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Abstract

In this thesis, the tunability of ionic liquidasexploredto design a series
of ILsand evaluatethe impact of different Hbased electrolytes on metallic Na
electrodecells This was done by performingcamprehensive investigation
involving Na" plating/stripping and electrode surface resistance over time
(resting and cyclingime). In addition, anovel study of solidelectrolyte
interphase (SEI) structure and compositimascarried outwith 3D OrbitrapM
secondary ion mass spectroscopy (3D OrbiSivt&pth profilingmode. The
unique sensitivity and mass resolution of the 3D OrbiSiMBthe use of an Ar
cluster primary ion beam as a sputtering and analysis b#amed ugo obtain
vast and detailed informatiorelating to the nature and distribution of the
SHproducts in the interphase. Consequentlye were able to accurately
determine the effects of anion and cation variation on the SEI structure. This
allowed us to idetify key structural features tdesig high performing stable
electrolytes for use in Nelectrode cells. Itwas demonstrated that the
distribution of SEproducts into an organised structure is critical to achieve a
stable SEI. In addition, low overpdiahduring Na symmetrical cycling, and
stabilisation of surface resistance was achieved th#HL that demonstrated
the most organised SEI structufaurthermore, he impact ofthe commonly
used [PF-based salt as an additinas alsanvestigated. It was found that the
presence of [RfFadditive improves SEI stability and cycling time of symmetrical
cells. 3D OrbiSIMS studies of the SEI with thg #édBitive revealed that the
organisation of thetaucture of the SEI has a greater influence on the improved

performance of cells than the presence of fluoride products in the SEI itself.

The designer aspect of ILs was further used to obtain electrolytes aiming
for application in N&@» cells. The fundaentals of theoxygenreduction
reaction (ORR) in the ILs were thoroughly studied, antb@rentration and
diffusion coefficients in new series of ILs were determined as well. It was found
that [C(GOG)Pyrr][NTf] and [G(GOG)Pyrr][GFCOO] displayed fgh Oz



solubility, whilst the higherO; diffusion coefficients were found for

In the presence of Naboth the IL used and the concentration of"Na
seemed to influence the nature of the ORR product. It was found that with low
Na" concentration Oy interacted with both Na and IL cationsin
Why 3 5 6 O0BEE  [C(GOG)PYr][GFCOO]  and  [GCimdPyrr][NTi].
Furthermore, multiple oxidation peaks and/or shift of the oxidation peaks over
cycling were found for WPy 5 5.0 Pp OWEE [CGimPyrr][NT],
[G(GOQG)Pyrr][NTH] and[C(GOG)Pyrr][GFCOO] With the aid of rotating ring
and disc (RRDE) studitisese peaks were suggested to be associated with
formation of N&Oy product in solution or at the electrode surface. This was
found to be significantly impacted by thebBHnd ability of the IL, and
[G(GOQG)Pyrr][GFCOQ] displayed soluble products even at high* Na

concentration.

Finally, following the steby-step approach of this thesis based on
studies of IL electrolysawvith metallic NaO, and N&/ O, a full NaO; cell was
assembled. Assembly of a full@ecell waschallenging, and a brief overview is
given considering the difficulties and solutions for the cell preparation.
Preliminary charge and discharge profiles were obtained, and the post discharge
carbon electrode was analysed by scanning electron microscopyasl
suggested tha©; diffusion in the IL electrolytes is one of the major challenges

in applying Hbased electrolytes to full Na&. cells.
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1. Introduction

1.1.Energy storage challenges and emerging alternatives

According to the data published in 2Q1more than half of the
greenhouse gas emissions in the UK and the USA came from transportation and
energy supply:2This clearly show&atthere must be a move towards greener
and renewable sources of energyreduce greenhouse gas emissions, and to
widespread electrification of transport. Nevertheless, the advancement of both

these areas strongly relies on the development of energagtosystems.

Since the first tibn battery (LIB) was commercialised in 1991,
substantial progress has been achieved, with LIBs displaying cycle life in the
order of thousands and production expected to reach hundreds of GWH/year.
LIBs also power the electric vehicle (EV) with the longest driving range currently
on the market, the Tesla Model S Lédangé. Despite the remarkable progress,
LIBs arenot predicted to attend the demands of future battery packs with high
energy content at low cos$t®For this reason, several battery alternatives have
been developed, includinalkali metal negative electrodes antbaSed and

O-based positive electrodés.

LIB cells are formed by a graphite negative electrode and a variety of
metal oxides as the positive electrode and are based on the insertion and
extraction of Liinto the electodes. Although the graphite electrode allows
outstanding cycling life, the weight and volume of this material considerably
limit the specific energy and energy density of EIBeplacing the graphite
electrode with metHic lithium is expected to increase the specific energy of the

cells by approximately 35% and more than double the energy density of the
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Chapter 1

cells® Furthermore, metallic lithium is also the negative electrode of other

emergng technologies such as3.and LD,.6

Na batteries have also been developed as an alternative technology to
Lkion. Metallic Na is a promising lotegm electrode material with higher
abundance and lower costs than®Oihis is particularly attractive ascibuld
potentially decrease the cost of batteries. Moreover, Li reacts with Al at the
negative electrode, thus in-irietal batteries Al can only be used as the current
collector at the positive electrode, whilst Cu is the current collector in the
negativeelectrode. However, Al and Na do not react under the battery cell
conditions, thus Al can also be used as the negative electrode current collector.
This is remarkably advantageous from an economic and specific energy point of
view, given the lower densiand price of Al compared to C&imilar to metallic
Li, Na is the negative electrode of choice of many next generation batteries
Therefore, the development of alkali metal electrodes is an essential step to

advance next generatidratteries.

1.2.Sodium metal electrodes

Metallic Na, and indeed metallic Li, are highly reactive electrode
materials which rapidly react with atmospheric air, moisture, or the majority of
solvents they are placed in. This is due to the strong tendency of these metals to

oxidise and release an electron according to
D% 0w 1Q 1.1)

The products of the reaction of Na electrode with electrolytes form the
solidelectrolyte interphase (SEI). Inidn batteries this interphase is typically
formed electrochemically omé graphite electrode during the first charge cycle.
This is a consequence of the potential of the electrochemical process at the
graphite electrode being outside the electrochemical stability window of
electrolytes, hence causing electrolyte degradaliBecause metallic Na tends

to release electrons according to equation 1.1, SEI forms even when the cell is
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at open cell conditionsldeally, the SEl is a protective layer which prevents the
flux of electrons, thus stopping further etelyte degradation reactions, whilst
having high ionic conductivity, allowing'llax. Moreover, the SEI must be able

to withstand volume changes, due to*lgéating and stripping, without cracking

and exposing fresh Na. Therefore, the chemical and mechanical properties of
the SEI are of extreme importance for a long and stable cycling life of Na
electrodes, given its importance in controlling electrolyte aongion as well

as dendrite formation and growth.

The spontaneous electron transfer from Na electrodes to the electrolyte
can be understood by analysing the energy of the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular arl{iftOMO) of the
electrode and electrolyte. Whenever the electrode chemical potential is at
higher energy than the LUMO of the electrolyte, electron transfer can take place,
leading to reactions that form the SHlhere is no established understanding of
the SEI formation, however, it is believed to form via a surface growth
mechanism, in which insoluble species form on the eldetsurface. A study
using isotopeassisted timeof-flight secondary ion mass spectrometry (SIMS)
has suggested that the SEI formation occurs initially with degradation of organic
components of the electrolyte, followed by reactions forming more inorganic
compounds!® The authors also demonstrated that the SEhation occurs via
a bottomup mechanism. In this mechanism, as the SEI reactions proceed, the
initially formed organic layer is pushed outwards towards the bulk electrolyte as
the more inorganic layer forms at the vicinity of the electridéevertheless,
the study analysed SEI formation on polarized €xatrebles, in a Cu|Li hatkll,

thus some differences could be expected in the SEI formation on Na electrodes.

Another aspect that still needs further investigation is the mechanism of
dendrite growth on Na electrodes. It is understood that dendrited@araed
due to uneven Na plating when charging Na metal cells, more specifically when
Na deposits accumulate at a single spot instead of spreading evenly across the
electrode surface. Nevertheless, it is particularly difficult to avoid uneven plating

and stipping reactions at the electrode because the uniformity begins on the
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electrode itself, or even on the current collector. It is possible that the small
protuberances in the irregular surface leads to the formation of uneven SEI and
increases the ion flulowards these particular areas. Another factor that also
influences dendrite growth is the morphology of the SEI layer. It is believed that
in Na metals, dendrite growth occurs from the bottom of the dendrite, rather
than at the tip. Consequently, dendst are more likely to grow through parts

of the SEI which are perhaps softer (mechanically), less dense or thinner.
Schematics foplating and stripping process leading to formation of dendrites

and pits are shown iRigurel.l.

3) Electrolyte b) dendrit
endrite
\
SEI
c) __~Dead d)
pit ¢ dendrite

Maaids Knlnimies

Figurel.1l. Schemat of plating and stripping processes in a Na electrode: a) shows

uneven electrode and SEI surface, b) shows dendrite growthp{ating) on the
preferred electrode spots, ¢) shows Na metal stripping and formation of pits, showing

the presence of dead ddntes and d) shows Naplatingpreferentially on pits.

The dendrite formation starts with the nucleation step, and once nuclei
are formed, dendrites are more likely to grow from those nuclei than to continue
nucleation. This may be attributed to the lovimpedance of the thinner SEI at
the nuclei compared to the already stablished SEI on the bulk eleétiddace
it is easier for Nao cross the nuclei SEI and deposit instead of the bulk metal
SEI. Moreover, the current density at the nuolay be higher than at the bulk

electrode, increasing ion flux towards these spots.
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When discharging Na metal batteries,*N& stripped from the Na
electrode, either from the bulk metal, or from the dissolution of dendrites.
When stripping occurs diregtfrom the bulk, pits are formed on the surface
where N4 is stripped (sed-igurel.1lc). The size and distribution of pits are
particularly important, as on the subsequent cycle dendrites are likely to
nucleate on the pits first and then on the bulk metal (Begurel.1d)!! If
dendrites are already formed at the electrode surface’, $@apping occurs
initially from the dendrites. Uneven stripping from the dendrites causesgfarts
the dendrite to disconnect from the Na electrode, forming thealted dead
dendrite, or dead Na (sdé€igurel.1b and c):? 13This has also been referred to
as orphaning of dendrité$.Besides losing agé material, the formation of
dead dendrites can hinder ion transport across the cell due to accumulation of

dead dendrites at the electrode surfate.

Several strategies have been described in literature to tackle the
challenges associated with dendrite formation and unstable SEI when using Na
metal electrodes, and these have been reviewed by several authbes past
year!/: 81520 1n summary, remarkable effort has been put into finding a suitable
electrolytethat leads to stable SEI formation, which will be further discussed in
Sectionl.4. In addition, other methods involve the formation of an artificial SEI
and modification of the surface area of the electrode, thoroughly described in

the reviews mentioned above.

1.3. NaO; batteries

Among the emerging battery technologies using alkali metal electrodes,
O, batteries draw significant attention because of their high theoretical energy
densities. O, batteries for instance, have theoretical specific energy of
approximately 3505 Wh/kg glsed on mass ofa),242 much higher than the
typical 150 Wh/kg of a typicakibn cell or even 250 Wh/kg of a prospective
Limetal celB Remarkable progress has been achieved@ &ystems, and this

has been recently reviewéd?® Condderable research effort has also been put
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into NaO;, cells?? 24 2NaO; are particularly interesting not only tmese of the
lower cost and higher abundance of Na metal as mentioned above, but also
because of the lower cell overpotential compared{04.and potentially higher

coulombic efficienc¥?

A schematic of a N@& battery cell is displayed iRigurel.2. NaO;
batteries are composed of a metallic Na negative electrode and a positive
electrode typically consisting of a conductive porous carbon material. As
de<cribed in the previous section, during the discharge of the celis Blaipped
from the Na electrode and Na plating takes place during the charge cycle. The
positive electrode reactions are based on the oxygen reduction reaction (ORR),
which in the presnce of Narich electrolyte, forms N@&, discharge products.

The opposite reaction occurs during cell charging, with oxidationx@X, &zd

O, evolution.

Na -ve electrode C +ve electrode Na -ve electrode C +ve electrode

Figure 1.2. Schematic configuration of N& cells: a) discharge step showing Na
oxidation at the negativeye) electrode, an@®; diffusion into the cell followed b,
reduction and formation of N@, species at the positive (+ve) electrode; b) charge step

showingQO; evolution at the +ve electrode and Na plating at-treeelectrode.

Unlike 4O, in NaO; cells Na®@is the discharge product reported in the
majority of the studies in literatu.This is due to the higher stability of NaO
compared to Lig) in which the very hard acid Li does not form a stable
compound with thesofter O, base. Thus, the softer character of"Narms a

stable Na®@ with the sofer O,7, and Na®@ does not necessarily undergo
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chemical disproportionation to N&. NaQ is formed via a onelectron
reduction ofO,, and it is believed that Na@ famed via a solutiomediated
mechanism, in which NaQs found in solution as contact i@airs and
precipitates at the electrode surface when the solution reaches saturation,

according to:
0 Q 0W0O° 0d z 0®d 8 (1.2)

This has recently been observed via operando transmission electron microscopy
using a microbattery setujd.Moreover, the authors suggested that there is an
equilibrium between Nagn solution and Nagfat the electrode surface, and
during charge the oxidation of NafD solution shifts the equilibrium towards
formation of the producin solution. Consequélly, the charge process does not
occur directly via an electron transfer to the solid j&0t instead via a solution

mechanisn?’

Degite the promising improved cycling ability of®sbatteries due to
lower overpotentials than 40y, significant capacity losses have been observed
over longterm cycling?’ This is believed to be associated with parasitic reactions
involving the discharge products and the electrode or electrolyte. Therefore,
research effort must focus on optimising these cell components, and some
strategies have been reviewed receriflyThis includes improved design of
porous electrodes, in terms of matesand morphology, use of additives and
development of more stable electrolyte systems. The latter is further discussed

in the following section.

1.4.Electrolytes for electrochemical applications

The development of an electrolyte that has led to formation sthhle
SEI and with minimum degradation over cycling was a crucial step in the
advancement of tion batteries As discussed in the sections above, finding an
electrolyte suitable for application in emerging battery technologies is still an

ongoing challege. Although promising reports have been published, which are
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described in the following paragraphs, the long list of requirements that these
electrolytes must meet makes it very challenging to find a suitable candidate.
NaO, batteries, for instance he electrolyte must not only form a protective,
uniform and ion conductive SEI layer on Na, but also displaphajfiusion,
promote NaQ@ formation preferably via a solution mechanism, and be stable
against parasitic reactions with fladischarge prodets. The next paragraphs
highlight a few reports in electrolyte design, however a comprehensive overview

of the developments to date can be found in several reviewy 20 24,28

Typical electrolytes used inith technologiesas @rbonate solvents
have long been described to be unstable incélls due to @ nucleophilic
attack?® meaningelectrolytes based on other solventsust be developed.
Previous work described the effect of the solvent donating ability on the
discharge mechanism and capacity eDicells®® The authors suggested that
solvents with high donor number KIp promote the growth of the 10»
discharge product in solution, leading to cells with higher capacity than solvents
with low DN. Likewise, the DN of the solvents also has an impact in the
mechanism of discharge and on the discharge product #:Ngystans3!
Aldous and Hardwick observedaformation using low DN electrolytes, and
suggested that in the absence of'Nalvation by the solvent (low DN), discharge
occurs via a surface mechanism through widehs further reduced forming
NaO,. When using highNDsolvents, the authors found that Naf2as formed

via a solution mediated proce¥s.

Furthermore, in N&» cells, dimethoxy ethane (DME) has demonstrated
superior discharge capacity compared to tetraethylene glycol dimethyl ether
(TEGME), despite higher solubyliof NaQ in TEGME. This has been attributed
to the formation of surface confined Na@ TEGME caused by a higher
desolvation barrier in this electrolytéHowever, dater study’ suggested DME
suffers parasitic reactions during cell cycling, forming a parasitic layer around
the NaQ discharge product. Because this layer persists in the electrode surface,

it significantly decreases the capacity of the subsequent cycles.
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Regarding SEI formation in Na electrodes, a previous study using DME
with various types of salts found superior$a&bility with NaP§-whilstNa[NT§]
displayed high electrolyte consumption and degradatfoifhe authors
associated this finding to a higher concentration of fluoride in the SEI layer when
using Na[Pff, and this has been describaalimprove the SEI stability. In fact,
other studies have highlighted the positive impact fluoride has on the formation
of a stable SEf. 15 34 3%Despite several studies suggesting that high fluoride
content is essential for a stable SEI, other authors have found better cell
performance with fludde-free electrolytes. Doet al 3¢ compared the cell
performance of Na[RFcontaining electrolytes with electrolytes coimiag
sodium tetraphenylborate (Na[Bfh The authors found that the
Na[BPh]-based electrolyte displayed high coulombic efficiency over 300 cycles
of plating and stripping in Na|Na symmetrical cells, with lower overpotential
than Na[P§ equivalent eleablytes. Therefore, this demonstrates that although
fluoride content seems to be beneficial to achieve a stable SEI, there must be
different alternatives to achieve a stable Na cycling, other than simply a

fluoride-rich SEI.

Interestingly, many ionic ligis (ILs) are based on the ions discussed in
the paragraph above. ILs are a very particular type of electrolyte which have also
been evaluated for application in emerging battery technologies. This will be

discussed further in the following section.

1.4.1 lonicliquids

lonic liquids (ILs) are a class of salts with low melting point, wittC100
being a typical melting temperature to differentiate ILs to molten salts. An
extensively studied clas$ ILsare room temperature ionic liquids (RTILS) which
displaymelting pointsbelow 25°C. Unlikeconventional saltsRTLs are mostly
comprised of unsymmetrical artllky ions @nsequently, ILs display lower
coulombic interaction and lower lattice eneripan typical salts,hencelower

melting points
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ILshaveunique physiochemical properties which attract attention from
researchers in a range of fiefldUndoubtedly one of their mosiutstanding
propertiesis the negligible volatilityThis is the reason ILs have been refereed a
green solvents, avoiding the use of volatile organic compounds in certain
applications®® The low volatility and neflammability of ILs are particularly
attractive properties from a safety point of view. In battery applications, typically
used organic electrolytes increase the risk of fires/explosions due to
short-circuits and thermal runaways. This is especially important considering
large battery packs and electvehicles applications. The use of fflammable
electrolytes like ILs can have a significant contribution to the overall safety of the

cell3®

Another remarkable characteristic of Ilis their tunability, a
conseqguence of the innumerable choice of cation and anion pairs, as well as the
possibility of attach different side chains to the cations. For this reason, ILs are
often called designer solvents, as small changes in the IL stsintaselead to
distinct solvent properties. This has been explored in several fields such as

electrosynthesig? analytical chemistr§; and heavy metal extractidii.

The ORR has been extensively studied iaidlsnore recently the effect
of adding alkali metal cations has also been eval/f&f@dAbraham and
coworkers have studied the ORR in theegence ofLif, N& and K, in
pyrrolidinium and imidazolium ILs. With the aid of electrochemical techniques
and a NMR study on the Lewis acidity of cations in solutions, the authors
suggested that the ORR products can be understood in terms of hardidoft ac

base theory?

TenaZaera and cevorkers have thoroughly investigated *Nend O,
electrochemical reactions in{GPyrr][NT4].>® Theauthors suggested that the
salt concentration in the ILs can determine whether the reaction occurs via a
solution mechanism or via a surface mechanism. The authors found that the
potential of the anodic peaks varied as the salt content was modified. The
position of the anodic peaks was associated with the type of reaction
mechanism, with the less positive potentials related to oxidation ot NaO
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solution, whilst the oxidation of surface Na@roducts occurred at more

positive potential$3

Forsyth, Poz&onzéo and ceworkers have been pioneers in
developing full N#D; cells with purely IL based electrolyté<s>®> The authors
evaluated the impact of Na salts in the discharge capacity and cyclitygcdbili
NaO, cells with [@GPyrr][NTH]-based electrolyte. It was suggested that
different salt concentrations affect the>Osolvation structuré} and that

concentrated electrolytes enhance the performance ofaells>®

To the best of our knowledge, studies aféectrodes and IL electrolytes
are scarce in literaturé: 3% 56. 5Nevertheless, a previous study evaluated the
stability of Na metal in ILs-ray photoelectron spectroscopy (XPS) over a range
of etching times was used to study the stability of the Na SEI, and the authors
suggested that the SEI formed with:@Em][NTE] was thicker than in
[GGIM][FSI]. This was also confirmed by a higher surface resistance observed
by electrochemical impedance spectroscopy stutlids. addition, another
study?®> demonstrated that IL electrolyte with Na[FSI] displayed the lowest
overpotential during Na|Na symmetrical cycling. The study evaluated the impact
of the type of saltin a [GCPyrr][DCApased electrolyte on cell cycling,

electrode surface resistance over time, and on the structure of th& SEI.

Finally, an insightful report using atomic force microscopy recently
evaluated the structure of the interphase of concentrated[®&sPyrr][FSI]
electrolyte with a gold electrod®.With the ad of molecular dynamics, the
study successfully demonstrated that as the Na concentration is increased, Na
aggregates replace ILs at the innermost layers, creating an organised structure

of Na[FSH species located at the vicinity of the electrode.

Despte the reports described aboyethere are innumerable
cationranion combinations yet to be explored as electrolytes in emerging battery
technologies. Furthermore, finding a suitable electrolyte for botfONand
other Nametal based technologies is still an ongoing challenge, given the

requirements described throughout this introduction. Therefore, we aim to
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investigate whether different cation and anion combinations could be suitable

candidates for electrolgs in emerging battery technologies.

1.5. Aims andhesisoutline

Consideringhe unique propeties of ILslescribed in the sectiamabove,
the overall aim of this thesis is to explore whether the tunabilitys can affect
the performance of electrolytes for emerging battery technologies with Na
metal electrodes, witemphasis on N&; systemsThe approaclhaken in this
thesis is to study each element mduallydue to the complexity of N&»

systemsThisis detailedas follows:

T Chapter 3 discusses the-Nasystem, evaluating whether ILs cannfa
stable SEI with Na metand whether Naells can be cydewith low
overpotentials This chapter alsstudies the composition and structure of
the SEI using a novel methodology;

7 Chapter 4 evaluates the fundamental aspects ofQhelectrachemical
reaction in ILs, obtaining mass transport information using a range of
electrochemical techniques. This includes determination of solubility and
diffusion coefficients of>; in the synthesised ILs, and hydrodynamic
studies using rotating disc etemdes;

fChapter 5 studies the ORR in the presence ofiiNthe range of ILs
discussed in Chapters 3 and 4. The type of IL and the concentration of Na
salts are evaluated, as well as the impact of these two variables in the
solubility of the product of #1 ORR in the presence of*N&his chapter

also displays preliminary results of full-Qacells using selected IL

electrolytes.

In addtion, eachchapter described above offera brief introduction
highlighting thefundamentl aspects and thetate of artof eachindividual
sygem. The techniques used in this thesis and the synthesis of the studied ILs

arethoroughlydescribed in Chapter 2.
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2. Review of techniques and

experimental methodology

2.1. Fundamentals of Electrochemistry

2.1.1 Electrochemicatquilibrium eectrontransferand the Nernst equation

From thermodynamics, it is known that thenimal Gibbs energy for a
given chemical reaction is achieved at its equilibrium. By minimising the Gibbs
energy of a chemical systef®{O 1, the gain in energy by forming the
products is equal to the loss in energy by consuming the reactants.viketieis
not true, then the energy of the system could still be lowered by either
consuming more reactants eoeacting the products backn addition, under
constant pressure and temperature, the changes in the Gibbs erei{paie
dictated by the chemicalgpential of each specsn the system, Therefore, a

generic chemical reactiguch as:
wo ®éz b6 QO (2.1)
achieves equilibrium when
W NE Y Qe 3 QE G Q¢ (2.2)
GKSNE > Aa GKS OKSYAOFt LI (Spedtivel t 2F | X
stoichiometric coefficients a, b, c or d).

Similarly, equilibrium is also attained in electrochemical systems by
minimising the Gibbs free energy, however it takes place at the electrode

surface, and includes not only the species in solubahalso the electrode.
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Considering a solution composed of oxidised species (Ox) and reduced species

(Red) in contact with a metal electrode:
Dw Q z2'YQQ (2.3)

When an equilibrium is achieved, the rate at which the Réshses an
e to the metal electrode (m), is the same rate at which the electrode gives an e
to the Ox. The relative charge at the metal electrode and the solution will vary
depending whether the equilibrium is accomplished when the reaction above
liesto the left or to the right. For instance, if the equilibrium lies towards the
right (forming Red, the solution will be negatively charged, compared to the
positively charged electrode. Therefore, a charge separation is likely to take
place between the dution and the metal electrode, and consequently, a

difference in electrical potential.

The electron transfer discussed above for a system formed by Ox, Red
and the metal electrode, can be understood by looking at the energy levels in
both the electro@ and the species in solution. The electronic structure of metals
is formed by continuous bands of electrons, with the highest energy level called
the Fermi level. Looking at the solution phase Ox, for example, has atomic or
molecular orbitals in its elaonic structure, with an unfilled orbital which can
receive an eto form Red Considering that the Fermi level of the metal
electrode is at a higher energy than the unfilled orbital of Oxeitasgetically
favourable for the metal electrode to transfdectrons to the species in solution
to decrease the energy of its Fermi level, as demonstratedjure2.1. On the
other hand, the increase in eteans in the solution raises the energy level of
thea 2 f dzii A 2 ofbitalsLISdPrarBiéectrochemical equilibrium is reached
when the energyof the orbitals of the solution speciemnd the electrode
balances oufThe energy level of the metal condungiband is such that the rate
at which the electrode transfers ante the solution is the same as the rate at
which Redtransfers an eto the metal. It is worthmentioningthat the Fermi
level of metal electrodes in electrochemical cells can be manipulated by applying
different potentials tahe electrode, which will be further discussed in section
2.2.1
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Before Electron Transfer Electron Transfer

metal solution
electrode

metal solution
electrode

Original
Fermilevel
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Energy level
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level ™
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conduction
band Solution
original
energy
level

Solution
energy
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Figure2.1. Energyof metal electrode and species in solution before and during an
electron transfer; the narrows on the second quadrant indicate that a dynamic
equilibium has been reached, so that the rate at which electrons are transferred from

(or to) the electrode todr from) the solution are the same.

Considering the discussion above, one can realise that both the chemical
potential of the species in solutipand the electrical energy of the electrode
andthe speciesn solutionaffect the electrochemical equilibrium. This can be
demonstratedwith the concept of electrochemical potential” as described in

the following equation
‘T ©"0%o (2.4)

where' [is the electrochemical potential composed of the chemical potemjial (
and the electrical energy of either the electrode or the species in solution
(ZF =electrical energy per maLthe chargeFthe Faraday constant andthe

potentid of the solution or solid phase).

As per a chemical equilibrium, an electrochemical equilibrium is achieved

whenQ "0 T, and consequently
ror T (2.5)

As the chemical potentiab) of a given specsean be described kthe

activity d the speciesd :

C YV IH (2.6)
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Thus, theelectrochemical equilibrium for a generic redox reactiooh
as:
b Q z 'YQQ (2.7)
can be described by
‘ YYaE OB OB Y Y acE 6 'Bo (2.8)

where sand wm are the solution and electrode potentialeespectively. By
replacing Avith the corresponding charge of the species and rearranging the
equation, the relationship betweehe electrodesolution potential difference

( m¢ 9 and the species concentration can be observed:
%o %o —— —AE— (2.9)
The relationship shown in the equation above summarises how the
electrochemical system would rearrange to reach dynamic equilibrium.

However, the measurement of the potential difference of a single
electrode in solution is not viable. For this s, the practical potential is

measured and given by:

O % %o %0 %o (2.10)
where % %o Is the electrodesolution potential difference of the
reaction to be studied and % %o is the potential of a reference

electrode (reference electrodes will be furthdescribedin the following

section). Finally, the chemical potentials are incorporated into a new variable

called standard reduction potenti® @ ———— , which is the ptential

for whend=1. This gives rise to the Nernst equation
0O O —aege— (2.11)

which describes the relationship between the measured potential thed
activity of the active species in solution. As the activities of speciesutiosol

are often unknown and expressed in terms of concentrations, a more practical
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way of expressing the Nernst equation is repla€@ndy the formal potential

0O :
O ©° —0 &E— (2.12)

The Nernst equation describes thehanges occurring in an
electrochemical reaction in equilibrium, if any of the system propemrtigs (
potential or concentration of species) are altered. Electrochemical reactions that
obey the Nernst equation in the equilibrium are said to attain Nemsti

equilibrium.

2.1.2 Electrochemicatells andelectrodesthreeelectrodesystems

Section2.1.1introduced the use of a reference electrode to determine
the electrode potentialln practice when studying electrochemical cells, a
potential is applied between the electrode where the reaction of interest takes
place at the working electrode (WE), and the reference electrode. (Ri€)
potential ofthe RE shoudl be constant throughout the experimergp the

potential at which the reactionsccur can be determined accurately.

REshould display the behaviour of an ideally spatarisable electrode,
which means that a flow of current does not affect the potentialhis
electrode. Practically, there is no such a thing as gootarisable electrode, so
reference systems shoulthvehighly reversible and very fast reactions taking
place at its surface. This minimises the changes in the RE potential, hence

approaclng ideal behaviour.

Neverthelessif enough currenpasseshrough a REthe potential is
likely to change. Consequently, three electrode systems are oftentased
minimise the amount of current passed through the RE. A third electrode is
introduced in he system, the counter electrode (CE). The CE is connected in
parallel to the RE, meaning that the current flow from the WE will be split
between CE and RE. The current flow through the RE can be minimised by

placing a resistor of high resistance in semiéls RE, so that the current reaching
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the RE is very low. Therefore, the potential in a #aleetrode cell is measured
between the WE and the RE, whereas the resulting current flows (mostly)
between the WE and CE.

Ag/AgCl is a typical example of R&dua cells with aqueous solutions.
This electrode is composed of a silver wire covered in AgCl inside an aqueous
solution containing Chnions. This electrode displays behaviour close to an
ideally nonpolarisable electrode for the following reasons. okdimg to the
Nernst equation for this system, the electrode potential is only dependent of the
activity coefficient of C{Ag and AgCI activity = 1). When small currents pass
through this electrode, GVill be rapidly formed or consumed, because of the
high kinetics and reversibility of this electrode reactions. Therefore, if the
concentration of Ctoes not vary significantly, tlewerallpotential will also not

vary, making it an almost ideal npalarisable electrode.

However, RE for neaqueous systems arenore difficult to find
Consequently, many electrochemical cells with -aguneous solutions use
quastireference electrodes (QRE). The potential of gRE is not as stable as in RE
and is likely to change with changesthe cell environment. gqRE can be
calibrated by using internal references, whose redox potential should be
minimally affected by the cell solution. Decamethylferrocene (dmFc) is an
example of internal reference, which has been demonstrated to be sligitty m
stable tharferrocene (IUPAC recommended internal refereft€he increased
stability comes from the lower interactions with species in solution, caused by

the steric effecbf the methyl groups on the cyclopentadienyl fifg.

2.1.3 Masstransport inelectrochemicatells

For electrochemical reactioms occurin an electrochemical cell, active
species musimove from the bulk solution to the electrode surface. Mass
transport of species in solution is observed in three modes: migration, diffusion,
and convection. Briefly, migration is the movement of species caused by a

charge gradient. For example, positivelharged species are likely to migrate

43



Chapter 2

towards negatively polarised electrodes. In practice, this type of mass transport
Is supressed using concentrated electrolytes, which populate the solution with
anexcess of other charged species, minimisirghmigration effects. Diffusion

is the most common mode of transport of active species to the electrode and is
further discussed below. Mass transport by convection in electrochemical cell
are observedvia forced convection, which is the movement of species in
solution by mechanical means (e.g. stirring). Convection is observed when using
hydrodynamic techniques, such as Rotating Disc Electnatias)are further

discussed in sectidh?2.4

For undisturbed electrochemical cells, diffusion is the dominant mode of
transport of active species in solution to the electrode surface. According to
CAO1 Q& FTANRG fF ¢ 27%)inRdedifamnitolghainkS T dzE 2F &l

area in a unit time, is proportional to the negative of the concentration gradient

— , summarised hy

~

Q  O0— (2.13)

where D is the diffusion coefficient (expressed irf/sjn The negative sign
demonstrates that thdlux of species will be given by the diffusion of species

from higher to lower concentration within a distance x.

Taking as an example a generic solution of spe&jewith bulk
concentration [Aduk in an electrochemical cell. If the electrode is polarise

such a way to promote the electrochemical reduction of A to B
0 Q 996 (2.14)

and assuming this reaction occurs promptly (fast kinetics), then the

concentration of A at the electrode surface JAyill be equal to zero ([640),

sinceall of A athe electrode surface isstantlyreduced to form B. This forms

a concentration gradient of speciesatweenthe electrode surface to the bulk.

Thus, a flux of species A from the bulk solution to the electrode surface takes

place in the electrochemic@lSf t > FT2ff2gAy3 CAO1 Qa FANRG I &

in Figure2.2b. In addition,Figure2.2c shows that as time passasd A is
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consumed, the concentration gradient of A becomes sméaltarsequently, the
flux of species to the electrode decreases, according to equation 2.13 shown
above.The! dadistance in which this concentration gradient develop=ied

the diffusion layeft ), and it isshown inFigure2.2d).

electrode

bulk

electrode
electrode

Distance from electrode

Distance from electrode

d) e)
bulk bulk

Concentration of A
Concentration of A

§ Distance from electrode Distance from electrode

Figure2.2. Mass transport in electrochemical cellsCa)l kefore any potential has been
applied, b) Potential applied such that A proippeduces to B, ¢) Solution compaosition
after time a certain time t, d) Concentration profile of Aadanction of thedistance
from electrodeshowing thediffusion layer(t ), and e) concentration profile of A over

time, across distance x from the elexte).

The practical current developed at the electrode during a generic

reaction of A forming B, is given by
‘0 £ 706 Q (2.15)

where n is the number of electrons involved in the electrochemical reagtion,

is the Faraday constamthe area of the electrode angthe flux of species.

7

CAO1Qa FANRG flg¢g adlridSa GKIG GKS Tt dzE
— , however, as discussed in thboveparagraph, the concentration changes

only within the diffusion layer of thicknessbeing constant in the rest of the
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solution([A] = [Ajuk whenE B) Therefore, the current at the electrode can be

described as follows:
0 & 06— (2.16)

A new term called the mass transport coefficiént can be introduced
and it is the ratio of the diffusion coefficient and the thickness of the diffusion
layer. Additionally, a A reacts as soon as it reaches tleeteode surfacethe

surface concentration of A is zef8](=0), thusthe current is described by

0 ¢ 0B a (2.17)

2.1.4 The Cottrell equation

The pevious section discussed the decrease of the flux of species over
time causd by an increase in the diffusion layer formed at the electrode surface.
The scenario displayed kigure2.2 can be observed when a potential step is
applied to the elettode. Cottrell introduced an equation showing the current
response when a potential step is applied to a disc electrode:

o n
0 —— (2.18)

where flouk is the bulk concentration of speciésn solution. The current

response over timestimated by the Cottrell equation is showrrigure2.3.

current response estimated
¥ by Cottrell equation

Current (A)

Time (s)

Figure2.3. Current transient resulting from a potential step according to the Cottrell
equation (in blue), also showing the current before and when the potential step is

applied (in grey).
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2.1.5 Kinetics oklectrochemicateactions

The previous sections discussed genezactions with high reversibility
that occur very quickly, so that no kindtritationsneeded to be considered.
Neverthelessthe rate of heterogenous electron transfer affects the rate of
electrochemical reactionsind it will be discussed in thiscgen. For a generic

redox reaction between species A and B
0 Q z0 (2.19)

the flux () of species A undergoing electrochemical reduction, assuanfirsy

order heterogeneous reaction, is given by

~

0 0o (2.20)

with 'Q being the rate constant for the reduction reaction, aid the
concentration of species A at the electrode surface. As seen in the previous

section, the current developed at the electrode is giveiDby "O¢ @nce
0 &£ 0O 6 (2.21)
Consilering the overall process, the net current can be written
‘0 ¢ OR 6 ¢ Ok 6 (2.22)

with "Q being the rate constant for the oxidation process. As per homogeneous
rate constants for chemical reactior@,and™Q are temperature angressure
dependent. In addition;Q and Q are also dependent on the potential
difference between the electrode and solution. The manipulatiGé ohnd %o

alters the energy level of the oxidised and reduced species (A and B in the
generic reactiorabove), triggering a reduction or oxidation reactwnmch is

more thermodynamically favorable. Consequently, the dependend@ @ind

Q on potential can be expressed in the Arrhenius form below, with the potential

difference %o %o expressed inO 'O , as discussed in secti@ri.l

Q VQOF— (2.23)
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T QQonr— (2.24)
with h being the electron transfer coefficient.
For a dynamic equilibrium, reductive and oxidative currents balance each

other and™Q =Q Q, with 'Q being the standard electrochemical rate

constant.ReplacingQ in the rate constant equations abowe obtain:
N Qoopr— (2.25)

N VQOr—m— (2.26)

and the net current can be written as
DEt® Q6 Q I Q (2.27)

This is known as the But@olmer equation.

The standard electrochemical rate constenain important parameter
to evaluate the reversibility of electrochemical reactions. Reactions with high
values ofQ display fast electrode kinetics, are said to be reversibleviliabey
the Nernst equation describén section2.1.1 Reactions with low values o
are said to be irreversible because of their slow electrode kinetics. However,
high and low values are relative words, which in this contexviéinereference

to the mass transfer coefficient introduced in sectoh.3

2.1.6 Electrochemical reversibility

The concept of reversibility in chemistry in very simple terms can be
thought as a reaction that can proceed in both the forward and the backward
direction, with stable products in both directions. In electrochemistry, a reaction
can be said to be reversible whenever the electrode kinetics are fast enough so

that a Nernstian equilibrium is attained.
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Section®.1.3and2.1.5 showed that the net flux of species towards the
electrode is determinedybboth how fast the species approach the electrode
(mass transport), and how fast they react (kinetics). These two variables can be
summarised into the mass transport coefficiefit ( section2.1.3 and the
standard electrochemical rate constaif? { section2.1.5. The thermodynarai
reversibility of electrochemical reactions is based on the relationship between

the values ofQ andd& . The reaction is said reversible if
Q1 & (2.28)

And so, the active species promptly react at the electrode surface, and the
reaction will oley the Nernst equation. In thermodynamics, a process is
reversible if infinitesimal changes in one of the variables of the system causes
the process to reverse direction. In electrochemical reactions, potential is a
variable in the system that can be a#idrand, under Nernstian equilibrium,
modify the concentration of oxidising and reducing species. For such reactions,

these changes can be predicted by the Nernst Equation.

Reactions are said to be electrochemically irreversible if

~

QL G (2.29)

and caisequently, the electron transfer reaction is very slow, and more extreme
potentials (than those predicted by the Nernst equation) need to be applied to

observe a modification in the system.

2.1.7 Batterycells

Batteries are formed by a combination of electraciical cells, which
consists of a positive and a negative electrode separated by an electridhyre
a separator materialg(assfibre for examplepuring usage and discharge of a
battery, the electrochemical cells operate as a galvanic cell, in which chemical
energy is converted into electric energy. In a galvanic cell, the positive electrode
is the cathode, at which reduction reactions take pladeist the negative

electrode is the anode, at which oxidation reactions occur. Unlike galvanic cells,
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an electrolytic cell converts electrical energy into chemical energy. Moreover,
the cathode and anode nomenclature changes, and the reduction reactions
occurs at the negative electrode (anode in galvanostatic mode, cathode in the
electrolytic mode), whilst oxidation reactions occur in the positive electrode

(cathode in galvanostatic mode and anode in electrolytic mode).

Batteries can be classified inrpary or secondary batteries. Primary
batteries are composed only of galvanic cells. In other words, they cannot be
recharged. The electrochemical cells in secondary batteries can operate either
as a galvanic cell, or as an electrolytic cell, allowing #iterp to be

rechargeable.

Besides the electrodes and electrolyte, the electrochemical cells also
include current collectors adjacent to the electrodes, and in the case of liquid
electrolytes it also includes a separator (a membrane soaked with the
electrdyte). The cell is placed within a casing, which can be made into different
shapes to accommodate the cell format. The most common geometries of cells

includecylindrical, coin, and prismatic.

There are a few parameters that characterise battery cellsdimg cell
voltage and cell capacity. The theoretical cell voltage is simply the difference in
potential between the positive and the negative electrodes. When not in use,
the cell has an open circuit voltage (ocv) which is usually close in valuedb the ¢
theoretical voltage. During discharge the cell voltage decreases up tep# cut
limit, likewise, the voltage increases during charge. The average voltage during
RA&OKIFNHS Aa 2F4GSy RSaONAROSR |a GKS ol dd

manufacturer.

(et
(et

Cell cpacity is the total charge available in a specific period when the
battery is discharged at a certain rate. In practice, it is the product of the time it
takes to discharge a battery cell by the current density at which the battery is

discharged. Usuallthe faster the discharge rate, the lower the capacity.

Energy and power are other parameters typically used to describe

electrochemical cells. The energy of an electrochemical cell is defined as the
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amount of useful work the cell can execute until reaghire cutoff limit. The
energy can be calculated as the product of the cell voltage and capacity of the
cell at a certain time. The rate at which the cell energy can be delivered is the

cell power.

The specific energy of a cell is the cell energy peghivenit. This is at
times reported with relation to the weight of the active materials (electrodes)
or the weight of the nosactive materials as well (current collectors, separator,
casing, etc). As the name says, the volumetric energy is the cell peengyit
of volume, and similar to specific energy can be described with relation to active

or nonactive materials.

Analysis methods typically used to study battery cells include
galvanostatic cycling to understand the performance of the electrocheseltsal
and cyclic voltammetry to obtain information about the different
electrodeelectrolyte reactions. Electrochemical impedance spectroscopy is also
a commonly used technique to study electrode reactions, the state of the cell

and degradation processes.

2.2.Electrochemical Techniques

2.2.1 Cyclic voltammetry

Cyclic voltammetry is the most used voltammetric technique to study
electrochemical reactions. A thredectrode electrochemical cell (see section
2.1.2 is the usual set up for this technique. In cyclic voltammetry, the potential
of the working electrode is scanned within an upper and a lower limit, at a
certain scan rate, with reference to the RE. Theeciresponse is recorded and
displayed as function of the applied potential &nid is shownn a plot called
cyclic voltammogram (CV). During cyclic voltammetry, an initial potental E
which (usually) no redox event takes place, is scanned towadirdg potential

B, followed by a switch in the scanning direction, scanning fedowiards k&,
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which may or may not be equal te, Bs displayed iRigure2.4a. For a typical

reversible redox couple, the current response is showigre2.4b.
Considering a generic reaction as an example
0 Q z60 (2.30)

Section2.1.1 introduced that the Fermi level of electrodes may be
manipulated by the voltage applied by a potentiostat. Assufimgre2.4b is
the correspondent CV for the generic reaction above, when the potential is
scanned from Eto B, the fermi level of the electrode is elevated. It then
becomes favourable for the electrode to transfer this electmihe empty
orbital of A, which will then be reduced to B. When the potential is scanned from
B back to E, the Fermi level of the electrode is lowered and is favourable for B

to transfer electrons back to the electrode, forming A again.

Q
—
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Figure2.4. Cyclic voltammetry: a) Potential cycle applied to a generic electrochemical
cell; b) Resulting voltammogram of potential cycle displayed in (a): As the potential is
scanned from £to B, a generic reductiorrdm A to B takes place at the reduction
potential Eq resulting in a current responseysi Species B are oxidised to A when the

potential is scanned from B© B, with a current responsei

For each electrochemical process taking plac€igure2.4b as the
potential is scanned fromi1Eo E and back to £ a corresponding current
responseis developed. & the potential is scanned from wards k&, we
observe an increase in the current response to a maximum poigg,dbfowed

by a decrease to a level close to the current at the start of the experiment. As

52



Chapter 2

the potential is scanned towds E, at point X for example, some A has been
reduced forming B, but the applied potential is not reductive enough to promote
a significant reduction of A yet. As the potential approachgsitds negative
enough for large quantities of A to be reddagfusthe cathodiccurrent reaches

a maximumHowever, as the potential contink® be scanned towards Bnd

A is consumed, the concentration gradient of A drops. Thus, despite the
favourable electrode kinetics, the flux of A towards the electrodeedses,
causing alecreasean the current response. When the potential is reversed and
scanned towards :EB formed at the forward scan is then oxidised at the
electrode surface. Thenodiccurrent reaches a maximum aiiEfollowed by a
decreasan the curent response due to a decrease in thex ofreactantBto

the electrode.

Figure2.5 shows a typical CV for a thermodynamic irreversible redox
process. The sluggish electrode kinetics mean that aegg loverpotentials
need to beappliedto promote a reduction/oxidation hen@ the large peak

separation.

. ]
. T
[924]

Current (A)

red

Potential (V)

Figure2.5. Typical voltammogram of an electrochemically irreversible redox couple

2.2.2 Voltammetry using microelectrodes

Microelectrodes are electrodes with at least one dimensiahe order
of microns. In a microdisc electrode this dimension is the radius of the disc.

Several parameters change when moving from macroelectrodes to
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microelectrodes. In large electrodes, the mass transport is predominantly one
dimensional, considerinthe large flux of species normal to the electrode
compared to the flux of species at the edge of the electrode (see illustration in
Figure2.6a). Given thesmaller dimension of microdisc electrodes, the flux of
species towards the edges of the disc cannot be neglected. Thus, because of the
significant contribution of flux of species at the edges of the electrode, mass

transport in microdisc electrodes can &&d to be threedimensional FFigure

2.6b).
‘
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Figure2.6. Side view of mass transport towards macrodisc electrodeadaperodisc
electrode(b) Arrows show direction of mass transport towards the electrode and

yellow dashed lines show changes on the diffusion layer over time.

In the previous section, it was described that as the electrochemical
reaction is made kinetidglfavoured by increasing the overpotential, reducing
species are consumed to the extent that the concentration gradient stablished
between electrode and bulk solution decreases. This is accompanied by a
decrease in current response, hence a peak in aMD¥én using a microdisc
electrode, the rate at which the reducing species are consumed is slower than
in a macroelectrode, given the small dimension of the microelectrode. Thus, no
significant changes can be observed in the concentration gradient in the tim
scale of the vast majority of the experiments. Consequently, the current
response does not decrease, but instead reaches a sttatdy current.The
steadystate current achieved during voltammetryammicrodisc electrode is

described by the followinggeation, where r is the radius of the microdisc:

0 1¢ 0061 (2.31)
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2.2.3 Chronoamperometry

Chronoamperometry is a potential step technique, in which the current
response is plotted against time. The potential is stepped from a value at which
no redox @ent take place with the active species in solution, to a potential at

which a reduction or oxidation reaction occurs, as demonstrategjure2.7.

b)

Q)

Potential (V)
Current (A)

Time (s) Time (s)

Figure 2.7. Potential and current response in chronoamperometry showing the
potential step at time tg) and the cirrent responséo the potential step, from a region

where no redox events take plaftane < t)to an electroactive region

For electrochemical reactions under diffusion control the current
observed can bdefinedby the Cottrell equation, presented incsen 2.1.3
The Cottrell equation introduced in section 2.1.3 describes the changes in
current for a planar electrode, in which the diffusion of sgeaan be
considered onalimensional. This is the case for chronoamperometry in
macroelectrodes. In microdisc electrodes, mass transport is-threensional,
and the current response can display different regimes with time. In a very short
period of timethe dimension of the diffusion layer is small compared to the
radius of the disc. In this short period, the thidimensional mass transport is
still not as significant, and the current response can be described by the Cottrell
equation. However, as timgasses and the dimension of the diffusion layer
becomes comparable to the radius of the disc, the current response in
microelectrodes differs to the current predicted by the Cottrell equaStoup
and Szabo developed an equation that describes the wariaf currentas a

function of time for potential steps at microdisc electrodes:
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‘0 1¢& 006t Q (2.32)
where
Qf T YU U@ Yo’ T p T °
and

100
i

T

The empirical relationship of current and time describe&hgup and
Szabo allow the simultaneous determination of diffusion and solubility of the

electroactive specsof interest.

2.2.4 Hydrodynamic techniquesotating disc electrode and rotating riaisc

electrode

In hydrodynamic techniquethe mass transport ofciive species to the
electrode surface takes place not only by diffusion, but also by forced
convection. Typically, a rotating disc electrode (RDE) is composed of a disc of the
material of interest surrounded lacylinder made o&ninsulating material.fie
electrical connection is made by a set of carbon/silver brushes at the top of the

cylinder.

The RDE is mechanically rotated in solution, making it act as a pump,
pulling fresh electrolyte towards the electrode. The electrolyte flows upwards
towards the electrode, spins around the electrode surface and is thrown
outwards, as shown ifigure2.8a. This movement is critical for the mass
transport in theseexperiments, as fresh active spec#s constantly being
delivered to the electrode through forced convection. The diffusion layer in RDE
under well stirred solutions is considerably smaller than for stationary
electrodes. Therefore, if the electrode potel is set to a certain value to induce
electrochemical reactions withate limited bymass transpdr the current

response will reach a steady state currentrary to the peak shape seen with
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stationary electrodes. Thmass transportimiting currentis described by the

Levich equation below:
QN mcEModTE To 17T (233

whereiim is the current at which the rate of electron transfer is determined by
mass transport to the electrodejis the kinematic viscosity of the electrolyite

cn¥/s and. is the rotation speed of the RDR rad/s

A rotating ring disc electrode (RRDE) fdllthve same principle as a RDE,
however it has a ring second WE?2 around the disc electrode (WE), separated by
an insulating material (see inset kigure2.8b). RRDE experiments can, for
example, give information abothe product formed at the WE, reducing or
oxidising it as it is moved outwards the disc electrédgure2.8b, shows a
typical example of a RRDE in operation, where the oxidation of [F)é(Caxh)
be observed by the disc current, whereas the reduction of [F§fCdén be

observed by the ring current.

RDE body
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Figure2.8. a) Mass transport in the RDE showingcérolyte flow pattern towardshe

RDE causeby rotation (top) and electrolyte flow pattern at the electrode surface,
viewed from below (bottom® Typical linear sweep voltammetrysfiM [Fe(CN)* in

1 M KCI aqueous solution using RRDE; Disc current in blue referent to¢[fe(CN)
oxidation and ring current in orange referent to [FegSNpeduction. WE=GC disc,

WE2=Pt ring, CE = Pt coil and RE = Ag wire gRE; inset: a GC disc and Pt ring RRDE.
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2.2.5 Electrochemical impedance spectroscopy

In an electrochemical impedance spectroscopy (EIS) experiment, an
oscillating potential bias with a small amplitude is applied to the electrochemical
cell. Consequently, an oscillating current respateselops in the cell, which is
phase shifted with relation to the applied voltage. The sinusoidal potential and

the sinusoidal current response are represented by:
0O Oi Qo  (2.34)
Q Qi Qco ¢ (2.35)
in which. is the frequency of thescillating potential, and is the phase shift.

Similar to resistance in an ideal resistor, impedance is the ability of a
circuit to resist the flow of electrical current, however, it is not limited by the
properties of an ideal resistorTherefore, the impedance (Z) of the

electrochemical cell upon application of the sinusoidal potential is described as:
") - (2.36)

&) » Qwi pe (2.37)
l'YR FTNRBY 9dzf SNR& NBtFdGA2Yy 6S 2060GFAYY
W1 W wéi | @ (2.38)

As shown in the eqtians above, the impedance as a function of the frequency
can be described by an imaginary part and a real part. These parts can be plotted
in a Nyquist plot, in which the imaginary impedance (y axis) is plotted as a
function of the real impedance (x axi&)typical Nyquist plot is shownRigure

2.9a.

An electrochemical cell can be seen as an electric circuit, in which
capacitors may represent ndaradaic processes and resistors may represent
the resistance to charge transfer at the electrode. Thus, different regions in the
Nyquist plot represent diffent processes during the passage of current in the

cell. The Nyquist plot shown kigure2.9a can be represented by the typical
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Randles equivalent circuit shown kigure2.9b. At very high frequencies of
potential oscillation, the only resistance in the cell is due to the electrolyte
resistance (Ectroiyte, Which is read from #hreal impedance axis (x axis). As the
oscillation frequency decreases (in the middle of the s@mle), a more
capacitive response is obtained, associated with thefa@daic processes in
the electrochemical cell as the double layer formation (repriese by G).
Finally, at low frequencies, at the end of the semmule, the electrons may flow

to and from the electrodes, and the charge transfer resistangecé® be read
from the real impedance axis (x axis). Nyquist plots often display a tail at |
frequencies, which is associated with diffusion limited electrochemical
processes (fbcesy. This is typically represented by the Warburg impedance (W)

in the equivalent circuits.

a) High Low b)
frequency frequency
c
ct D,mowss
Rc*f@ctmlyte Re/ecrrolyre + Rcr
Z' (Q)

Figure2.9. Typical Nquist plot obtained in an EIS experiment, showing the electrolyte
resistance at high frequencies and the charge transfer resistance at lower frequencies

(a), and the Randles equivalent circuit for the Nyquist plot (b).

EIS can be used in a vast rangardlyses, including determining the
conductivity of electrolytes, changes at the electrode surfaces by monitafing R
and to determine the internal state of battery cells. The charge transfer
resistance is a particularly insightful parameter to studyd-stectrolyte

interphase formation. EIS measurements overtime during resting and cell cycling
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can reveal the resistive or conductive character of the SEI, aiding comprehension

of cell performance.

2.2.6 Galvanostatic cycling

Galvanostatic cycling is based e application of a constant current
density and measurement of the voltage developed across the cell over time.
Voltage profiles are the output of a galvanostatic experiment, which show the
changes in the electrochemical cell performance during disclargeharge
procedures. A typical discharge and charge voltage profile is shdviguire
2.10. It is one of the most commonly used methods to evaluate battery cells,
both at new material discovery level, and advanced-teng degradation

studies.

\—

Voltage

Discharge

Time

Figure2.10. Voltage profiles from galvanostatic kiyg, showing discharge profile in

blue, and charge profile in orange.

A twoelectrode cell setup can be used in galvanostatic cycling
experiments, which is either a full cell or a half cell. A half cell is typically used in
early research and developmestates, thus one electrode can be studied at a
time 5% A half cell is composed of the electrode to be studied and an electrode
with a weltknown potential as the counter electrode. Full cells as the name
suggests, are composed of both battery electrodes. Whilst half cell cycling gives
explicit information about the reactions and performance of each individual

electrode, full cells shows how these two electrodes and reactions perform in
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conjunction®® Furthermore, galvanostatic cycling can be used in symmetrical
cells, which are commonly used to study plating and stripping reactions in

metallic ebctrodes.

2.3.Secondanfon mass spectrometry

Secondaryon mass spectrometry (SIMS) is a technique based on the
bombardment of a primary ion beam on the sample, and the detection of the
secondary ions formed during the sputtering process. The impact ofghly hi
energetic primary ion beamn(the order of keV) leads to sputtering of the
sample surface and emission of sample fragments (secondary fragments). The
fragmentation occurs as a consequence of the cascade of collisions trigged by
the bombardment of the@rimary ions on the sample, when direct (primary ion
collides with atoms of the sample surface causing atomic motion) andiremh
(collision between atoms in motion) collisions take pld@ecular ions and
part of the emitted fragments become ionisadd are directed by an electric

field into a mass analyser.

In depth profile mode, extended sputtering caused by continuous
primary ion bombardment erodes the sample and information from deeper
layers into the samplis obtained. Thus, sputter time is adirect measure of
depth of analysis, as shownRigure2.11. Figure2.11 displays schematics of a
depth profile analysis of a generic sample that is structured in clearly separated
layers, and the respective depth profiles and mass spectra for the analysis. In the
depth profile mode, the final mass spectrum is an accumulafidine spectra
acquired throughout the whole sputter time, and each assignment has a
respective intensity profile over time, which is shown in the depth profile plots

(see the schemes shownRigure2.11 on the right).
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Figure2.11. Schematics of SIMS in depth profile mode showing: on the left, a generic
layered sample being continuously sputtered overnzett (in which ¢ is at the
beginning of the sputter time andit at the end of the sputter time); on the left, the
respective depth profile plot and mass spectra. Note the relation between depth of
analysis and sputter time, and how the intensity varies in both mass spectra and depth
profile plot over time (the colo scheme in each layer of the generic sample on the left

is only for intuitive representation of the assignments shown in the mass spectra and

depth profile on the right).

Theextentof the secondary ionisation is conditionattie sputter yield
andthe ionisation probabilityf each sample fragmentThe sputtering yield is
the ratio between the atoms removed from the sample (sputtered) and the
atoms bombarded onto the sample (primaon beam). The sputtering of
sample material is highly dependent on the intensity of the primary ion beam as
well as the sample material properties such as the binding energy of the atoms,
lattice energy and crystal orientation. Typically, the higheretiergy of the
primary ion beanthe higher the sputtering yielahd the greater thelegree of
fragmentation. Whilst this may increase the sensitivity of the analysis, higher
fragmentation means that informatiopertaining to larger molecules is
compromisedIn addition to the energy of the primary ion beam, there are other

aspects that influence fragmentation, such as ion sizett@wn source. For
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example, the use of ion clusters causes less fragmentation and penetration
through the sample due to lowenergy/ion ratio®! The individual ions separate

and disperse over the surface when the cluster hits the sample, thus the energy
carried by the cluster spreads through each individual \iéith respect to
ionisation, the source of primary ion beam may inseethe ionisation yield.
Oxygen and caesium are primary ion sources known to increase positive and

negative secondary ion yield, respectively.

Thus, considering thainly a small portion of the fragments are ionised
(up to 10 %)high sputtering yield doetot directy translate into high ionisation
Consequently, direct correlation of ion (or molecule, or fragment) intensity with
element abundance in the sample can be problematic, as an element may be
more likely to ionise than another, thagyreater quatity of ions is detected.
However, a sensible analysis strategy may include comparison of the same
assignment across multiple samples tbé same matrix, as a particular
assignment will display very similar ion yield across samplessEme matrix.
Othe strategies for correct interpretation of SIMS depth profile data include
normalisation to the total ion counts, or normalisation to common ions. This
excludes any differences across samples due to surface roughness or length of

the experiment.

2.3.1 The Orbitap™ detector

The most commonly used mass analyser in SIMS itiftight (tof).
Tof analysers separates the ions according to the time the ions take to travel
from the acceleration zone, through a flight tube of known length to the
detector. lons of sae charge display the same kinetic energy, thus the velocity
of ions with same charge depends on the mass of the ion. Likewise, the overall
velocity of the ions depends on the ma&sscharge (m/z) ratio. Despite being a
powerful technique, SIMS using tohss analyser have limited mass accuracy
and mass resolving pow&rThis makes particularly challenging to deconvolute

data from organic samples with complex chemistry.
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The OrbitrapM detector is the newest addition to the mass analysers
employed in SIMB.The latest SIMS technology, the 3D OrbiSIMS, uses a hybrid
mass analyser comprising @nbitrap™ and a tof analyser as fully described by
Passerilet al®! This considerably improgsdéhe mass measurement accuracy of
SIMS, given the superior mass resolutibthe Orbitrap™. The hybrid system
allows nine different mode of operations, with different choices of primary ion

beam, as well as a choice of mass analyser.

Like tof, the Orliap™ s also based on the ion motion in an electrostatic
field, but the ions follow a complex trajectory which is summarised as follows.
The OrbitrapM is composed of an inner and an outer electrode as shown in
Figure2.12, which create an electrical field in the cavity between them. This
electrical field causes ion motion and rotation around the inner electrode. In
addition to this rotation, there is also movement aaihe axis of the inner
electrode, with the ions going back and forward along the axis. The frequency of
the ion motion along of the inner electrode axis is dictated by the m/z of the

ions %2

Figure2.12. Schematics ahe Orbitrap™ mass analyser showing the ion movemg@mt

red)within the inner and outer electrodef the Orbitrap™.52

To ensure a stable ion trajectory inside @wbitrap™, the kinetic energy
carried by the ions when entering tebitrap™ mustbe such that it is not too
low so that the ions are sucked in by the inner electrode, neither too high where
the ions might collide with the outer electrode. To stabilise the kinetic energy of
the ions before entering th®©rbitrag™> G KS A2y az2éWS x022f SR
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damping trap, the @ap. Thus, the @ap injects ions by pulses with controlled
kinetic energy into th@rbitrap™, as shown ifrigure2.13.

lon packet

»

Orbitrap\\\

analyzer %

Detected signal

Amplifier

Figure2.13. Schematicsf the Orbitrap™ massanalyser showing a cross section of the

ctrap.®?

One of the factors responsible for the improved sensitivity of the
Orbitrap™ analyser is the amount of information processedthig mass
analyser in comparison to tof analyser in depth profiling studies. In a typical
SIMS depth profiling analysis with tof mass analyser, data is extracted at discrete
times, whilst information during sputtering is discarded, as showFigiare
2.14a. However, depth profiling analysis using @witrap™ mass analyser
means there is no loss of information, as all sputtered ions are analysed by the
Orbitrap™ as slown inFigure2.14b % This substantially increases the sensitivity
of the Orbitrap™ in comparison to tof analyser. Furthermore, by using Ar
clusters as thesputteringand analysibeam, large molecules can betected
more intact This is due tde softer sputtering process provided by ion clusters
which causeslesssamplefragmentation from the high energy collisions and

removes ambiguity in assigning peak identities.
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a) y A
ylh 4
y A
A 4

Figure2.14. a) Data obtained with te$ims analysis (colourful layers) and information

Information
lost

lost during sputtering (in grey) in comparison to information obtained with OrbiSIMS

(b) of the entire depth of the layers.

2.4.Multivariate analysis and the ramale for the process

adopted for analysis of 3D OrbiSIMS dataset

Multivariate analysis (MVA) are a series of methods for statistical analysis
of complex datasets with multiple variables, which can be correlated to one
another by a shared characteristicitie SIMS community, MVA has become a
very popular tool for a large range of applications, from surface imaging to depth

profiling 83

SIMS data was analysed using-negative matrix factorisation (NMF),

a type of a multiariate curve resolution techniqgue (MCR). This analysis aims to
resolve mixture problems, by grouping the constituents into endmembers that
NEBLINB&aSY( WLIHZNBEQ O2YL}RdzyRad LG A& I YSGK2R2f
studies by de Juan, Tauler anévaarkers, and has been previously revievééd.

NMF simplifies the complex data into a simpler model of pure contributions from
the original data matrix. It is a bilinear fit that riksin a compressed version of

the original data set. The outputs of NMF analysis on SIMS data are the intensity
plot of the endmembers and the characteristic spectra. Schematics of an NMF

analysis of a generic example is demonstratédgare2.15.
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Figure2.15. Schematics showing NMF analysis for the generic exampleFigure
2.11: a) depth profile (left) and mass spectrum (right) of a generic example; b) intensity

plot of endmembers; ¢) characteristic spectra of each endmember.

In NMF, each endmember is a meaningful representatibn d: W LIdzZNE ¢
O2YLRdzy R 2NJ I WLIHZ2NE AyiaSyaaide LINRPFALS
Figure2.15b shows the intensity plot of the endmembers which is a very
intuitive representation of the data ifrigure 2.15a. Each one of these

endmembers is formed by a combination of assignments that display similar
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intensity profiles. These assignments may be visualised in the characteristic
spectra output of NMF, which is showrFigure2.15c. The NMF characteristic
spectra of each endmember, as the name suggests, is a representation of the
mass spectra showing only the assignments that are parabéndmember. In

other words, it is the mass spectrum of assignments with depth profiles that
display features represented by that endmember in the NMF intensity plot. The
higher the intensity of an assignment in the characteristic spectra, the greater
the contribution of that assignment to the endmember. Finally, a comparison of
the original generic data (Figueel59 with the NMF resultd~{gure2.15b and

c), shows that NMF is a powerful exploratory tool, that facilitates data
interpretation, and helps to organise and visualise the data in a much clearer

manner.

It is important to bear in mind that NMF is a representation, a bilinear fit
of complex dta and therefore, does not have a definitive solution. In fact, to
perform a NMF the user must input the expected number of endmembers and
the number of iterations, in other words, the number of times the algorithm
Nbzy & dzy GAf AG NBEOOHKAR OORY FFINHRKFOBDPCEKELINBASY |
the number of iterations that actually have an impact on the analysis output can
be visualised by the ladf fit plot, shown inFigure2.16. Regarding the user
inputs, the number of iterationss easily determined by trial and error and
analysis of the laetf-fit plot, however the number of expected endmembers is
more challenging to determine. For a simple dataset such as the example shown
in Figure2.15a, itis relatively simple to determine the presence of four main
intensity profiles, however for large SIMS datasets this is not as straightforward.
Indeed, the laclof-fit plot may be an indication of the number of endmembers
that best represents the dataseHowever, the lackf-fit plot should be
carefully interpreted, as a large number of endmembers may display very low
lack of fit and yet not be a realistic approximation of the different intensity

profiles in the sample, as demonstrated in the comparibows inFigure2.16.
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Figure2.16. NMF analysis fddaw p )y 3,3,0 wHBitterphase demonstrating variations
in the lack of fit for a range of expected endmembers, maintaining a fixed number of

iterations (a), and intensity plot of NMF analysis with four (b) and ten (c) endmembers.
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Another approach to determine the numberefpected endmembers,
Is by performing principal component analysis (PCA). PCA is a method of
reducing the dimension of a dataset by focusing on the variability of the dataset,
grouping strong variation patterns into PCs. Thus, each PC is not representing a
feature (an intensity profile) of the data as the endmembers in NMF does, but
instead each component represents specific variations within the data. A very
common variation in a depth profile plot is an increase in intensity for some
assignments and dease in intensity of others:igure2.17a demonstrates a

few potential regions of variance represented by PCs.

Unlike NMF, PCA has an exact solutiongégthere is a certain number
2F O02YLRyYySyida o002YY2yfteé yIFIYSR t/mMX t/HZI XXI
variance in the sample. The first few components explain the most relevant
information of the dataset, and typically for SIMS datasets only a few
comporents are sufficient to represent over 95% of the variance within the
sample Theother components are often related to inherembise present in

the analysis.

PCA gives positive and negative scores to variances within the dgtaset
grouping the data bys variance. The scores plot over tirRegy(re2.17b) might
display features that resemble the original intensity plot. However, because PCA
is an analsis of variance, with positive and negative scoring, the scores plot does
not seem an intuitive method of summarising and understanding surface layers
and composition. Nevertheless, PCA is still a very helpful tool to start grouping
and understanding SIM8ata. The assignments responsible for the main
variances within the data are displayed in the loading plot of each PC. When
performing PCA of SIMS data, the loading plot of a PC resembles a mass
spectrum but showing only the assignments that are partaf RC, as shown
in Figure2.17c-e, similar to the NMF characteristic spectrum described above.
The loading plot shows how strongly each assignment mdféisethat PC, thus
the higher the loading (either positive or negative) of an assignment, the more

relevant this assignment is for that PC.
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Whenever PCA aims to categorise the sample by the types of
assignments, or size of SIMS fragments, the loadingss@overy useful tool.
However, when PCA is used to determine the number of endmembers for NMF,
the loadings plot can be used to obtain information about the most relevant
assignments for each PC. By looking at the depth profile of the main assignments
of each PC, it becomes easier to visualise how many different intensity profiles

there might bewithin the sample. This is demonstratedrigure2.17f-h.

Interpretation of the PCA resulSigure2.17) of a generic example (from
Figure 2.11) for determination of the number of endmembers for NMF is
described as follows. The depth profile of the most relevant assignments of PC1
(Figure2.17f), shows two very distinct intensity profiles, with two very distinct
maxima, thus two endmembers for NMF. Depth profile of the main assignments
of PC2 also shows two very distinct intensityfilg® however one profile is
Wi f NBF Re8 NBLINBSaASYGSRQ o6& t/m>X a2 o SyF
analysis of the depth profile of PC1 and 2. Finally, PC3 demonstrates small
variations that represent another distinct intensity profile, and it i<lcoed
that NMF analysis should be performed with four expected endmembers. This
analysis could be carried on for all the components found by PCA (not shown in
this example in Figure 4.24), but as mentioned previously, usudéy
components are suffion to explain most of the variation within a sample. In
fact, analysis of the remaining PCs (PC4, PC5, etc) for the SIMS datasets in this
chapter found that the remaining PCs describe other small variances of the

dataset, but not necessarily a variancet ttegresents a new intensity profile.
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Figure2.17. Schematics showing principal component analysis (PCA) of example from
Figure2.11: a) depth profile plot with shaded areas demonstrating regions of variance
that can be represented by principal components (PCs); PCA outputs: b) scores plot of
PCA showing three PCse)cloalings plot for PC 1, 2 and 3 respectively) fiepth

profile of main constituents (assignments) described by PC1, 2 and 3 respectively.
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2.5. Characterisation techniqued ionic liquid properties

2.5.1 Viscosity

In a nutshell, viscosity is the resistance of a flaidlow. It can be
classified into dynamic viscosity and kinematic viscosity. The dynamic viscosity is
a measure of the forces that a fluid must overcome to flow, for example, the
friction between the fluid and the internal walls of a tube. The kinematic
viscosity measures the rate of the flow, how quickly the fluid can get from point
A to point B in a tube. In practical terms, the kinematic viscosity can be

determined by dividing the dynamic viscosity by the density of the fluid.

On a molecular level liguid flow when the molecules in the liquid move
past one another, and the lower the resistance the molecules must overcome to
move, the lower the viscosity of the liquid. Consequently, intermolecular forces,
the structure, and the size of the moleculass factors that affect the viscosity
of molecular liquids. The Hole Theory has been the most widely accepted theory
to describe viscosity in ionic liquids (f2$h summary, it assumes that at any
point in time a fluid will have a given distribution of voids, and the
ions/molecules i able to move if those cavities have a size compatible with the
molecule allowing the movement. Thus, the distribution of hole size determines
the likelihood of movement. Typically, the higher the temperature, the larger
the hole size, and so with an iaase in temperature, the probability of finding
larger holes is higher and consequently a decrease in viscosity is observed. The
high viscosity of room temperature ionic liquids (RTILS) can be explained by the
low probability of finding holes of the rigsize to allow movement of the large

ions present in ILs at low temperatures (room temperature).
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2.5.2 DonorNumber

Donor number (DN) is an approach to express the basicity of solvents. In
other words, a measure of the tendency of solvents to donate electnositgle
to acceptors. It was originally determined by measuring the interaction of the
solvent with Sb@l In this method, the experiment was performed
calorimetrically, and the DN was determined as the change of enthalpy was
attributed to the solvent interetion with the SbElprobe, with values varying
from 0O to 38.8 kcal/mol. Another method was proposed by Popov and Erlich,
which linearly correlates thdNa NMR shifts of the NaGl@robe with the DN
of the solvents. Schmeissetral has used thé®Na NMRmethod to determine

the donor number of imidazolivtased IL$®

2.6. Materials

N,N-dimethylethylamine (Merck, >99%);n\ethylpyrrolidine (Acros Organics,
>99%), Dromo-1,1-dimethoxy ethane (Alfa Aesar, 97%)d 2-bromoethyl
methyl ether (Acros Organics, 95%)bromo-butane (Sigma, >99%jyere
distilled before useLithium trifluoroaetate (Fisher scientific, >97%pdsim
dicyanamide (Acros Organie87%)sodium trifluoroacetate (Alfa Aesa98%)
and ®diumperchlorate (Acros Organics 99%@re dried under vacuum XX = ™M n
mbar) at 100 °C before use. Lithium bis(trifluoromethanesuaifl)imide (3M,
battery grade) and sodium bis(trifluoromethanesulfonyl)imide (Strem
Chemicals?97%) vere also recrystallised from,4&Dioxane and dried under
@1 O dzdzY? mbak atM AC°C before use. Amberlite ion exchange resin-IRA
402(OH) (Alfa Aesawyas washed with methanol three times before use.
2,2,3,3,3Pentafluoropropionic acid (Sigma Aldrick§7%), were used as
received.Oxygen was passed through a drying column before bubbled into
electrolytes (BOC, 99.95%JI solvents used in the synthegisre anhydrous,

and ultrapure waters miliQ 18.2 Mohm/cm
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2.7.Synthesis andharacterisation oionicliquids

All ILs were synthesised by modified procedures from literfdttfavith
the exception of [@4Pyrr][DCA] (lolitec, >98%). All synthesises were
characterised byH,13C,*®F NMR Spectroscopy (recorded at room temperature
on a Bruker DRX00 Spectrometer), ESIS (Bruker Micro TOF Spectrometer)
and CHN Elemental microanalysis (Exeted4DEElemental Analyser). For
syntheses which invad anion metathesis, the complete exchange was
confirmed via ion chromatography (Dionex-BD80 machine fitted with AS20

analytical column and AG20 guard column).

The viscosity and density of the ionic liquids was measured with a
stabinger viscometer (Aon Paar, SVM 3000) from 15 to 45. The ILs were
dried before the analysis and kept in a sealed flask. The viscometer injection and
analysis tubing were fluxed with Argon prior to the analysis and kept sealed
during the measurements to avoid moisture alg. The Arrhenius plots of
viscosity can be found in Appendix A.1, and the values®at ate displayed for

each individual RTIL in the synthesis description.

The DN of ILs was determined according to methods described
previousl\?® NaClQ was dissolved in the ILs as the DN probe, andde
chemical shift wameasured. A fD solution of NaCl was used as the reference
in a coaxial inserfhe calibration line used to determine the DN in the ILs was
obtained with solvents of known DN using the same methodology described
above. The calibration line can be fouméppendix A.1, and the DN values for

the RTILs are displayed in the synthesis description.

2.7.1 Synthesis dfC(GOG)PyrBr

In a typical procedure,-Bromoethyl methyl ether (14.88 g, 107.07 mmol) was
slowly added to a stirring mixture ofriethylpyrrolidine (7.60 g, 89.23 mmol)
and ethyl acetate (30 mL). The resulting mixture lveaded to60°C and left to

react for three tofour days. The dark solid raw product was filtered and
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recrystallised from acetonitrile/ethyl aceta?e3 times The resulting solid was
filtered, further washed with ethyl acetate and dried a’60 dzy’ RS NJ @I OdzdzY 06 X
102 mbar) yielding a pale yellow sofit8.23 g, 9% vyield).

3.48-3.51

57.93  356-3.59
2.05-2.15 63.89

+ _ 1
20.54 N/\/O\3.O3 Br H
65.80 .
2-(;5(;25:5 §31 3.72-3.76 e 13C

57.93 61.76
3.48-3.51

1H NMR (400MHz, (CB)>SO): ppm 2.05¢ 2.15 (m, 4H), 3.03 (s, 3H), 3.31 (s,
1H), 3.4&; 3.51 (m, 4H), 3.563.59 (M, 2H), 3.783.76 (M, 2H);

13C NMR (101 MHz, (§£50): ppm 20.54, 47.81, 57.93, 61.76, 63.89, 65.80;
ESIMS (+ve) for [§E1sNO}: calcd 144.14, found 144.1392;

Ekbemental Analysis:alcd ([@C01Pyrr]Br.HO) C 39.68, H 8.33, N 5.78, found C
39.79, H 8.46, N 5.70.

6. NJ

2.7.2 Synthesis ofbpMzMzHth,m

In a typical procedure, N;timethytN-ethylamine (6.90 g, 94.28 mmol) was
slowly added to a stirring mixture ofB2omoethyl methyl ether (15.73 g, 113.14
mmol) and acetonitrile (30 mL). Thesultant mixture was raised in
temperature to 33C and lefto react for five days. The solvent was evaporated,
and thecrude product, aellow soligwas recrystallised from acetonitrile/ethyl
acetate 2-3 times The solid product was filtered and dried at %D under

@ O dzdzY3 mbaxy, yieiding a white solid§56 g, 92.8% yield).

3.49 3.55-3.58
62.30 64.21
+ 0 - H
: 3.79-3.84 3.40
67.22 51.70 13C

3.13 3.13
59.31 59.31

IH NMR (400MHz, CBOD):+ LJLJY Mdoy O0GiGX WITOHYS HOmMO |
3.40 (s, 3 H), 3.49 (q, J=7.28 Hz, 2 H),-358 (m, 2 H), 3.793.84 (M, 2 H);
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13C NMR (101 MHz, (@ID)*  LR.6V, 51.70 (s, 2 C), 59.31 (s, 1 C), 62.30 (s,
1C), 64.21 (s, 1 C), 67.22 (s, 1 C);

ESIMS (+ve) for [{E1sNOY}: calcd. 132.14, found 132.1391;

Elemental Analysisalcd. C 39.63, H 8.55, N 6.60, found C 42.12, H 9.15, N 7.20.
(GGMS confirmed impuritya be acetonitrile, drying time and temperature to

adjusted for next synthesis).

2.7.3 Synthesis iCiGimaPyrrBr

In a typical procedure,-Methylpyrrolidine (14.88 g, 174.69 mmol) was slowly

added to a stirring mixture of-Bromol,1-dimethylacetate (24.60 ¢,45.57

mmol) and acetonitrile (50 mL). Ttesultantmixture washeated to40°C and

left to react for three to four days. The solvent was evaporated, andrtiue

producta yellow solid,was recrystallised from acetonitrile/ethyl acetate. The

solid prodict was filtered and dried at 680 dzy RSNJ @ Odzdz¥ 6 LINB
mbar) yielding a white solid (28.34 g, 76% vyield).

3.61-3.64
64.56 3.56

2.19-2.26 62.94 4.90
20.66 + 9884 0
N N\ 348 - lH
2.19-2.26 N~ 54.06 Br 13
20.66 3.15 C

361364 4811 O
64.56 348
54.06

IH NMR (400MHz, CBOD): ¢ LJLIY ¢ 2:2@ (e H), 3.15 (s, 3 H), 3.48 (s, 6
H), 3.56 (d, J=5.02 Hz, 2 H), 3,&164 (m, 4 H), 4.90 (t, J=5.02 Hz, 1 H);

13C NMR (101 MHz, (§880):  LILIY H n ,®4.06,552.9% y6056)08.84;
ESIMS (+ve) for [BhsNOY}: calcd. 174.15, fend 174.1491;

Elemental Analysisalcd. C 42.53, H 7.93, N 5.51, found C 42.63, H 8.04, N 5.50.
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2.7.4 Synthesisobpy y ; 6 . NJ

In a typical procedure, NstNmethytN-ethylamine 6.96 g, 95.17 mmol) was
slowly added to a stirring mixture dfbromobutane(15.6475 g, 114.26mol)

and acetonitrile40 mL). Theesultantmixture washeated t035°C and left to

react for five days. The solvent was evaporated, andrtige product, yellow

solid was recrystallised from acetonitrile/ethyl acetde8 times The solid
product was filtered and dried at 80 dzy’ RS NJ @ f raududizieldiog ™
white solid 9.3 g, 96.% yield).

331 3.17-3.25 131
63.25 59.31 19.61

_ 1
+
113.2628/\ N N Br H

. 1.56-1.68 0.93
24.59 8.50 13C

2.97 2.97
50.67  50.67

1H NMR (400MHz,(CDR):SQ: + ppm 0.93 (t, J=7.34 Hz, 3, #)22 (tt, J=70,
1.90 Hz, 3 H)L.31 (sxt, J=7.34 Hz, 2, H)56- 1.68 (m, 2 H) 2.97 (s, 6 H) 3:17
3.25 (m, 2 H) 31(q, J=7.30 HZ H)

13C NMR (101 MHz, @¢D): LJ8BHO, 13.68, 19.61, 24.59, 50.67, 59.31,
63.25.

ESIMS (+ve) for [€1oNOT: calcd.130.16,found 130.1579

2.7.5 Synthesis diCi(GOG)Pyrr][NTH]

Li[NT$] (12.18 g, 42.42 mmol) was dissolvedilinapure water (20 mL) and
added to a stirring solution of {Go1Pyrr]Br (6.35 g, 35.35 mmol) anltkrapure

water (10 mL). The mixture was left to react overnight. résaltantbiphasic
solution was separated and the aqueous phase was washed with
dichloromethane (3 x 10 mL) to extract the remainingzi@Pyrr][NTf]. The
combined organic phases were washed with tpuee water (10 x 5 mL).
Solvent was evaporated and the resulting IL was dried under vacuum (pressure

XX -fmbar) at 60°C, yielding a yellow liquid (12.20 g, 81.33 % yield).
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3.54-3.60

65.85  354-3.60

2.19-2.24 64 06 1H
119 2 F

\
20.69 F119.24 S
\ 3 78-3.83 3 10 // 13C
2.19-2.24 61.96 47.88 F
20.69 3.39 F -78.74

3.54-360 °7-89 F 19F
65.85 -78.74

1H NMR (400Hz, CBOD): ¢ LJLJY - 2:24(m,dé H), 3.10 (s, 3 H), 3.39 (s, 3
H), 3.54 3.60 (m, 6 H), 3.783.83 (m, 2 H);

13C NMR (@1 MHz, (CB):SO):  LJLJ®Y, 47.88457.89, 61.96 64.06 65.85
11924(q, &r= 3D Hz).

19 NMR (37MHz, (CE):SO):  LJZ&74

DN:10.2

2.7.6 Synthesisofopy 5 % n/ H OT6C

Li[NT$] (16.71 g58.2mmol) was dissolved ultrapurewater (20 mL) and added

to a stirring solution ofwpy ¢ 4 1, B - (ML29 g, 48.5 mmoRnd ultrapure

water (10 mL). The mixture was lsfirring overnight. Theesultantbiphasic
solution was separated and the aqueous phase was washed with
dichloromethane (3 x 10 mL) to extract the remaint®y 5 & ,, S ORI

water. The combined organic phaseere washed with ultrpure water (10 x
5mL). Solvent was evaporated and the resulting IL was dried under vacuum

6 Q3 mbar) at 6(°C yielding a yellow liquid{.2g,86.0% yield).

3.46 3.51-3.54 -
62.32 64.15

'H
136/\&-]/\/0 12131 12131 F

N
. 13
A >( % & ﬁ<F C
3.10 19F

3.10
59.26 59.26 -80.63 -80.63

1H NMR (400MHz, CBOD): «  LIL3$6 (it,J=7.28, 2.01 Hz, 3 19.10 (s, 6 H)
3.37-3.39 (m, 3 H)3.46 (q,k7.28 Hz, 2 HB.51- 3.54 (m, 2 H)3.78- 3.82
(m,2H)
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13C NMR (101 MHz, @DD):*  LJBB8 5169, 59.26 6232, 64.15, 67.10,
121.31 (q,d=300.77 Hz)

19F NMR (26 MHz, CBOD):  LJBOY63;

DN:9.1

2.7.7 Synthesis 0iC(GOG)Pyrr][GRCOO]

[G(GOG)Pyrr|[GFCOO] was synthesised via adidse reaction of
[G(GOG)Pyrr)OH] and pentafluoropropionic acid. A solution of
[G(GOG)PyrrBr (4.46 g, 30.92 mmol) in methanol (10 mL) was eluted through
a column oAmberlite ion exchange resin R@2(OH)190 g), at a drop rate of
one drop every three secondsto a solution of pntafluoropropionic acid
(3.25mL, 30.92 mmol) in methanol. At the end of BB GOG)PyrrBr elution,

the column was flushed with methanol. The solvent in the resulting
[C(GOQG)Pyrr][GFCOQO]solution was evaporated and the product was dried
under vaaum for several days (approximately 10 days for water content below

50 ppm), resulting in yellerown liquid (8.9 g, 93.7% yield)

3.47-3.54 -81.55 F O 1H

66.16 357361

2.02-2.14 65 13 F 13
20.99 106.85 163.37 C
3 72-3.78 3 03
202214 \ 6570 7830 F* 11052 0] 19|:
331

3.47-3.54 5814 F F
66.16
-118.19

1H NMR (400MHz,(CR),;0): +  LRD2- 2.14 (m, 1 H), 3.03 (s, 3 H) 3:29
3.34 (m, 3H), 3.47-3.54 (m, 4 H), 3.543.61 (m, 2 H), 3.73.78 (m, 2 H);

13 NMR (@1 MHz,D:0): ¢+  LJROY99, 48.39, 58.14, 62.69, 65.13, 66.16,
106.85, 119.52, 163.37

19F NMR (36 MHz, (CE)2SO)* ppm-118.19,-81.55;

DN:23.5
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2.7.8 Synthesis diCiCumdPyrr][NTH]

Li[NT$] (13.9 g,48.42mmol) was dissolved in water (20 mL) and added to a
stirring solution ofGGimaPyrrBr(11.19 g, 44.01 mmo#nd water (5 mL). The

mixture was left to react overnight. Thesultant biphasic solution was
separated and the aqueous phase was washed with dichloromethang g3} 1

to extract the remainingGCGimaPyrr][NT4] in water. The combined organic

phases were washed Witltrapure water (10 x 5 mL). Solvent was evaporated
YR (GKS NBadzZ GAy3 L[ Sanbar) atfe®® BeRlingday R S NJ
yellow liquid £7.69,88.0% yield).

3.56-3.64
54.51 3.52

) T _ .
2'1291.21'226 + 2 92.8378 @) O\ N /O H
N N 347 N\ _N_7
919-226 AN 65.12 F.a10.96 S \ ) S 11996 F 13C
2112 e 220 \O O/ o
B N F F F

3.47
65.12 -80.56 F

1H NMR (400MHz, GDD):\  LR2.19-2.26 (m, 4 H), 3.13 (s, 3 H), 3.4B(4),
3.52 (d,J5.02 Hz, 2 H), 3.58.64 (M, 4 H), 4.87 (5.02 Hz, 1 H);

13C NMRX01MHz, (CE):SO):  LIRO¥5, 48.14, 54.04, 63.05, 64.66, 98.90,
119.48 (g, = 323.10 Hz);

1%F NMR (37MHz, CBOD:1  LIBING6;

DN:8.0

2.7.9 Synthesisobpy ; ; 6 OFBE

Li[NT$] (23.04 g,80.25mmol) was dissolved in wate8Q(mL) and added to a
stirring solution otopy 5 5 6 . (NI33 g, 72.95 mmognd water (10 mL). The

mixture was lefstirringovernight. The resulting biphasic solution was separated
and the aqueous phase was washed with dichloromethan2@{k ) to extract

the remainingw py 5 5 6 @HBIN water. The combined organic phasegre

washed with ultrgpure water (10 x 5 mL). Solvent was evaporated and the
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NBadzZ GAYy3a L[ ¢ & Rikd) StROCEIRTY Byeldw @uizdzY o XK ™ n

(28.1 g, 93.7% yield).

331 3.2 131 lH
62.22 58.49 19.18 F_119. 48 119 48 _F 13C

122/\ /\/\ X N\ ﬁ<
13.42 162 0.93 OO0
/ \ 19¢

22.63 7.73
296 296 874 F 7874
4939  49.39

1H NMR (400MHz, GDD): +  LJLBB (, E7.40 Hz, 3 H), 1.22 (57.22 Hz,
3H), 1.31 (SXtE7.40 Hz, 2H), 1.57.67 (m, 2 H), 2.96 (s, 6 H), 3:13724 (m,
2 H), 3.30 (q}=7.22 Hz, M);

13C NMR (101 MHz, (850)4 LILJY T®T0ZX MODPNHEI MPPMYy I HHPcoO
62.22, 119.48(qcd= 325 Hz);

1F NMR (377 MHz, (§E80):  LJZ8/74

DN:7.4
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3. Electochemical performance and
stability of Na metal electrode with

IL.-based electrolytes

3.1.Introduction

Lrion batteries have revolutionised the electronics and transportation
sector, and although development dates back to the 1990s, they are still the
leading ommercially available electrochemical storage technology in terms of
life cycle, specific energy and energy derfs§However, Lion batteries are
not predicted to meet the future demands of energy storage, particularly to
enable the widespread electrificatiaf transport. Current tion battery cells
primarily use graphite sheets as thegative electrodea variety of metal oxides
as thepositive electrodgqLiCo@, LiFeP® etc), and its high cyclability relies
upon the intercalation of Li cations into the&trodes. The specific energy of
these materials is typically below 400 mAh/g for graphite and 200 mAh/g for
LiNb.sCa.158b.050; (NCA), which is one of thgositive electrodeswith the
highest capacity. This leads to the belief that the cathode side iBntiting
factor in current battery capacity, encouraging the development of very
distinctive battery concepts, such agski°and LiS’* However Albertuset al
clearly discussl the impact on cell capacity of replacing graplakectrodes
with lithium metal,and demonstraed that actually the weight and volume of
graphite imposes the upper limit iribh energy metrics Li metal batteries are
estimated to have nearly twice the specific energy and three times the energy
density of Lion batteries, as shown iRigure3.1.> Hence Li metal is often
NB 3 I NR S Roly graif ofib&ttBry megative electrodess it would not only
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NB @2 f dzbeycho/ oS oal U suéhlddh LSS30E 10y, but also much

improve thecapacity of current technologies.

Typical
lithium-ion cell
at the pack lewel
=150 Whkg ™"
250 Wh L™

Prospective
lithium-metal cell
at the pack level
-250 Whkg
TS0 Wh L™
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Figure3.1. Typical Lion cell (top) and projected-hietal cell (bottom), demonstrating

differences in volume and weight by replacing graphite anode with Lifnetal.

Na based batteries promise to be a more sustainabletkenng energy

storage alternative, due to higher Na natural abundance compared to Li, and its

geographic distribution throughout the globe&’: 724 Similar to Li, Na is the

negative electrodef choice of several Na based battefied,such aNaO,

Na$S, and Naion. However, several challenges still prevent the use of alkali

metal electrodesin any ofthe battery technologies mentioned above, such as

low coulombic efficiency and safety concerns due to dendrite groimtifiact,

dendrite formation is the main failure mechanism of Li metal. Lack of uniformity

at the eletrode surfaces is the greatest trigger for dendrite formation and

growth? This noruniformity can be intnsic to the electrode material itself, due

to cell assembly/preparation procé€sand/or due to a norstade and non

protective solid electrolyte interphag¢8Eljayer, which will be discussed in the

following paragraphs. During the charge process, plating occurs WothNa’
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being reduced at the electrode surface. The lack of homogeneity mentioned
above auses noruniform current density across the electrode, and
consequently, a neaniform plating process. This is the first step towards the
formation of dendrites, which due to the constant surface modification during
cycling (plating/stripping process)eatikely to grovf. The dendrites can
disconnect from the electrode and move through the electrolyte, causing
signifcant loss of active materitd. Dendrites mayalso continue togrow,
crossing the separator and causing short circuit by contacting the opposite
electrode. Shortircuits are one of the main triggers for thermal runaways which
are likely to bedisastrous especially for large battery packs with highly
flammable electrolyte$. Hence research towards developirdkali metal
electrodesis crucial to safely adrce several battery technologies, from more

complex alternatives involving S and@more common iotbased battries.

Methods of stabilising the highly active surfacalkélimetalelectrodes
have been studiedand revised previously & 15 7including mechanical
treatmentused to strategically control dendrite development, use of protective
layers, and design of electrolytes to promote the formation of a stable SEI. SEl is
a layer forned at the electrode surface by electrolyte decomposition prodicts.
2L.75 The formation of SEl is crucial for the perforneaatlithium ion batteries
and, in fact, finding electrolytes that would form a stable SEI on graphite
electrodes strongly supported the breakthrough @bdi cells in the 19905In
Liion cells, the potential of the graphite electrode during lithiation lies outside
of the electrobemical stability window (ESW) of most electrolytes.
Consequently, during the first cell cycle, the electrolyte decomposes, forming a
SEI layer at the electrode.”” Stable SEls for across the entire graphite
electrode, protecting ifrom further react with the electrolyte, allowing stable

cell cycling®

When using alkali metal electrodes, such as Li and Na, the same SEI
formation pathway may be observed, as Li and Na plating/stripping reaction
occurs at potentials more negative than the cathodic limit ofEB&V of the

electrolytes. In addition, the strong reducing characteristic of alkali metals leads
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to electrolyte breakdown even during open cell potential and SEI can be formed
simply by having the alkali metal in contact with the electrolyte. Similarao Li

cells, a stable SEI layer is beneficial to the cell by protecting the bare metal from
further reacting with the electrolyt&The SEI formation mechanism, growth and
composition haesignificant impact on cell performante!? 78 "“Unstable SEI

can lead to metal and electrolyte overconsumption and depletion in the long
term.33 An unstable SEI may also crack during cell cycling, exposing bare metal,
leading to formation of dendrités.!! Therefore, deep understanding of SEI
layers is crucial in &drcing the use oélkalimetal electrodes Ideally, an SEI

should display high iaonductivity to allow uniforrdiffusion ofLi or Na cations

through the layerln addition, he SEI layer should have a homogeneous surface
YR O2yRddzOGAGAGEXT (2 [tt26 dzyAF2NY A2
alLl2daé¢ T2N RSy RhdidiaBo b# diablé in tebprebeice ofthe L a
electrolyte, to inhibit further reaction over tim&attery electrodesare also
constantly facing significant volume changes because of the plating/stripping
reactions. For this reason, the SEI should be mechanically stable to support such

volume changes without rupturing.

Several studies have correlated cycling performavitte SEI properties
and compositiort?: 3335 39, 783 SE| in ldlectrodeshave been extensively studied
in literature and reviewed in a number of papers, and many Li SEI findings can
be translated into Na systerds’? 75 8 However, critical physical and
electrochemical parameters between the two elements may lead to different
trends in Li and Na cef32%In 2009, Aubarckt althoroughly studied surface
reactions at Li electrodes in electrolytes based eh dioxolane (DOL) and
Li[NTE], LIINQ] and LiS. Based on a combination of Fatel XPS data, as well
as electrochemical observations, the authors suggkhbe reduction of DOL in
the presence of Li metaldeo the formation of radical fragmentwhich could
undergo radical oligomerisatioithe authors also found that the presencé
Li[NQ] additives in the electrolyte resatiin a more controlled and protective
layer on the Li anode, diminishing side reactions of Li metal and polysulfide in Li

S batteries$® Anotherstudy?® used XPS to investigate SEI compositiarNa
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metal suggested that the use of polysulfides as an additive ezknlta stable

and protective SEI layer, and the opposite effect was observed when iNaslO
included. The electrolyte composition containing sodium polysulfide increased
the longterm stability d Na symmetrical celfd.Despite these reports, certain
trends have been agreed across literature, including the positive effect of the
presence of fluoride iBEI compositiot?; 333° the possibilityof radical induce
oligomerisation 33 8587 and theimproved cell performance when a stal3gl

layeris obtained??: 35 57

lonic liquids (ILs) are particularly interesting electrabytgonsfrom a
safety perspective because of their nonflammability, and negligible voFftility.
Additionally, the high tunability of ILs mean specific properties may be
enhanced, including their electrochemical sigbwindow, which can minimise
electrolyte decomposition during cell cycling. A recent $tumlgo introduced
the idea of WO (i A FoyhderOlLs {ardLevaluated the effect of a range of
features in IL cations on their reduction ability. The authors calculated the
reduction poterial of the modified cations, their thermodynamic stability and
carried out reaction pathway calculations to predict the composition of an SEI
layer formed in those ILs. The study sugepttat addition ofcertainfeatures
such as vinyl or allyl side gps,to the IL cation would enhandbe radical
polymerisability of ILand would contribute to théormation a protective layer
onto the standard SE{[FSHbased ILs have demonstrated better stability and
reversibility in Na plating and stripping in comparison to its equivAlentith
[NTE]- anions?’” XPS resutover certain etching times, suggested that although
displayingrery similar SEI composition, [NTérmsathicker SEI layerThisvas
also observedvith electrochemical impedance spectroscai@$.>’ Similar
results have been observed by Forssttlal, using [DClfbased ILs with range
of Na salt$®® In addition, chloroaluminate IL based electiedyhave shown high
cyclability combined with improved safety in Na metal battéfiéecently,
Forsyth and cavorker$® have studied the effect of salt concentration in IL
electrolytes usmg atomic force microscopy and molecular dynamics. The study

successfully demonstrated that the improved cycling performance with
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concentrated electrolytes (50 mol % salt) was due to the interphase structure
formed, which contained sa#iggregates within the innermost layers and IL

cations within the outermost layer.

In conclusion, several studies have explored the use of certain additives,
or the choice of salt and type of liquid in the electrolyte design to improve metal
electrode perfomance. In our study, we aim to explore one of the most
remarkable properties in ILs, their tunability. We propose that even simple
changes in the IL structure may significantly impact the performance and
stability of Na electrodes. To investigate this,cagied out a comprehensive
study on Na plating/stripping with symmetrical cell galvanostatic cycling,
electrode surface resistance over (resting and cycling) time with electrochemical
impedance spectroscopyand a novel investigation of SEI structured an
composition with 3DOrbitrap™ secondary ion mass spectrometry (3D
OrbiSIMS)The unique sensitivity and mass resolution of 3D OrbiSaM&yed
us to obtain vast and detailed information of the SEI in thedmséd
electrolytes, leading to much greataccuracy in designing high performing
stable electrolytes for use in Mg¢ecrode cells. Finally, a comparison between
composition and structure of the Skhsalso performed usin§la[Pk] as an
additive, to thoroughly evaluate the effect of compositiod atructure on cell
performance. This comprehensive study builds upon the conclusions of previous
work covering a wide range of fields including Li metal mechanisms and IL
interface and degradation, to advance the understanding of high performing

stable éectrolytes for application in alternative battery chemistries.

3.2.Experimental

3.2.1 Electrolyte preparation

A summary of the ILs studied in this chapter are display&dhle3.1,
which were synthesised as describedGhapter2. Section3.3.1 shows the

rationale for the choice of anions and cations.
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Table3.1. Summary of ILs used in electrolytes studied in this chapter

IL structure IL abbreviation
- 0
CN\/\/ S [C(GOG)Pyr[NT]]
[NTF,]
Fo~_-0
CN\ S [CL(GOG)PyI1][GRCOO]
[C,F<COO]
¥ 0
N ~ )
L NP [CGimaPyTrIINTH]
O , ,
AN INTE,] WPy 5.9, 0 OTC
2
N T , ,
/N\ - ]7 prZMZHZnG w¥Be
2

Prior to electrolyte preparation, ILs were dried under vacuum
0 ¥ mbar) in a Schlenk liret 50 °C until their water content was below 40
ppm (measured by Karl Fisher titration). * Balts were dried under vacuum
0 ¥y mbar) at 110°C for 24h. All electrolytes were prepared within a
glovebox, and unless stated, dalts with the equivalent anion in the IL were
used (e.g. [NZf IL electrolyte prepared with Na[NJI$alt). Na[Pff was used as
an additive in selected electrolytes, and was preshodried under vacuum for
48h at 50°C dzy’ RS NJ @ '1@Pdada¥). Thie alt concentration in the
electrolytes wakept at 0.5 M as the upper limit due to saturation being reached

in some ILs.

3.2.2 Cyclic voltammetry

Na redox reactions in the electrolytessdabed in Section 3.2.1. were
studied using cyclic voltammetry (Autolab PGSTAT302, EcoChemie,
Netherlands) in a threelectrode cell. For a set of experiments, glassy carbon
(GC, 3 mm) was used as the working electrode (WE) and a platinum coil (Pt coil)
was used as the counter electrode (CE). Prior to use, GC electrode was polished
with alumina suspension in ultrapure water, thoroughly rinsed with ultrapure

water, and acetone. A Na flag reference electrode (RE) was freshly priepared
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each electrolytebefore each set of experiments as follows. Within a glovebox
(Braun, Argon filled), two layers of Na were cut from a clean Na metal cube, the
oxidised parts were removed and disposed, and the layers were flattened into
two thin sheets (thickness <mim). Pokhed Cu wires were placed in between

the metal sheets, and this M@uNa pack was further compressed to ensure
good contact between the metals. The flags were cut out and used as RE for
cyclic voltammetry experiments. Another set of experiments used Na aet

the WE, CE and RE, prepared as described above. iR compensation was used in

all experiments

3.2.3 Electrochemical impedance spectroscopy asgmmetrical cell

plating/stripping experiments

Symmetrical Na cells were built using Swagelok fittings andardaath
electrochemical impedance spectroscopy (EIS) and plating/stripping
experiments. Schematics of the cells are showigare3.2. The Swagelok ts
were composed of stainless steel (SS) Y2 in nuts and ¥z in body, and the SS rod
( = % in) was fitted with PTFE front and back ferrules. The potentiostat
connection was made with 1 mm banana plugs through a hole on the outer side
of the SS rod\Naelectrodes were prepared by cutting the oxidised parts from a
clean Na cube and flattening the cube into a thin Na sheetim thickness)
within a glovebox. Discs (fr#n diameter) were cut out and used as working
and counter/reference electrode3he Naelectrodes were placed in contact
with the SS, which act as the current collect@kass fibre discs (12.8 mm
RAFYSGSNE nonc YY GKAOlYySaaz mdc >Y L
vacuum at 330C and used as the separator. The separators were piaced
between the electrodes and wet with 185] 2 F St SOGRRf Fh 6 0
thickness) was placed on the internal walls of the Swagelok body to prevent

shortcircuit.
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Potentiostat

connection I - C) Potentiostat
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SS rod film € 3N
cUrr:i Separator + electrolyte 8/ °
collector - '

— SSrod

Current collector

Figure3.2. SymmetricaBwagel& cellsused in EIS and Na cycling studi¢g\ssembled
cellshowing potentiostat connection on the left with 1 mm banana plugs, SS rod current
collector ( =%z in), Swagelok nuts and body (%2 in pailsexploded view of internal

cell components withilPTFE insulating filmSS rod current collectoNa electrode
(12mm disc) glass fibre separaté¢r =%z in}embedded witHLO5 plLelectrolyte, and Na
electrode c) SS rod showing 1 mm banana plug connection to potentiostat; d) Na
electrode adhered to S®d current collector. Cells assembled within an Ar glovebox

(H:0 andO, < 1 ppm).

EIS was used to estimate changes in cell resistance during open cell
potential. A 0.01 V potential bias was applied to the cell, with frequencies varying
from 1x10Hz to 01 Hz. Two cells of the same electrolyte were assembled each
time, and the cell impedance was measured periodically for up to 4 days. Plating
and stripping experiments were carried out for 30 min polarization time, with

+2V cut off potential limit.

3.2.4 SEIl omposition study witl8D OrbiSIMS

Cryo 3DOrbiSIMSvas used to investigate the composition of the SEI of
Na and IL based electrolytdsie cryBD OrbiSIMS (Hybrid SIMS, IONTOF GmbH,
Germany) is equipped with a fully proporticnategrakderivative
temperature controller which controls resistive heating and a direct liquid N
closed loop circulation cooling stage, allowing sample temperature control

within the load lock and main chamber. Being installed with cryogenic storage
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tanks, liquid Biwas pumped for circulating the cooling medium through vacuum
feedthroughs to a cooling finger below the sample, allowing fast cooling to

180°C with a stability of +-2 °C for at least seven days. This system allows for
full sample movement ir, y, zrotate and tilt directions whilst under cryogenic

conditions.

Before the measurementhé samples were prepared as half cells
described as follows. Within a glovebox, separators disom(@iameter, dried
as described i8.2.3 were placed in individudry aluminium containers, and
wet with 20 pL of electrolyte. Na metal electrodes (6 mm diameter discs) were
prepared according to sectioB.2.3 and stuck onto gold planchets. The
planchets were placed on the wet separators described above, having Na in
contact with the electrolytePrior the expement, the planchets were placed on
a sample holder andtage, andimmersed in liquid H to keep an inert
atmosphere duringransfer from the glovebox tithve cryo-manipulation station,
Leica EM VCM (Leica, Germany), from where they are transferred tydhe c
OrbiSIMS using a shuttle chamber Leica EM VCT500 (Leica, G@ardetajed
description is given ithe supporting protocol of referenc®). Allexperiments
were run 73 after samplepreparation and theanalyses were conducted at
<M T p The data obtained from the 3D OrbiSIMS had mass calibration of the
QExactive instrument performed using silver cluster .i@lectrons with an
energy of 2V (current approximately 10 pA) aAdgas flooding were used
for chargecompensationThe 3D OrbiSIMS used in this work has previously been
described! (mode 4 single beam, 20 keVs@dé, Orbitrap MS). Therbitrap
analyser was operated in positig mode at the 240,000 at m/z 200 mass
resoluion setting (512 ms transient timejor depth profiling and spectra, a
284.8 x 284.8 pAregion (analyse in the central 200 x 200 pegion)of sample
was sputtered using defocused 20 keMasrbeam for 2.0 s per cycl&éhe gas
cluster ion beanfGCIB) target current was 0.23 fiAe total ion dose was 1-17
1.27x107 ions/cn?. Peak assigment wasperformed with aid of the data
analysis softwaresurfacéabfrom lortof. Althoughno mechanism iproposed

for eachassignmentthey representclusters of atoms/mieculessputtered
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from the Na surfag, based omeactiors propsed in literaturdor SEI formation,

and based ofundamentalprinciplesof radicatinitiated reactions?”: 9092

3.2.5 Multivariate analysis

Multivariate analysis of 3D OrbiSIMS dataset was carried out using a

MATLAB software extension developed by Dr. Gustavo Trindade, the sifisMVA.

Principal component ralysis (PCA) and noegative matrix
factorisation (NMF) were performed using the profiles mode in the software.
The dataset was measentred prior calculation of the PCs, and the algorithm
used in PCA was singular value decomposition. The number of NMF
endmembers was obtained with PCA (s€bapter 2 for details), and
multiplicative update was the algorithm used to calculate NMF, with random

initial onditions and 500 iterations.

3.3.Electrochemical studies of electrolyte effect od/Na*

redox reactions

3.3.1 Rationale for IL selection

It was discussed that the SEI in alkali metal electrodes can be formed
simply via chemical reactions when the higbictive metal is in contact with
the electrolyte. With this in mind and taking advantage of the high tunability
property of ILs, the electrolytes chosen for this study were carefully designed.
Ideally, electrolytes should have a wide electrochemicallisgalbindow, whilst
displaying high conductivity, hence low viscosity and promote a stable SEI

formation.

Despite the relatively low viscosity of imidazolium based ILs, which is
attractive for electrochemical applications, imidazolium ILs display much

narrower ESW compared to other equivalent IL sys&m@uaternary
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ammonium based ILs, in turn, are known for having large cathodic limit, and
consequently wider ESW than equivalent imidazolium ILs. For this retidbs
studied in this chapter are based on pyrrolidinium and quaternary ammonium
cations. The greater electrochemical stability of the ILs chosen for this study
comes at the cost of higher viscosity, as showralrie3.2. Table3.2 shows a
summary of the viscosities of the neat ILs studied, and of [EMIM|][&HH
tetraethylenedycol dimethylether (a typically used organic solvent in battery
applications) for comparison. Ether side chaw®QG) were introduced to
decrease the viscosity of the ILs, however, they may also shorten the ESW, so

hydrocarbon side chaing}) were aso investigated foromparison.

Table3.2. Summary of dynamic viscositieg 6f IL studied in this chapter at°2)
[EMIM][NT$]% and etraethyleneglycol dimethylether (TEGBEM

IL ' oYt I«
[C(GOG)Pyrr][NTH] 74.0
[C(GOG)Pyrr][GFCOO0] 103.7
[C.GimaPyIT][NTH] 120.2
WPy 5 5. L OBEC 64.4
Wpy 556 OFBE 115.1
[EMIM]INTS] 38.6
TEGDME 4.1

Finally, structural variations were introduced to the IL to examine
changes within the IL catieanion interactions, as well as solvsotute
interactions. For example, ILs based on acetate arf[éwa$) have higher
H-bond ability than [NEf anions, as demonstrated by their Kaniletft
LI NI YSGSNJ KERNRISY o02yR I OOSLIi2NI I oAf A
[EMIM][NT$].°¢ This means that acetateased ILs are more likely to disrupt
certain intermolecular interactions as-kdnding and to solvate electmo
deficient molecules/ions, compared {dlTg]-based ILs. This has long been

observed for example, in the superior dissolution of polysaccharides in acetate
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based ILs compared tNTH]-ILs?” Nevertheless, acetateased ILs are
hydrophilic, challenging to a certain extent its application in electrochémic
devices. For this reason, pentafluoropropionate was the anion of choice to
synthesise high DN ILs, as it has¢fi@©O]unit but the fluoride content makes

it less hydrophilic.

3.3.2 Cyclic voltammetry of N&ontaining ILs

Cyclic voltammetry was used toafivate N&/Na* redox reaction in the
electrolytes based on the ILs shown Table3.1. The cyclic voltammograms

(CVs) are showin Figure3.3.

Figure3.3 shows the CVs of the IL electrolytes containing 0.5 \gadiia
(salt counter ion accordingly to the IL anion) whereas the grey dotted lines are
related to Nasalt free Ik. All experiments were set to start at +0.5 V \Pé\N&
and scanning direction towards negative potentials (cathodic scan), as indicated
by the arrows inFigure3.3. The peaks shown by the blue lines during the
cathodic scan are attributed to Needuction (plating)Overall, Nareduction
occurred at considerably lower potential (betwe@r25 and0.50 V vs Né\a")
than expected, and this could be attributedstow N4 diffusion, consequence
of the high viscosity of the electrolytes. &valuatethis more clearly, the onset

potential for Nd reduction is displayedn Table3.3.
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Figure3.3. CVs of 0.5 M Nan the IL based electrolytastiowirg N& reduction in the
cathodic scanat 100 mV:$ usingglassy carbon working electrode, Pt coil counter
electrode and Na flag reference electrode. Arrows show scanning diractogrey
dotted line shows CVs of MNaee ILs a) [G(GOG)Pyrr][NTH],

b) [C(GOG)PYr[GRCOQ]  ¢)[CCumPYITINTH], d)wpy 5 5 p B OBGE and
e)wpy 5 y 6 whBl-based electrolytes. Note the differences irf Naluction onset
potential (also shown ifiable3.3) with variation in the IL structure, the absence of a
N2 stripping peak in some electrolytes, and that ieductian lays outside the ES{iv
grey)of [C(GOG)Pyrr][NTH] and[G(GOG)Pyrr][GRCOO]
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Diffusion of active species towards the electrode surface is known to
affect the shape of cyclic voltammograths?® Although diffusion may be
related to an overall more negative reduction putal in all ILs, data shown in
Table3.2 and Table3.3 shows that there is ndear correlation between onset
potential and viscosity of the neat ionic liquids studied. However, the addition
of N& salts is likely to increase considerably the viscosity of the electr§i§tes,
101 and this increase may be more or less significant to each individual
electrolyte depending on the interactions ang Ndaand IL ion$%?The ILs used
in this study have differences in their structure, and consequeiftigreht
WSt SOUNRY R2YyIFGAy3a FoAfAGASAQ a NBTFtEtSOGISR
shown inTable3.3. The Gutmann DN is an empirical measure of the tendency
of a ®lvent to donate electrons to electrateficient solute$® Table3.3 shows
a subtle correlation between DN and reduction potential onset was found, which
is a result of a stronger solvation of'N& the higher DN ILs, hence slower Na
diffusionand more negative reduction potential onset. This is clearly evident by
comparing the data diC.(GOG)Pyrr][NTf] and[C/(GOG)Pyrr][GRCOO] as

the DN doubles in value, then&t redbecomes considerably more negative.

Table3.3. Onset potential for Nareduction (Bnsetred for each Hbased electrolyte
(0.5M Na salt in IL), comparetb the donor number (DNpf ILs Note the slight

correlation betweerEnsetres@and DN.

IL Eonset,red(V) DN
[C(GOG)Pyrr][NTH] -0.32 10.2
[G(GOQG)Pyrr][GFCOO0] -0.49 23.5
[C.GimaPyrr][NTH] -0.31 8.0
WPy 3 5 h L OTEC -0.32 9.1
©py 5 5 6 GFBE -0.25 7.4

Figure3.3a and b show that Naeduction potential lies outside the ESW
of [G(GOG)Pyrr][NT4] and [G(GOG)Pyrr][GFCOO], differently from the

other ILs. As discussed previously, this means tegEi formed on Na anodes
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with these electrolytes will occur via chemical and electrochemicalpgth
Another feature in common to electrolytes based o(@G)Pyrr][NT4],
[G(GOQG)Pyrr][GFRCOOQ]Figure3.3a and b ) is the absence of an oxidation peak
(stripping process) on the anodic scan. This irreversible behaviour may be a
consequence of rapid SEI formation in those liquids, meaning thatraasbdla

is reduced to N&at the electrode surface, it promptly reacts with the electrolyte
and consequently no Raemains to be oxidised back to IN&la stripping is
observed in thed py 5 54/ B OEEGECCumPyYIT][NTE andw py 5 5 6 wiBE
electrolytes Figure3.3c, d ande) despite the low coulombic efficiency indicated

in the CVs, which can also be related tolddéa for SEI formatiof.he next

section uses EIS to study SEI formation of metallic Na-baddd electrolytes.

3.4. Solidelectrolyte interphase studies with

electrochemical impedance spectroscopy

To further study IL and metallic Na reactions, and formation of the SEI on
Na metal symmetrical Na|Na cells using the IL electrolytes described above
were evaluated with EIS. EIS is typically used for battery ageing monitoring, often
installed in battery packs of electric vehicles for diagnosis of the internal state of
the cellst®® EIS spectra typically displagssemicircle in a Nyquist plot of
AYFIAYEFENE O0%é0 @OSNBRdza NBIFf 06%Q0 AYLSR
Chapter2. In summary, as shownhigure3.4, the semicircle rises from the left
hand side, at high frequencies. In this region, the intercept of the real impedance
axis refergo the bulk electrolyte resistancee(drolyte. On the righthand side
of the semicircle at lower frequencies, the intercept of the real impedance axis
is associated to charge transfer resistance at the electrodg¢s(@ finally the
tail at lower frguencies is related to diffusion controlled electrochemical
process® Over time, side reactions, material degradation processes and
changes at the structure of electrodes affect cell resistance. An increase in the
size of the semicircle as demonstrated by the green likegure3.4 reflects an

increase of the electrode surface resistance#8).1°3 SEI reactions modify the
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surface of the electrode altering its resistance, which can be observed by

changes in the seraircle of the Nyqutsplot. °

C High Low
frequency frequency

Retectroiyte Retectroiyte * Ree Z (Q)

Figure3.4. Nyquist plot of EIShowing initial impedance (blue line) and impedance after
a time t (green line)Reecrolyte refers to the resistance related to the bulk electrolyte
resistance, Ris the charge transfer resistance at the electrode apgds assumed

the overall edctrode surface resistance.

SEI growth over time was studied with EIS during-openit conditions,
meaning that any changes observed in the s@mles are caused only by
reactions between electrode and electrolyte in the absence of any applied
current Figure3.5 shows the Nyquist plots for Na|Na symmetrical cells with the
IL based electrolytes studied in this chapter and the inserts show pictures of one
of the Na etctrodes postanalysis. Repeats of the impedance tests can be found

in AppendixL.A.2
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Figure3.5. Nyquist plots of EIS of Na|Na symmetrical cells during open circuit conditions

for over 70 h, using the various IL electrolytes (0.5 MwWth counter ion accordingly

to IL anion) Note the increase inuRe followed

[G(GOG)PYM]INTA (@)and 6 by 3 5 1 B CHEE)

by adecrease over time in

the constant increase indce

over time for[GCimaPyrr][NT4] (c) and [G(GOG)Pyrr][GRCOO)Db), and the increase

and stabilisation of {Rtacefor ‘bPMzMszne wHBe). Inserts show pictures of one of Na

electrodes post analysis (cell disassembled within a glovétepgats shown iRigure

A5in Appendixl.A.2
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Overall, very large resistances are observddvafrequencies (surface
resistance) for all electrolyte systems, which have alsa beewn previously
for other ILS® 194This confirms what has been mentioned previously,adtai
metal electrodes promptly form an SEI when in contact with the electrolyte, as
a consequence of alkali metals being good reducing agents. Metallic sodium
readily oxidises and releases electr(seeSchemes.1 1), which trigger a series
of other reactions with the electrolyte. Electron transfer to the IL cation leads to
radical formation, as shown 8themes.1, scheme Il in whichsRepresents the
most stable radical, thus the most likely to be formed. Radical formation may
also happen via proton abstraction as shown inctiea Il Scheme3.1).
Electron transfer to the [NJ]f anion has been review&Yand it is suggested
that electron transfer is followed by heterolytic cleavage of tHebNnd (see
scheme IV ischeme8.1). All reaction products shown 8theme3.1 can then
be involved in countless reaction possibilities, including further electron

transfer, radical propagation and/or termination and reactions involvifig Na

Figure3.5 also shows that {hased electrolytes display considerably
different impedance behaviour over time. To aid understanding of the changes
over time for each IL system, a percentual aralgkithe surface resistance
overtime is demonstrated iRigure3.6 and described as followEigure3.6a
shows the percentual changes of the surface resistance overtime with respect
to the initial (b) resistance (Change/Bjt Figure3.6b displayshe sequential
percentual change of the surface resistance with redpetie resistance of the
immediately preceding measuremef8equential change). Whilst the plot of
percentual change with respect to the initial resistamdgure3.6a) suggests an
overall trend of the surface resistance over time, the sequential change plot
(Figure 3.6b) assists the visualisation of any critical times for surface

modification.
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Scheme3.1 Schematics of possible reactions taking place at thi N#erphasel)

metallic sodium oxidationl) electron transfer and radical formation at the catitij;
proton abstraction and radical formation at the catidévi) electron transfer at the
[NTE]" anion®
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Figure3.6. Analysis oEISof Na|Na symmetrical cells usingdldsed electrolytes (0.5 M

Na' salts in the ILs displayed in the figure legedeéinonstrating the variations ofRce

over time in the different ILs. Note the greatestrease ifNT§]-based ILs during the
first 24 h and the constant increase inuRe Of [G(GOG)Pyrr][GFRCOO]

a) ChangéR(t): Percentual change of surface resistance over time with respect to the
resistance at the initial timeoft b) Sequential cange: Percentual change of surface
resistance over time with respect to the resistance of the immediately preceding

measurement. Analysis of repeatwown inFigure A6 in AppendixA.2.
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Regarding the individual behaviour displayed by each IL electrolyte,
[C(GOQG)Pyrr][GFCOO] (Figure 3.5b) seems to yield a very unstable SEI
formation, suggested by the very broad lines in the Nyquist plot, the corroded
electrode shown in the insert picture, and the trends shoviigare3.6. In fact,

a close inspection dfigure3.5b shows that the surface resistance not only
increased, but the shape of the Nyquist semile considerably changed, which
indicates severe modification of the electrode surface. The shavp shown

in Figure3.6a implies a highly reactive electrode surface, with rapid resistance
increase over time. The high basicity of this IL (see DN valueshlef.3) may
increase its reactivity towards SEI reactions, which may be the reason for the
extent of electrode surface modification within this IL. In addition, thermal
degradation studies with acetatieased ILs have suggested IL decomposition via
nucleophilic attack of acetate anion to a cation side chain and/or via Hofmann
elimination by abstraction of a proton from the cation side chain and subsequent
formation of carboxyt acid and alkene. These reactions observed in those
thermal degradation studies perhaps become feasible in the presencé, & Na
and radicalsycheme3.1), which waild explain the high reactivity demonstrated

by this IL electrolyte. Less likely (yet possible), the high reactivity may be
originated from a vestige of acid from the synthetic procedure Cepter2

for details on the synthesis), despite great effort to eliminate any starting

materials from the final product.

Na|Na symmetrical cell withfG;GimaPyrr][NT4] based electrolyte also
shows continuous surface resistance increase as showgure 3.5c. In
contrast to[C(GOG)Pyrr][GRCOQ] the electrode ifCCimaPyrr][NT] is not
visually corroded (compare inserts kigure 3.5b and c), and the surface
resistance seems to grow at a slower rate th@atGOG)Pyrr][GFCOO] as
shown inFigure3.6a. Interestingly, sequential resistance change platu(e
3.6b) suggests that the highest surface resistance increaf@@Pyrr][NTi]
occurs within the first hour of resting period, whilst[fa{GOG)Pyrr][GFCOO]
it occurs during the first 24 hours, indicating the diversity of chemical reactions

and reaction kinetics that may take place during SEI formation in different
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liquids. The constant increase in surface resistance suggests the continuous
formation of an unstable SEI, as no protective layer is formed to prevent further
electrodeelectrolytereaction. Considering the more complex structure of this

IL cation compared to the others, the there is a wider range of reactions that can
proceed from the initial reactions shown 8theme3.1l. In fact, even the
formation of the radical can lead to different structures, as suggested in the

Scheme3.2. Other reactions may alsovolve the decomposition of the acetal

group.

> [}< N — + -0—CH;
—0 H —0 H
—0 H
—0 H
A
S \ H
—0 H —a H

SchemeB.2. Possible radical rearrangement exemplifying the great range of reactions
that can occur in thdGGmaPyrr][NTH] electrolyte: formation of new radals via

homolytic cleavage of-Q bond (top), and intramolecular rearrangement (bottom).

Another electrolyte that displays increase in surface resistance over time
iswpy y y 6 wEBlseeFigured.5e). Differently from the ILs discussed above
([C.CGumaPyrr][NTH] and[G(GOG)Pyrr][GFRCOO), the surface resistance for the
d)pMZMZHXHG wHBgystem sharply increases within the first 5 hours, as suggested
by Figure3.6b. However, the surface resistance seems to stabilise after 24 hours,
especially shown byhé curves in the Nyquist plot for 72 and 103 h. The
impedance data for this IL indicates formation of a stable SEI layer. Despite the
development of a high surface resistance during the first hours, it appears to
reach a plateau within 73 h, after whichsitlikely that no further (or limited)

reactions continue to proceed. In addition, the electrodevipy 5 y 6 WHECE

does not seem corroded as in tf&(GOG)Pyrr][GFCOO]L.

The Nyquist plots for Na|Na cells with electrolytes based on
[G(GOQG)Pyrr][NTE] andd)pMzMsz,Hh,MOG wHBghow a very distinct behaviour
than the other ILs discussed so far. Bd(GOG)Pyrr][NT§] and
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WPy 5 5.0, 6 WPBShow a decrease in the surface resistance after 24 hours,

clearly seen ifrigure3.5a and d, as well as in the percentual change analysis
shown inFigure3.6. Previous studies have shown effectivé pNating/stripping

for certain electrolyte systems that showed a decrease in surface resistance over
time 32 With the aid of EIS and XPS studies, the authors suggested that the
decrease in surface resistance indicate formation of a stable SEI layer, which is
crucial for continuous Na|Na cell cycling. Despite the decrease in surface
resistance appears to be beneficiabr{sidering the literature), the data
displayed herein fo[CG(GOG)Pyrr][NT4] and d’pMZMZHZ/Hh/M 8 w¥Bds not
sufficient to explain this trend. In fact, further studies are needed to explore the

different behaviours observed in this section and their impact on Na anodes.

Next sections show studies of Na|Na symmetrical cell cycling followed
by studies on amposition of the SEI formed by Na and electrolytes based on
[C.GimaPyrT][NTH], d)PMZMZHZ/Hh/M 8 w¥sdnd (bpMZMZHXnG wHB¢Considering
the highly reactive behaviour displayed [B(GOG)Pyrr][GFCOO]and the
very similar behaviour ¢€(GOG)Pyrr][NTi andw py 5 5 1, 6 whEthese

pyrrolidinium ILs are not included in the next sections.

3.5.Na|Na symmetrical cell cycling using seledteased

electrolytes

Stable, highly efficient and lotgrm cyclability are cruciglarameters
that alkali metal electrodes need to meet to be used in full battery%c@li§. 33
To evaluate the effect of-hlased electrolytes on Na electrode cydigh Na|Na
symmetrical cells using selected ILs from previous se¢GoQiPyrr][NTi],
WPy 5.5/ L OBANdW Py 5 5 6 wHGwere studied using galvanostatic
cycling Figure3.7 shows the voltage profiles of Na|Na symmetrical cells during

galvanostatic cycling, with caoff limits at+2 V.
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Figure3.7. Galvanostaticycling oNa|Nasymmetricakell cycled at 0.1 mA.cthwith
30 minutes polarisation time and 10k of electrolyte (0.5 M Na[NJfin each IL):
[GCGimPYIT]INTE], T WPy 5 5/ 1/ B WBBENdT Wpy 5 5 6 WHEGhowing that
cells with [GGimdPyrr][NTH] and w Ps 3.5 .5h P wHBeach the cuboff limits &2 V)
after 84 and 115 cycles, and cell witl}DMzMszn6 w¥Bdisplays low overpotential over

160 cycles.

Figure3.7 clearly shows that the choice of electrolyte affects how long
cells can be cycled before reaching the-affitpotential. In addition, the
magnified traces ifrigure3.8 reveal very distinct voltage profiles among the
electrolytes. Despite the similar shape (though differences in overpotential) at
the first cycles, by 28 of cyclingo py 5 5/ 1/ £ wBeandwpy 5 5 6 WGE
seem to display comparable profiles, whilst voltage tracd€iGimaPyrr][NTi]

remains the same through the whole length of the experiment.
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Figure3.8. Selected times of galvastaticcycling of Na|Na symmetrical cell frétigure
3.7, showing different voltage profiles depending on the IL used. Cell cycled at
0.1mA.cn¥, 30 minutes polarisation time and 1Q& electrolyte (0.51 Na[NTH])
based on® [GCmPYIM][NTS] , T WPy 5 5/ 1/ H OEBGNd T wpy 5 5 6 WREE

Note the differences in potential-gxis) scale across the magnified figures.

Firstly focusing ofiCiGimaPyrr][NT4], Figure3.9 shows selected cycles
demonstrating the voltage profile evolution of the cell assembled with the
[C.GimdPyIT][NTH]-based electrolyte. An arc shaped profile dominates
throughout cycling, witlincreasing overpotential over cycling time. Similar arc
shaped profiles have been observed by Gétead (2017}* in symmetrical Li|Li
cells after several cycles. The authors associated such behaviour to accumulation
2Fdeadl 8 ORSYRNAGSE (GKIFIG t2aS 02yySOdAizy @A0GK
schemes D and Figure3.12), at the electrode surface and the tortuous path
imposed by this layer of inactive material. Consequently, the effective diffusion
of Liracross thist R S | IRyer[is’significantly lower thaacross the electrolyte,
and high overpotential are needed to maintain mass transport attass the

cell.
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Figure3.9. Selected times of galvanostatigcling of Na|Na symmetrical cell frétigure
3.7, with focus on[GCGimaPyrr][NTH] electrolyte (105uL of 0.5 M Na[N7]f solution)
showing arc voltage profile from the start of cycliapand across the whole cycling
time (b) until it approaches the ctff limits(c). Cell cycled at OrbA.cn¥, 30 minutes
polarisation time. Note the differences in potentiahfys) scie across the magnified

figures.

The[CGGimaPyrr][NTH] system shows the arc profile since the first cycle
and throughout the whole length of the experiment, hence it is unlikely that the
arc profile is caused by accumulation of dendriggure3.5 andFigure3.6 also
show that[GGimaPyrr][NTH] electrolyte displays highly reacti®&l formation,
with considerable increase in surface resistance over time. Therefore, the arc
shaped voltage profile might be caused by deficient mass transport across the
cell, however, it originates from a highly resistive and tortuous SEI rather than a
& RS | Rayef. Xhé continuous increase in overpotential throughout cycling
suggests that mass transport diminishes over time, and larger potentials are
needed to promote Naransport. This is likely to be caused by continuous SEI
growth, suggesting that the resistive SEI is also highly reactive, so electrolyte is
constantly consumed by taking part of SEI formation reactéms.order to
evaluate whether electrolyte consumption can be associated with increase of
overpotential, symmetrical cells assembled with lower electrolyte volume._(80
instead of 105uL) were studied.

Figure3.10shows that decreasing electrolyte volume by 23% caused the
cell to reach the potential cdff limits approximately 3@ faster. This supports
the idea of a reactive SEI that continuously grow over cycling, depleting

electrolyte, and limiting mass transport. Another reason for an early cycling
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termination (voltage reaches the eoff potentials) could be poor wetting ofeh
separator. However, if wettability of the separator was the main cause for
reaching the cubff limits earlier, an increased overpotential would be expected
already in the very first few cycles, which is not observE@yumre3.10. Overall,
these observations indicate that the arc shaped voltage profile of cells with
[C.GimdPyIT][NT4] are associated to mass transport limitations that lead to
continuous increase of eypotential. This is caused by a rsiable and non

protective SEI formed with tH€CimaPyrr][NT] electrolyte.
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Figure 3.10. Galvanostatic cycling of Na|Na symmetrical cells comparing effect of
electrolyte volumeqf ) 105uL and ¢ ) 80uL, using electrolytes (0.5 M Na[N)lbased
on a) [GGmPyrT][NTH], andb) w py 5 5/ 1, & wHGENote the earlier termination (E

reaches + 2 v) of cells assembled with lower electrolyte votlespite the similar
overpotential at the beginning of the experiment. Cells cycled anA.tn? and 30

minutes polarisation time.

Looking back aFigure3.8, we obsere that though Na|Na cells with
WPy 5 5 .n, 0 WEBEND ®py 5 5 6 wEGased electrolytes share some

similarities in their voltage profile, the cell withby 5 -, ,, 6 wEBeaches
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the cutoff voltage limit, whilst the cell witth py 5 5 8 wHBdoes not display

a significant increase in overpotential throughout the length of the experiment.

Figure 3.8 shows thatwpy 5 5, n, 6 wiBland wpy 5 5 6 wWEBE

display an arc shaped profile at the first cycles, but changes after a few hours of
Ce o0t Ay3a (2 I|typer@dddiffareddylfrom tieaveltage profiles
shown by the cell witfC:GimaPyrr][NTH]. Peaking profile has been associated to

a combination of charge transfer processes taking place at the electrode, each
one with a particular rate constant and area of action whkietermines the
dominant process! 19513 These processes will be further discussed later in this

section (see discussion feigure3.12).

The arc shaped voltage profile is determined by mass transport limitation
due to SEI formation, as discussed[@CimaPyrr][NTH] cells. The substantial
change in the potential prods at later cycling times indicate that there must be

a shift in the processes dictating the voltage responsé)ﬁoaiMsz,Hh,Mﬁ wiB ¢
and d)pMZMZHZHG wEBceells.Reasoning for different shapes of voltage profile

have been suggested literature !t 13 14 9 though trends observed in this

chapter aresomewhat unique.

Chapter2 introducedthat the currentvoltage relationship is defined by
a combination of charge transfer rate and mass transfer rate. Both rates
determine the concentration of reagents and productshe electrode at a
certain time, either by how promptly the reagents react (charge transfer) or how
quickly fresh reagents are supplied to the electrode (mass transfer). Thus, the
rate of an electrochemical process is a combination of both charge tramsfer
mass transfer rates, and the slowest rate determines the overall rate of the
process. In fact, the Butl&folmer equation shown below demonstrates that the
effect of the reaction rate constari€X), the gradient of the electroactive species
(o) o j 6° ) and the overpotentiaf— ) play a role in the net current at

the electrode:

R ﬁ‘. o FJJf ha. o
men—LW o Qur——t,
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Based on the observations described in this section so far, tebaped

profile displayed at the first galvanostatic cyclesodfy 5 5, ,, & whéand
wpy 5 3y 6 whBeells are related to mass transport limitations due to SEI

formation, as discussed above [GrCimaPyrr][NT4]. However, theappearance

of peaking profile at later cycles, presumably related to the kinetics of the
processes happening at the electrode surface, indicates formation of a more
stable and less resistive SEI throughout the first cycles. A less tortuous and
resistive SEis likely to have less impact on the effective diffusion df Na
Consequently, the overall electrode process is no longer determined by mass
transfer limitations, hence the shift in the voltage profiles. If this is true, then the
surface resistance obsard in EIS is expected to decrease over cycling. EIS
measurements were carried out at different times throughout cell cycling and

are shown irFigure3.11. The first calmn ofFigure3.11 shows selected cycles

of (bpMZMZHZ/Hh/M 8 wB¢blue traces) andbpMzMszng w¥Btgreen traces),

second column shows impedance datadopy y y 6 whdand third column

shows impedance data farpy 5 5/, 6 wEGE

The plot onFigure 3.11a shows an arc shaped profile, which is
accompanied by an increase on the surface resistance after the first cycle,
attributed to SEI formation (see plots Bigure3.11b and c). At later cycling
times, as discussed in the paragraphs above, the arc shape starts to shift to a
more peaking shape. In fact, at around 24 hours of cycling, peaking profile starts
to develop as can be seen in the magnified regioRigure3.11d. The cell with

why 5 5. 6 whBelectrolyte also features a significant decrease in surface

resistance Figure3.1le) after 24 cycles. This decrease in surface resistance
suggests that a stable and less resistive SEI has developed at the electrode in
contact with thew py 5 5 6 wiBelectrolyte. Consagently, mass transport is

likely to be less affected and the voltage profile starts to be determined by the
kinetics of the processes taking place at the electrode surface. Impedance data

for the cell withw Py 5 54/ B OBBEFigure3.11f) still shows an increase in

surface resistance after 24 h, suggesting that SEI reactions might be still taking
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place at the electrode. Perhaps for this reason the initial pe2R htof cycling

forwpy 5 3 6 wHBE more evident than fo py 5 54, B WHBfcompare

green and blue traces in the magnified regiofigtire3.11d).

[NC ,C .C(c.ocC ]][NTfZ]
112 2 1
[NC Lc.c.c ][NTfZ]
11 2 4
0.4
a)
0.2
=
=
= 0
L)
°
[~
-0.2
-0.4
0 0.5 1
Time (h)
0.5 a
0.25
=
K]
2 0
=
§]
o
-0.25
-0.5
23 235 24
Time (h)
0.6
g
0.3
=
K]
= 0
U
°
o
-0.3
-0.6
47 47.5 48
Time (h)

4000

Q.cm™?)

2000

-2

6000

4000

(€2.cm

~ 2000

6000

4000

(€2.cm

~ 2000

/\,Q/\‘\/\\ .
AN [NTF,]

b) — o

— 1lcycle

e) —0
1 cycle

24 cycles

0 2000 4000

Z (.cm™)

60

00

—20

—— 1cycle

—— 24 cycles
48 cycles

h)

2000 4000
7 (Q.cm™)

6000

Y 0
/N [NTF,]
2000} —0
— 1cycle
‘£
<
S 2000
R
-
o _
0 2000 4000
7 (§.cm™)
6000
f) —0
1 cycle
< 4000 24 cycles
£
& 2000
/"/’ - -\\\
N
0 2000 4000 6000
7 (Q.em™)
6000
i) —0
— 1cycle
< 4000 —— 24 cycles
£ 48 cycles
Q
2000
- N
0 \
0 2000 4000 6000
7 (Q.em?)

Figure3.11 Selected times of galvanostatigcling and EIS demonstrating correlation

between peaking profile, cell overpotential angBs First column shows Na|Na

symmetrical cells frofRigure3.7 (0.1 mA.cr, 30 min polarisation time), with focus on
Wwpy 33,6 OWBE )andwpy 5 5, B OHBE ):a)From the startto 1 h of cycling,
d) From 23 to 24 h cycling amgj From 47 to 48 h of cycling. EIS analysis of Na|Na

symmetrical cell during cycling farpy y y 6 wHB¢second columnb, e, 1) and

(bpMzMsz, i P wHBhird columnc, f, ), at the start@ ), after 1 cycleq( ), 24 cycles

(v ), and 48 cycles)().Note the differences in potentialéxis) scale across the figures.
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With 48 hours of cycling the cell assembled withy ; ; 6 whogeems
to display a small increase in voltage followed by a plateau after the initial peak
(see Figure 3.11g), suggesting stable mass transport is achieved in the cell
without the need of larger overpotential to promote it. Therefore, it is likely that
by 48 hours of cycling, mass transport limitation by a resistive SEI is no longer
the main factor determining the voltage profiles, which is corroborated by the

low surfae resistanceRigure3.11h) of thewpy 5 y 6 wHBSystem.

The surface resistance decreases for the cellwitly 5 5.,/ £ OHEC

after 48 hours of cyclings shown ifrigure3.11i. Despite the peaking behaviour
being slightly more evident after 48 hours, th;szMzHZ,Qh, B wBgystem still

features the arc shape g@iile accompanied by larger overpotential (note
different scales on the-gxis onFigure3.11d and g). The considerably higher

surface resistance shown by the cell withy 5 5., £ wHBeompared to the

cell withw pMZMZHXHG wkBGeeFigure3.11h and i) indicates that a more resistive

SEl is formed. This is also suggested by the difference in overpotential observed
between wpy ; 3 6 wkB@Nd wWpy 5 54, L OEEWoltage traes Figure
3.11g). Consequently, even though the peaking at the start of the half cycles may

be related to the kinetics of the processes at the electrode, mass transpor

seems to play a role in tthMzMzHZ/Qh/Mue w¥Bvoltage profile throughout the

whole cycling experiment.

The differences in the voltage profiles afpy y ; 6 wEBdand
Why 5 5.0 @HBCells have been attributed to mass transport titdns

and rate of processes taking place at the electrode surface. These processes are
described as follows and the schematics of the processes are shéiguia
3.12.
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Figure 3.12. Voltage profile displaying contribution from each electrode in a
symmetrical celll¢ft): measurements taken using a thwelectrode cell at 1 mA.cfn
Schematigepresentation of processes taking place at electrodes 1 (blue) and 2 (red)

during different stages ¢B) of cyclingright). Adapted from referencg.

During plating and stripping reactions, several processes take place at
the electrode. Woodet al thoroughly investigate these processes using
operando video microscopy, thretectrode measurements, and modellidy.
These processes were also investigated by Réeraywith operando optical
microscopy:® In summary, each process at the electrode have a different rate
constant, which can be directly related to Gibbs energy of the process by the

equation below:

Q 5A®DVOYW
whereQ is the rate constant for a particular processop,is the Arrhenius
constant for the process p andy"O is the energy barrier of the process p, and
the effective rate constani® ) shown in the Butle¥olmer equation earlier is
a combination bthe rates of all processes taking place at the electrode. The
difference in the rates of these processes originates from the distinct energy

barriers for each process, which can be related to an unequal surface at the

GFrNBFra 2F I OlAz2ye 2F SIFOK LINROSaao®
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During the first haltycle of kinetically limited cells (negligible mass
transport limitations), a sharp increase in the overpotential is observed, as
shown in the shaded area A (light greEigure3.12. Similar sharp increase is
observed at the cathode traces (shown in red), and is attributed to the
nucleation of new dendrites (see scheme Aigure3.12). A slight increase
though less pronounced at the anode (blue trace), is attributed to the formation
of pits where the electrode has been oxidised. Then a drop in the overpotential
is observed (shaded area B, in orange), and ibu@idd to dendrite growth at
the spots already nucleated, rather than nucleating new areas. The SEI at the
freshly plated metal (at the nuclei) is thinner than at the bulk Li, thus less
resistant to charge transfer. Equally, stripping continuous at teerpther than
new locations at the anode. When the polarity is reversed, an increase in the
overpotential is observed in the purple shaded region C, and the same increase
is observed at the cathode traces (in blue). However, the overpotential is not as
high as on the previous nucleation process (shaded region A), because the
surface of the cathode has already been modified (during stripping in the
precedent half cycle). The anode trace shows low over potential at the beginning
of the half cycle because giping is occurring from the dendrites, rather than
from the bulk electrode. The beginning of the yellow shaded regiofrigure
3.12 features an increase in the opetential, attributed to an increase in the
overpotential at the anode. At this point, stripping starts on the bulk electrode
(see scheme D, iRigure3.12), where a ticker SEI layer (compared to the
dendrite SEI) has been stablished. The decrease in overpotential that follows is
associated to continuous stripping from the pits, rather than new sites at the
bulk electrode. At the same time at the cathode, plating ocautse already
nucleated spots, accompanied by a decrease in the overpotential. The
subsequent half cycles follow the same process: high overpotential with
nucleation and pitting at the beginning of the half cycle (pink shaded region E),
followed by decrase in overpotential during dendrite growth and stripping from
pits until an increase in overpotential (grey shaded region F) is caused by

stripping of bulk electrode.
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Based on the summary above, the peaking at the beginning of the half
cycles of WPy 3 5gn S W@ WPy 5 3 6 WEBEells is likely to be
associated to the nucleation of Na electrodes. The persistent arc shaped profile

of the WPy 5 54n/ B WEBCell after the initial peak may be explained as

follows. Nucleation occurs #te beginning of the half cycle consuming Bia

the vicinity of the electrode, thus there is no significant mass transport
restriction at that point. However, as plating continues, concentration batNa

the vicinity of the electrode drops, and higherepotentials are needed to
promote mass transfer. At later cycling times, as showkigare3.13c, the
overpotential considerably increases, approaching theffuimits of£2 V. In

fact, the voltage profile seems to have changed slightly at these late cycling
times, featuring a peak towards the end of the half cycle. This can be related to
critically limited mass transport, perhaps caused by an accumulation of
disconnected dendrite¥, or most likely da to mass transport limitations
associated to the SEI. Though significant decrease in surface potential is shown
in Figure3.11i, the tests with lower volume of eleciyte (seeFigure3.10)
display the electrolyte consumption trends already discussed above for
[C.GimaPyrT][NTH]. In addition, this high overpotential of the half cgcteuld

also be a combination of mass transport limitations and pitting of the bulk
electrode. Schemes D and FFigure3.12, show an increase in the overpotential
when stripping occurs preferentially from the bulk electrode over the dendrites.
Also, it has been demonstrated that this second peak can appear at the different
cycling stages depending on the electroltep perhaps this transition of the

stripping process only occurs at the end of the half cycles in the

WPy 3 5/ n 0 OHESystem.
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Figure3.13. Selected times of galvanostatigcling (0.1 mA.cf) 30 min polarisation
time) of Nal|Na symmetrical cells shown iRigure 3.7, with focus on
WPy 53,6 OWBE) andwpy y 5/ B8 OWE (1), showing that when
WPy 3.5 0,0 OHBEAches the cudff potentialsw py 5 y 6 wheStll displays low
overpotentialsa) From 61 to 62 h of cycling, b) From 90 to 91 h cycling &ndrm)112
to 113 h of cycling and d) From 130 to 131 hyofieg. Note the differences in potential

(y-axis) scale across the magnified figures.

After the initial peak, related to nucleation of new dendrites and pitting
during stripping at the anode, the cell wiﬂ;szane w¥Belectrolyte shows
a linear increase in overpotential. For the positive potential traces, the
overpotential stabilises with very few changes from at leastigjare3.11g) to
over 130 Figure3.13d) hours of cycling. This suggests that after the initial
nucleation, there is some mass transport limitation, but it seems to reach a
steady state with jush modest increase in overpotential. Towards the end of

the half cycle, there is a small increase in the overpotential, for both the positive
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and the negative voltage traces. As discussed above for the

Why 3 5/.n 0 @HBSystem and described by tisehemes D and F Figure

3.12, this is likely to be caused by dissolution of bulk Na, rather than dendrites

during the stripping process.

Surprisingly for a symmetriceell, positive and negative voltage traces

for the cycling Of(bpMzMszng w¥Btell display differences in overpotential.

During negative polarisation, the cell seems to develop higher overpotential
throughout the half cycle. As discussed previgslyincrease in overpotential
during the half cycle can be either associated to a mass transport limitation and
to increase in overpotential at the anode ($egure3.12 and shaded regions D

and F). To understand this observation, it is important to look at the processes
occurring at each individual electrode during the positive and negative

polarisations.

The experimental set up for the galvanostatic cycling of djBl&cells
starts by applying positive currents to one of the electrodes. Accordingly, in
Figure3.12 this electrode would be the blue electrode (electrode 1) and the
opposite electrode would be the red electrode (electrode 2). The three
electrode experiment carried out by Woad al (2016)!! shows that the
overpotential associated with nucleation is higher than the overpotential
associated with pitting (sedéigure3.12, shaded regions A, C aBkg, thus the
nucleation process has a higher energy barrier to overcome than the pitting
processt! Hence it is fair to expect a higher number of pits to be formed at the
anode, compared to the number of nuclei at the cathode, particularhyhen t
first half cycle (shaded region A). In addition, schemes C anBligtiia3.12,
show that on subsequent half cycles nucleation is more likely to take place at
the pits and stripping to occur on the dendrites formed in the previous half cycle.
Consequently, the blue electrode is more likely to have higher number of
nucleus sites than the red electrode, because the blue electrode has had higher
number of pits formed ithe very first half cycle. Thus, at the red electrode the
area of bulk metal covered by dendrites is presumably smaller than at the blue

electrode, so stripping from the bulk metal (and consequently increase in
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overpotential) is more likely to occur at thed electrode than the blue
electrode. This may explain the increase in overpotential to be more significant
at the negative voltage traces because the red electrode behaves as the anode
at negative potentials. In addition, the absence of a nucleatiokR peang
negative polarisation may be associated to lower energy barrier for nucleation
at the cathode (blue electrode). This is because the formation of pits in the
previous half cycle (positive polarisation) facilitates the nucleation process on

the subgquent cycle (negative polarisation).

This section has shown thétis possible to cycle Na symmetrical cells
with o py 5 5 8 e¥Bbased electrolyte at 0.hA/cn?, with 30 min polarisation
time (0.ImAhcm? for each complete plating/stripping cycle)with
overpotentialdess than 0.8 Morat leastl60 cytes Toput incontextof recent
studies, it has beendemonstrated that Na symmetrical cells containing
[GCPyri[FSlbased electrolytewith 50 mol% BFSItan be cyclefbr at least
at 1.0 mA/cn with polarisatiom time of 6 mintes for at least 700 cyclesith
overpotentias less than 0.15\or cells with gpolarisation preonditioning2®
Furthermore,Howlet and ceworkers also found thaNa symmetrical cells
containing GG Pyriji[DCA and19 mol%of Na[FSl]can be cycledt 0.1 mAEn?
and polarisation time of 1 for 100 cyclesat 0.1 mA/cm with overpotentials
less tharl.5V3°> More recent studiesn IL appcation inNa batterieshas been

recently reviewed bidagiwaa and ceworkers'®

3.6.NalL solidelectrolyte interphase studies withdepth
profiling3D OrbiSIMS

The structure and composition of Nl interphase was studied with
secondary ion mass spectroscopy (SIMS), using depth profile modegfhe hi
sensitivity ofSIMS techniqués a strong advantage however, itmakes data
analysis very challenging. This can be sed¢he raw data plots irAppendix

1.A.2.3 which shows the depth profile for ttal NaIL interphase sampke A
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thoroughlyinterpretation of the results showim Appendixl.A.2.3is difficult

due to the volume and complexity ofetlilataset.For this reason, selected
assignments of each sample are plotted separately to visualise the data more
clearly, and the depth profile plotseashown inFigure3.15, Figure3.16 and
Figure 314 for  [CGGimaPyrr][NTH], QPNZNZHZ/ﬁh/MOG wHBe and

wpy 5 y 6 WhBMa interphase, respectively.
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Figure3.14. Positive ion deptlprofiles of NG GimaPyrr][NTH] (with 0.5 M Na[NE])
SEI showing highly overlapped intensity profiles, the presence of smaliretdied
fragments, and anicbased and inorganic fragments. Analysis performed @sikgV
Argo for sputtering and analysis at75 °C. Bottom image shows magnified lowe

intensity region (bottom).

The assignments were selected with the aim of displaying the variety of

fragments detected in the SEI with thesddised electrolytes, including more
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YOI B2 Y hBRQO 6% -3V & 3 BOENCG) , small inorganic
fragments (N&Xn0 = | Y R WY lnQ)@yPe of dssighmelits. 0 b |

Interestingly,w Py 5 54n/ B OBB@GNd WPy 5 5 6 wHBEsee Figure
3.15andFigure3.16 below, andrigure ALl andFigure A2 from Appendixd.A.2
showcationrelated assignments which are larger and/or more diverse than the
IL cation itself ([BhsNOJ for wpy 5 54/ B WBBCaNd [GHaoN] for
o’opMzMzHXHB B¢ This suggests that a combination of radicals formed in the

reactions shown ischeme3.1 occurred during SEI formatiddowever, this is
not observed to the same eexit for [C.CamaPyrr][NT#] (seeFigure3.14 Figure A
10from Appendix A.2).

In Sectior3.4 (impedance studies of SEI), the discussion regarding Na
[C.GimaPyIT][NTH] cells suggested that the complex structure fBeCimaPyrr]*
cation may lead to substantial fragmentation and formation of a vast range of
radicals. This may be corroborated by the considerable amount of small
WOI-B2 YV GSRQ | &a AQEPHNTS SIMSAatall KS b |
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Figure 3.15. Positive ion depth profiles of thMzMzHﬂqh,WB B¢ (with
0.5M Na[NT§]) SEI showing presence of potential catoron reaction product
[GHi7NOFR]* and other cation and anierelated assignments. Analysis performed
using 20 keV Arpeo” for sputtering and analysis at75 °C. Bottom image shows

magnified lower intensity region (bottom).

Another aspect that may be noticed by analysiiggire3.15, Figure3.16
and Figure3.14 is the diversity in the shape of the intensity profiles: Na

[C.GimaPyIT][NTH] intensity profiles appear more overlapped than in- Na

~ s ~A L~ s

Why 33 8 OF® F2NJ SEI YLX S LNG fH RIFGARIG 2N YK

d)pMZMzHZHG w¥BGeem to have a considerable decrease in intensity upon
sputtering time, whereas fab py 5 54/ B WEEor example, the intensity

does not seem to decrease to thersaextent (see orange and yellow intensity

profiles inFigure3.15).
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Figure3.16. Positive ion depth profile of NapMzMZHZHG wHB@with 0.5 M Na[NEf) SEI
showing the presence of catiwalated assignments at the outermost layer, with
potential cationanion reaction product gEisNF]*. Analysis performed usira keV

Arsoog” for sputtering and analysis at75 °C. Bottom image shows magnified lower

intensity region (bottom).

Analysis of these selected assignments showigure3.14, Figure3.15
Figure3.16 has led to a few pertinent observations. However, thistsgismall
reflection of the data, considering the size of the SIMS dataset obtained in these
interphase studies. In addition, although these peaks selected show some of the
most prominent intensity profiles in the depth profile plots, it is important to
remember that intensity does not necessarily mean concentration in SIMS
analysis. Thus, many other assignments with lower intensity, which perhaps
might even have a higher abundance in the SEI, have not been analysed
carefully. To overcome the challengeanflysing the voluminous and complex
SIMS dataset, multivariate analysis was used to gain a better picture of-the Na

IL interphase structure and composition.
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3.6.1 Multivariate analysis of 3D OrbiSIMS depth profile elLNaterphase

Multivariate analysis of 85 data for the N&L SEI studies was
performed as described ChapteR. For a full rationale of the process followed
to obtain the results present herein, refer to Sect@d, in Chapter2. In
summary, Nomegative Matrix Factorisation (NMF), a type of a Multi Curve
Resolution (MCR) was adopted. In semetms, NMF organises complex dataset
by grouping the constituents that display similar features into endmembers.
Thus, each endmember is a fit, a representation of all the constituents in the
dataset that display a certain feature. When performing NMfepth profiling
SIMS dataset, the endmembers are displayed in an intensities plot, which
represents the depth profile plots in SIMS. The constituents of the endmembers
are displayed in a characteristic plot. A characteristic plot is a mass spectrum of
the constituents of that endmember, with the intensity of the constituents

normalised to how much each constituent is described by that endmember.

The number of expected endmembers (a user input when performing
NMF) was estimated with principal component lgsiz (PCA), as described in
Section2.4. The PCA of each dataset is shownippendix1.A.2.3 Appendix
1.A.2.&lso shows NMF results fdMS dataset excluding the assignments with
the largest area (and consequently high intensity in the depth profile plots), as
[CQN&]*for example. The very intense profile of these assignments may hinder
the intensity profile of other assignments, limiting the scope of the MVA. Thus,
this has been danto be sure that any conclusions made with the aid of MVA

accounts for the intensity profile of the vast majority of the assignments.

Figure3.17 shows the NMF inteiity plot for the three NdL samples,
andFigure3.18, Figure3.19 and Figure3.20 show the characteristic spectra of
each endmember for [GGimPYIT][NTE], WPy 5 541/ S OHEC and

why 5 5 6 wheMa interphase, respectively.

Figure3.17 shows that the SEI for all the ILs studied herein can be
summarised into four main intensity profiles (NMF endmembers). All intensity

profiles show that theonstituents described by endmember 1 (pink traces) are
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largely concentrated within the outermost layer (at very early sputter times),
whilst assignments described by endmembers 2 and 3 are mostly concentrated
in the inner layers. Finally, the deepestlayhought to be at the vicinity of the

Na electrode, is where most of the assignments represented by endmember 4
are concentrated. Regarding the SEI WilCamaPyrr][NT4]-based electrolyte,
Figure3.17a shows that endmember 1 also shows significant presence within
the inner layers. In fact, endmember 1 displays a local maximum at
approximately 30@ sputter time. This suggests that the SEI with
[CG.GimaPyIT][NTH] isnot as clearly layered as the SEI \Aiitpmz % .5ahi (P wEB¢

andd)PMzMszn'S wEBgeems to be, considering the overlap of the endmembers

as evidently shown iRigure3.17a.
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Figure3.17. NMF intensity plot of SIMS dataset for SEI of 0ManmPyrr][NT4], b) N
WPy 3 54,0 OB@Nd €) Naw py 5 5 6 wGtshowing four NMF endmembers

(representation of all the constituents in the dataset that display similar feature,

intensity profiles in this cas&yote how the overlap of NMF endmembers decreases in
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Figure3.18-Part . NMF characteristic spectra of {aCimaPyrr][NT4] (0.5 M Na[NTEf) SEI showing endmembers 1 (pink) and 2 (green), with endmember 1

mainly composed of catiamelated compounds and endmember 2 composed of a mixture of cation anerelaitaad assignments.
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Figure3.18-Part II.NMF characteristic spectra Ma[CCimaPyrr][NT4] (0.5 M Na[NBf) SEshowing endmember3 (blue) and4 (purple). Note the

presence of oxides arydroxides as well as catioelated assignments even at the innermost profile depth represented by endmember 4.
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