery with polymer-based
aprotic electrolyte. The lifetime of this battery was short partially because the oxygen from
the air penetrated through the electrolyte and reacted with the Li anode causing its

25-26

degradation. Later, numerous studies were conducted to improve the rechargeability of

Li-O, batteries.

This section surveys the published information about the development of Li-O,
batteries, their operating principles and mechanisms, main challenges affecting
performance, known solutions to these challenges, types of electrolytes applied to date, and
the incorporation of redox mediators. This information is crucial to assemble a high-

performance Li-O; battery.
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1.2.1. Operating Principles and Composition of Li-O; Batteries

Currently, there are three main types of rechargeable Li-O, batteries: with aprotic,

9,24

hybrid aqueous/aprotic, and solid-state electrolytes.”" Liquid electrolytes are composed of

a salt (ion-conducting agent) and the electrolyte solvent in which it is dissolved.

1.2.1.1. Aprotic Li-0: Batteries

In aprotic Li-O, batteries, an aprotic electrolyte separates the Li metal anode and

cathode from each other (Fig. 1).

&
—
i O

" 4 Discharge
y &\

Charge

Li - ol b gl

Aprotic

Amude Electrolyte

Cathode

Figure 1. Schematic diagram of aprotic Li-O; battery.”

The reactions at the electrodes follow Equations 5 and 6. Upon discharge, Li anode
forms Li ions, and the electrons flow from the anode to the cathode surface where oxygen
reduction reaction (ORR) occurs. During charging, a reversible reaction proceeds at the
cathode where lithium peroxide (Li,0O;) is decomposed yielding O, and Li ions (oxygen

evolution reaction, OER).”
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Anode: Liy =Li" +e, E’=3.05Vvs. SHE (5)
Cathode: 2Li" + Oy + 2e 2 LiyOy), E’=2.96 Vvs. Li/Li* (6)
Overall reaction: 2Li + O3 = Lir:Ox (7)

Apart from LiyO,, other compounds have been reported to form during battery

operation. These compounds are discussed in detail below.

Firstly, it was found that lithium superoxide (LiO,) forms during discharge as an
intermediate product (Eq. 8), though there are controversial opinions regarding the

mechanism of its conversion to Li,O5 (Eq. 8, 9).”'#272*

Li" + Oy + e = LiOy), E'=3.0Vvs. Li/Li" (8)
LiOyy + Li* + e 2 Li)0yy, E’ =296 Vvs. Li/Li"

(electrochemical conversion) 9)
2LiOs) = LiOs) + Oz (disproportionation) (10)

LiO, would be a desirable discharge product because of its higher solubility in aprotic
solvents compared to Li,O,. Recently, some authors claimed that they achieved a one-
electron discharge process in Li-O; batteries leading to a formation of only LiO, (Eq. 8).%"
3 However, these results have been refuted by Papp and co-workers who showed that
Raman shifts that were previously assigned to LiO, are indeed related to the decomposition
of poly(vinylidene fluoride) binder commonly used in the preparation of the carbon
cathode.”!

Secondly, it was suggested that Li,O might also form as a discharge product in Li-O,

batteries according to the Equation 11:'%*
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LisOy) + 2Li" + 2e = 2Li>0 (11)

However, while having a higher specific energy and energy density, Li,O forms more
slowly than Li,O,, and its formation can only be observed at a cut-off voltage lower than 2

19,32
v.193

In addition, there are some contaminants that can be formed in aprotic Li-O, batteries:
LiOH, Li,COs3, LiRCO; (where R = alkyl or H), and Li3;N. Pathways for the formation of

these compounds have been extensively studied:

1. Decomposition of the solvents by O, and reactive oxygen species (O, , O)°,
Li,0s, LiOz/LiO{);” 1,18-19,32-35

2. Reaction of Li/Li,Oy/Li" with H,O, N,, CO, from the air;!!12¢37

3. Oxidation of carbon-based cathode in the presence of Li,O; or Li02,9’19’21’38'39

There have been several investigations into the effect of the addition of water to aprotic
Li-O, batteries.*”*” The addition of small amounts of water to aprotic electrolyte or the use
of oxygen gas with increased humidity led to a higher discharge capacity and lower initial
charging potential. Initially many of the researchers related this phenomenon to a

41-45 while others

conversion of Li,O, into LiOH that can be decomposed at lower voltages,
proposed that it is the “solubilisation” of LiO; intermediate that changes the growth pattern
of Li,O, discharge product leading to increased capacity (Section 1.2.2.4).*%% A review by
Dai et al. favours the second hypothesis about the increased solubility of LiO,.*” In some

cases, the cycle life of a cell was affected because of the solvent decomposition at increased

potentials in humid media, especially for ether-based solvents.

Aprotic electrolyte solvents applied in Li-O; batteries to date include: alkyl carbonates;

ether-based solvents — ethylene glycol dimethyl ether (glyme, dimethoxyethane, DME),
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diethylene glycol dimethyl ether (diglyme, DEGDME), tetracthylene glycol dimethyl ether
(tetraglyme, TEGDME), 1,3-dioxolane (DOL), 2,2.4,4,5,5-hexamethyl-1,3-dioxolane;
amides — dimethylformamide (DMF), N,N-dimethylacetamide (DMA), N,N-dimethyl-
trifluoroacetamide (DMFTA); dimethyl sulfoxide (DMSO), ethylmethanesulfonate (EMS),

acetonitrile (MeCN), sulfones, and ionic liquids.”**%>3

There are several reviews and papers about the electrolyte salts added to Li-O; battery
solvents.”*? Stable lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt is widely

used nowadays, and it was found to form a protective layer on Li metal based on LiF.>®

Ionic liquids (ILs) have been extensively studied as electrolyte solvents for Li-O,
batteries as they have near-zero vapour pressure, high stability and very low

1: 19-21,24-25,32
flammability>*212425323

In 2012, the use of imidazolium ionic liquids as electrolytes for Li-O, batteries was first
reported.”* The authors used one pyrrol- and two imidazole-based ionic liquids and
increased the operating temperature up to 150 °C. The authors claimed that in some cases
the reduction of the discharge product Li,O, into Li,O was observed, but they did not

present any conclusive evidence for this process.

Initially, low rate capability was a serious drawback of IL batteries, as it drastically
lowered their suitability for use in electric vehicles. In 2016, a battery was reported
consisting of a composite LiFePO,4 anode, electrolytic manganese dioxide and ruthenium
supported on Super P (carbon black) as a cathode, and 1-methyl-3-propylimidazolium
bis(trifluoromethylsulfonyl)imide with dissolved LiTFSI as an electrolyte.*’ This battery

exhibited a low charge overpotential of only 0.36 V and at a relative humidity (RH) of
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>51% had a lithium hydroxide hydrate (LiOH-H,0) instead of Li,O, as the main discharge
product, according to XRD results. The authors proposed a new mechanism for ORR in Li-
O, batteries (the main reactions are shown in Eqs. 12—17 below) where with increasing RH

the reaction route changes from Route 1 to Route 2 (see below).

Route 1. Low humidity.

Cathode:

Oz +e =057, E’=3.0Vvs. Li/Li" (12)
2Li" + 0,7 + e 2 Li0xy), E’ =296 Vvs. Li/Li" (13)
Li;Ox) + H,O 2 LiOH + H0; (14)

Route 2. High humidity.

Cathode:

Ou + H)O + 2¢ 2 HO,” + OH, E’=3.1Vvs. Li/Li" (15)
Li" + OH =LiOH (16)
HO, + H,0 + Li" 2LiOH + H,0; (17)

According to Route 1, at low RH, the first reaction step is the formation of oxygen anion
radicals O, (Eq. 12), which then react with Li ions to produce Li,O, (Eq. 13). However, in
this case, Li,0O, may further react with water to yield some amount of LiOH (Eq. 14). At
RH>51%, initially, the formation of hydrogen peroxide and hydroxide anions (HO, and
OH ) occurs (Route 2, Eq. 15). This step is the same as in the proposed mechanism for the

formation of Li,O, in aqueous electrolytes saturated with LiOH (Eq 20 in Section 1.2.1.2).
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Equations 16, 17 show how the LiOH discharge product is formed, which can further react

with H,O to produce LiOH-H,O observed at high RH.

The battery demonstrated a high rate capability and excellent cyclic stability at RH of
51% as it ran for 218 cycles and 95 cycles at high current densities of 500 and 1000

mA g ', respectively, and a capacity of 1000 mAh g'.

Another study focussing on the rate capability of IL-based batteries was published by
Zhang and Wen in 2017.%° The ether-functionalised ammonium ionic liquid (N, N-diethyl-
N-methyl-N-(2-methoxyethyl) ammonium bis(trifluoromethylsulfonyl)) was added to
single-walled carbon nanotubes to compose a cross-linked network gel cathode. The ionic
liquid was used solely as an electrolyte solvent and Li foil as an anode. The battery was
tested in pure oxygen. The battery exhibited a high rate capability at 80 °C as it could
deliver a capacity of 1000 mAh g for 25 cycles at a current density of 5.0 mA cm . It
was discovered using XRD that with increasing current density, the discharge product
changed from LiO; to LiOH. The performance of an imidazolium ionic liquid at high
temperature was similar to that of its ammonium analogue, although the OCV was

unstable.

Solvate ionic liquids (SILs) are concentrated mixtures of organic solvents and lithium
salts that behave like ionic liquids due to the formation of a chelate complex between the
solvent molecules and salt ions. Recently, the stability of a glyme SIL was evaluated as an
electrolyte in Li-O, batteries that contained an equimolar mixture of glyme and LiTFSI in
comparison with a conventional LiTFSI/glyme electrolyte (a mixture of LiTFSI with an

excess of glyme).”® The SIL exhibited higher stability in the oxygen atmosphere.
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Mixtures of ionic liquids with aprotic electrolytes or with gel polymer electrolytes
(GPEs) are actively studied nowadays.”*” For instance, Asadi et al. reported a battery with
a mixture of imidazolium ionic liquid:DMSO (1:3) as an electrolyte solvent, lithium
carbonate-protected Li metal anode and a molybdenum disulfide-based cathode.” The
battery performed 100 cycles and 700 cycles at a capacity of 1000 and 500 mAh g,

respectively, under a current density of 500 mA g ' in an air-like atmosphere.

5.5/ 50 —m0 50 i) s50]
5-0 :232 :ggg — 500 — 05 e— 50
>0 | | | | 1 245}
~4.5] 1 sS40}
S £40
Z4.0} — 1 €35[
] 2
E3.5¢ 1 230¢
£3.0f 1 251
o I i 20r
;g —_ 10 15 25 =50 =— 100 150 , , , , ;
~0 200 400 600 800 1000 0 100 200 300 400 500
Capacity (mAh/g) Capacity (mAh/g)

Figure 2. Discharge/charge profiles of Li-O; batteries with IL/DMSO electrolyte at a
capacity of 1000 mAh g (left) and 500 mAh g (right).”®

1.2.1.2. Hybrid Aqueous/Aprotic Li-O: Batteries

Another type of rechargeable Li-O, battery uses hybrid aqueous/aprotic electrolytes and
follows the mechanism of aqueous Li-O, batteries. The aqueous electrolyte generally
consists of a Li salt, acid or LiOH dissolved in water. Rechargeable Li-O, batteries with
aqueous electrolyte require a protective layer for the Li anode to avoid the reactions
between Li and the electrolyte.” In addition, a buffer layer should be used as a separator to

eliminate the reaction between the protective layer and Li anode. These considerations lead
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to a three-layer construction of hybrid aqueous/aprotic Li-O, batteries depicted in Figure

260

As a protective layer, LISICON-type (Li analogues of NASICON — Sodium (Na) Super
Ionic CONductor, Na;+xZrSixP3 <012, 0 < x < 3) and garnet-type Li-ion conducting
materials are commonly used, with the most favourable LTAP glass ceramic protective
layer (Lij+x+yT12xAlP3.yS1,012) that does not permit H,O and O, molecules.”** As a buffer
layer, solid-state Li-ion conductors, polymer electrolytes, or organic solvents can be

applied.”

@ Lithium @ Oxygen ‘ BaTiO;

Lithium  Passivation  pEQ LiTFSI Electrolyte  LTAP Solid Electrolyte
Metal Film

Figure 3. Schematic diagram of a hybrid Li-O, battery with a protected anode.”

In hybrid aqueous/aprotic and aqueous batteries, the anode reaction is the same as in the
aprotic batteries (Eq. 5), while the reactions at the cathode slightly vary depending on the
pH of the aqueous electrolyte. Oxygen is reduced at the cathode yielding hydroxide ions in
a basic solution or water in an acidic solution. The main discharge product is LiOH, which

has been detected by XRD (Egs. 18-20).%%6%6

Cathode (basic solution):
Osg + 2H0 + 4e = 40H , E’ =0.402 V vs. SHE (18)
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Cathode (acidic solution):

O + 4H" + 4e =4H,0, E’=1229Vvs. SHE (19)
Overall reaction for both acidic and basic solutions:

4Lig) + Oz + 2H,0 = 4LiOH (20)

Another proposed mechanism® for aqueous Li-O, batteries involves two-electron
transfer reactions at the cathode with the formation of species that can react with Li ions to
form LiyO, (Egs. 21-23). In this case, hydrolysis of Li,O, is prevented by the use of an

electrolyte saturated with LiOH (basic solutions).

Cathode (basic solution):

O + H,0 +2e 2 HOy, + OH', E’=-0.067 V vs. SHE 1)
2Li" + HOy, + OH 2 Li;Ox + H>0, (22)
Overall reaction: 2Li" + O, + 2e =Liz0s (23)

According to this mechanism, in basic solutions, the discharge product is Li,O,, the
same as in aprotic Li-O, batteries. However, only one example of this mechanism has been
reported® in a hybrid aqueous/aprotic Li-O, battery. A similar mechanism has also been
discussed in the context of aprotic Li-O; batteries if small amounts of water are added to

the aprotic electrolyte.®’

A drawback of hybrid Li-O, batteries is that the electrolyte is consumed during the
operation of a battery and LiOH starts precipitating due to oversaturation. The precipitation
of LiOH substantially decreases capacity; however, several solutions to this problem have
been proposed.'® For example, by the addition of a RuO, oxygen evolution electrode to the

38



standard hybrid aqueous/aprotic Li-O, battery with carbon black oxygen reduction air
electrode, it became possible to achieve a practical specific energy of 810 Whkg ' at 1.5V
and the capacity of the air electrode of 2000 mAh g_lcathode. However, the battery cycle life

did not exceed seven cycles in the air atmosphere due to the formation of Li,CO3.®*

1.2.1.3. Solid- and Quasi-solid-state Li-Oz Batteries™

To address the issues of electrolyte degradation in Li-O, batteries, along with

flammability and volatility,'*"

solid electrolytes were applied and have been described in
several reviews. >?*"%7 Solid electrolytes can be made using organic (polymers) as well
as inorganic compounds (ceramics). The first solid-state batteries were tested by Kumar et
al ** and included both glass-ceramic and polymer-ceramic materials. Later, solid-state
batteries with purely inorganic solid electrolytes were developed.”” In these batteries, the
formation of Li,O,, LiOH and Li,CO3; was observed, and it was suggested that the overall

21723 The main drawbacks of the

mechanism is similar to that in the aqueous batteries.
batteries with inorganic solid electrolytes are brittleness and high resistance on the interface

between cathode/anode materials and the electrolyte; while batteries with solid polymer

electrolytes (SPEs) are more flexible, but generally suffer from low ionic conductivity."

To date, three polymeric materials have been reported for use in solid-state Li-O,
batteries: poly(ethylene oxide) (PEO),’*’® Nafion (a sulfonated tetrafluoroethylene based
fluoropolymer-copolymer),”’ and poly(vinylalcohol) (PVA).”® Among these, there are only
two reports about the cycle life of the batteries. Thus, Cheng and Scott reported that a

battery with the electrolyte based on lithiated Nafion could survive in ambient air for about

" This section is based on a chapter describing SPEs in Li-O, batteries written by Anastasiia
Tkacheva in a recent review®
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20 cycles with the initial capacity of 300 mAh g(solids)_l.77 Ein-Eli et al. presented the
cycling performance of the battery with PEO-based SPE studied at 80 °C. The battery
operated for 40 cycles at a capacity limit of 210 mAh g_l(CNT), which is the highest reported

for solid-state polymer Li-O, batteries to date.”

The poor cycle life of batteries with SPEs is in some cases caused by the instability of
the polymers in the Li-O, battery system. Recently, the interaction of various polymers
with KO, or Li,0, was investigated.">"®™ PEO appeared to be relatively stable, though other
studies indicated that PEO is susceptible to auto-oxidation during the operation of Li-O,
batteries.”**"®! The stability of PVA in Li-O, battery has not yet been studied. It would be
useful to further investigate all-solid-state Li-O, batteries with the polymers that have
proved to be relatively stable, such as poly(methyl methacrylate) (PMMA),
poly(tetrafluoroethylene) (PTFE) and Nafion.*® Currently, these polymers are widely
applied in GPE-based Li-O, batteries, along with the compounds such as ethoxylated

trimethylolpropane triacrylate (ETPTA).

Other factors causing unsatisfactory performance in Li-O, batteries with SPEs include
low ionic conductivity and high interfacial resistance between Li,O,, possible by-products
(LiOH, Li,COs, lithium alkyl carbonates), carbon-based cathodes, and SPE."*% The
addition of plasticisers (non-volatile organic solvents or low molecular weight polymers)
improves the ionic conductivity though partially sacrificing the rigidity required to suppress
the formation of Li dendrites.***® On the other hand, mixing a polymer with ceramic
nanofillers is assumed to reduce interfacial resistance and increase the ionic conductivity
while maintaining the appropriate mechanical properties.'>’>*** However, even with the

addition of nanosized fillers such as SiO, or sulfonated ZrO, to PEO-based SPE the ionic
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conductivity did not exceed 10 Scem'.’*® There are some examples of lowering

interfacial resistance by using the same polymer or ionic liquid as a binder during

55,87-88 13,77,82

preparation of the cathode and by adding solid electrocatalysts, yet this
approach did not lead to significant improvements in case of SPEs.?’” Hence, switching to

GPEs was essential to achieve the acceptable ionic conductivity (10> S cm ™).

GPEs are obtained by swelling SPEs with plasticisers to a certain extent. They are
referred to as quasi-solid-state Li-O, batteries. In terms of mechanical properties and safety,
GPEs are similar to solid electrolytes, while their ionic conductivity and interfacial
resistance are close to those of liquid electrolytes.'>****® The methods for the preparation

of GPEs are described elsewhere.

There are several reports regarding the application in Li-O, batteries of GPEs based on
the polymers where stability in the presence of reactive oxygen species remains doubtful,
such as PAN,*! poly(vinylidene fluoride-co-hexafluoropropylene) (P(VdF-HFP))'**"**
** and PEO”. However, the employment of electrocatalysts can improve stability by
lowering charge voltages.**” In some cases, stable cycling performance was achieved
without any additives. For instance, a battery based on P(VdF-HFP) electrolyte plasticised

with TEGDME exhibited longer cycle life compared to conventional TEGDME-based

electrolyte (Fig. 4).”
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Figure 4. Charge-discharge curves of Li-O, batteries based on (a) P(VdF-—
HFP)/TEGDME GPE (b) liquid TEGDME electrolyte obtained at a fixed capacity of 500
mAh g *2

The addition of ceramic fillers to GPEs has led to improvements in capacity and cycle
life of Li-O, batteries."*** For example, a Li-O, battery with PMMA-based GPE containing
polystyrene and nanofumed SiO; stably cycled more than 100 times in ambient air with a
capacity restricted to 500 mAh g_1 (Fig. 5). The ionic conductivity, however, was slightly
lower than optimum (2.5-10* S cm™).*

42



o~ =& Charge capacity
"2p 600 - Discharge capacity
E

é 400

£

% 200} .

=

Q

0 i i i A
0 20 40 60 80 100
Cycle number

Figure 5. Cycle life of Li-O, batteries with PMMA based GPE.*

Soluble electrocatalysts (redox mediators, RMs) that act as electron carriers improved
the kinetics of Li,O, formation and decomposition, leading to lower discharge and
especially charge overpotentials and increased cycle life of Li-O, batteries.'®**"*%
Recently, Anju and Sampath demonstrated a battery with PAN-based GPE plasticised with
DMA with the addition of LiNO3 as an RM which achieved more than 120 cycles at a
capacity limited to 400 mAh g71 (Fig. 6). In this study, titanium carbonitride (TiCy 7Ny 3)
was used both as a cathode material and a solid electrocatalyst.®
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Figure 6. Electrochemical performance of Li-O, battery with PAN-based GPE and
LiNO; at a fixed capacity of 400 mAh g ' (a) charge-discharge profiles; (b) cycling
stability.”

The addition of 0.05 M Lil to P(VdF-HFP)-ETPTA-based GPE led to the efficient Li-O,
battery which survived in the air with a relative humidity of 15% for about 400 cycles with
a fixed capacity of 1000 mAh g,o . The discharge voltage of this battery was higher than

2.3 V throughout the operation.”

Hybrid inorganic/organic electrolytes somewhat alleviate the main drawbacks of both
pure inorganic compounds (brittleness) and polymers (low ionic conductivity) and have
demonstrated outstanding performances in Li-O, batteries.'**” Recently, El-Zahab et al.
incorporated one-dimensional glass microsized fillers into GPE based on ETPTA
plasticised with TEGDME (Fig. 7). Compared to pure GPE, the battery with 1% w/w of
glass microfillers exhibited much higher ionic conductivity and Li ion transference number,

which resulted in prolonged cycling performance.
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Figure 7. Preparation and appearance of ETPTA-based GPE with and without 1% w/w

of glass microfillers.”®

A battery with hybrid electrolyte prepared from Li; ¢AlysGe;s(PO4); (LAGP) mixed
with poly(methyl methacrylate-styrene) (PMS) based GPE at a ratio of 1:1 w/w® cycled
350 times at 50 °C with a capacity of 1000 mAh g_1 (Fig. 8). A flexible battery with this
electrolyte operated for 90 cycles under the same conditions. Other flexible Li-O, batteries

with GPEs have also demonstrated stable operation.'>**"%
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Figure 8. Electrochemical performance of Li—Q; battery with LAGP-PMS hybrid
electrolyte at 50 °C at a fixed capacity of 1000 mAh g~' (a) power output capability at
different current densities (b), (c) charge-discharge curves and cyclability at a current

density of 200 mAh g%

Li-O, batteries with polymer electrolytes have achieved specific energy densities of

13502700 Wh kg_l(cathode active materia1)87’93’95’100 for many cycles, which is higher than

95,101

reported for Li-ion batteries. Compared to liquid electrolytes, polymer-based Li-O;

batteries generally exhibit greater cycle life and coulombic efficiency, though lower charge

and discharge capacity.”””?

Molten salts as electrolytes for Li-O, batteries have been proposed® where the main

discharge product in a molten LiNO3;—KNOs eutectic system was Li,O, that was sparingly
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soluble in the electrolyte. The increased solubility of Li,O, led to a better rate capability
and low overpotentials of only 50 mV. Nevertheless, during cycling, carbon electrode
passivation by Li,COj; occurred that reduced the cycle life. The formation of Li,COs was
attributed to the reaction between the intermediate discharge product LiO, and the carbon
cathode.”®

The properties of polymerised ionic liquids have been investigated for their prospective

. . . 29.102
use in Li secondary batteries.”"'’

To date, there is one report about their application in Li-
O, batteries, whereby poly(diallyldimethylammonium bis(trifluoromethanesulfonyl)imide)

was used as an electrolyte and helped to achieve an energy density as high as 1,214 Wh kg~

1ce11, though cycle life of this battery was short. 103

In summary, Li-O, batteries require electrolytes of a special composition to overcome
the interconnected problems arising during their operation. Stability in the presence of
oxygen and reactive oxygen species, high ionic conductivity (>10> Scm™), and low
interfacial resistance are key factors of successful performance. Furthermore, the
electrolyte should hinder O, and H,O diffusion, which causes deterioration of Li metal
anode and premature cell death. The use of highly hydrophobic polymers and ionic liquids
is a promising solution to H>O crossover. Currently, all-solid-state electrolytes do not meet
most of the above requirements, which results in reduced performance. The use of GPEs
with the addition of redox mediators or ceramic electrolytes helps to achieve longer cycle
life and even allow the fabrication of Li-O, batteries with prospective use in flexible
electronic devices. For the future application of Li-O, batteries in EVs, Li ion transference

number and interfacial resistance at the 3-phase interface should be further improved.
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1.2.2. Shortcomings of Li-O; Batteries

Li-O, batteries have an extremely high theoretical gravimetric specific energy of ~3500
Wh kg_1 on the basis of Li,O, mass’ 11835375972 1 about 11430 Wh kg_1 on the basis of
only Li metal mass.®*"** This value is close to that of gasoline (Fig. 9). It exceeds the
theoretical gravimetric specific energy calculated for Li-ion (387 Whkg ') and Li-S
batteries (2567 Wh kg ').*® The practical specific energy of gasoline (approximately 1700
Whkg ') is expected to be achievable for Li-O, batteries.”” The reasons for such high
theoretical specific energy value are:

1. High theoretical capacity due to a light weight of the active materials (Li metal
and oxygen gas) and two-electron electrochemical process compared to one-
electron process for Li-ion batteries

2. High theoretical voltage due to the highest negative voltage of Li among all the

metals.
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Figure 9. Gravimetric specific energies of various rechargeable batteries with

.27
gasoline.

For aqueous Li-O, batteries, the theoretical specific energy calculated on the basis of
LiOH mass is slightly lower; 2450Wh kg '.®° Considering that in aqueous Li-O, batteries
the electrolyte is gradually consumed, Kraytsberg and Ein-Eli have recalculated the
theoretical specific energy to be 1300 Wh kg ' for alkaline electrolytes and 1400 Wh kg™
for acidic electrolytes. If the insolubility of the discharge product Li,O, and its precipitation
on the cathode is taken into account, then for aprotic Li-O, batteries the value becomes

2790 Wh kg "'

It is difficult to assess the maximum practical specific energy values achieved in Li-O,
batteries to date as authors seldom reveal the exact method they use for the calculation.
Comparison of specific energies for the batteries from different papers is therefore

unreliable.'®

Apart from the value of specific energy, other aspects need to be considered
such as cycle life, rate capability, energy efficiency, safety, cost, and environmental

impacts.” Currently, several main issues affect the performance of Li-O, batteries.

1.2.2.1. Dendrite Formation

The formation of Li metal dendrites (Fig. 10) reduces the coulombic efficiency of the

battery and can ultimately lead to short-circuiting between the anode and cathode.’*"*’
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Figure 10. Scanning electron microscope image showing dendrites in a Li secondary
battery."”

The propagation of Li metal dendrites can be retarded by using mechanical or chemical
protection methods, which were summarised in several recent reviews and papers.'®’ '
Chemical methods aim to build an effective solid electrolyte interface (SEI) — a protective
layer on the surface of Li metal anode that prevents its interaction with the electrolyte. This
layer is obtained during the reaction of Li metal with an additive. A stable SEI can form
with the use of electrolytes and solvents such as LiNO3/DMAm, o-fluorinated amines
(e.g., DMF TA)m, additives like lithium 2—bromoethanesulfonate,12 Cs or Rb ions,113 LiF,
LiTFSI, LiNOs, vinylene carbonates and sultonesm, 2,2,2—trichloroethylchloroformate115,
boric acid''®.

Mechanical protection includes the use of protective membranes or coatings, Li metal

110
hosts

, solid/gel electrolytes.”” Another approach is to replace a Li metal anode with
composite materials.””!'”  Anodes with the composition LiFePOy, LisTisO;, were

successfully applied in Li-O, batteries, however, in these cases the specific energy was
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significantly lower. Li-metal alloys such as Li,Si-C, Li,Sn-C, and Li,Al-C that have an

anode potential closer to that of Li metal were also investigated.'"’

1.2.2.2. Electrolyte Decomposition

There are many reports describing electrolytes for Li-O, batteries. Aprotic electrolytes
gradually react with oxygen and Li species to form LiOH, Li,CO;, LiRCO, leading to
clogging of the cathode surface and premature death of the cell.'? In the case of carbonate-
based solvents, Li,CO; and LiRCO, were found to be formed instead of Li,O, during
discharge, which indicates severe decomposition of the electrolyte.” Ether-based solvents
are more stable and produce Li,O, as the main discharge product, but they still degrade
over time. The performance of ether-based solvents strongly depends on the Li salt added
to the electrolyte. DMSO and amide-based solvents were found to react with bare Li metal,

though they are relatively stable in the presence of reactive oxygen species.”*

The abstraction of hydrogen attached to a carbon atom in an a-position to an electron-
withdrawing atom (e.g., nitrogen or oxygen) by reactive oxygen species leads to
degradation of many commonly used solvents in Li-O; batteries. To solve this problem, a
new liquid electrolyte — fully methylated cyclic ether (2,2,4,4,5,5-hexamethyl-1,3-
dioxolane, HMD) — was introduced in Li-O, batteries.*® The methylation of all carbon
atoms prevents the abstraction of a-H providing a highly stable electrolyte. The cycle life
of a Li-O; battery with HMD and boric acid used to protect Li metal anode was 157 cycles,

which is four times higher than for DOL or DME solvents.
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1.2.2.3. LizCO3 and LiOH formation

The accumulation of LiOH and Li,COj; introduces high charge overpotentials due to
higher voltages needed to decompose these compounds.*® According to DFT calculations,
the voltage required for the decomposition of Li,CO; and LiOH is 4.38—4.61 V and
4.67-5.02 V vs. Li/Li", respectively, which are higher than that for Li,O,.>® The values for
the formation of Li,CO3 and LiOH derived from the Nernst equation are 3.82 V3G and
3.35 V2% vs. Li/Li". The use of iridium decorated boron carbide (Ir/B4C) composite
cathode facilitated complete decomposition of Li,COs,'"” assigned to the catalytic activity

of iridium and boron carbide and the high oxygen adsorbability on the iridium surface.

1.2.2.4. Liz0O2 Morphologies

The effect of the discharge product morphology on the performance of Li-O; batteries
has attracted significant attention. The morphology of the discharge product can be greatly
affected by the donor number of the solvent, which is a quantitative measure of the
solvent’s Lewis basicity, i.e., its ability to donate an electron pair to a Lewis acid, in other
words, solvate Lewis acids and cations. Low donor number solvents such as DME,
TEGDME, CH;CN favour the surface route formation of Li,O, leading to a film-like
discharge product that requires lower charge voltage to be decomposed.'?'*! On the
contrary, high donor number solvents (DMA, DMSO, H,O) facilitate the solution route
leading to a toroid-like discharge product that has a higher capacity. Lyu et. a/ elucidated
the effect of the O, adsorbability on the cathode surface on the Li,O, growth mechanism.'?°
The authors claimed that the ability of the cathode to adsorb O, is a crucial factor

determining the growth model of Li,O,. Employing the solution route formation of Li,O,

coupled with the use of redox mediators may be a strategy to reduce the overpotential. The
52



addition of small amounts of water or potassium ions'>> was found to promote solution
route formation of Li,O,. On the other hand, Kwon and co-workers proposed that the
surface route mechanism can ultimately lead to better performance due to a limited transfer
of the discharge product into solution, where it can precipitate on the non-conducting

elements of a cell.>®

1.2.2.5. Liz0; Precipitation on the Cathode and its Sluggish

Kinetics

Clogging of the carbon-based cathode by Li,O, and sluggish kinetics of the OER
introduce a high charge overpotential in Li-O; batteries (up to 1-1.5 V compared to 0.3 V
for the discharge).” The contrast between the charge and discharge overpotential values can
be explained by different reaction mechanisms of ORR and OER. ORR is likely to proceed
through an intermediate LiO, (Eqgs. 8—10), while during OER, insoluble, electronically

insulating Li,O, needs to be directly decomposed into oxygen and Li ions.'*

Initially, to reduce the charge and discharge overpotentials, heterogeneous catalysts
were applied. Carbon-based materials were found to have an evident catalytic activity for
ORR.”?**'3 Ru nanoparticles supported on reduced graphene oxide exhibited a
significant effect on lowering the charge overpotential and improving battery cycle life by
decreasing the Li,O, particle size.” Perovskite-based catalysts (e.g., Lag ¢5S19.3sMnO3) were
also found to reduce Li,O, particle size, thus, decreasing the charge overpotential.'
However, as stated above, a smaller particle size of Li,O; leads to a decreased capacity.

Interestingly, by employing RuO, hollow spheres as the carbon-free cathode material or
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carbon nanotubes coated with RuO,, it became possible to reduce both charge and

discharge overpotentials while maintaining a high discharge capacity.’

Despite these results, in many reviews it was noted that heterogeneous catalysts might
not have a long-term effect on the OER due to their low mobility; moreover, noble metal
catalysts were often found to accelerate the electrolyte decomposition.”'***!#* As a

possible solution to this problem, soluble electrocatalysts or “redox mediators” (RMs) were

proposed that have a larger contact area with solid Li,O».
1.2.3. Redox Mediators

Redox mediators (RMs) are soluble electrocatalysts that have been applied in various

Li-O, batteries since 2011 to reduce the charge and/or discharge overpotentials.'’

The charging redox mediator acts as an electron transfer carrier between the cathode
surface and insulating Li,O,. Specifically, a suitable redox mediator couple, denoted as
RM'/RM, dissolved in an aprotic electrolyte makes a solution-phase catalyst for the charge
process. The catalytic mechanism of the redox couple RM/RM includes two steps (Fig.
11a). During the charging process, RM is oxidised to RM" on the cathode surface. Then,
RM" diffuses to the surface of Li,O, and immediately oxidises the Li,O, to O,, resulting in
the regeneration of RM. Therefore, the charging voltage can be reduced to the redox
potential of RM'/RM, leading to an improvement in the energy efficiency of the battery.

Figure 11b shows the charge-discharge profiles of Li-O, battery with and without RM.
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Figure 11. (a) The mechanism of OER with RM; (b) Charge-discharge profiles of Li-O;
battery with or without RM."’

It is known that parasitic reactions between carbon cathode and reactive oxygen species,
along with electrolyte decomposition processes, occur at high voltages. Consequently, the
reduction of charge overpotential can substantially decrease the number of side reactions
that proceed on charging in Li-O, batteries.””* Some RMs, on the contrary, undergo
parasitic reactions with the electrolyte, Li metal anode or oxygen-containing species.'® The
protection of Li metal described in Section 1.2.2.1 can minimise side effects of the use of
redox mediators.'*

There are several criteria for a compound to be considered as a redox mediator for the

.1 . -10,124
charge process in Li-O, batteries:” "

Redox potential slightly higher than 2.96 V versus Li/Li": To oxidise Li,O, without
substantially lowering the energy efficiency, the formal oxidation potential of the RM
(E° ), the potential at given conditions, Eq. 24) should be between 3 and 4 V vs. Li/Li"

(Eq. 6), or its ionisation potential in low donor number solvents should be approximately 6
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eV.'"" In Table 1, structures and redox potentials vs. Li/Li" of various RMs that were tested
in Li-O, batteries are presented. The RMs known to date can be divided into organic,
inorganic and organometallic. The performance of most of these RMs was summarised in a
recent review.'*® In organic RMs, the formation of RM" occurs through the removal of an
electron from sulphur or nitrogen atoms, while in organometallic compounds RM"
generally forms by oxidation of the metal centre. The redox action of inorganic RMs is
based on the oxidation of the anions. The lowest redox potential is attributed to lithium
iodide Lil (2.95-3.55 V vs. Li/Li") and tris[4-(diethylamino)phenyl]amine (3.1 V vs.

Li/Li"). However, both of them were found to react with Li metal.'2®"'%’
RM' + e 2RM, E°>2.96 V vs. Li/Li" (24)

Singly occupied molecular orbital (SOMO) energies of the RM" should be higher
than the highest occupied molecular orbital (HOMO) energy of the electrolyte to
prevent electrolyte oxidation: For example, Li-O, batteries with tetrathiafulvalene'*® and
cobalt bis(terpyridine)'?’ added as RMs exhibited CO, evolution and low oxygen recovery,
that implies the existence of a side reaction either with the carbon cathode or with the
electrolyte. Cu/Fe phthalocyanine (Pc) was found to react with the electrolyte and to

catalyse irreversible disproportionation of Li,O, into Li,O."*

High stability in the presence of reactive oxygen species, and high solubility in the
electrolyte. For example, cobalt(Il) phthalocyanine (CoPc) has a limited solubility in
organic solvents that affects its performance. To improve the solubility, Pc moiety can be

slightly modified. This approach was applied by Matsuda and co-workers. "’

56



RMs for the discharge process facilitate the formation of Li,O,. In most cases, a RM
reduces into RM ™ at the cathode surface and oxidises oxygen molecules into superoxide
anion radicals O, . which then react with Li ions to form Li202,132'13480me exceptions are
quinone-based RMs, e.g., 2,5-di-tert-butyl-1,4-benzoquinone (DBBQ), which forms
LiDBBQ upon interaction with Li ions and reacts with oxygen to yield LIDBBQO,, which
then converts to Li,O, and DBBQ (Fig. 12).'%
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Figure 12. The mechanism of DBBO facilitating ORR."’

The potential for a redox couple RM/RM™ (E°.q), consequently, should be slightly

lower than 2.96 V.
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Table 1. Chemical structures and redox potentials of the redox mediators tested in Li-O;

batteries.
Name Structural or general Redox Potential Reference
formula (V vs. Li/Li")
Tetrathiafulvalene (TTF) S S 3.6% 10
[ =] 3.43%x 126
S S
N,N,N’,N’-tetramethyl- SN7 3.3% 10
p-phenylenediamine
(TMPD)
/N\

5,10-Dimethyl- | 3.29%* 10
phenazine (DMPZ) @:N:@ 3.4 126

N

I
N-Methylpheno-thiazine | 3.67* 125,126
sue

S
Tris[4-(diethyl-amino)- L J 3.1%* 136
phenyl]amine (TDPA) N 3.4 126

N

) N
Ethyl viologen dibromide Br- Br- 2.65% 137
(EV) N —\* (discharging RM)
/N N\ 7\
Ethyl viologen di- F O O F ~2.4 in ionic liquids 133,138
(trifluoromethanesulfonate) FI?_SZO O=$—€FF (discharging RM)
o o

+ RN
NG N
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2,5-Di-tert-butyl-1,4-
benzoquinone (DBBQ)

Coenzyme Q10
(ubiquinone-10)

Vitamin K2
(menaquinone 4)

Other quinone derivatives
(1,4-naphthoquinone,
anthraquinone, 2-methyl-
1,4-naphthoquinone, 2-
methoxy-1,4-
naphthoquinone,
benzoquinone, tetramethyl-

1,4-benzoquinone, methoxy-

benzoquinone)

Stable nitroxide radicals
(TEMPO, 4-methoxy-
TEMPO, AZADO, 1-
methyl-AZADO, TMAO,
2,2,5-trimethyl-4-
phenyl-3-azahexane-3-

nitroxide, tert-amyl-tert-
butyl nitroxide, TEMPO-

functionalized
imidazolium IL, PTIO)

0 D 58k * k%
Xij)k (discharging RM)
o)
o) 2.63*
O
"0 N TH
o
10
0] 2.54%H**
O
4
o) ~2.35-2.8

(discharging RMs)

ewe

O

General formula of the 3.6-3.9%**
redox active centre:
3.74*** for
TEMP
K,TJ/H O
o 2.1 and 3.7 for

PTIO** (dual RM)

3.0 and 3.75 for
TEMPO-

135

139

140

141

142

143

132

144



Ferrocene (Fc)

Cobalt (II)
bis(terpyridine)
(Co(Terp)2)

Metal tetraphenyl-
porphyrins
(M-TPP, M = Co(Il), Zn,
Mn(II), Cu(II) or Fe(Il))

Cobalt (I1I)
tetramethoxy-porphyrin
(Co-OMe-TTP)

Heme (substituted iron
(IT) porphirin)

imidazolium IL***

(dual RM)
3.6
3.38%**
‘ %
Ph Ph 3.0-4 5%**
EOCO < EOZn <
E'n < E'cy <
EOFe
Ph Ph
MeO OMe ~3.8%**
MeO OMe
o _ 4.2%
-0
0]
o
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Metal phthalocyanines M = Fe (II), 2.5 126,134
(MPc, M = Co(II)"*", and 3.65** (dual
Fe(II), Cu(Il)/Fe(11)"*?) _N RM)
@ %
Cobalt (1) 2,9,16,23- tBu ~3.7% 131

tetra-tert-butyl- t-Bu ~3THEE 145
29H,31H-phthalocyanine N
(tb-CoPc'*! or Co-tert- =N_ N~
butyl-Pc'*?) N, .Co N
\N’
t-Bu
t-Bu

Cobalt (II) tetrabutoxy- BuO ~3.55%%* 145

phthalocyanine (Co- OBu

butoxy-Pc) /N\/?/

7N\ \N A\

N Co N

\ N\/ \N,
N
uO

OBu

Lithium iodide Lil 2.95-3.55,* 10
3.0%, 3.0%%**

3.25% 126
Caesium iodide Csl Not reported 146
Indium(IIT) iodide Inl; Not reported 127
Lithium bromide LiBr 3. 5%%* 129
4.Q*** 124

Lithium nitrate LiNO3 3.6-3.8*%*%* 129,147

* in TEGDME. ** in DMSO. *** in DEGDME. **** in DME.
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1.3. Conclusion

A significant difficulty in assembling a high-performance Li-O, battery is that all of the
factors affecting the battery performance, such as electrolyte decomposition, LiO,
insulating nature, Li dendrite formation, reactivity of carbon cathode, and high charge
overpotential, are interconnected, and their relationships towards each other are not yet
fully understood. Any perturbations to the existing system can simultaneously affect
multiple factors, and all the changes should be carefully considered. Even the use of redox
mediators and new solvents can bring both improvement and detriment if other factors are

not elucidated.

The work presented in this thesis builds upon the current knowledge and addresses new
redox mediators that may improve both the charge overpotential and cyclability
characteristics of Li-O, batteries, as well as explores safe, stable alternatives to the

common aprotic electrolytes.

1.4. Research Approach and Methods

For this project, a comparative research approach was chosen where systematically
varied series of compounds with slightly different structures were investigated. This
method not only contributes to the fundamental knowledge in chemistry and
electrochemistry by elucidating the influence of the minor changes in the structure on the
battery performance but also ensures the high clarity of the obtained data through easy

identification of unusual results.

This study required a function-oriented design of the compounds as they had to satisfy

several essential criteria for the RMs or electrolytes in Li-O, batteries (Sections 1.2.3 and
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1.2.1.3). Before commencing the synthesis, it was necessary to carefully consider what
changes in the structures might lead to a better battery performance compared to the
original RMs and electrolytes, even though unambiguous prediction of such properties is

impossible.

Initially, this project investigated new redox mediators to efficiently oxidise the
discharge product (solid-state lithium peroxide particles, LiO,) during the charging
process. The Li-O, battery generally comprises three basic components: a Li anode, a
membrane soaked in electrolyte for Li ion diffusion and prevention of the oxygen from
crossing, and a porous cathode loaded with catalyst materials. The recharge of Li-O,
batteries depends on oxidising solid Li,O,, which is formed within the porous cathode
during the discharge process. However, Li,O, is electronically insulating, which induces
the poor electrochemical kinetics on charging and leads to high-voltage hysteresis. On
charging, the voltage of the cell increases by as high as 1-1.5 V, indicating a severe
polarisation for the oxidation of Li,O,. High voltages also provoke electrolyte
decomposition and parasitic reactions involving carbon-based cathode. A soluble RM can
significantly promote the oxidation of Li,0O,, thus, lowering the charge overpotential and
reducing the formation of side products. RM acts according to the mechanism described in

Section 1.2.3.

Another aim of this project was to find better alternatives to currently applied
electrolytes. In practice, instability, flammability and volatility of the electrolytes are
serious drawbacks that prevent the application of Li-O, batteries in vehicle propulsion
systems. In this respect, ionic liquids have many advantages compared to commonly used

aprotic solvents (Section 1.2.1.1).
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In the first series of compounds, TEMPO-substituted ionic liquids (TEMPOImILs, Fig.
13), we combined the properties of redox mediators and highly efficient solvents, which

was achieved using the standard synthetic methodology described in detail in Section 2.2.

R
N
(CHZ)n—N\J
. / —
O—N )0 TFSI”
n=4-8
R =Hor Me

Figure 13. Structure of TEMPOImILs.

The function of the RM is performed by a nitroxide radical (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) that has been tested previously (Table 1, Section
1.2.3). The TEMPO-OH moiety is attached to imidazolium cation with
bis(trifluoromethanesulfonyl)imide (TFSI") counter ion through the alkyl chain. The effect
of varying alkyl chain length on the ionic conductivity of the TEMPOImILs and the

performance of the batteries with pure TEMPOImIL/LiTFSI electrolytes was analysed.

The second series of the RMs (RPTIOs, Fig. 14, Table 2) is based on 2-phenyl-4,4,5,5.-
tetramethylimidazoline-1-oxyl 3-oxide (PTIO), which has also been studied earlier (Table
1, Section 1.2.3). It is claimed that this RM can improve both charge and discharge
overpotentials. The synthesis of the RMs was performed using published methods (Section
2.3). The RPTIOs contained substituents with different electron affinities on the 4-position
of the benzene ring (Fig. 14, Table 2). The redox potentials of the RPTIOs and the

performance of the batteries with catalytic amounts of these RMs were investigated.
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Figure 14. Structure of RPTIOs.

Table 2. Abbreviations and description of the structures of RPTIOs

Short name R
PTIO H
NMe,PTIO NMe,
OMePTIO OMe
NO,PTIO NO;

To characterise the obtained compounds, various NMR techniques, IR spectroscopy and
elemental analysis were applied. The water content and decomposition temperature of pure
TEMPOImIL electrolyte solvents were tested using TGA and DSC. Ionic conductivity of
TEMPOImILs was evaluated using AC impedance spectroscopy. Cyclic voltammetry of
TEMPOImILs and RPTIOs was performed to measure the redox potentials and stability in
an oxygen atmosphere. UV-visible spectroelectrochemistry of PTIO was applied to

determine the reversibility of redox processes.

Prototype lithium-oxygen battery cells were fabricated using Li metal anodes, glass fibre
separators and different types of carbon-based cathodes. While RPTIOs were added in low
concentrations into an aprotic electrolyte, TEMPOImILs were used solely as electrolyte
solvents. Heating battery cells to 73 °C in the oven was applied to increase the ionic
conductivity of TEMPOImILs. The specific capacity and cycle life of the batteries were
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determined by galvanostatic charge/discharge cycling. SEM and XRD analysis of pristine,
discharged and charged cathodes of the batteries with RPTIOs were performed to prove the
identity of the discharge product. Batteries with RPTIOs were also tested in an argon
atmosphere to ensure that the capacity is provided by the formation and decomposition of
the Li,O, (Eq. 7), rather than redox shuttling of the RMs. A detailed description and

justification of the applied methods can be found in Chapter 2 (Section 2.5).
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Chapter 2: Experimental

Section
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Chapter 2: Experimental Section

2.1. General

4-Hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl  (4-hydroxy-TEMPO,  97%), 1-
methylimidazole (99%), 1,2-dimethylimidazole (97%), 4-dibromobutane (99%), tetra-n-
butylammonium bromide (>99%), 1,5-dibromopentane (97%), 1,6-dibromohexane (96%),
1,8-dibromooctane (98%), phenylhydrazine (97%), 2,3-dimethyl-2,3-dinitrobutane (98%),
tetrahydrofuran (>99.9%), benzaldehyde (>99%), 4-(dimethylamino)benzaldehyde (>99%),
4-methoxybenzaldehyde, cadmium sulfate, sodium periodate (>99.8%), TBATFSI
(>99.0%), TEGDME (for cyclic voltammetry, 99%), DEGDME (99.5%), acetonitrile
(99.8%) and LiTFSI for cyclic voltammetry and synthesis (96%) were purchased from
Sigma-Aldrich. Ammonium chloride (>99.5%) was purchased from Univar. 4-
Nitrobenzaldehyde (>98.0%) was purchased from Merck. Zinc dust with particle size <10
mm (>98%, Sigma Aldrich) was kindly provided by Assoc. Prof. Shanlin Fu. 1,7-
dibromoheptane (95+%) was purchased from Oakwood Chemicals. TEGDME (98+%) and
LiTFSI (99.8+%) for the battery tests were purchased from DoDoChem. All solvents used
in synthetic procedures were analytical grade. LiTFSI, TEGDME, DEGDME and
phenylhydrazine were stored in the glove box. TEGDME and DEGDME were dried with
3A molecular sieves (Sigma-Aldrich) for at least one week before use. All other chemicals

were used as received.

All procedures were conducted in the fumehood or glove box. Special precautions were

taken while using cadmium sulphate, which is a known carcinogen and mutagen.
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NMR spectra were recorded using an Agilent Technologies NMR spectrometer
operating at a frequency of 500.3 MHz for 'H and 125.7 MHz for "*C experiments with
DMSO-d; as a solvent. Elemental analysis was performed by the Campbell Microanalytical
Laboratory, Department of Chemistry, University of Otago, New Zealand. FTIR spectra
were acquired using Thermo Scientific Nicolet 6700 FTIR spectrometer. Photographs of
crystals of RPTIOs crushed between two microscope slides were obtained using an

AmScope 18MP USB3.0 Digital Camera attached to ZEISS Stemi 305 stereo microscope.

TGA and DSC curves were obtained simultaneously using a Thermal Advantage SDT-
Q600 thermal analyser. Experiments were conducted in the temperature range of 25-700 °C
at a heating rate of 10 °C min™' under a nitrogen gas flow of 150 mL min™. Samples were

placed in alumina crucibles.

2.2. Synthesis of TEMPO-ionic Liquids (TEMPOImILSs)

TEMPOImILs were synthesised using modified literature methods (Scheme 1).'*¥'* 'H

and >C NMR spectra were obtained after adding phenylhydrazine directly into the NMR
tubes. Spectra, therefore, contain signals corresponding to the reduction product of the
nitroxide radical.'"™® The assignment of the NMR signals was supported by gHSQC and

DEPT NMR experiments using the TEMPOImILs.

4-(2,2,6,6-tetramethyl-1-oxyl-4-piperidoxyl)butyl bromide (TEMPOLC,Br, 2a). To a
solution of 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (0.500 g, 0.0029 mol) in toluene
(5 mL) was added potassium hydroxide (0.65 g, 0.0116 mol) and tetra-n-butylammonium
bromide (0.093 g, 0.3 mmol). After stirring for 5 minutes, 1,4-dibromobutane (0.53 g,

0.0116 mmol) was added, and the mixture was vigorously stirred at room temperature for
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24 h. The solvent was then removed on a rotary evaporator, and the mixture was purified
using silica column chromatography (2 x 15 cm) eluting with a hexane:dichloromethane
mixture using a gradient from 100:0 to 0:100 (by volume). The product was dried under
high vacuum to yield 0.34 g (51%) of 4-(2,2,6,6-tetramethyl-1-oxyl-4-piperidoxyl)butyl

bromide as a red viscous oil.

TEMPOLC,Br with n = 5-8 (2b—e) were obtained as red viscous oils using the same

method with the following yields: 2b — 50%, 2¢ — 56%, 2d — 75%, 2e — 54%.

TEMPOLC,Br (2a). 'H NMR (DMSO-d;, 500 MHz): 51.03 (s, 6H, CHs), 1.07 (s, 6H,
CHs), 1.19-1.26 (m, 2H, C(3)pip-H and C(5)pip-H), 1.54-1.61 (m, 2H, -OCH,CH,-), 1.80-
1.87 (m, 4H, C(3)pip-H and C(5)pip-H, -CH,CH,Br), 3.39 (t, 2H, J = 6.5 Hz, -OCH,-), 3.49-

3.55 (m, 1H, H(4)pip), 3.54 (t, 2H, J = 6.5 Hz, -CH,Br).

TEMPOLC:Br (2b). 'H NMR (DMSO-ds, 500 MHz): 51.04 (s, 6H, CHs), 1.08 (s, 6H,
CHs), 1.21-1.28 (m, 2H, H(3)pip and H(5)piy), 1.38-1.52 (m, 4H, -OCH,(CH,),-), 1.76-1.86
(m, 4H, H(3)pip and H(5)pip, -CH,CH,Br), 3.37 (t, 2H, J = 6.5 Hz, -OCH,-), 3.39-3.45 (m,

1H, H(4)pip), 3.52 (m, 2H, -CH,Br).

TEMPOLC¢Br (2¢). 'H NMR (DMSO-ds, 500 MHz): §1.04 (s, 6H, CH;), 1.07 (s, 6H,
CHs), 1.19-1.26 (m, 2H, H(3)pi, and H(5)piy), 1.26-1.50 (m, 6H, -OCH,(CH.,)s-), 1.76-1.87
(m, 4H, H3)p;, and H(5)pip, -CH,CH,Br), 3.36 (t, 2H, J = 6.5 Hz, -OCH,-), 3.39-3.45 (m,

1H, H(4)pip), 3.51 (t, 2H,J = 6.5 Hz, -CH,Br).

TEMPOLC;Br (2d). 'H NMR (DMSO-ds, 500 MHz): & 1.05 (s, 6H, CHs), 1.09 (s, 6H,

CHj), 1.19-1.46 (m, 10H, H(3)p;, and H(5)pip, -OCHy(CH,)4-), 1.76-1.86 (m, 4H, H3)pip
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and H(5)pip, -CH,CH,Br), 3.37 (t, 2H,J = 6.9 Hz, -OCH;-), 3.37-3.43 (m, 1H, H(4)p;p), 3.51

(t, 2H,J = 6.9 Hz, -CH,Br).

TEMPOLC;Br (2e). 'H NMR (DMSO-ds, 500 MHz): § 1.03 (s, 6H, CHs), 1.06 (s, 6H,
CHj), 1.19-1.49 (m, 12H, H(3)p;, and H(5)pip, -OCHy(CH)s-), 1.75-1.86 (m, 4H, H(3)pip
and H(5)pip, -CH,CH,Br), 3.35 (t, 2H, J = 6.5 Hz, -OCH,-), 3.46-3.52 (m, 1H, H(4)p;y), 3.52

(t, 2H,J = 6.5 Hz, -CH,Br).

1-methyl-3-(4-(2,2,6,6-tetramethyl- 1-oxyl-4-piperidoxyl)-butyl)imidazolium bromide
(TEMPOLC dm"Br, 3a). To a solution of 1-methylimidazole (0.0673 g, 0.82 mmol) in
acetonitrile (1 mL) a solution of 4-(2,2,6,6-tetramethyl-1-oxyl-4-piperidoxyl)butyl bromide
(TEMPOLC4Br, 2a, 0.210 g, 0.68 mmol) in acetonitrile (1 mL) was added. The mixture
was stirred at 60 °C for 6 hours. After removing the solvent on a rotary evaporator, the
residue was purified by trituration (x3) with sonication in diethyl ether and dried under high

vacuum overnight to give 0.170 g (80%) of red viscous oil.

TEMPOLC,Im"Br with n = 5-8 (3b—e) and 1,2-dimethyl-3-(4-(2,2,6,6-tetramethyl-1-
oxyl-4-piperidoxyl)-alkyl)imidazolium bromides (TEMPOLC,Im™?:Br, 4a—e) were
obtained similarly. Compounds 3b—e were isolated as red viscous oils with the yields: 3b —
42%, 3¢ — 79%, 3d —75%, 3e — 88%. Compounds 4a—e were filtered after trituration to give

red powders with the following yields: 4a — 72%, 4b — 80%, 4¢ — 86%, 4d — 68%, 4e —

45%. "H NMR shifts for compound 3a matched the literature data."’

TEMPOLC4Im™*Br (3a). '"H NMR (DMSO-d,, 500 MHz): 6 1.03 (s, 6H, CH3), 1.06 (s,
6H, CH3), 1.18-1.26 (m, 2H, H(3)pi, and H(5)pip), 1.39-1.47 (m, 2H, -OCH,CH,-), 1.78-

1.86 (m, 4H, H(3)p;p and H(5)pip, -CH,CH,N<), 3.39 (t, 2H, J = 6.5 Hz, -OCH,-), 3.47-3.54
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(m, 1H, H@)ppp), 3.85 (s, 3H, (CHs)i), 4.18 (t, 2H, J = 7.0 Hz, -CH,N<), 7.74 (s, 1H,

H(4)im or H(5)im), 7.77 (s, H(@)im or H(5)im), 9.15 (s, 1H, H(2)jm).

TEMPOLCsIm™Br (3b). 'H NMR (DMSO-d;, 500 MHz): § 1.03 (s, 6H, CH3), 1.06 (s,
6H, CHs), 1.18-1.30 (m, 4H, H(3)pi, and H(5)pip, -CH,CH,CH,N<), 1.45-1.52 (m, 2H, -
OCH,CH,-), 1.75-1.85 (m, 4H, H(3)p;p and H(5)pip, -CH,CH,N<), 3.36 (t, 2H, J = 6.4 Hz, -
OCH,-), 3.46-3.53 (m, 1H, H(4)pi,), 3.85 (s, 3H, (CH3)m), 4.16 (t, 2H, J = 7.1 Hz, -

CH,N<), 7.72 (s, 1H, H(4)m, or H(5)m), 7.78 (s, H(4)mm or H(5)m), 9.15 (s, 1H, H(2)m).

TEMPOLCIm™Br (3¢). 'H NMR (DMSO-ds, 500 MHz): & 1.04 (s, 6H, CH3), 1.07 (s,
6H, CH3), 1.19-1.35 (m, 6H, H(3)pip and H(5)pip, -(CH2),CH,CH,N<), 1.41-1.49 (m, 2H, -
OCH,CH,-), 1.71-1.86 (m, 4H, H(3)p;, and H(5)pip, -CH,CH,N<), 3.36 (t, 2H, J = 6.4 Hz, -
OCH,-), 3.46-3.53 (m, 1H, H(4)pip), 3.85 (s, 3H, (CH3)m), 4.16 (t, 2H, J = 7.1 Hz, -
CH,N<), 7.70-7.72 (m, 1H, C(4)in-H or C(5)i-H), 7.76-7.78 (m, C(4)1m-H or C(5)im-H),

9.15 (s, TH, H(2)m).

TEMPOLC,Im"*Br (3d). '"H NMR (DMSO-d;, 500 MHz): & 1.03 (s, 6H, CH3), 1.06 (s,
6H, CH3), 1.18-1.32 (m, 8H, H(3)pi, and H(5)pip, -(CH2);CH,CH,N<), 1.39-1.47 (m, 2H, -
OCH,CH,-), 1.71-1.85 (m, 4H, H(3)p;, and H(5)pip, -CH,CH,N<), 3.35 (t, 2H, J = 6.6 Hz, -
OCH»-), 3.45-3.52 (m, 1H, H(#)pip), 3.85 (s, 3H, (CH3)m), 4.16 (t, 2H, J = 7.2 Hz, -
CH,N<), 7.71-7.73 (m, 1H, H(4)m or H(5)m), 7.78-7.80 (m, H(4)im or H(5)m), 9.21 (s, 1H,
H(Q2)1m).

TEMPOLCIm™Br (3e). '"H NMR (DMSO-d;, 500 MHz): 6 1.04 (s, 6H, CH3), 1.07 (s,
6H, CH3), 1.19-1.30 (m, 10H, H(3)pi, and H(5)pip, -(CH2)4CH,CH,N<), 1.41-1.48 (m, 2H, -
OCH,CH,-), 1.73-1.86 (m, 4H, H(3)pip and H(5)pip, -CH,CH,N<), 3.35 (t, 2H, J = 6.8 Hz, -
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OCH,-), 3.46-3.53 (m, 1H, H(4)py), 3.84 (s, 3H, (CHy)m), 4.14 (t, 2H, J = 7.6 Hz, -

CH,N<), 7.70 (s, TH, H(4)im or H(5)im), 7.77 (s H(@)im or H(5)im), 9.15 (s, 1H, H(2)im).

TEMPOLC,Im™?:Br (4a). "H NMR (DMSO-ds, 500 MHz): & 1.04 (s, 6H, CHs), 1.07
(s, 6H, CH3), 1.19-1.26 (m, 2H, H(3)pip and H(5)pip), 1.42-1.50 (m, 2H, -OCH,CH,-), 1.69-
1.78 (m, 2H, -CH,CH,N<), 1.81-1.87 (m, 2H, H(3)p;, and H(5)pi,), 2.58 (s, 3H,
C(2)mCH3), 3.40 (t, 2H, J = 6.3 Hz, -OCH,-), 3.48-3.55 (m, 1H, H(4)p;p), 3.75 (s, 3H,
N(1)imCHs), 4.13 (t, 2H, J = 7.4 Hz, -CH,N<), 7.62-7.65 (m, 1H, H(4)1, or H(5)1m,), 7.65-

7.67 (m, 1H, H(4)m or H(5)mm)-

TEMPOLCsIm™?:Br (4b). "H NMR (DMSO-ds, 500 MHz): & 1.04 (s, 6H, CHs), 1.07
(s, 6H, CH3), 1.19-1.34 (m, 4H, H(3)pi, and H(5)pip, -CH,CH,CH,N<), 1.46-1.52 (m, 2H, -
OCH,CH,-), 1.68-1.76 (m, 2H, -CH,CH,N<), 1.79-1.86 (m, 2H, H(3)pi, and H(5)pip), 2.58
(s, 3H, C(2Q)imCH3), 3.36 (t, 2H, J = 6.5 Hz, -OCH,-), 3.45-3.54 (m, 1H, H(4)p;p), 3.75 (s,
3H, N(1)inCH3), 4.10 (t, 2H, J = 7.3 Hz, -CH,N<), 7.62-7.65 (m, 1H, H(4)1p, or H(5)im),

7.65-7.67 (m, 1H, H(#)im or H(5)m).

TEMPOLCsIm™®:Br (4¢). '"H NMR (DMSO-ds, 500 MHz): & 1.05 (s, 6H, CHs), 1.09

(s, 6H, CH3), 1.22-1.37 (m, 6H, H(3)pi, and H(5)pip, (CH,),CH,CH,N<), 1.44-1.52 (m, 2H,
-OCH,CH,-), 1.65-1.73 (m, 2H, -CH,CH,N<), 1.81-1.87 (m, 2H, H(3)p;, and H(5)p;p), 2.55
(s, 3H, C(2)imCHs), 3.37 (t, 2H, J = 6.4 Hz, -OCH,-), 3.47-3.56 (m, 1H, H(4)p;p), 3.72 (s,
3H, N(1)inCHs), 4.06 (t, 2H, J = 7.4 Hz, -CH,N<), 7.62-7.65 (m, 1H, H(4)im or H(5)m),

7.65-7.67 (m, 1H, H(#)im or H(5)m).

TEMPOLC,Im™®:Br (4d). '"H NMR (DMSO-ds, 500 MHz): & 1.03 (s, 6H, CHs), 1.07

(s, 6H, CH3), 1.19-1.34 (m, 8H, H(3)p;, and H(5)pip, -(CH,)sCH,CH,N<), 1.40-1.48 (m, 2H,
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-OCH,CH,-), 1.65-1.73 (m, 2H, -CH,CH,N<), 1.80-1.86 (m, 2H, H(3)p;, and H(5)pip), 2.57
(s, 3H, C(2)mCHs), 3.35 (t, 2H, J = 6.6 Hz, -OCH,-), 3.45-3.53 (m, 1H, H@)p;,), 3.74 (s,
3H, N(1)imCHs), 4.09 (t, 2H, J = 7.3 Hz, -CH,N<), 7.61-7.64 (m, 1H, H(4)m or H(5)m),

7.64-7.67 (m, 1H, H(#)im o H(5)m).

TEMPOLCsIm™®:Br (4¢). '"H NMR (DMSO-ds, 500 MHz): & 1.04 (s, 6H, CH3), 1.08
(s, 6H, CH3), 1.19-1.33 (m, 10H, H(3)pi, and H(5)pip, -(CH,)sCH,CH,N<), 1.41-1.49 (m,
2H, -OCH,CH,-), 1.65-1.73 (m, 2H, -CH,CH,N<), 1.81-1.87 (m, 2H, H(3)p;, and H(5)p;p),
2.54-2.59 (m, 3H, C(2)mCHs), 3.36 (t, 2H, J = 6.5 Hz, -OCH,-), 3.46-3.54 (m, 1H, H(4)pi,),
3.72-3.76 (m, 3H, N(1)1CH3), 4.08 (t, 2H, J = 7.6 Hz, -CH,N<), 7.60-7.67 (m, 2H, H(4)1,

and H(5)m).

1-Methyl-3-(4-(2,2,6,6-tetramethyl- 1-oxyl-4-piperidoxyl)-butyl)imidazolium
bis(trifluoromethane)sulfonimide ~(TEMPOLC Am"TFSI, 5a). To a solution of
TEMPOLC4Im™Br (3a, 0.690 g, 1.77 mmol) in water (2.5 mL) at 70 °C, was added a
solution of LiTFSI (0.508 g, 1.77 mmol) in water (2.5 mL) at 70 °C. The oil that
immediately formed was extracted with dichloromethane (3 x 1 mL). The combined
organic fractions were washed with water (3 x 5 mL). A silver(I) nitrate test indicated the
absence of bromide ions in the final solution. The solution was concentrated using a rotary
evaporator and purified by column chromatography on silica (2 x 15cm) eluting with
chloroform followed by ethyl acetate:methanol using a gradient from 10:0 to 10:1 (by
volume). Compound 5a was dried at 90—-100 °C under high vacuum with stirring for 2
hours to give a red viscous oil (0.808 g, 79%). It was stored in a glove box under an inert

atmosphere.
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TEMPOLC,Im"*TFSI with n = 5-8 (5b—e) and 1,2-dimethyl-3-(4-(2,2,6,6-tetramethyl-
1-oxyl-4-piperidoxyl)-alkyl)imidazolium bis(trifluoromethane)sulfonimides
(TEMPOLC,Im™®- TFSI, 6a—e) were synthesised likewise to give red viscous oils, yields:
5b — 91%, 5¢ — 97%, 5d — 93%, 5e — 79%; 6b — 93%, 6¢ — 95%, 6d — 90%, 6e — 93%.
Compound 6a was isolated in the form of red powder (91%). 'H NMR signals for

compound 6b matched the literature data.'**

TEMPOLC,Im™TFSI (5a). 'H NMR (DMSO-ds, 500 MHz): §1.06 (s, 6H, CH3), 1.09
(s, 6H, CH3), 1.21-1.29 (m, 2H, H(3)pi, and H(5)piy), 1.41-1.49 (m, 2H, -OCH,CH,-), 1.78-
1.88 (m, 4H, H(3)pip and H(5)pip, -CH,CH,N<), 3.40 (t, 2H, J = 6.3 Hz, -OCH,-), 3.49-3.56
(m, 1H, H(4)pip), 3.83 (s, 3H, (CH3)m), 4.15 (t, 2H, J = 7.1 Hz, -CH,N<), 7.66 (s, 1H,
H(#)1m or H(5)m), 7.72 (s, H@)m or H(5)m), 9.05 (s, 1H, H2)m). "C NMR (DMSO-dj,
126 MHz): §20.7 ((CH3)pip), 26.4 (-CH,CH,N<), 26.9 (-OCH,CHy-), 32.6 ((CH3)pip), 35.9
((CH3)im), 44.8 (C(3)pip, C(5)pip), 48.9 (-CH,N<), 58.1 (C(2)pip, C(6)pip), 66.6 (-OCH,-),
70.2 (C(4)pip), 119.7 (q, CFs, J = 322 Hz), 122.4, 123.8 (C(4)im, C(5)im), 136.7 (C(2Q)im).

Anal. Calcd for Ci9H3z1F¢N4O6S,: C 38.71, H 5.30, N 9.50. Found: C 38.42, H 5.29, N 9.48.

TEMPOLCsImM*TFSI (5b). '"H NMR (DMSO-ds, 500 MHz): & 1.03 (s, 6H, CHs), 1.06
(s, 6H, CH3), 1.18-1.30 (m, 4H, H(3)p;p and H(5)pip, -CH,CH,CH,N<), 1.45-1.52 (m, 2H, -
OCH,CH,-), 1.75-1.85 (m, 4H, H(3)pi, and H(5)pip, -CH,CH,N<), 3.36 (t, 2H, J = 6.5 Hz, -
OCH,-), 3.46-3.53 (m, 1H, H(4)pip), 3.84 (s, 3H, (CHs)p), 4.15 (t, 2H, J = 7.0 Hz, -
CH,N<), 7.69 (s, 1H, H(4)1m or H(5)m), 7.75 (s, H@)im or H(5)im), 9.09 (s, 1H, H(2)m). *C
NMR (DMSO-ds, 126 MHz): 520.8 ((CH3)pip), 22.6 (-CH,(CH,),N<), 29.2 (-CH,CH,N<),

29.5 (-OCH,CH,-), 32.6 ((CH3)pip), 35.9 ((CHz3)imm), 44.9 (C(3)pips C(5)pip), 49.0 (-CH,N<),
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58.2 (C(2)pips C(6)pip), 67.1 (-OCH,-), 70.3 (C(4)pip), 119.8 (q, CF3, J = 322 Hz), 122.4,
123.7 (C(@)ims C(5)im), 136.6 (C(2)im). Anal. Caled for CaoH33FsN4O6S»-0.5H,0: C 39.21,

H 5.59,N 9.15. Found: C 39.03, H 5.48, N 9.27.

TEMPOLC,Im™TFSI (5¢). '"H NMR (DMSO-ds, 500 MHz): & 1.05 (s, 6H, CHs), 1.09
(s, 6H, CH3), 1.20-1.36 (m, 6H, H(3)pip and H(5)pip, -(CH,),CH,CH,N<), 1.43-1.51 (m, 2H,
-OCH,CH,-), 1.73-1.87 (m, 4H, H(3)pi, and H(5)pip, -CH,CH,N<), 3.36 (t, 2H, J = 6.6 Hz,
-OCH,-), 3.46-3.53 (m, 1H, H(4)pip), 3.83 (s, 3H, (CH3)im), 4.12 (t, 2H, J = 7.1 Hz, -
CH,N<), 7.67 (s, 1H, H(4)im or H(5)m), 7.73 (s, H(4)m or H(5)m), 9.07 (s, 1H, HQ2)wm). °C
NMR (DMSO-ds, 126 MHz): & 20.8 ((CHs)pip), 25.4, 25.6 (-(CHy)»(CH,),N<), 29.6 (-
CH,CH,N<), 29.7 (-OCH,CH,-), 32.6 ((CH3)pip), 35.9 ((CH3)m), 44.9 (C(3)pip, C(S)pip),
49.0 (-CH,N<), 58.2 (C(2)pip, C(6)pip), 67.3 (-OCH;-), 70.2 (C(4)pip), 119.8 (q, CF3, J = 321
Hz), 122.4, 123.7 (C(4)1m, C(5)im), 136.6 (C(2)1m). Anal. Caled for CH3sFeN4O6S,H,0: C

39.68, H 5.87, N 8.81. Found: C 39.45, H 5.55, N 8.97.

TEMPOLC,Im"TFSI (5d). '"H NMR (DMSO-ds, 500 MHz): & 1.04 (s, 6H, CHs), 1.08
(s, 6H, CH3), 1.18-1.34 (m, 8H, H(3)pip and H(5)pip, -(CH,);CH,CH,N<), 1.41-1.49 (m, 2H,
-OCH,CH,-), 1.71-1.87 (m, 4H, H(3)pi, and H(5)pip, -CH,CH,N<), 3.36 (t, 2H, J = 6.6 Hz,
-OCH,-), 3.46-3.53 (m, 1H, H(4)p;p), 3.84 (s, 3H, (CH3)m), 4.16 (t, 2H, J = 7.0 Hz, -
CH,N<), 7.67 (s, 1H, H(4)im or H(5)m), 7.74 (s, H(#)m or H(5)m), 9.07 (s, 1H, H(2)im). °C
NMR (DMSO-ds, 126 MHz): & 20.8 ((CHs)pip), 25.7, 25.8, 28.5 (-CHy(CH,)N<, -
O(CH,),CHy-, -CH,(CH,)3N<), 29.6 (-CH,CH,N<), 29.8 (-OCH,CH,-), 32.6 ((CH3)pip),
35.9 ((CH3)im), 44.9 (C(3)pips C(5)pip), 49.0 (-CH,N<), 58.1 (C(2)pip, C(6)pip), 67.4 (-OCH,-
), 70.2 (C(4)pip), 119.8 (q, CFs3, J = 322 Hz), 122.4, 123.7 (C(4)im, C(5)im), 136.6 (C(2)im).

Anal. Calcd for CyyH37FsN4O6S,: C 41.83, H 5.90, N 8.87. Found: C 41.79, H 5.92, N 8.63.
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TEMPOLCsIm™TFSI (5¢). '"H NMR (DMSO-ds, 500 MHz): & 1.03 (s, 6H, CHs), 1.06
(s, 6H, CH3), 1.18-1.32 (m, 10H, H(3)pi, and H(5)pip, -(CH,)sCH,CH,N<), 1.40-1.48 (m,
2H, -OCH,CH,-), 1.73-1.85 (m, 4H, H(3)pi, and H(5)pip, -CH,CH,N<), , 3.35 (t, 2H, J =
6.5 Hz, -OCH,-), 3.45-3.54 (m, 1H, H(4)pi), 3.84 (s, 3H, (CH3)yy), 4.14 (t, 2H, J = 7.0 Hz,
-CH,N<), 7.69 (s, 1H, H(#)im or H(5)m), 7.75 (s, H@)m or H(5)m), 9.09 (s, 1H, H2)m).
BC NMR (DMSO-ds, 126 MHz): & 20.8 ((CHs)pip), 25.7, 25.9 (-(CH,)2(CH,)4N<), 28.6,
28.9 (-CHy(CH,)N<, -O(CH,),CH,-), 29.6 (-CH,CH,N<), 29.9 (-OCH,CH,-), 32.5
((CH3)pip), 35.9 ((CH3)im), 44.9 (C3)pips C(5)pip), 49.0 (-CH,N<), 58.1 (C(2)pip, C(6)pip),
67.38 (-OCH,-), 70.1 (C(4)pip), 119.7 (q, CF3, J = 322 Hz), 122.4, 123.8 (C(4)im> C(5)m),
136.6 (C(2)im). Anal. Caled for Co3H3oFgN4O6S,: C 42.78, H 6.09, N 8.68. Found: C 42.63,

H 5.99, N 8.74.

TEMPOLC,Im™?2TFSI (6a). '"H NMR (DMSO-ds, 500 MHz): §1.05 (s, 6H, CHs), 1.08
(s, 6H, CH3), 1.20-1.28 (m, 2H, H(3)pi, and H(5)pip), 1.43-1.51 (m, 2H, -OCH,CH,-), 1.71-
1.78 (m, 2H, -CH,CH,N<), 1.82-1.88 (m, 2H, H(3)p; and H(5)pi,), 2.55 (s, 3H,
C(2)mCH3), 3.41 (t, 2H, J = 6.2 Hz, -OCH,-), 3.49-3.56 (m, 1H, H(4)p;p), 3.73 (s, 3H,
N(1)mCHs), 4.11 (t, 2H, J = 7.2 Hz, -CH,N<), 7.57-7.60 (m, 1H, H(4)1m or H(5)m), 7.60-
7.63 (m, 1H, H(4)im or H(5)m). >C NMR (DMSO-ds, 126 MHz): §9.2 (C(2)mmCHs), 20.7
((CH3)pip), 26.4 (-CH,CH,N<), 26.7 (-OCH,CH,-), 32.7 ((CH3)pip), 34.8 (N(1)1mCH3), 44.9
(CB)pips C(B)pip), 47.6 (-CHINS), 58.2 (CQ2)pip, C(6)pip), 66.8 (-OCHy-), 70.3 (C(4)pip),
119.8 (q, CFs, J = 322 Hz), 121.0, 122.5 (C(4)im, C(5)m), 144.2 (C(2)im). Anal. Calcd for

C20H33F6N406SQ'H201 C 3864, H 5.67, N 9.01. Found: C 3839, H 5.55, N 8.78.
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TEMPOLCsIm™?2TFSI (6b). *C NMR (DMSO-ds, 126 MHz): § 9.2 (C(2)imnCHs),

20.8 ((CH3z)pip), 22.8 (-CH»(CH,),N<), 29.2 (-CH,CH,N<), 29.3 (-OCH,CH,-), 32.6
((CH3)pip), 34.8 (N(1)imCHs), 44.9 (C(3)pip, C(5)pip), 47.7 (-CHoN<), 58.2 (C(2)pip, C(6)pip),
67.2 (-OCH;-), 70.3 (C(4)pip), 119.7 (q, CF3, J = 322 Hz), 121.0, 122.4 (C(4)im, C(5)m),
144.1 (C(2)m). Anal. Calcd for Cy1H35F¢N4O6S»-1.5H,0: C 39.12, H 5.94, N 8.69. Found:

C39.42,H5.74, N 8.26.

TEMPOLC4Im™?-TFSI (6¢). '"H NMR (DMSO-ds, 500 MHz): 61.06 (s, 6H, CHs), 1.10

(s, 6H, CH3), 1.22-1.37 (m, 6H, H(3)pi, and H(5)pip, -(CH»),CH,CH,N<), 1.43-1.51 (m, 2H,
-OCH,CHb»-), 1.65-1.73 (m, 2H, -CH,CH,N<), 1.82-1.88 (m, 2H, H(3)pip, and H(5)pip), 2.55
(s, 3H, C(2)mCHs), 3.37 (t, 2H, J = 6.7 Hz, -OCH,-), 3.47-3.56 (m, 1H, H(4)pip), 3.72 (s,
3H, N(1)mCHs), 4.06 (t, 2H, J = 7.1 Hz, -CH,N<), 7.56-7.59 (m, 1H, H(4)im or H(5)m),
7.59-7.62 (m, 1H, H(4)p, or H(5)im). °C NMR (DMSO-ds, 126 MHz): §9.2 (C(2)1nCH3),
20.8 ((CH3)pip), 25.5, 25.7 (-(CH2)2(CH;):N<), 29.3 (-CH,CH,N<), 29.7 (-OCH,CH,-),
32.6 ((CH3)pip), 34.8 (N(1)imCH3), 44.9 (C(3)pip, C(5)pip), 47.7 (-CHoN<), 58.1 (C(2)pip,
C(6)pip), 67.3 (-OCH;-), 70.2 (C(4)pip), 119.8 (q, CF3, J = 322 Hz), 121.0, 122.4 (C(4)im,
C(5)m), 144.2 (C(2)m). Anal. Calcd for CyH37FsN4O6S;,: C 41.83, H 5.90, N 8.87. Found:

C41.64, H 5.88, N 8.57.

TEMPOLC,Im™®-TFSI (6d). '"H NMR (DMSO-ds, 500 MHz): § 1.05 (s, 6H, CH;),

1.08 (s, 6H, CH3), 1.21-1.32 (m, 8H, HQ3)p;, and H(5)pip, -(CH,);CH,CH,N<), 1.42-1.49
(m, 2H, -OCH,CH,-), 1.65-1.74 (m, 2H, -CH,CH,N<), 1.82-1.87 (m, 2H, H(3)p;, and
H(5)pip), 2.55 (s, 3H, C(2)imCHs), 3.36 (t, 2H, J = 6.7 Hz, -OCH,-), 3.47-3.56 (m, 1H,

H(4)pip), 3.72 (s, 3H, N(1)inCHs), 4.07 (t, 2H, J = 7.3 Hz, -CH,N<), 7.57-7.60 (m, 1H,
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H(4) 1, or H(S)m), 7.60-7.63 (m, 1H, H(4)1, or H(5)m). °C NMR (DMSO-dg, 126 MHz): &
9.2 (C(2)mCHs), 20.8 ((CH3)pip), 25.79, 25.81 (-CHa(CH,),N<, -O(CH,),CH,-), 28.6 (-
CH,(CH,)3N<), 29.3 (-CH,CH,N<), 29.8 (-OCH,CH,-), 32.6 ((CHs)pip), 34.8 (N(1)inCH),
44.9 (C(3)pip, C(5)pip), 47.7 (-CH,N<), 58.1 (C(2)pip, C(6)pip), 67.4 (-OCHs-), 70.1 (C(4)pip),
119.8 (g, CF3, J = 322 Hz), 121.0, 122.4 (C(4)1m, C(5)im), 144.2 (C(2)1m). Anal. Caled for

C3H30FsN4O6S,: C 42.78, H 6.09, N 8.68. Found: C 42.94, H 6.03, N 8.37.

TEMPOLCIm™?2TFSI (6e). 'H NMR (DMSO-ds, 500 MHz): §1.07 (s, 6H, CH3), 1.11

(s, 6H, CH3), 1.21-1.34 (m, 10H, H(3)pi, and H(5)pip, -(CH2)4CH,CH,N<), 1.43-1.52 (m,
2H, -OCH,CH,-), 1.65-1.73 (m, 2H, -CH,CH,N<), 1.83-1.89 (m, 2H, H(3)pi, and H(5)pip),
2.53 (s, 3H, C(2)immCHs3), 3.38 (t, 2H, J = 6.3 Hz, -OCH,-), 3.48-3.56 (m, 1H, H(4)p;), 3.71
(s, 3H, N(1)imCH3), 4.05 (t, 2H, J = 7.3 Hz, -CH,N<), 7.54-7.57 (m, 1H, H(4)1m or H(5)m),
7.57-7.60 (m, 1H, H#)m or H(5)m). °C NMR (DMSO-ds, 126 MHz): & 9.14 (C(2)im-
CH3), 20.81 ((CH3)pip), 25.81, 25.93 (-(CH2)2(CH,)4N<), 28.74, 28.99 (-CH,(CH,),N<, -
O(CH,),CH,-), 29.36 (-CH,CH,N<), 29.93 (-OCH,CH)-), 32.57 ((CHi)pi), 34.74
(N(1)imCH3), 44.96 (C(3)pips C(5)pip), 47.74 (-CH,N<), 58.15 (C(2)pip, C(6)pip), 67.48 (-
OCH,-), 70.18 (C(4)pip), 119.79 (q, CF3, J = 322 Hz), 121.08, 122.42 (C(4)im, C(5)m),
144.13 (C(2)m). Anal. Calcd for Cp4HyFsN4O4S,'1.66H,0: C 41.80, H 6.48, N 8.12.

Found: C 42.06, H 6.24, N 7.80.
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2.3. Synthesis of Substituted 2-Phenyl-nitronyl Nitroxides (RPTIOs)
N,N'-dihydroxy-2,3-diamino-2,3-dimethylbutane,'* dihydroxyimidazolidine
compounds'*® and nitronylnitroxide compounds (RPTIOs)"** were synthesised according to

the literature procedures (Scheme 6).

N,N'-dihydroxy-2,3-diamino-2, 3-dimethylbutane. NH4Cl (1.92 g, 0.036 mol) and CdSO,4
(0.020 g, 0.096 mol) were added to a solution of 2,3-dimethyl-2,3-dinitrobutane (1.55 g,
8.8 mmol) in tetrahydrofuran/water (10:1 by volume, 66 mL) under nitrogen. The mixture
was cooled to 15 °C, and then zinc powder (3.12 g, 0.048 mol) was added over a period of
30 min with vigorous stirring. The reaction mixture was stirred for 1 h at 15 °C, and the
resultant precipitate was collected by filtration and washed with tetrahydrofuran (3x%20
mL). The filtrate was concentrated using a rotary evaporator, 30 mL of acetone was added,
and more product was collected by filtration. The solid was dried in high vacuum for 24 h.
The yield of the crude N,N'-dihydroxy-2,3-diamino-2,3-dimethylbutane was 1.59 g (white
powder). This compound is unstable in air and was used directly in the subsequent

procedures.

2-phenyl-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl (PTIO). A portion of the crude
N,N'-dihydroxy-2,3-diamino-2,3-dimethylbutane (0.74 g) was dissolved in MeOH (30 mL),
and benzaldehyde (0.23 g) was added. The progress of the reaction was monitored by TLC.
The mixture was stirred for 19 h at room temperature, and then the precipitate was filtered
and washed with ice-cold MeOH. The precipitate was dried in high vacuum for 24 h to
yield 0.460 g of white powder. "H NMR signals of the obtained N, N'-dihydroxy-2-phenyl-
4,4,5,5-tetramethylimidazolidine were equivalent to literature values.'”® N,N'-dihydroxy-2-

phenyl-4,4,5 5-tetramethylimidazolidine (0.449 g, 1.9 mmol) was dissolved in 4 mL of
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dichloromethane and 2 mL of H,O, and NalO4 (0.667 g, 3.1 mmol) was added. Blue
colouration occurred almost instantly, and the mixture was stirred for a further 30 min. The
dichloromethane layer was removed using a pipette, and the remaining aqueous layer was
extracted with dichloromethane (3 x 5 mL). Dichloromethane was removed in vacuo, and
the obtained blue powder was immediately purified using silica column chromatography (1
x 10 cm, eluent — EtOAc). The compound was recrystallized from the hexane-EtOAc
mixture at —20 °C. The precipitate was collected by filtration, washed with ice-cold diethyl
ether, dried in high vacuum for 16 h and stored in a freezer. Blue crystals (0.188 g, 42%).
FTIR (v, cm'): 3066, 2987, 2974, 2937, 1574, 1458, 1445, 1423, 1395, 1361, 1311, 1292,

1217, 1160, 1145, 1073, 1028, 1004, 976, 933, 865, 767, 692, 622, 612, 541, 508.

All other RPTIOs were synthesised similarly. '"H NMR signals of all N,N"-dihydroxy-2-
(4-R-phenyl)-4,4,5,5-tetramethylimidazolidines matched literature data."”® FTIR spectra of

all RPTIOs were consistent with the limited literature data'>

and a full description of the
data is included here. The percentage yields of RPTIOs were calculated based on the mass
of N,N'-dihydroxy-2-phenyl-4,4,5,5-tetramethylimidazolidine (obtained in the last synthetic
step).

2-(4-dimethylaminophenyl)-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl (NMe;PTIO).
Greenish blue crystals, 40%. FTIR (v, cmﬁl): 3096, 2983, 2916, 2815, 1603, 1540, 1448,

1412, 1386, 1353, 1320, 1296, 1207, 1166, 1126, 1061, 944, 869, 831, 727, 635, 616, 571,

540.

2-(4-methoxyphenyl)-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl (MeOPTIO). Blue

crystals, 79%. FTIR (v,cm'): 2987, 2939, 2846, 1606, 1574, 1536, 1487, 1447, 1415,

81



1385, 1355, 1301, 1255, 1212, 1186, 1164, 1132, 1021, 1110, 959, 942, 871, 831, 811, 788,

633, 614, 585, 524.

2-(4-nitrophenyl)-4,4,5, 5-tetramethylimidazoline-3-oxide- 1-oxyl (NO,PTIO). Dark green
crystals, 42%. FTIR (v, cm '): 3101, 2994, 2950, 2864, 1601, 1519, 1448, 1420, 1391,

1356, 1309, 1213, 1164, 1149, 1129, 1104, 1011, 837, 746, 690, 639, 607, 539.

2.4. Electrochemical Characterisation

2.4.1. General

Cyclic voltammetry and electrochemical impedance spectroscopy were performed using
a CHI660D electrochemical workstation. Spectroelectrochemical data were obtained using
the “amperometric it-curve” method on the CHI660D electrochemical workstation whilst
simultaneously collecting spectra using an Agilent Cary 60 UV-Visible spectrophotometer.
Cyclic voltammetry was conducted in a conventional three-electrode cell. Glassy carbon (O
3 mm), platinum wire and non-aqueous Ag/Ag  were used as a working, counter and a
reference electrode, respectively. The glassy carbon working electrode was polished,
washed and dried prior to use as well as between different measurements. For
spectroelectrochemistry, the same electrodes were used except for the working electrode,
which was platinum gauze. Spectroelectrochemistry was conducted in a thin layer quartz
glass cell with the path length of 1 mm. The Ag/Ag” reference electrode consisted of a
silver wire immersed in 0.1 M LiTFSI (or 0.5 M TBATEFSI) and 0.01 M AgNOj; in
TEGDME (for TEMPOImILs studies) or in CH3CN (for RPTIOs) and conductivity to the
bulk solution was maintained via a Vycor frit. For the CV tests, the Ag/Ag" reference

electrode was calibrated against a Li/Li" reference electrode. Li/Li" reference electrodes
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were fabricated by wrapping Li foil (1x1 c¢m?) around a nickel wire. For TEMPOImILs
studies, the potential of Ag/Ag" with 0.1 M LiTFSI or 0.5 M TBATFSI in TEGDME was
3.55V or 3.66 V vs. Li/Li", respectively. For RPTIOs studies, the potential of Ag/Ag” with
0.1 M LiTFSI or 0.5 M TBATFSI in TEGDME was 3.41 V or 3.56 V vs. Li/Li",
respectively. CV tests were conducted in TEGDME with 0.5 M TBATFSI or 0.1 M LiTFSI
and 10 mM of RMs at a scan rate of 100 mV s '. For spectroelectrochemistry, 3 x 107 M
solutions of PTIO in CH3CN with 0.3 M TBAPF¢ were used, while the Ag/Ag+ reference
electrode solution was 0.3 M TBAPFs and 0.01 M AgNOs; dissolved in CH3;CN. The
measurements were done under a N, and O, atmosphere for TEMPOImILs, and under an
Ar and O, atmosphere for RPTIOs and spectroelectrochemical tests. The saturation of
gases was achieved by bubbling dry gas for 10 min. The cells for CV tests were assembled

in an argon-filled glove box with water and oxygen levels of less than 0.1 ppm.

Electrochemical impedance spectroscopy (EIS) was conducted in the frequency range
100 kHz to 1 Hz with an amplitude of AC voltage of 5 mV. The tests were performed by
soaking two stainless steel blocking electrodes in the pure TEMPOImILs samples. The
system was sealed in a glove box. Samples were kept at each test temperature for 30 min
prior to each measurement to reach thermal equilibrium. At each test temperature, three

measurements were done.

Galvanostatic discharge-charge tests were carried out on a Neware Battery Testing
System. A two-electrode Swagelok-type cell with an air hole (0.785 cm?) on the cathode
side was used to test the electrochemical performances. The cells were assembled in an
argon-filled glove box with water and oxygen levels of less than 0.1 ppm. Li metal (16

mm) and glass fibre (18 mm) were used as an anode and separator, respectively. For
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TEMPOImILs, carbon nanotube cathodes (12 mm) were used, while for RPTIOs — carbon
black (12 mm). For TEMPOImILs, 0.5 M LiTFSI was dissolved in TEMPOImIL to prepare
the electrolyte. The electrolyte for RPTIOs was prepared by dissolving 0.01 M RM in 0.5
M LiTFSI/DEGDME solution. The cells with TEMPOImILs rested for 1 h at 60 °C prior to

being purged with oxygen.

A field emission scanning electron microscopy (FESEM, Zeiss Supra 55 VP) was used
to examine the morphology of the carbon black cathodes charged to 1 mAhcm 2
discharged to 1 mAh cm ? and pristine. X-ray diffraction (XRD) studies were performed
using a Bruker D8 X-ray diffractometer using Cu Ko radiation. For XRD and SEM
analysis, batteries were disassembled in a glove box, and the cathodes were soaked in dry
DEGDME with occasional stirring for 20 min and dried for 30 minutes in the glove box
chamber. Dried cathodes were then attached either to SEM sample stub using copper tape
or to glass/silicon slides for XRD using parafilm and were taken out of the glove box in a
sealed container just before the tests to avoid any interference from the components of the
air. In some cases, to prevent the cathodes from being damaged, stainless steel current
collectors with the cathodes attached to them were cut and used for the XRD and SEM

studies directly.
2.4.2. Preparation of Carbon-Based Cathodes

Cathodes were prepared using a procedure similar to the one described in literature.'**
To prepare CNT cathodes, firstly, 2% aqueous solution of PTFE was made by diluting 60%
PTFE solution with water. After sonicating this solution for 10 min, it was diluted with i-
PrOH, and CNTs were added at a ratio CNTs:PTFE = 9:1 (by weight). The mixture was

sonicated for 1 h and then vigorously stirred for 18 h. The obtained slurry was cast on
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precut glass fibre separators which were washed with acetone and dried at 100 °C for 5 h
before casting. The casting was done on a hotplate at 80 °C using a graduated pipette. The
cathodes were further dried at 100 °C for 18 h. The loading of the cathode material was

approximately 0.5 mg cm .

Carbon Black cathodes were prepared similarly to CNT cathodes with the same carbon

loading. Carbon Black:PTFE mixture was stirred for 48 h instead of 18 h.

2.5. Description and Justification of Characterisation Techniques

2.5.1. Thermal Analysis

The thermal analysis technique applied in this project combined thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). The instrument incorporates

both techniques.

In the TGA experiment, a percentage of mass loss (m/mpx x 100) of a sample is
recorded as a function of temperature or time. TGA can indicate the presence of volatile
impurities in a sample such as water or solvents, as well as provide a decomposition pattern
of a sample. In the current project, heating was conducted under an inert atmosphere to

avoid reactions with oxygen.

DSC measures the heat flow (in W g ' or J s'g') into/from a sample vs. temperature or
time. Here, DSC data helped to identify whether the change in mass on the TGA curve is
related to an endothermic or exothermic process. Exothermic processes include freezing,
solidifying, condensing, combustion, hydration, decomposition and represent local maxima
on the DSC curve. Endothermic peaks (local minima) could be due to evaporation, melting,
dehydration.
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2.5.2. Cyclic Voltammetry

In voltammetric techniques, an external potential is applied to the electrode, and the
current flowing through the electrochemical cell is measured as a function of the applied
potential. In cyclic voltammetry, the applied potential drops linearly with time at a certain
rate until it reaches a predetermined value called the switching potential (£)), then it rises

back to the initial value Ey, and the cycle (or the scan) is repeated (Fig. 15).

EV
E, E,

N4

t, sec

E, E,

Figure 15. Potential sweep in cyclic voltammetry.

Instrumentation for cyclic voltammetry includes a potentiostat, an electrochemical cell
and a computer. The electrochemical cell generally consists of a sample dissolved in a
solvent, ionic electrolyte and three electrodes: a working (indicator) electrode, where the
reaction occurs, a reference electrode and a counter (auxiliary) electrode. The potentiostat
is used to apply a potential between the working and counter electrode and to monitor the
current on the working electrode with respect to the reference electrode. The concentration
of an ionic electrolyte is 10—100 times higher than that of a sample to avoid the effect of

migration.
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At a certain applied voltage, a reduction process at the electrode begins and the current
exponentially increases until it reaches a peak value - the cathodic peak current (i,°, Fig.

16).

Figure 16. A typical cyclic voltammogram.

A steep rise in the current is due to the exponential dependence of the rate of electron
transfer on the applied potential. After reaching i,°, the current decreases owing to a
reduced concentration of the reactants near the surface of the electrode (in the absence of

stirring).

In the reverse process, the oxidation reaction occurs at the electrode and the current
drops until it reaches anodic peak current (i,") value. The peak voltages E," and E,°

correspond to i," and #,°, respectively.

In this project, cyclic voltammetry was used to determine formal oxidation potentials

E° o of the RMs and stability of the compounds in an oxygen atmosphere.
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If the current decreases with each subsequent scan, it indicates decomposition of the
compound, as there are fewer species available to be reduced or oxidised near the working

electrode.

Formal potentials were calculated according to the Equation 25:

a, pc
Ep+Ep
2

E = (25)

2.5.3. Electrochemical Impedance Spectroscopy

In electrochemical impedance spectroscopy (EIS), an AC voltage E; of small amplitude

is applied to a system and the resulting current I, is measured (Eqs. 26—28).

E, = Eysin(wt) (26)
w = 2nf (27)
Iy = Iysin(wt + @) (28),

where w is a radial frequency (in radians/second), f is frequency measured in Hz, ¢ is a

shift in phase.

Thus, according to Ohm’s law, the impedance (the ability of a circuit to oppose the flow
of electrical current) can be found by applying the Equation 29, in which it is expressed as

a function of magnitude (Z,) and a phase shift ¢.

7 = Ey _ Egsin(wt) 7 sin(wt) (29)

It Iysin(wt+g) O sin(wt+¢)’

By representing E; and I; as complex functions, one can derive a complex equation for

the impedance:

Z(w)= Z' —jZ", (30)
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where Z' and Z" are the real and imaginary components of the impedance Z(w),
respectively, and j = v—1.

In this project, EIS measurements were conducted to calculate the ionic conductivity of
TEMPOImILs at different temperatures. To depict the impedance, Nyquist plots were used,
in which —Z" is plotted vs. Z' (Fig. 17). A probe with two stainless steel plate blocking
electrodes for the EIS experiments was kindly provided by Dr Dong Zhou. This probe
eliminated the influence of charge transfer reactions. The probe was inserted into a plastic
vial containing a TEMPOImIL, so that the TEMPOImIL entirely covered the platinum
plates, and was sealed inside a glove box. The samples were heated to certain temperatures
using a Buchi oven. Nyquist graphs for each measurement were plotted. The x-intercept on
the Nyquist plot provides a value of a bulk resistance R;,, from which the ionic conductivity

o can be calculated using the Equation 31.
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Figure 17. Example of a Nyquist plot.
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where [ is a distance between the platinum electrodes and A is their area.
2.5.4. UV-visible Spectroelectrochemistry

UV-visible spectroelectrochemistry involves monitoring electrochemical processes
using ultraviolet and visible absorption spectroscopy. The UV-visible absorption spectra
collected at various applied potentials can give information about the mechanisms and

reversibility of the electrochemical reactions.

According to Beer-Lambert Law, the absorbance A of a material is directly proportional

to its concentration in solution C and the length of the light path [ (Eq. 32):
A= eCl, (32)
where ¢ is a molar extinction coefficient.

Molar extinction coefficients can be easily identified by obtaining a UV-visible
absorption spectrum of a solution with a known C and [. The absorbance A is a maximum
on the absorption curve. During spectroelectrochemical experiments performed in this
project, the potential applied to a spectroelectrochemical cell was increased or decreased
stepwise by 0.1 V at potentials close to the value corresponding to a redox process, and
multiple UV-visible spectra were collected at each potential value until the system reached

equilibrium.
During the electrochemical oxidation, compound R is converted into R" (Eq. 33):
R=2R"+e (33)

Upon applying the oxidation potential, the absorption bands related to R arise in the

UV-visible spectra, and the spectra change until there are only R" species present. Overlay
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of the collected absorption curves might intersect at certain wavelengths, called isosbestic
points. If the UV-visible absorption curves related to the redox process in the Equation 33
have localised isosbestic points (no shifting is observed), then the conversion of R into R"
is likely a one-step process without intermediates. In a reversible process, during a reverse
potential scan (backward scan in case of the oxidation) the absorption curves should regain
their original appearance. In this project, UV-visible spectroelectrochemistry assisted in

investigating the reversibility of the oxidation and reduction of PTIO (PTIO).
2.5.5. Galvanostatic Cycling

Galvanostatic cycling is used in battery testing to obtain discharge/charge, cyclability,
and power/energy profiles and to extract from them such valuable characteristics as specific
capacity, voltage values, specific energy, capacity retention, and capacity fading for high
power applications. In the current work, charge/discharge and cyclability profiles were

obtained as the required characteristics voltage values and cycle life of the batteries.

In galvanostatic techniques, a constant current is applied to an electrode, and the
resulting potential is recorded as a function of time. In galvanostatic cycling, the sign of a
constant applied current is reversed at each transition time. Discharge/charge profiles
(galvanostatic cycling profiles, load curves) represent the dependence of voltage on the
applied constant current (Fig. 18a,b). The measurements can be performed without
restricting the capacity (full discharge/charge curves, Fig. 18a) to obtain the maximum
values of the discharge/charge capacity a battery can reach within a certain voltage range.
One can extract data about the specific capacity directly from the graph (it is the rightmost
value) or using the Equation 2 (Section 1.1.3). The discharge/charge voltage values (Ez.)

on the graphs will differ from the OCV (Eoc) due to ohmic resistance (resistance of the
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material to the flow of the current) and polarisation of the electrodes. The voltage values

can be approximated using the Equation 34:
Ed/c = Eoc — Id/cRappa (34)

where R, 1s a total resistance and /. 1s a current for discharge or charge process.
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Figure 18. a) Full discharge curves;”° b) discharge/charge curves with a capacity
restricted to 1000 mAh g%

Often the capacity values are restricted by fixing the duration of discharge and charge
(Fig. 18b). Such restriction helps to obtain data about the cycle life and voltage values of
the battery while reducing the contribution from side reactions (e.g., decomposition of the
solvent at high voltages) by “cutting off” extra plateaus on the discharge/charge curves.

Cyclability (or cycling profile) is a different representation of discharge/charge profiles
which helps to depict data about the cycle life of a battery more clearly. It might be
presented as end voltage vs. the number of cycles, discharge capacity vs. the number of

cycles (capacity retention), or both voltage and capacity vs. the number of cycles on the

same graph (Fig. 19).
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Figure 19. Cycling profile of a battery.”*

2.5.6. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to obtain micro- or nanoscale images
samples using a focused beam of high-energy electrons. A Zeiss Supra field emission
scanning electron microscope was used equipped with a Schottky field emission gun in
which the electrons are pulled by a strong electrostatic field from a heated to 1800 K
tungsten single crystal coated with titanium oxide. The electron beam hits the sample to
produce backscattered electrons, secondary electrons, X-rays, light or heat. The electrons
that come out of a sample are collected by electron detectors and analysed by a computer.
The sample for the SEM should be electrically conductive to avoid charging effects and dry
to prevent its damage in the SEM vacuum chamber. The energy of the electron beam
(accelerating voltage) should be chosen carefully, as if it is too low, the image might be

dim, while too high energy can lead to melting of sensitive samples.

In this project, SEM was used to detect the formation and decomposition of the
discharge products on the surface of carbon black cathodes from the batteries with 0.01 M

93



RPTIOs added to LiITFSI/DEGDME electrolyte, as well as to determine the morphology of
these deposits. As the samples are air-sensitive, they were removed from the glove box

immediately before the measurements in a sealed container.

2.5.7. X-ray Diffraction

X-ray diffraction was used to study the crystalline nature of materials. X-rays diffracted
due to interaction with the electrons of the crystal lattice of a sample are collected by a
detector, and the analysis of the diffraction pattern provides information about the atoms
present in the sample and their spatial arrangement. The X-rays that form a diffraction

pattern should satisfy Bragg’s condition (Eq. 35):

nd = 2dsinf, (35)

where n is an integer, A is the wavelength of the incident X-rays, d is the spacing
between planes in the atomic lattice of the sample, and 0 is the angle between the incident

X-ray beam and the surface of the sample.

In this work, powder XRD was used to identify the structures and to detect formation
and decomposition of the discharge products on the surface of carbon black cathodes from
the batteries with 0.01 M RPTIOs added to LiTFSI/DEGDME electrolyte. The obtained
XRD patterns were compared with those available in the reference pattern databases of the

EVA Diffraction Suite to confirm molecular structures of the deposits.
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Chapter 3: TEMPO-ionic Liquids as Redox Mediators and

Solvents for Li-02 Batteriest

3.1. Introduction

For stable operation, Li-O, batteries require efficient protection of the lithium metal
anodes, safe solvent systems, and methods to reduce charge and discharge overpotentials.™
Methods for protection of lithium metal have been described in Section 1.2.2.1. One
method uses shielding layers between the metal and electrolyte. In practice,
electrochemical reactions of such layers with lithium metal and oxygen species as well as

10 and so layer-forming

increased interfacial resistance can impede battery performance,
materials must be carefully chosen. An effective approach is to utilise the reactive nature of
lithium metal to produce a protective layer in situ by reaction with components of the
electrolyte to form a solid electrolyte interface (SEI). The properties of the SEI can be
tuned depending on the nature of electrolyte additives. SEI films should be thin, dense,
flexible and highly conductive to lithium ions.'®" Fluorine-containing additives including
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) can form highly effective SEIs based
on the formation of LiF.”?

Safer alternatives to aprotic organic electrolytes used in Li-O; batteries to date include
solid electrolytes, gel electrolytes," and of relevance to the current work, ionic liquids.'**
17 Imidazolium ionic liquids can perform as effective electrolytes.>* There are reports that

. . T . . . 168-1
imidazolium ionic liquids are unstable in the presence of oxygen reactive species,'®*'” but

they can be stabilised by the use of oxygen quenchers (radical scavengers) such as

T A significant component of the work presented in this chapter has been published'”
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TEMPO."""' For instance, a Li-O, battery with a mixture of imidazolium ionic liquid and
DMSO recently demonstrated 100 and 700 cycles at a capacity of 1000 and 500 mAh g ',
respectively, and a current density of 500 mA g ' in an air-like atmosphere.”® In this
example, DMSO was likely to act as a radical scavenger.'” Moreover, imidazolium ionic
liquids with dissolved LiTFSI as electrolytes aid the formation of an effective SEI due to a

facilitated reduction of LiTFSI salt near the surface of the anode.'”

Overpotentials caused by clogging of material on the cathode side of cells with Li,O; as
well as the sluggish kinetics of the oxygen evolution reaction (OER) lead to a gradual
decomposition of aprotic solvents.'”” Redox mediators (RMs), which are soluble
electrocatalysts, may be applied to reduce overpotentials and improve the kinetics of the
OER (Section 1.2.3)."2*!70177 Among the organic redox mediators, stable nitroxide radicals
have been found to be promising for many reasons, including the highest rate of the

Sy . 142,1
oxidation of L1,O,. ™ 78

Often a solution to one problem of Li-O, batteries causes other issues to arise. When a
number of compounds are included to address individual issues, their interactions with each
other should be considered, along with the additional increase in the weight of the battery.
Therefore, multifunctional compounds that can address several aspects of battery
performance simultaneously are highly attractive. A TEMPO-ionic liquid with n =5, R =
Me studied earlier in our laboratory (Error! Reference source not found. 20,) can
effectively function as a solvent and RM for Li-O; batteries, and also aid the formation of a
stable brush-like SEI layer capable of suppressing side reactions between the RM and Li

metal.'** A 1% solution of the TEMPOImIL with n = 5, R = Me in DEGDME could
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improve the performance of both ORR and OER, which is not the case for some other

TEMPO-based redox mediators.'**"'%

R
N
(CHZ)n—N\J
- / —
O—N O TFSI”

n=4-8
R =Hor Me

Figure 20. Structure of TEMPOImILs studied in this work.

Considering the remarkable properties of the TEMPOImIL with n = 5, R = Me as a
solvent, RM and SEI additive, we sought to determine the optimal structures for this class
of compounds with regard to Li-O, battery performance. The present study investigates the
synthesis and properties of a range of TEMPOImILs with varying lengths of the alkyl chain
connecting the TEMPO and imidazole moieties and with either 1-methyl- or 1,2-
dimethylimidazolium groups. Specifically, the effect of substituents on the imidazole ring
and the number of alkyl chain carbon atoms on the ionic conductivity and the performance
of Li-O; batteries using the TEMPOImILs as electrolyte solvents and RMs with no added

materials is investigated.
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3.2. Synthesis of TEMPOImILs

R
KOH ~NA
o (CH2)Br "ON

[NBu,]Br 7{} CH,CN
toluene l}l A
s

1 2a-e
n=4-8
k LiTFSI k "
. o(CHeh- Nj . o /(Creh- N
O-N B ho O—N TFSI
70 °C
3a-e, n=4-8, R=H; TEMPOImILs
4a-e, n=4-8, R=Me 5a-e, n=4-8, R=H;

6a-e, n=4-8, R = Me
Scheme 1. Synthesis of TEMPOImILs.

The length and number of alkyl substituents in the imidazole ring can substantially
affect the properties of the imidazolium ionic liquids.'” To reveal the most suitable
candidates among TEMPO-substituted imidazolium ionic liquids (TEMPOImILs) in terms
of catalytic performance for the OER and cycle life of Li-O; batteries, ten compounds with
different substituents at position 2 of the imidazole ring were selected. TEMPO-substituted
imidazolium ionic liquids (TEMPOImILs) were synthesised using a modified literature
method,149 Scheme 1 (3b—e, 4a, 4c—e, Sa—e, 6a, 6¢c—e have not been previously reported). In
the first step, TEMPO-OH and a,®-dibromoalkanes (n = 4-8) were reacted using potassium
hydroxide as a base and the phase-transfer catalyst tetra-n-butylammonium bromide.'*
Compounds 2a—e were prepared in yields ranging from 50 to 75%, which are more than

twice those obtained using the reported procedure with sodium hydride as a base.'® The

reaction of 2a—e with 1-methylimidazole gave 3a—e as viscous oils, whereas the reaction of
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2a—e with 1,2-dimethylimidazole yielded 4a—e as powders. Bromide anions were
exchanged with TFSI anions to increase the ionic conductivity of the ionic liquids. Anion
exchange reactions conducted at 70 °C proceeded rapidly to yield the ionic liquids 5a—e

and 6a—e as viscous oils.

3.3. General Characterisation of TEMPOImILs

Compounds 2—6 (a—e) are paramagnetic. Meaningful NMR spectra were acquired after
the addition of phenylhydrazine to reduce nitroxide groups to hydroxylamine groups in
situ.”®® The obtained 'H and >C NMR spectra contain all of the expected characteristic
signals for 2—6 (a—e). Exchange of the bromide counter-ions for TFSI resulted in the

imidazolium proton signals shifting slightly upfield.

100 A
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- —n=4,R=Me
= n=5R=H
EE 60 n=5R=Me
= n=6,R=H
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4091 _ _n=7,R=H
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Temperature, °C

Figure 21. TGA curves of TEMPOImILs in N, atmosphere.

Thermogravimetric analysis (TGA) coupled with differential scanning calorimetry
(DSC) were used to examine the thermal properties of 5a—e and 6a—e in an inert

atmosphere. TGA and DSC experiments using Sa—e and 6a—e showed an absence of water.
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No mass loss was observed from 25 to ~230 °C (Fig. 21). The first mass loss event, ~230—
350 °C, is exothermic for all TEMPOImILs (Figs. 22, A1-A9), and thus cannot be
attributed to the evaporation of residual moisture. This event is assigned to the
decomposition of the TEMPO radical moiety based on the percentage of mass loss (17.8—
21.4%). Total decomposition was complete by ~490-505 °C. For comparison, evaporation
of glymes commonly used in Li-O, battery electrolytes starts instantly after 100 °C,'!

while it is known that volatility of electrolyte solvents leads to graduate failure of the

batteries.
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Figure 22. TGA and DSC data for TEMPOImIL 5Se.

3.4. Ionic Conductivity of TEMPOImILs

For high-performance Li-O; batteries, an electrolyte should have an ionic conductivity

of >10° Scm'. Ionic conductivities of the TEMPOImILs were measured using
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electrochemical impedance spectroscopy (EIS, Figs. 23-25). Measurements at different
temperatures were conducted using a sealed system with two stainless steel blocking
electrodes soaked in pure TEMPOImILs. The values of a bulk resistance obtained from the
Nyquist plots were then used to calculate the ionic conductivities.”” In general, compounds
bearing the monomethylated imidazolium moiety (S5a—e, R = H) had higher ionic
conductivities than those with a dimethylated imidazolium group (6a—e, R = Me). No trend
was observed in the ionic conductivity data based on the number of carbon atoms in the
alkyl chains, which is in contrast to reports of linear 1,3-dialkylimidazolium ionic liquids
where ionic conductivity decreased with an increased number of carbon atoms in the alkyl

chains, and the odd and even effects were evident.'®*'**

The room temperature ionic
conductivities of pure TEMPOImILs ranged from 1.3 x 10° to 4.7x 10° Scm ™. At 73 °C

the ionic conductivities were of the order of 10> S cm ', which are within an acceptable

range for Li-O, batteries.
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Figure 23. Temperature vs. ionic conductivity plots for pure TEMPOImILs 5a—e.
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Figure 24. Temperature vs. ionic conductivity plots for pure TEMPOImILs 6a—e.
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Figure 25. Temperature vs. ionic conductivity plots for pure TEMPOImILs 5a, c tested
up to 80 °C.
3.5. Cyclic Voltammetry of TEMPOImlILs

Prior to battery testing, it is important to ensure that compounds satisfy basic criteria for

the charging RMs, such as electrochemical stability in an oxygen atmosphere and redox
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potentials for the charge process between 3 and 4 V (to provide high energy efficiency,
Chapter 1.2.3)."° Electrochemical properties of TEMPOImILs were examined using cyclic
voltammetry (CV) in a conventional three-electrode cell with glassy carbon, platinum wire
and non-aqueous Ag/Ag” as a working, counter and a reference electrode, respectively.
Four representative compounds were chosen for CV experiments: TEMPOImILs 5a, e, 6a,
e. Dilute solutions of TEMPOImILs in TEGDME were used for the CV because the high
viscosity of pure TEMPOImILs was problematic at room temperature and did not provide a
reasonable indication of the RMs suitability to affect the OER and ORR. In other
experiments, this drawback can be overcome by increasing the temperature, but it is
difficult to perform higher temperature experiments in a three-electrode setup.
Nevertheless, the electrochemical performance of TEMPOImILs in TEGDME provided

some insight into the performance of undiluted TEMPOImILs.
3.5.1. The Effect of Ferrocene on TEMPOImILs

During cyclic voltammetry experiments, interactions were observed between ferrocene
and the TEMPOImIL 5a when ferrocene was used as an internal standard for apparatus
using a silver wire pseudo-reference electrode.'® CV experiments were conducted under an
argon atmosphere with 10 mmol of TEMPOImILs dissolved in 0.1 M LiTFSI/DMA
electrolyte. Upon the addition of ferrocene, a noticeable shift to higher potential values in
TEMPOImIL 5a (Error! Reference source not found. 26) was recorded, while it was
negligible for TEMPOImILs Sb, e. These preliminary tests were conducted using DMA as

a solvent, because it was reported that DMA can stabilise the SEI'"!

, and initially we
planned to use it to dilute the TEMPOImILs. However, for all other CV tests we chose

TEGDME, which is more stable and more commonly used in Li-O, batteries.'®
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Figure 26. Cyclic voltammetry plots for 10 mmol TEMPOImILs 5a, b, e in 0.1 M
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LiTFSI/DMA with and without added ferrocene.

The potential values are listed in Table 3. The positive shift of the redox potential upon
oxidation of 5a indicates the removal of electron density from the nitroxide group. One of
the possible interactions is the formation of a hydrogen bond between the oxygen atom of
the nitroxide group of TEMPOImIL and the hydrogen atom of the cyclopentadienyl ring of
ferrocene. As the oxidation process of ferrocene occurs at lower potentials than that of the
nitroxide group, the obtained oxidised form of iron (Fe’") might also interact with the

nitroxide group to withdraw electron density.

186-187
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due to steric hindrance. Due to the uncertainties introduced by the use of ferrocene, it was
not applied as an internal reference for further TEMPOImILs studies and a non-aqueous

Ag/Ag" reference electrode was used.

Table 3. Potentials of TEMPOImILs with and without added ferrocene.

Cathodic peak potential for
the oxidation of TEMPO, V

Anodic peak potential for the
oxidation of TEMPO, V vs.

Ag/Ag” vs. Ag/Ag”
without Fc with Fc without Fc with Fc
5a 0.44 0.51 0.27 0.35
5b 0.43 0.44 0.26 0.27
Se 0.46 0.48 0.24 0.25

3.5.2. Cyclic Voltammetry Studies with LiTFSI

The redox action of TEMPOImILs is based on the oxidation of the nitroxide groups into
N-oxoammonium cations (as is the case for TEMPO, Scheme 2).

A At SN At

N ~ N '<+= "N

o Te b e b

hydroxylamine anion N-oxoammonium cation

Scheme 2. Redox processes in nitroxide radicals.

The redox potentials for the oxidation of TEMPOImILs were not assumed to be the
same as that of TEMPO'** (Table 1, Section 1.2.3) and were measured before conducting
other electrochemical characterization experiments. To measure the redox potentials, 10
mmol of TEMPOImILs were dissolved in a commonly used ether-based electrolyte in Li-

O, batteries (0.1 M LiTFSI in TEGDME). As shown in Figure 27, the compounds
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exhibited a reversible process at 3.90+0.02 V vs. Li/Li" corresponding to oxidation of the

nitroxide group to an oxoammonium cation, which is higher than that of TEMPO, but

142

within the voltage range required for RMs.
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Figure 27. Cyclic voltammograms of TEMPOImILs 5a, e, 6a, e (10mM) in

LiTFSI/TEGDME under an oxygen atmosphere, 1" cycle.

The differences in the structures of TEMPOImILs did not lead to any variation in the
potentials of the redox processes across the studied range of compounds. The potential
values indicate that TEMPOImILs could also aid the decomposition of Li,COj;, which
occurs at potentials above 3.82 V vs. Li/Li".!"® Thus, it is likely that TEMPOImILs could

be used to reduce the charge overpotential in Li-CO, batteries.'*®

The effect of TEMPOImILs on the OER is visible upon prolonged cycling in oxygen
(positive scan direction, Figs. 28, 29). After the first cycle, the cathodic peak E, related to

nitroxide group oxidation shifts to greater potential values and increases in intensity due to
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interaction with Li,O, deposited during the ORR, while the corresponding anodic peak Ep,
remains the same, which means that Li,O, was fully removed by the oxidised form of the
redox mediator (RM"). This observation provides strong evidence that TEMPOImILs act as
effective charge RMs.'*® Shifts in cathodic peak potentials after the 1% cycle for selected

TEMPOImILs averaged upon three CV tests are shown in Table 4.
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Figure 28. Cyclic voltammogram of TEMPOImIL 5a demonstrating the effect on the

OER, 10 cycles.
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Figure 29. Cyclic voltammograms demonstrating the effect on the OER of

TEMPOImILs 6a (a), 5e (b), 6e (c), 10 cycles.
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Table 4. Shifts in cathodic peak potentials (Ep.) of TEMPOImILs after the I* cycle

Average shift in cathodic peak potential for the

TEMPOImIL
oxidation of the nitroxide group, V'
5a 0.03
Se 0.04
6a 0.04
6e 0.06

There are differing opinions about the reversibility of the reduction process of nitroxide
radicals resulting in the formation of hydroxylamine anion (Scheme 2). Some authors claim

that this process is irreversible.'*

A study of the rate constant conducted in an aqueous
solution with acetate-borate-phosphate buffer showed that the reduction of TEMPO is
quasi-reversible with a very large anodic-to-cathodic peak separation shortening at higher

189-190
pH values.

This process has sluggish kinetics due to further protonation of the
hydroxylamine anion (facile at lower pH) to yield hydroxylamine and hydroxylammonium
cation and exhibits slow electron transfer back to the hydroxylamine anion form (Scheme
3).1809 At pH<7, the anodic peak related to a re-oxidation of hydroxylamine anion

(Scheme 2) was observed in the cyclic voltammograms at a potential higher than that of the

oxidation process.

A TH A TH A
b — ~ e
o OH H OH

Scheme 3. Protonation of hydroxylamine anion.
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To study the reduction process of TEMPOImILs, we conducted experiments in an argon
atmosphere using acetonitrile with 0.1 M LiTFSI and 0.01 M TEMPOImIL withn=5, R =
H as an electrolyte (Fig. 30). The use of an argon atmosphere excludes the possibility of the
re-oxidation anodic peak to be confused with the OER. When the potentials were scanned
down to —1.6 V vs. Ag/Ag’, the onset of the reduction process was observed. Still, it is
unlikely that the peak that appeared at ~0.8 V vs. Ag/Ag" was a return reduction peak, as it
was not present in the cyclic voltammograms depicted in Figures 28, 29. More likely, the
increased current at high voltages is related to the decomposition of the electrolyte. Thus,
the return reduction peak could not be observed in this study. The absence of the return
reduction peak at potentials lower than the oxidation process is related to lower stability of
the reduced state of TEMPOImILs compared to RPTIOs (Chapter 4). This in turn is
reflected in the effect of these compounds on the ORR with less improvement of the
discharge performance expected for TEMPOImILs compared to RPTIOs. The magnitude
of the cathodic peak at ~2.0 V vs. Li/Li" (associated with the ORR) increased upon the
addition of the RMs, Figure 27, which suggests that TEMPOImILs have some catalytic
effect on the ORR when diluted with other solvents. In this case, the concentration of RM™
would reduce while catalysing the ORR, leading to a decrease in intensity or disappearance
of the re-oxidation anodic peaks from the cyclic voltammograms. However, the absence of
the return reduction peaks in the cyclic voltammograms does not allow unambiguous
determination of the effect of TEMPOImILs on the ORR. In addition, it is not possible to
calculate whether the reduction potential of TEMPOImILs is within the suitable range for

discharging RMs. Hence, we focus on the action of TEMPOImILs as charging RMs.
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Figure 30. Cyclic voltammogram of TEMPOImIL 5b (10mM) in LiTFSI/MeCN under an

argon atmosphere.

During cycling of Li-O, batteries, not only oxygen but also reduced oxygen species can
interact with redox mediators, electrolytes and other battery components, with nucleophilic
superoxide O, being present in reasonable concentrations. In the CV experiments,
included Li" ions under an oxygen atmosphere generate reactive oxygen species in a
similar way to that in the Li-O, battery environment. The stability of TEMPO towards

l.,143 who

these highly nucleophilic species has been examined earlier by Bernger et a
showed that the peak current ratio for the oxidation of TEMPO during the CV tests remains
close to unity, which indicates high stability of TEMPO towards reduced oxygen species.

This is relevant to the current work as the TEMPO moiety is an electrochemically active

centre in the TEMPOImILs.

112



3.5.3. Cyclic Voltammetry Studies with TBATFSI
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Figure 31. Cyclic voltammograms of TEMPOImILs 5a, e, 6a, e (10mM) in

TBATFSI/TEGDME, 20 cycles.

Electrochemical stability of the four TEMPOImILs in an oxygen atmosphere was
examined using TBATFSI as electrolyte rather than LiTFSI salt, as the latter may affect the
formation and decomposition of Li,O, on the glassy carbon electrode (Fig. 31). No
significant decomposition of the TEMPOImILs was observed upon cycling for up to 20
times. For TEMPOImIL Sa, the stability on a longer timescale was investigated (Fig. 32),
and no major changes were recorded during 100 cycles. These findings indicate that the

compounds are electrochemically stable in the presence of oxygen.
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Figure 32. Cyclic voltammogram of TEMPOImIL 5a (10mM) in TBATFSI/TEGDME,

100 cycles.

3.6. Galvanostatic Cycling of the Li-O; Batteries with TEMPOImILs

The performance of the TEMPOImILs as solvents and redox mediators was investigated
in Li-O, batteries. The electrolyte was prepared by dissolving LiTFSI in TEMPOImILs.
Galvanostatic charge-discharge measurements were carried out at a fixed capacity of 0.13
mAh cm  in the voltage range of 2.0-4.2 V at 73 °C. Figure 33 shows terminal voltages
for up to 50 cycles of the batteries with TEMPOImILs and with TEGDME/LiTFSI

electrolyte cycled under the same conditions.
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Figure 33. Cycle life of Li-O, batteries with TEMPOImILs/LiTFSI and
TEGDME/LITFSI operated at a fixed capacity of 0.13 mAh ecm™ in the voltage range of

2.0-4.2Vat 73 °C.
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The batteries TEMPOImILs 5a, b, d had the longest lifetime compared to other
TEMPOImILs and provided significant reduction of charge potentials of up to 0.57 V (for
5b). The batteries using 5Sa—e (R = H) had longer lifetimes than those using 6a—e (R = Me),
which is attributed to the differences in ionic conductivities. A greater ionic conductivity of
the electrolyte provides faster diffusion of species within the Li-O; battery, thus, improving

12 Fyrthermore, the morphology of the discharge product Li,O, is rate

the rate performance.
dependent.'” Change of morphology of the Li,O, can affect the cyclability of the batteries
(Section 1.2.2.4), e.g., solution route formation of Li,O, reduces clogging of the cathode
material because Li,O, is formed in solution rather than on the surface of the electrode.
Additional tests like SEM to analyse the morphology evolution of the discharge product

would be beneficial to determine the effect of the change in ionic conductivities of

TEMPOImILs on the morphology of the Li,O,.

In general, the batteries with TEMPOImILs ceased cycling due to an increase in
discharge overpotential with the discharge voltage gradually approaching 2.0 V. The
discharge overpotential can be reduced by diluting TEMPOImILs with other solvents, as in

a recent example published in my group.'*
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Figure 34. Galvanostatic discharge/charge profiles of Li-O, batteries with

TEGDME/LiTFSI and TEMPOImIL 5b/LiTFSI at 73 °C.

It has been reported that the charge overpotential is reduced in Li-O, batteries operated
at elevated temperatures due to multiple possible reasons, one of them being the increased
high-temperature ionic conductivity of Li,0,.'”* However, batteries in this work using
conventional TEGDME/LITFSI electrolyte cycled at 73 °C (Fig. 34) exhibited a different
trend. During each charge process, the charge voltage remained lower than 3.7 V until the
capacity reached 0.01-0.035 mAh cm 2, and then a second plateau appeared, leading to end
charge voltages of 3.8 V and above. The terminal charge voltage gradually reached the
upper limit of 4.2 V. In contrast, the charge voltage of the battery with Sb remained lower

than 3.6 V.

117



45
4.0
3.8
3.6

3.4-
3.2 ] 0.026 mA cm™

3.0 n=7,R=H
515 —— TEGDME/LITFSI

2.6
v
25|
3.0
- N D S —
00 02 04 06 08 10 1.2
Capacity, mAh cm”

Voltage, V

areal

Figure 35. Full charge and discharge profiles of Li-O, batteries with TEGDME/LiTFSI

and TEMPOImIL 5d/LiTFSI at 73 °C.

The maximum charge and discharge capacities for the Li-O, batteries with
TEMPOImILs were evaluated by fully discharging and then charging a battery containing
LiITFSI/TEMPOImIL 5d electrolyte at 73 °C. The results were compared to those of a
battery with conventional LiTFSI/TEGDME electrolyte (Fig. 35). The battery with
LiTFS/TEGDME electrolyte demonstrated greater capacity values, but its charge voltage
was close to 4 V, while the charge voltage of the battery with TEMPOImIL remained lower
than 3.5 V over the course of the operation. These tests again demonstrate the effectiveness
of TEMPOImILs as charge RMs. A reduction of the capacity has been previously observed
with other TEMPO-based RMs and was attributed to the change in the morphology of the

discharge product Li;O, upon the addition of TEMPO.'**'*> As can be seen from the CV
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results, TEMPOImILs have an effect on the ORR. Presumably, their influence on the
formation pathway of Li,O, leads to a film-like morphology, which has an inferior capacity
compared to toroid-like particles, but provides lower charge overpotential (Section 1.2.2.4).

Recently, Freunberger et al. demonstrated that it is most likely singlet oxygen 'O, that

196-198 . .
%19 Meanwhile, it has been

initiates most parasitic reactions in metal-O, batteries.
reported that nitroxide radicals can act as singlet oxygen quenchers, which means that the
nitroxide group can suppress the decomposition of TEMPOImILs and other battery

171-1
components.'’' 7

TEMPOImILs 5a—e (R = H) have the potential to degrade through side reactions
involving abstraction of an acidic hydrogen in the 2-position of the imidazole ring by
lithium metal and further dimerisation of the resulting heterocyclic carbene.'” However,
the superior performance of these compounds compared to 2-methylated analogs (6a—e, R

= Me) suggested that any such reaction was suppressed.

3.7. Summary

Nine new compounds that perform as redox mediators and solvents for Li-O, batteries
have been synthesised and characterised. Electrochemical experiments revealed that
compounds 5a, b (n =4, 5; R = H) were the most effective TEMPOImILs in the series for
the use in Li-O; batteries and reduce the charge overpotential by ~0.6 V after 50 cycles. No
improvement of the discharge performance (ORR) was observed in these experiments. The
performance of the batteries with TEMPOImILs was mostly consistent with the ionic
conductivities of the compounds, and suggests that side reactions were suppressed

presumably by the protective action of the nitroxide group and that continuous reaction of
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TEMPOImILs 5a—e with Li metal does not occur. TEMPOImILs are also effective when
used in mixtures with aprotic solvents that can improve the ionic conductivity of the
TEMPOImILs."* Owing to the large and adjustable size of the molecules, TEMPOImILs
can be used in studies where a membrane is applied to prevent the crossover of the redox
mediators towards the anode. Importantly, these materials provide safer alternatives to

current liquid electrolytes.
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Chapter 4: Nitronyl-nitroxide-based Redox Mediators for Li-O2

Batteries#

4.1. Introduction

In Li-O; batteries, charging redox mediators (RMs) can help to effectively decompose
the solid insulating discharge product Li,O,, which clogs the cathode surface leading to
high charge voltages and short cycle life (Section 1.2.3 and Chapter 3). An effective
charging RM can provide significant improvement to the oxygen evolution reaction (OER).
However, low discharge capacity, poor rate performance and high discharge overpotentials
remain serious drawbacks preventing the commercial use of Li-O, batteries. RMs that can
facilitate the discharge reaction (discharging RMs) by assisting the formation of Li,O,
either by interacting with Li ions or with oxygen, are important to combat these issues.
Systems where both discharging and charging RMs are added are known as dual RM

135,137,178,200

systems. Dual RMs can transfer the discharge and charge reactions from the

cathode surface into the solution, avoiding the passivation of the cathode surface and thus
increasing the capacity and rate, and reducing overpotentials. The solution pathway also
provides greater stability of the carbon electrode material, which is the most favourable

material for porous cathodes but is prone to decomposition with the formation of Li,CO;

upon interaction with Li,O; or LiO; at higher Voltages.g’”’]3 5

Discharging RMs reported to date include 2,5-di-fert-butyl-1,4-benzoquinone

139-141

(DBBQ),"*>'"®%1 other quinone derivatives, iron phthalocyanine,** and ethyl

. 133.137-1 . . . . 115,142,1
viologens'**"*7** ' Among the reported charging RMs there are nitroxide radicals,'>'**'>

* A significant component of the work presented in this chapter has been submitted to JPhysChemC
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tetrathiafulvalene, N-methylphenothiazine, tris[4-(diethylamino)-phenyl]amine,126

N,N,N',N'-tetramethyl-p-phenylenediamine, 5,10-dimethylphenazine, ferrocene,'® cobalt(Il)
bis(terpyridine),'” metal porphyrins, metal phthalocyanines,**'* Li,'® CsI'*® Inls,*"
LiBr, and LiNO3'?°. PTIO (2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide) is a
phenyl-substituted nitronyl nitroxide (Fig. 36) that combines charging and discharging
redox mediation functions in one molecule; there are two redox processes occurring at 2.1
and 3.7 V vs. Li/Li"."** PTIO also has high solubility and fast diffusion in common battery

1322
electrolytes.'**2%

o-
t
N
Y
N
\ .
O
Figure 36. The structure of PTIO.

The electrocatalytic action of PTIO is similar to that of nitroxide radicals (Scheme 4),
which have received extensive attention as RMs for Li-O, batteries (Table 1 in Section
1.2.3 and Chapter 3). As explained in Section 3.5.2, the reduction of a nitroxide radical into
a hydroxylamine anion is a quasi-reversible process and has sluggish kinetics. Thus,

nitroxide radicals are commonly used only as charging RMs.

R k R
- - -€ -e - _
O\N+kN,O \N+ N/ O\N+kN+,O
% + e % + e %
hydroxylamine anion N-oxoammonium cation

Scheme 4. Redox processes in nitronyl nitroxide radicals.
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In nitronyl nitroxides (NNs), an unpaired electron is delocalised between five atoms
with the positive spin density spread almost evenly between the two nitrogen and two

oxygen atoms. The system may be represented by the resonance structures shown in

2042
Scheme 5.204206

Scheme 5. Resonance structures in nitronyl nitroxide radicals.

Due to the effective distribution of the electron density, the reduced state of NN radicals
(Scheme 4) has been proposed to be more stable than that of nitroxides.”*” % It is therefore
feasible that these molecules act as dual RMs. However, as with any radical compounds in
this context, overall stability is important. To avoid side reactions involving the nitroxide
group, nitronyl nitroxides should not contain heteroatoms or multiple carbon-carbon bonds

attached to the C(4) and C(5) atoms of the imidazoline ring (in the a-position to a radical

209

centre).” In this case, delocalisation of an unpaired electron density would create a new

reaction centre for dimerisation. In addition, the presence of o-hydrogens allows for
disproportionation of the nitroxide group to nitrone and hydroxylamine. Hence, fully
substituted 4,4,5,5-tetraalkyl NNs (Scheme 5) exhibit significant stability compared to

other NNs.

The stability of the reduced state and reversibility of the reduction of nitronyl nitroxides

210-211

is significantly affected by the structure of the substituents. For example, the

reduction processes associated with pyrazolyl-based tetramethyl-substituted NNs,*'

207213 triarylamine-substituted NN,*'* biphenyl-based

124
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NN,?® and NN mono- and disubstituted norbornenes®'® were reported to be reversible.
Thiophene-based NN demonstrated an irreversible reduction.”'® Among the NN biradicals,
it is uncommon to have a reversible reduction process. For instance, in studies of the
biradical consisting of two PTIO moieties linked by a short chain of ethylene glycol
polymer, the reduction process is quasi-reversible and some by-products are formed.*"”
Quasi-reversible reduction was also reported for three NN biradicals with fused-thiophene
couplers®'®. Other tetramethyl-substituted NN biradicals, including oligopyridine-*"",
pyrene-pyrazole-, antracene-based compounds, biphenyl or bipyridine bridged NNs with
one or two acetylene fragments connecting the aromatic rings*'' exhibited irreversible
reduction following the same pathway as depicted in Scheme 4, with the exception of a
bromoanthracene-based derivative in which reduction waves appeared to be quasi-
reversible, possibly due to an electron-withdrawing effect of the bromine substituent.*"!
Apart from the abovementioned tetramethyl-substituted NNs, the redox processes of
annelated nitronyl nitroxides have also been investigated. Phenyl-substituted pyrene-based
NN and phenyl-substituted benzonitronyl nitroxide (BNN) also exhibited a reversible
reduction process, while phenanthrene- and pyridine-based phenyl-substituted NNs, as well
as anisole-, N-ethylcarbazole- and triphenylamine-substituted BNNs had quasi-reversible
reduction waves; although, the stability of these compounds was markedly lower than that
of tetraalkyl-substituted NNs.*'° As seen from these reports, a correlation between the
structures of the NNs and reversibility of the reduction process is not obvious. However, of
importance to the current work, the reduction process of PTIO was reported as

. 132,2
reversible, 3229
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A recent study demonstrated that the addition of PTIO to a Li-O, battery as a redox
mediator not only reduced the charge overpotential but also increased the discharge

132

capacity, because PTIO is capable of improving the oxygen solubility. °* Here, we report

the findings of our studies into PTIO analogues as RMs for Li-O; batteries.

PTIO and its analogues benefit from straightforward synthetic methods that allow
variation of substituents that can modify the redox potentials of the compounds.'®!?'%*4
Thus, the potential of the RMs can be gradually adjusted until the desired battery
performance is achieved. In the current study, we have chosen PTIO as a model compound
and three analogues with different substituents on the 4-position of the benzene ring. We

have investigated the effect of altering the substituents on the redox potential of the

compounds and the performance of Li-O; batteries incorporating these RMs.

4.2. Synthesis of RPTIOs

PTIO analogues (RPTIOs) were chosen with R = MeO and NMe, due to their strong
electron-donating effect, which could provide lower oxidation potentials. In addition, these
groups are less likely to react with Li metal. A strong electron withdrawing group, NO,,

was included for comparison and to possibly enhance the stability of the reduced state.

CHO

#ﬁ@ CHCTa:LH#r@

PTIO: R = H; NMe,PTIO: R = NMe,; MeOPTIO: R = MeO; NO,PTIO: R = NO,
Scheme 6. Synthesis of RPTIO compounds.

OZN:@ Zn/NH,CI HONH:@
O2N"\ THF:H,0=10:1 HONH

CdSO,
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The synthesis of RPTIOs was achieved using the Ullman method modified by other
researchers (Scheme 6).'7>'***? Dye to the instability of N,N'-dihydroxy-2,3-diamino-2,3-
dimethylbutane and N,N'-dihydroxy-2-phenyl-4,4,5,5-tetramethylimidazolidine, these
compounds were used in the subsequent synthetic step immediately after collection by
filtration and drying in vacuo. The reduction of N,N'-dihydroxy-2,3-diamino-2,3-
dimethylbutane was followed by nucleophilic addition of N, N'-dihydroxy-2-phenyl-4,4,5,5-
tetramethylimidazolidine to the corresponding aldehyde and oxidation of the resulting

dihydroxyimidazolidines with NalO, to obtain the RPTIOs.

Crystals of the obtained RPTIOs are shown in Figure 37. The crystals of NMe,PTIO are
greenish-blue, NO,PTIO — dark green, while MeOPTIO and PTIO are blue colour, typical
for NNs with an aromatic substituent.”*! All of the prepared RPTIOs are soluble in ether-

based electrolyte solvents DEGDME and TEGDME, which are preferred due to their

stability in a Li-O, battery environment.'®

Figure 37. Photographs of the crushed crystals of RPTIO compounds: (a) NMe;PTIO,

(b) MeOPTIO, (c) PTIO, (d) NO-PTIO.

4.3. Cyclic Voltammetry Studies with LiTFSI

The suitability of the electrochemistry of RPTIOs as RMs for Li-O, batteries was
investigated. To effectively decompose Li,O,, the redox potential for the oxidation of

RPTIOs should be higher than 2.96 V, while to catalyse the formation of Li,O,, the redox
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potential for the reduction should be lower than 2.96 V. To maximize energy efficiency,
both processes should be as close to 2.96 V as possible. The redox characteristics of
RPTIOs were measured using cyclic voltammetry (CV) performed in a three-electrode
setup with glassy carbon, platinum wire and non-aqueous Ag/Ag as a working, counter
and a reference electrode, respectively. Cyclic voltammograms of RPTIOs obtained under
an argon atmosphere (Fig. 38) revealed two redox processes: an oxidation into the N-

oxoammonium salt (RM") and a reduction into the hydroxylamine anion (RM").

0.08
] —— NMe,PTIO
0.06 - —— MeOPTIO
1 ——PTIO
T 0041 NopTIO
T 0.02-
o ]
3 0.004
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-0.04
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Potential, V vs Li/Li*

Figure 38. Cyclic voltammograms of RPTIOs (10 mM), LiTFSI (0.1 M) in TEGDME

under an argon atmosphere.

Formal redox potentials for the oxidation process of RPTIOs (E° o) were calculated by
averaging the potentials of the cathodic and anodic peaks (Table 5). As expected, the values

of E® oy were the lowest for the compounds with electron-donating substituents

NMe, and MeO.

Table 5. Redox potentials for the oxidation of RPTIOs.
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Redox mediator E® .., V vs. Li/Li*

NMe,PTIO 3.79
MeOPTIO 3.91
PTIO 3.95
NO,PTIO 4.03

Regarding the reduction process, cyclic voltammograms obtained using LiTFSI under an
argon atmosphere (Fig. 38) did not contain any anodic peaks at ~2.4 V vs. Li/Li", which
have been reported by others and assigned to re-oxidation of RM . Instead, we observed
low-intensity peaks at 3.4-3.8 V vs. Li/Li". We attribute these differences to the solvent
(TEGDME vs. DMSO or acetonitrile).**** 1t is likely that the CV in Figure 38 is a result
of a coupled chemical reaction (Scheme 3, Section 3.5.2), while the reduction process in

189,222 :
89222 However, it would not be correct to

TEGDME remains reversible or quasi-reversible.
calculate the redox potentials for the reduction, unless the nature of these chemical and
electrochemical processes is unambiguously determined, as there is a possibility that the
peaks at 3.4-3.8 V vs. Li/Li" are related to an oxidation of hydroxylamine instead of a re-
oxidation of RM . The separation of the anodic and cathodic peaks for the reduction of

RPTIOs is less than that of nitroxides,'® indicating greater reversibility possibly due to

higher stability of the reduced state.

To determine the onset potential of the reduction of RPTIOs, we conducted the CV tests
in argon by changing the potential range stepwise until the return reduction peak started

appearing (Fig. 39). The value of the onset potential for the reduction is ~2.3 V vs. Li/Li".
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Figure 39. Cyclic voltammograms of RPTIOs (10 mM) in LiTFSI/TEGDME under an

argon atmosphere in different potential ranges.

Figure 40 shows that upon the addition of RPTIOs under oxygen the anodic traces at
3.4-3.8 V vs. Li/Li" disappear, which suggests that the concentration of RM~ was reduced
while catalysing the oxygen reduction reaction (ORR). However, the low reduction
potentials of the RPTIOs reported here may not significantly improve the performance of
the ORR and the reduction potentials of discharging RMs reported to date are greater than
2.4V s, Li/Li" 13135 BLIT201 Geperally, the voltage in Li-O, batteries does not reach
such low values unless the battery is close to failure. In addition, there was only a slight

increase in the intensity of the ORR peak upon the addition of RPTIOs in an oxygen
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atmosphere (Fig. 40). Thus, the action of RPTIOs as charging RMs was investigated in

greater detail.
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Figure 40. Cyclic voltammograms with and without RPTIOs (10 mM) in
LiTFSI/TEGDME under an O, and Ar atmosphere. “No RM” refers to 0.1 M LiTFSI in

TEGDME.

4.4. Cyclic Voltammetry Studies with TBATFSI

The long-term electrochemical stability of PTIO under an oxygen atmosphere (Fig. 41)
was examined using TBATFSI (instead of LiTFSI) to avoid clogging of the glassy carbon
electrode with Li,O,, which leads to a gradual shift in the potentials. The increase in the

intensity of the anodic peak related to the oxidation of PTIO and its shift to higher potential
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values indicates a pronounced effect of this compound on the OER. There were no
significant changes in the peaks during the subsequent 50 cycles, which demonstrates high

electrochemical stability of PTIO in oxygen.
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Figure 41. Cyclic voltammograms of PTIO (10 mM) in TBATFSI/TEGDME under an

oxygen atmosphere: (a) full scan range, (b) enlarged region at higher positive potentials.

4.5. Spectroelectrochemistry of PTIO

UV-visible spectroelectrochemistry of PTIO under an O, atmosphere was
performed to investigate the reversibility of the oxidation process (Fig. 42). UV-visible
absorption spectra of 3-10”" M solutions of PTIO in 0.3 M TBAPFs¢/MeCN were collected
at 60 s intervals after the potential was applied. The voltage step was 0.1 V. The first
spectrum was recorded before applying a potential. The electrolyte system TBAPFs/MeCN
was selected due to a very high potential window, which excludes contributions from

electrolyte decomposition.””

The initial UV-visible absorption spectrum of PTIO contains two characteristic

bands at 361 and ~605 nm related to n—m* and n—* electronic transitions (Fig. 42).72**%
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During oxidation, these bands gradually decreased in intensity and disappeared indicating
the removal of an unpaired electron, while two new bands arose at 310 and ~445 nm. The
three isosbestic points at 338, 377 and 540 nm were observed, and the spectra obtained at
the conclusion of the experiment were almost identical to those collected initially, which

shows the reversibility of the oxidation process.

4 2.2

1.8 awl

1.6 1
04Vt 07V 184 M

§ 2 14 | .‘ — no voltage
z & 127 —at0.7V
3 £ 101 ——— backto OV
o [ 2] -
< 2 0.8

0.6

0.4

> = 0.0 ‘ S———
T T T T T T T T T T
300 400 500 600 700 860 300 400 500 600 700 800
Wavelength, nm Wavelength, nm

Figure 42. UV-Visible spectral changes during stepwise electrochemical oxidation of

PTIO solution in TBAPFs¢/MeCN. The potential was recorded vs. Ag/Ag" reference

electrode.

When the potential was scanned in the negative direction (Fig. 43), the band at ~605 nm
disappeared and the peak at 361 nm decreased in intensity. The formation of a new band
was recorded at =310 nm. Upon applying 0 V, the curves did not fully regain their original
appearance, which 1is likely due to the formation of hydroxylamine and/or
hydroxylammonium cation (Scheme 3, Section 3.5.2), while the reverse reactions are slow
compared to the timescale of the experiment. The voltage at which this process occurs is
~2.3 V vs. Li/Li", which suggests that it will not affect the stability of RPTIOs during

cycling of the Li-O, batteries.
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electrode.

4.6. Reactions in Li-O Batteries upon the Addition of the Redox Mediators

Before testing the performance of RPTIOs in Li-O, batteries, it was crucial to
demonstrate that the new RMs do not contribute to the capacity of a battery by shuttling
from the cathode to anode, but are indeed catalysing the decomposition of Li,O,. The
contribution from the redox shuttling of the RM can be considered insignificant if the redox
reactions in the Li-O, batteries upon the addition of the RM follow the Equations 5 and 6
(Section 1.2.1.1) with the formation of Li,O, as the main discharge product, and if the RM
does not provide high capacity on its own (in the absence of oxygen). For this purpose,

SEM, XRD and battery tests in an argon atmosphere were conducted.
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Battery tests in argon were performed in Swagelok cells with a sealed O, inlet using Li
metal, carbon black (CB) and glass fibre as anode, cathode and separator, respectively. The
electrolyte was composed of 10 mM RPTIO dissolved in 0.5 M LiTFS/DEGDME (Fig.

44a). The obtained capacity was negligible enough to affirm that the addition of the RPTIO

does not significantly affect the overall capacity of the Li-O; batteries.

SEM images of the cathodes with and without RMs showed the morphology of the
battery discharge product and the action of the RMs towards it (Figs. 45 and 46). With the
addition of PTIO, thin plates of the discharge product were formed (Fig. 45b), which fully

decomposed upon charging (Fig. 45d). Without PTIO, the formation of larger particles was

recorded (Fig. 45c). The same effect was observed for the other RPTIOs.
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Figure 45. SEM images of CB cathodes: (a) pristine, (b) discharged containing PTIO, (c)

discharged without PTIO, (d) charged containing PTIO, (e) charged without PTIO.

Figure 46. SEM images of discharged (top) and charged (bottom) CB cathodes with

RPTIOs: a), d) MeOPTIO; b), ¢) NMe-PTIO:; ¢), f) NO,PTIO.
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Figure 47. XRD patterns of pristine, discharged and charged CB cathodes with and
without PTIO. Note: discharged cathodes remained attached to the stainless steel current

collectors, peaks assigned to stainless steel are indicated in the diffraction patterns by **.

XRD studies showed that the particles observed in the SEM images belonged to the
discharge product Li,O, (Figs. 47 and 48). XRD patterns of the discharged cathodes with
and without PTIO contained all of the characteristic signals assigned to Li,0,, and no other
signals were apparent. These results suggest that the overall reaction in the batteries with

RPTIOs is the same as in Li-O; batteries cycled without RMs.
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Figure 48. XRD patterns of pristine, discharged and charged CB cathodes with and

without RPTIOs.

4.7. Performance of Li-O; Batteries with RPTIOs

To test the effect of RPTIOs on the ORR, Li-O, batteries with CB cathodes and 10 mM
RPTIOs in LiTFSI/DEGDME electrolyte were discharged until 2 V (Fig. 44b). The
discharge curves of all RPTIOs, except for PTIO, demonstrated a slight increase in the
discharge capacity compared to the battery with a pure LITFSI/DEGDME electrolyte, up to
0.9 mAhcm? for MeOPTIO, while the batteries with PTIO and NMe,PTIO showed

195 the

notably lower discharge overpotentials. Unlike some TEMPO-containing RMs,
RPTIOs did not reduce the discharge capacity. The discharge capacities for batteries
containing each of the RPTIOs were much greater when discharged in an oxygen

atmosphere compared to argon (Fig. 44a) indicating that the compounds facilitate the

reactions in the Li-O; battery, rather than contributing to the capacity by redox shuttling.
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The action of RPTIOs on the OER was investigated by discharging and then charging
Li-O, batteries with the same composition to 0.25 mAh cm ™ in the voltage range of 2—4.1
V (Fig. 49). Batteries containing RPTIOs exhibited an improvement in the OER,
decreasing the charge overpotential by up to 0.3 V for NMe,PTIO in the studied voltage
window and with a more than double charge capacity. Importantly, the battery charge
potentials followed the same order as the oxidation potentials for the RPTIOs
(E(NMe,PTIO) < E(MeOPTIO) < E(PTIO) < E(NO,PTIO)), consistent with our
hypothesis that changes in the structures of RPTIOs will have a direct and predictable

effect on the charge overpotential.
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Figure 49. Galvanostatic discharge/charge curves of RPTIOs (10 mM) in

LiTFSI/DEGDME (1 cycle).
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The long-term effect of the RMs on battery performance was investigated by cycling the
Li-O; batteries with and without RPTIOs for 30 cycles in the voltage range of 2—4.1 V at a
fixed capacity of 0.25 mAh cm ™ (Fig. 50). The batteries containing RPTIOs maintained
lower charge voltages than the battery without added RM for at least 15 cycles. The
discharge capacity of the battery with NO,PTIO dropped after the 25™ cycle, and the
battery ceased cycling earlier than that without RM, possibly due to a high oxidation redox

potential of this RM.

The battery with MeOPTIO had the longest cycle life and cycled slightly longer than the
battery without RM at fixed capacities of 0.25 mAh cm > and 0.5 mAh cm * (Fig. 51). The
catalytic action of MeOPTIO leads to the formation of very thin plates of Li,O, that were
observed in SEM images (Fig. 46a). These particles are easier to be decomposed during
discharge than larger particles formed in the battery with a pure LiTFSI/DEGDME

electrolyte, leading to lower charge overpotentials and longer cycle life.
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Figure 51. Galvanostatic cycling profiles of the batteries with 10 mM MeOPTIO in
LiTFSI/DEGDME and pure LiTFSI/DEGDME electrolyte at fixed capacities of 0.25 mAh
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4.8. Summary

In conclusion, three new RMs for Li-O, batteries were proposed and synthesized. The
stability of the reduced state of the RPTIOs was greater than that of nitroxides with the
return peak for the reduction observed in CV experiments at lower voltages than the
oxidation process, suggesting that they can operate as charging and discharging RMs
combined in one molecule. The addition of RPTIOs to Li-O, batteries led to a lower
discharge overpotential with a slight increase of the discharge capacity, unlike some other
nitroxide-group-based RMs. More importantly, RPTIOs provided a significant decrease of
the charge overpotential (up to 0.3 V in the studied voltage window), and the order of the
obtained charge voltages was the same as the redox potentials for the oxidation calculated
from the CV curves, which proves a pronounced catalytic effect of RPTIOs on the OER.
This study demonstrated a clear dependence of the charge potential on the character of the
substituent on the position 2 of imidazoline moiety in nitronyl-nitroxide-based RMs. The
advantage of this type of RMs is that the synthetic method allows for an easy adjustment of
the structures and correction of the redox potentials to the optimum values. A variation of
the structures could decrease the peak separation for the reduction process, which might
lead to a more significant increase of the discharge capacity. For example, it is worth
considering to replace a benzene ring with a pyrazole as in pyrazolyl-based tetramethyl-

212

substituted NNs“~ (Section 4.1) which were reported to have a reversible reduction process

with lower peak separation than observed for PRTIOs in our group.
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Chapter 5: Conclusions



Chapter 5: Conclusions

This thesis proposed and examined new redox mediators (RMs) to improve the
performance of Li-O, batteries. Selected compounds were also investigated for their
stability as electrolyte solvents. The thesis aims (described in detail in the Overview) have
been achieved by designing and synthesising twelve new RMs that decreased the charge
overpotential and, in some cases, enhanced cyclability of the batteries, and nine new

electrolyte solvents based on ionic liquids.

TEMPO-substituted imidazolium ionic liquids (TEMPOImILs) were examined as RMs
and electrolyte solvents for Li-O; batteries (Chapter 3). Nine of ten TEMPOImILs are new
compounds. TGA and DSC studies of TEMPOImILs demonstrated that they are less
volatile than conventional aprotic electrolytes, which proves their increased safety. It was
found that, unlike other imidazolium ionic liquids, TEMPOImILs are sufficiently stable in
an oxygen atmosphere, which was assigned to a radical scavenging action of the TEMPO
moiety. TEMPOImILs used solely as electrolyte solvents in Li-O, batteries provided a
significant and stable decrease of the charge overpotential, which confirms their catalytic
activity towards the oxygen evolution reaction (OER). Diluting TEMPOImILs with less
viscous aprotic solvents and using them in combination with discharging RMs (Section
1.2.3) might help to increase the discharge capacity, decrease discharge overpotential and

further improve the cycle life of the batteries.

In this chapter, the effect of changing the structure of TEMPOImILs on the battery
performance was also elucidated. We varied the number of carbon atoms in the alkyl chain
connecting the TEMPO moiety and imidazolium cation and the substituents on the 2-
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position of imidazole ring (either methyl or hydrogen). The length of alkyl chains did not
have any noticeable effect on the battery performance. Meanwhile, the replacement of the
methyl group on the 2-position of imidazole ring with the hydrogen atom resulted in

substantially longer cycle life of the Li-O, batteries.

The second part of this thesis presents phenyl-substituted nitronyl nitroxides (RPTIOs)
as RMs for Li-O, batteries (Chapter 4). In this chapter, we investigated the effect of
introducing substituents with different electron affinity into the benzene ring on the redox
potentials of RPTIOs and the performance of Li-O, batteries with catalytic amounts of
these compounds. PTIO (2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide, no
substituents on the benzene ring) was reported to have two reversible redox processes, and
thus, was proposed as RM for both discharge and charge reactions. However, the reduction
waves of RPTIOs obtained during cyclic voltammetry experiments did not replicate the
ones published for PTIO, possibly due to the use of a different solvent. Measurements of
the rate constant would provide further insight into the nature of the reduction process of
RPTIOs. Regarding the oxidation process, a clear dependence of the redox potential on the
donating character of the substituent was observed, where RPTIOs with electron-donating

groups had a lower oxidation potential.

Three of four RPTIOs were not reported previously as RMs for Li-O, batteries; thus,
XRD, SEM studies and battery tests in argon were conducted to prove that they can indeed
catalyse the formation and decomposition of Li,O,, rather than redox shuttling from the
cathode to the anode. When added to Li-O, batteries, RPTIOs not only enhanced the
performance of the OER but also provided a slight improvement to the oxygen reduction

reaction (ORR). The reduction of the charge overpotential was in direct correlation with the
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redox potentials for the oxidation and electron donating character of the substituents, which
proved the hypothesis that the value of the charge potential of Li-O, batteries with nitronyl-

nitroxide-based RMs can be easily tuned by changing the structures of the RMs.

Overall, nitroxide-group-based RMs studied in this thesis are capable of facilitating the
charge process more than the discharge. The directions for future research include altering
the structures of the RPTIOs, e.g., using pyrazolyl-based nitronyl nitroxides with lower
peak separation for the reduction process than in RPTIOs. Enhanced reversibility of the
reduction process might provide a more significant improvement of the discharge reaction
and allow to achieve dual redox mediator function in one molecule. In terms of applications
of the proposed compounds, future studies for RPTIOs include using higher concentrations
of the RMs that could lead to a more significant decrease of the overpotentials and increase
of the charge and discharge capacities. The use of a membrane separating the anode and
cathode compartments with a TEMPOImIL added only to the cathode will eliminate the
crossover of the RMs towards the anode and might increase the cycle life and coulombic
efficiency of the batteries. In combination with the protection of the Li metal discussed in
Section 1.2.2.1 and other additives for the ORR, e.g., effective discharging RMs (Section
1.2.3) TEMPOImILs and RPTIOs can be used to provide high-performance Li-O, batteries

for energy storage, electric vehicles and various electronic devices.
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Appendix

A.1. TGA and DSC Data for TEMPOImILs
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Figure Al. TGA and DSC data for TEMPOImIL withn =4, R = H.
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Figure A3. TGA and DSC data for TEMPOImIL withn =5, R = H.
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Figure AS5. TGA and DSC data for TEMPOImIL withn = 6, R = H.
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Figure A6. TGA and DSC data for TEMPOImIL with n = 6, R = Me.
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Figure A7. TGA and DSC data for TEMPOImIL withn =7, R = H.
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Figure A8. TGA and DSC data for TEMPOImIL withn = 7, R = Me.
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Figure A9. TGA and DSC data for TEMPOImIL withn = 8, R = Me.
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A.2. An Investigation of Methylated Ferrocenes as RMs for Li-O2 Batteries

A.2.1. Introduction

Ferrocene (Fc) has been previously investigated as a charging RM for Li-O; batteries
with the work published by Bruce et al 2012."7°. Even though the redox potential for the
oxidation of Fc is within the suitable range (3.6 V vs. Li/Li", Chapter 1.2.3), the compound
is unstable in the presence of oxygen. The instability of Fc and other metallocenes
undergoing redox processes in an oxygen atmosphere is related to the formation of dimers
where oxygen atoms form bridges between the cyclopentadienyl rings.*****” Thus, Fc is not

a particularly suitable RM for use in Li-O; batteries.

Octa- and decamethylferrocenes (OMeFc and DMeFc) are more kinetically stable in
oxygen due to steric hindrance created by the methyl substituents. The introduction of
electron donating methyl groups also lowers the redox potentials in comparison with Fc**
229 making OMeFc and DMeFc more favourable candidates for Li-O, batteries. With these
considerations in mind, the effect of introducing OMeFc and DMeFc as electrocatalysts in

Li-O, batteries on the discharge and charge capacities and on the associated overpotentials

was investigated.
A.2.2. Results and Discussion

The catalytic action of OMeFc and DMeFc was investigated by assembling Li-O;
batteries with Li metal anodes, glass fibre separators and 0.01 M solutions of the
compounds in LiTFSI/DEGDME electrolyte. For OMeFc, carbon paper (CP) cathodes
were used. CP allows clear visualisation of the discharge product. Data recorded for

experiments conducted with and without RM under Ar and O, atmospheres are shown in
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Figure A10. The charge capacities of the batteries with 0.01 M OMeFc in argon and
oxygen are almost identical. Clearly, OMeFc is not a suitable RM for Li-O; batteries, as it
not only decreases the discharge capacity but also contributes to the charge capacity of the
battery, which indicates that the compound is acting as a redox shuttle instead of catalysing

the decomposition or formation of Li,O,.
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Figure AI10. Full discharge/charge curves of the Li-O, batteries with pure
LiTFSI/DEGDME electrolyte (“no OMeFc”) and 0.01 M OMeFc in LiTFSI/DEGDME

electrolyte.

For the experiments with DMeFc, carbon black (CB) cathodes were used and the current
density was 1 mAh cm™ to enable rapid screening (Fig. A11). The capacity of the battery
commonly decreases with increasing current density, which was observed on the
discharge/charge curves. Unlike OMeFc, DMeFc provided only a small capacity under an
argon atmosphere, which indicates that it does not act as a redox shuttle. DMeFc had a
noticeable effect on the OER with the charge potential lower by up to 0.3 V at the

beginning of the charging process and the charge capacity four times greater in the batteries
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with the RM compared to those without within the chosen voltage range. The discharge
capacity was twice lower in the batteries containing the RM compared to those without,
which has been observed in batteries with other charging RMs (Section 3.6) and might be

improved by the addition of a discharging RM.

A battery with DMeFc added only to the cathode (50 pL) and pure LiTFS/DEGDME
electrolyte added on the separator (100 pL) had a similar performance to the battery
without the RM. It is likely that diffusion of the RM occurred over time, and the overall

concentration of DMeFc in the bulk electrolyte was too low to have any effect on the OER.
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Figure All. Full discharge/charge curves of the Li-O, batteries with pure
LiTFSI/DEGDME electrolyte (“no DMeFc”), 0.01 M DMeFc in LiTFSI/DEGDME

electrolyte, and a mixture of both.
A.2.3. Summary

Octa- and decamethylferrocene (OMeFc and DMeFc) were tested as RMs for Li-O;

batteries. Galvanostatic cycling tests of the batteries with these compounds showed that
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OMeFc is unsuitable as it significantly contributes to the charge capacity of the battery.
This was not the case for DMeFc, which provided a decrease of the charge overpotential.
Further studies are required to confirm that DMeFc can be used as a charging RM, such as
SEM, XRD of the cathodes, and CV tests to check the redox potentials in the chosen

electrolyte.
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