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Abstract
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Lithium-ion batteries constitute a leading technology that plays a major role in the transition
towards sustainable transportation and power generation. The stability of modern batteries relies
on a passivation layer formed on the negative electrode known as the solid electrolyte interphase
(SEI). Despite concerted efforts to comprehend the various processes taking place during SEI
formation, monitoring the reaction pathways in real-time is still very challenging. This is due
to the complex interactions within the multicomponent electrochemical system, aggravated by
the wide range of electrolyte compositions, electrode materials, and operating conditions.

In this thesis, operando surface enhanced Raman spectroscopy is explored to elucidate
the progressive formation of the SEI on the negative electrode surface when the electrode is
negatively polarised in a spectro-electrochemical cell. Complementary online-electrochemical
mass spectrometry is employed to identify the associated gaseous products formed during the
process. The work illustrates that the electrolyte as well as contaminants, such as O,, CO,, and
H,O, contribute in electro-/chemical processes that build up the SEI. The thesis then explores
reaction pathways involving a SEI-forming electrolyte additive, namely vinylene carbonate
(VC), emphasizing its role as a H,O scavenging agent. In comparison to the conventional
electrolyte solvent ethylene carbonate, VC exhibits a faster reaction with water impurities,
particularly in presence of hydroxide ions. This results in the formation of products that are less
likely to impact cell performance.

In the later part, the thesis delves into understanding the stability of electrolyte in an
environment of Lewis bases (LB) typically found in the SEIL For that, individual LB (e.g.,
OH’ and OCHy) are mixed with typical carbonate-based solvents and the products formed
as a result of the reaction are analysed. Furthermore, tris(trimethylsilyl)phosphate (TMSPa),
a representative of the silyl-functionalised electrolyte additive and known for its reactivity,
especially towards fluorides, is used as a means to chemically probe its reactivity towards
several LB residues. This investigation aims to establish a more simplified and generally
applicable reaction mechanism thereof. The products that are soluble in the electrolyte have
been investigated by nuclear magnetic resonance spectroscopy and those in the gas phase is
characterised by mass spectrometry. The work highlights that the residues that remain active
even after the SEI formation may lead to unwanted side-reactions.

The thesis contributes to a deeper fundamental understanding of the myriad of processes
that take place in batteries during SEI formation providing insights crucial for designing next-
generation battery materials.
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“Completing this PhD was like assembling IKEA furniture—confusing at
first, requires countless tools, and you're left wondering if you missed a cru-
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1 Introduction

1.1 Motivation for energy storage

In an age marked by constant technological advancements, flourishing popu-
lations, and an ever-increasing demand for energy, the necessity to develop
efficient and sustainable energy storage solutions has become paramount. The
global landscape is witnessing a profound shift towards renewable energy
sources, such as solar and wind, as nations strive to mitigate environmental
impacts and reduce dependence on finite fossil fuels. However, the intermit-
tent nature of renewable energy generation poses a significant challenge to its
seamless integration into existing power grids. Hence, we need a technology
that supplies the energy on demand, i.e., it is able to store the energy generated
from these power stations, enabling us to use it later no matter what part of the
year or season or day it is.° There are different solutions to that, to which bat-
teries, fuel cells and capacitors belong. One such example is the lithium-ion
battery (LIB) that has ensured continuous flow of electricity in stationary or
mobile mode applications even in the remotest areas, thus enabling the transi-
tion towards sustainable power generation and transport.

The interest in Li metal for usage in rechargeable devices stems from Li’s
large negative potential (-3.04 V vs. Standard hydrogen electrode, SHE) and
high (theoretical) gravimetric capacity (3860 mAhg™).” Still, Li metal has not
been successfully used on a large scale as electrode material due to its high
reactivity towards electrolytes and challenges associated with surface dendrite
formation during operation, which in turn causes short-circuiting and thermal
runaway and thus posing serious safety issues. Therefore, “intercalation” or
“insertion”-type electrodes have been developed, which have the ability to
host Li" while allowing repeated Li" de-/insertion over several thousands of
cycles, hence the name “Li-ion” battery.® One such positive electrode active
material, lithium cobalt oxide (LixCoQ,), has an output average electrode po-
tential is 3.7 V when paired with a Li metal negative electrode in a “half-cell”
configuration.” On the negative electrode side, commonly used graphite al-
lows for greatly enhanced full-cell energy densities due to its low de-/lithiation
potential (which maximizes cell voltage) and high gravimetric capacity of 372
mAhg' (compared to any other “insertion-type” negative electrode con-
tender). Much like the phase transitions occurring in the positive electrode,
the lithiation process of graphite unfolds through a series of sequential and
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well-ordered stages, culminating in the formation of LiCs. Each stage corre-
sponds to plateaus in the electrochemical potential observed during both
charge and discharge.

In 1991, Sony first commercialised LIB combining Asahi Kasei’s petroleum
coke negative electrode and Goodenough’s LixCoO», and since then more such
batteries based on the most reliable carbonaceous negative electrode and transi-
tion metal-based positive electrode are available in the market.'?

1.2 Elementary Concepts of Lithium-ion battery

When an external load is connected to the charged Li-ion cell, the cell under-
goes discharge. Li" move from the negative electrode to the positive electrode
through the electrolyte medium and electrons conduct from the negative elec-
trode to the positive electrode via the external circuit generating an electric
current (as illustrated in Figure 1.1). The transport of Li" during discharge is
spontaneous and the driving force is the difference in the electrochemical po-
tential of the Li in the two electrodes. During charge, the same process takes
place, but in opposite direction. Figure 1.1 depicts a typical Li-ion cell during
discharge. The electrode active materials are generally coated on metallic
sheets, referred to as current collectors, that provide electronic connection to
the external circuit. The electrodes are separated by a separator, which serves
as both a physical barrier that is chemically and electrochemically inert, and a
porous membrane that soaks up electrolyte."’

External
load

I

Cu current Li* Li* Lit Al current
collector* collector

Electrolyte

n Separator Li-metal oxide

Negative electrodeside Positive electrode side

Figure 1.1: Schematic illustration of a Li-ion cell in operation. The electrodes are sep-
arated by a physical barrier, called separator. The ions diffuse from the negative to the
positive electrode via the separator while electrons flow through an external circuit.
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Upon several charge-discharge cycles, the performance of a Li-ion cell fades
in terms of capacity loss and power. This is due to a large number of physical
and (electro)chemical mechanisms, which affect the different components of
the cells. Most of these ageing mechanisms are dominated by the surface pro-
cesses occurring on either of the electrodes. It is therefore valuable to develop
a deeper understanding of those processes that can have a detrimental effect
on battery performance.

1.3 The LIB electrolyte

The state-of-the-art LIB electrolytes contain a Li-salt dissolved in a mixture
of two or more organic carbonate-based solvents, with or without additive
molecules. In his assessment, the scientist Kang Xu went into great length on
what a perfect electrolyte should be and his conclusions were: ’

e chemically inert towards electrodes, housing material and the sepa-

rator.

e cxhibit thermal stability.

e clectrochemically stable over a wide voltage window.

e cxhibit low viscosity.

e high ionically conductive over a wide range of temperatures.

e non-toxic, environment and cost-friendly.

Typically, a mixture of more than one solvent in definite ratios is used in order
to optimize the desirable properties of the electrolyte. On the other hand, only
one electrolyte salt is commonly used because the interaction of more than
one anion in the electrolyte salt can complicate the system and can add unde-
sirable effects.

1.3.1 Lithium salts

The most common LIB electrolyte salt is the lithium hexafluorophosphate
(LiPF¢). The salt permits high electrolyte conductivity combined with anodic
stability up to 5.1 V vs. Li"/Li. However, it is known to be hygroscopic and to
react with residual water forming corrosive and highly reactive hydrogen flu-
oride (HF)'? (reaction 1.1 and 1.2)

LiPFg = LiF + PFs (1.1)
PF; + H,0 — 2HF + POF, (1.2)

HF reacts readily with surface species such as carbonates (reaction 1.3 and
1.4)
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HF + ROCO,Li — LiF + ROCO,H (1.3)
2HF + Li,CO; — 2LiF + H,CO, (1.4)

where R is a low-molecular-weight alkyl group. The primary reaction product
resulting from these reactions is LiF. While LiF is recognized for its notable
chemical stability,' its presence in the cell remains a subject of debate. Some
argue that it is an undesirable component in the cell due to its limited perme-
ability for Li" ions.'* In addition to HF’s reactivity towards carbonates, it can
also favour dissolution of transition metals present in the positive electrode,
which can then migrate and be reduced on the negative electrode surface."

Some of the other Li-salts that have been widely studied are lithium per-
chlorate (LiClOs), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and
lithium bis(oxalate)borate (LiBOB).'® Non-fluorinated LiClO4 is known for
its high conductivity and high solubility as well as high anodic stability, but
imposes safety concerns at high temperature. Despite the disadvantages,
LiClOg at a lab scale would be a good alternative to LiPFe to investigate inter-
facial reactions and avoid the interference of the reactive HF. Owing to the
high stability of the perchlorate anion, it can be used in model studies and
hence, is extensively used in this thesis.

1.3.2 Solvents

Most of the commonly used LIB solvents fall into the category of organic
carbonates, esters and ethers (see Table 1.1).” Carbonate solvents include lin-
ear and cyclic alkyl chained carbonates.
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Table 1: Few of the commonly used LIB solvents with their physical properties!’
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Esters are known for their excellent anodic stability, but they are readily
reduced at the negative electrode side making them unsuitable for operations
at low potential. Carbonates, on the other hand, are known for their stability
at potentials where most negative electrode materials operate. Ethylene car-
bonate (EC), one such carbonate solvent, is solid at room temperature but
when mixed with a linear alkyl carbonate solvent, the mixture remains liquid
over a wide range of temperatures. Although EC is viscous, its merit lies in
the fact that it has high dielectric constant, and hence is able to dissolve salt in
high concentration. During charge-discharge cycling, EC is known to decom-
pose into both organic and inorganic compounds like lithium alkyl carbonates,
alkoxides, oxalates, and various other lithium salts.'®!” These decomposition
products may precipitate on the electrode surface and form surface film, which
will be discussed extensively in the later section.

In this thesis, EC and a mixture of EC with DEC are extensively used as
these are often used in the state-of-the-art LIBs and the objective is to combine
the synergistic qualities of each solvent, namely the strong polarity of EC and
the low viscosity of DEC, in the electrolyte. In addition to these carbonates,
DME is also used as the background solvent in a study due to its superior
chemical stability towards nucleophilic attack and also to avoid influence of
other linear and cyclic carbonate.?

1.3.3 Additives

Electrolyte additives are typically chemical species dissolved at low concen-
trations (<5 vol%) to improve electrolyte functions and cell performance.” On
the basis of their unique functionality, they can be classified into:
e Passivating layer formers (e.g., vinylene carbonate (VC), fluoroeth-
ylene carbonate (FEC)),
o flame retardants (e.g., hexamethoxycyclophosphazene (HMPN) and
trimethyl phosphate (TMP)),
e cathode surface layer formers (e.g., n-butylferrocene),
e ion conductivity enhancer (e.g., boronates).

Comprehending the role played by electrolyte additives remains a significant
challenge. For example, specific properties of the electrode passivation layer-
forming additives responsible for achieving a more stable cycling lifetime, as
well as the intricate details of the initial reduction processes governing the
composition and morphology of the layer, are still not fully understood. Con-
sequently, the assessment of whether surface layer-forming additive benefits
cell performance relies on a laborious trial-and-error process through battery
cycling.?'** Additionally, extensive research efforts have been dedicated to
computationally determine reduction voltages, enabling predictive screening
of suitable additives for subsequent experimental testing.'*?!
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1.3.3.1 Vinylene carbonate
VC was among the pioneering electrode passivation layer -forming additives
that demonstrated genuine enhancement in LIB cycling stability, but its effec-
tiveness relied on the appropriate dosage.”! Since the early 2000s, numerous
advanced surface analysis techniques have been employed to investigate the
composition of the nano-thick surface passivating layer generated by VC.
Aurbach et al.” and Ota et al.** showed that the VC results into more flexible
and cohesive polymeric species compared to when VC is absent in the elec-
trolyte. The main polymeric species consisted of poly(VC), a ring-opened pol-
ymer of VC and polyacetylene. It was surmised that the presence of VC could
help suppress both solvent and salt anion reduction, and therefore increase the
thermal stability of the electrodes.

Efforts have been made to enhance our understanding of the mechanistic
aspects related to various chemical reaction products and pathways for VC.
The list of electro-chemical reactions of VC are (reactions 1.5-1.11): **28

(1.5)

(1.6)

(1.7)

(1.8)

(1.9)

(1.10)

(1.11)
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1.3.3.2 Tris(trimethylsilyl)phosphate

A large group of performance-enhancing additives contains organosilicon si-
lyl groups (R3Si, where R is methyl group), which when included are known
to react with HF. Particularly, the silyl-functionalized phosphites (P(OSiR3)3)
and phosphates (O=P(O SiR3)3) (as shown in Figure 1.2) have been researched
for years.”*> One well-known representative is tris(trimethylsilyl)phosphate
(TMSPa), which, apart from scavenging HF, has also been claimed to be
“multifunctional”, e.g., in the sense of being an electrode layer former (both
on the positive and negative electrode).’’**** The reactivity of this additive
might not be restricted to only fluorides, but could also be extended to other
chemical species which are present as cell constituents. In this thesis,
TMSPa’s selective reactivity towards adverse chemical species has been uti-
lized in order to disentangle the individual processes in the complex chemistry
of a practical Li-ion cell.

Figure 1.2: Examples of silyl functionalised electrolyte additives used in commercial
LIBs. TMSPa is represented by O=P(O SiR3);, where R denotes methyl group.

Indeed, it has been reported that LiNi;;3sMni3Co01302(NMC)/graphite-based
Li-ion cells with TMSPa added display longer cycle and calendar life and ex-
hibit lower impedance. Another study showed that TMSPa used as an additive
in Li-rich NMC/graphite cells does not necessarily form a surface passivation
layer by being electrochemically reduced/oxidized, as no gas evolution was
registered in OEMS during reduction/oxidation. But they say that by scaveng-
ing other fluorides, such as LiF residues, TMSPa is able to lower the cell im-
pedance.’” Removing the highly resistive LiF from the surface layer while re-
placing it with side products from TMSPa degradation, such as P- and O-rich
compounds, would increase Li" conductivity while at the same time suppress
adverse side reactions within the cell.
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1.4 Interfacial chemistry in LIBs

1.4.1 Interface and interphase

The interface marks the meeting point between the electrode and electrolyte.
In classical electrochemistry, an ideal interface is conceptually two-dimen-
sional, implying a negligible thickness. In order to fulfil this criterion, elec-
trodes must operate within the electrochemical stability window (ESW) of the
electrolyte. The ESW is the difference between oxidation and reduction po-
tential of the electrolyte/electrode system. The oxidation potential of the elec-
trolyte should be higher than that of the positive electrode while reduction
potential of the electrolyte should ideally be lower than that of the negative
electrode for the electrolyte to be electrochemically stable.*®

Simply put, an ideal interface must be clean i.e., devoid of any “junks”.
Failing to meet this criterion results in the interface between the electrode and
electrolyte to transform into a distinct entity, provided the products forming
this entity have lower solubility in order to precipitate and stay. This distinct
entity is known as an “interphase”, a term introduced by Peled in 1979.%

The interphase emerges from irreversible reactions between the electrode
and electrolyte. These irreversible reactions render junction between the elec-
trode and electrolyte no longer clean, as the solid “junk/residues” generated
by the reactions deposit on the electrode surface, forming an independent
three-dimensional phase.

On positive electrodes, the interphase layers are typically less discussed
because positive electrode’s operational voltages often fall within the ESW.
Consequently, fewer studies have been conducted on the interphase of positive
electrodes. However, in recent years, there has been a growing recognition of
the significance of these interphases, particularly in the context of high-volt-
age materials. The nomenclature for this interphase is hence less standardized,
and terms such as the "solid permeable interface" or the "cathode electrolyte
interphase" (CEI) have been employed.*®

In broad sense, interphase is just a special layer of products generated by
the reactivity between electrode and electrolyte materials. An interphase can
also be generated before any cell assembly, e.g., AL,Os3 coating on Al surface
is also an interphase.

But before any interfacial chemistry takes place, a self-assembly of elec-
trolyte solvent molecules driven by Li" mobility generates an interfacial elec-
tric double layer (EDL) between the electrolyte and electrode. The properties
of these electrified interfaces control the chemistry and contribute to the over-
all performance of the electrochemical storage devices.
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1.4.2 Electric double layer

Upon polarisation of the electrode negatively, charge (free electron) flows into
the electrode. The charges entering the electrode resides at the surface and
hence a gradient of charge is induced. Now, as a consequence, the solution
side of the interface experiences a change in the potential. This leads to the
redistribution of the charges (ions) in the electrolyte near the interface: the
counter opposite charges of the same magnitude arranges themselves in the
form of discrete layers closer to the interface boundary. One charge in a dis-
crete layer exceeds the counter charge resulting in an excess or net charge
density. The charge that is produced on the solution side of the phase boundary
balances the charge of the metal side but in opposite polarity thus making the
electrified interface or the EDL electrically neutral in nature.*’

The simplest interpretation, referred to as “Helmholtz-Perrin parallel plate
condenser model” says that the variation of potential of the double layer with
distance from the electrode into the solution is linear, similar to parallel plate
capacitor.

Later, Gouy and Chapman came up with a model where they stated that the
charges are rather free and not entirely restricted to the sheet. The charges are
affected by the electric forces from the charges in the vicinity of the interface
on the electrode side and hence the capacity is dependent on the potential.
However, the model predicts the ions to be point charges and completely ig-
nores the ion-ion interaction.

In practice, the complexity of an interface, particularly in the case of a lig-
uid electrolyte arises from the distinct nature of the electrolyte. Unlike elec-
trode materials, which often exhibit excellent electronic conductivity, the elec-
trolyte comprises discrete ions solvated by solvent molecules. The random
thermal motions of ions and solvent molecules disrupt the organized assembly
of ions at the electrolyte-side interface. This disruption results in a diffuse
ionic layer on the electrolyte side, causing a non-linear potential change across
the interface.

The latest and most widely popular model is the Bockris/Devanathan/Miil-
len model. 1t suggests that the solvent molecules (e.g., water) gets adsorbed to
the electrode surface and attains a fixed orientation towards the electrode sur-
face (depending on its dipole moment) (Figure 1.3). The first layer of these
dipolar solvent molecules together with specifically adsorbed ion displays a
strong orientation to the electric field. This orientation has great influence on
the dielectric constant of the bulk solvent that varies with applied field
strength. The inner Helmholtz plane (IHP) passes through the centres of these
specifically adsorbed and partially solvated ions. Outside of it lies the solvated
ions of the electrolyte. The outer Helmholtz plane (OHP) passes through the
centres of solvated ions.

As interfacial structure models are getting more and more aligned with re-
ality, accurately describing the distributions of charge and potentials with
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mathematical precision has become more challenging. To date, the Helmholtz-
Perrin Model persists as the foundational and simplest model for theoretically
elucidating interfaces.
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Figure 1.3: Schematic illustration of EDL according to the Bockris/Devanathan/Miil-
len model. The potential curve corresponding to the regions are presented with orange
dotted line. These curves are useful as they indicate the strength of the electrical force
between particles and the distance at which it operates.

1.4.3 The solid electrolyte interphase-formation & ageing

In this term “solid electrolyte interphase”, SEI, the term "solid" signifies the
layer's insolubility, "electrolyte”" denotes its ion-conducting and electron-insu-
lating characteristics and "interphase" indicates its status as an autonomous
phase situated between the electrode and electrolyte, possessing a distinct
thickness, chemical composition, and morphology. For a typical
LiCoOy/graphite full cell, LiCoO, is within the ESW, while graphite is not.
According to the general consensus, for graphite, reduction of electrolyte
starts around 0.8 V vs. Li'/Li, thus making graphite a site for electrolyte re-
duction. The direct EC (one of the most important ingredients of the electro-
lyte) reduction by one-electron and two-electrons pathway results in lithium
alkyl carbonates (reaction 1.12) and lithium carbonates (reaction 1.13), re-
spectively, with the evolution of alkene gases.*

(1.12)

(1.13)
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Depending on their respective solubilities, they may precipitate on the elec-
trode surface to form the SEI.

Water is always brought in to cell with every cell component because of
the difficulty to perfectly dry these components. As a result, the water content
in the cell can easily reach up to hundreds of ppm. During the initial polariza-
tion process, this trace water can be reduced, forming Lewis bases (LBs) like
lithium hydroxide and lithium oxide (reaction 1.14 and 1.15)

H,0 +e™ - OH™ + ~H, (1.14)
H,0 + 2e~ - 0%~ + H, (1.15)
OH' that are generated at the negative electrode side creates a basic environ-

ment which further leads to parasitic side reactions. For example, EC can de-
compose to produce CO; and glycols (reaction 1.16)

(1.16)

The OH™ can also react with LEDC to form lithium ethyl monocarbonate
(LEMC)* (reaction 1.17)

(1.17)

CO; which is generated in the cell can react with OH™ to form bicarbonates,
carbonates and oxalates (reaction 1.18, 1.19 and 1.20)

OH™ + CO, = HCO3~ (1.18)

HCO3 + e + 2Li* — Li,CO3 + H, (1.19)

2Lit + 2C0, + 2e” - Li,C,0, (1.20)
Furthermore, EC is also known to polymerise at elevated temperature forming
poly-(ethylene-oxide/glycols) (PEO)/(PEG)-like polymers*** (reaction 1.21)

which either deposit on the active materials or dissolve in the electrolyte re-
sulting in increased cell impedance.*
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(1.21)

The polymerisation reaction of EC is accompanied by evolution of CO; (as
described above) which again plays an important role in SEI composition. The
formation of these polymers on the electrode surface is a somewhat more con-
troversial issue, since firstly, the exact role of these specie is still unknown in
batteries and secondly, they have been difficult to identify with standard spec-
troscopic techniques.

An ideal well-formed SEI is chemically stable, non-dissolving, and pre-
vents further solvent degradation while still allowing for sufficient Li"
transport between the electrolyte and electrode during dis-/charge. The com-
position, structure and formation mechanism of the SEI is still under debate
despite numerous studies performed over last three decades.* According to
the first SEI model presented in 1979%’, and further developed in 1983 by
Peled*®, the SEI consists of two layers: a compact thin inner layer and a porous
outer layer. A simple illustration of this model is presented in Figure 1.4. In
1995, Aurbach et al. further proposed that the inner layer consists of inorganic
species, such as LiF and Li,O, while the outer layer consists of organic species
such as lithium alkyl carbonates (illustrated in Figure 1.4).*” Furthermore in
1997, Peled modified their previous model and proposed a ‘mosaic struc-
tured’, ‘polyhetero’ microphase model where different species are in the form
of microregions and arranged in the order in which the electrolyte constituents
are reduced.*® Later in 1999, Ein-Eli suggested another SEI model in which
the decomposed electrolyte solvents adheres to the negatively charged graph-
ite surface through coulombic interaction.*” Recent models suggest that the
SEI formed on graphite consists of an inner inorganic matrix and a porous
outer organic layer.’>”' They reported LiF crystals on the SEI. Thus, one thing
is certain: having a functional SEI is very important for the proper functioning
of the cell. Understanding the underlying formation mechanism could help us
understand our existing system better and design better batteries for future.
Hence, the thesis explores into this very field and seeks answer to the question
“what does the solid electrolyte interphase constitute and what are the various
chemical and electrochemical reactions involved during its formation?”.
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Figure 1.4: Schematic illustration of SEI model in the lithium-ion battery

1.5 Characterisation techniques for interphases

A widespread set of methodologies are used to analyse the SEI on the elec-
trode. Ever since, ex-situ measurements with X-ray photoelectron spectros-
copy (XPS) and vibrational spectroscopy such as Fourier transformation Infra-
red (FTIR) and Raman spectroscopy are employed to probe the electrode sur-
face after cycling.”> However, the downside of ex-situ techniques is that it in-
volves sample preparation steps which could modify the SEI (as SEI is ex-
tremely thin and sensitive to atmosphere), as a result of which valuable infor-
mation is lost. To circumvent this issue, concerted efforts have been made to
develop in-situ technique, under environments mimicking those encountered
during cycling, or better yet operando mode, that enables monitoring the
changes as the reactions take place during operation, thus giving information
about the decomposition of the electrolyte. Furthermore, many additional de-
composition reactions and products can be predicted based on ab initio calcu-
lations.

A few of the techniques employed in this thesis are described in this sec-
tion. A significant part of the PhD work deals with the development of the
operando Raman spectroscopy cell set-up and hence, in this thesis, this tech-
nique is explained in greater detail.

1.6 Raman spectroscopy

1.6.1 Principles of Raman spectroscopy

When monochromatic radiation is passed through a medium, most of the light
is transmitted without any change, while a minor fraction gets scattered. If
the scattered light is analysed by means of a spectrometer, light is found to
undergo both elastic and inelastic scattering.”> When light is elastically scat-
tered, it is called Rayleigh scattering, while the inelastically scattered light is
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known as Raman scattering and the phenomenon is called ‘Raman effect’
(Figure 1.5). The spontaneous Raman effect takes place when the molecule
understudy absorbs incoming radiation and is excited from the ground state to
a “virtual” energy state, thereafter they relax into a vibrational excited state,
giving Stokes line. On the other hand, anti-Stokes lines occur when the va-
lence electrons of the molecule are already in the excited vibration state. Nor-
mally only the Stokes part of the entire spectrum is measured, since it is more
intense than the anti-Stokes part. Raman scattering leads to a change in vibra-
tional energy of a molecule (stretching and bending of bonds) and hence it is
termed as ‘vibrational spectroscopy’. In contrast to infrared absorption, which
is another form of vibrational spectroscopy utilizing the change in electric di-
pole moment of the molecule, Raman scattering spectroscopy is a result of the
molecule undergoing a change in electronic polarizability.
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Figure 1.5: On left, principle of classical Raman effect is schematically represented.
On right, spectra obtained from classical Raman (on planar Au) and SERS (on nano-
roughened Au) are shown.

Approximately only 1 in 107 photons is scattered inelastically. This low count
of photons results in a weak Raman signal and therefore it displays a low sen-
sitivity. However, Raman scattering can be locally enhanced in the vicinity of
nanostructured coinage metals, a strategy denoted surface-enhanced Raman
spectroscopy (SERS, Figure 1.5, on right)

1.6.2 Surface-enhanced Raman spectroscopy

SERS enables detection of even single molecules when placed in close prox-
imity to nanostructured metal surface. The exact mechanism behind such a
signal enhancement from the adsorbates has not yet been conclusively deter-
mined. Two of the most widely accepted theories are:**° 1) Electromagnetic:
When light is incident on the metallic surface, localized surface plasmons are
excited. When the frequency of the oscillating electric field of the incident
light is in resonance with that of the surface plasmons, enhancement of the
electric field near the surface occurs which magnifies the intensity of the Ra-
man scattering light. The word “localized” means that the electron oscillations
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do not propagate, but are spatially localized in three dimensions typically
smaller than the wavelength of light. The field enhancement occurs at two
instances. First, the field enhancement due to local surface plasmon resonance
(LSPR) at the interface magnifies the intensity of incident light, which will
excite the Raman modes of the molecule being studied, therefore increasing
the signal of the Raman scattering. The Raman signal of the scattering light is
then further magnified by the surface due to the same mechanism that excited
the incident light, resulting in a greater increase in the total output. 2) Chemi-
cal: Upon interaction with the incident light, the metallic substrate alters the
distribution of charges within adsorbate molecules, resulting in a greater po-
larizability, hence, causing a stronger Raman scattering. Although the chemi-
cal effect leads to a relatively weaker enhancement as compared to the elec-
tromagnetic mechanism, it is mostly responsible for the determination of fre-
quency shift and relative intensity of the peaks, in electrochemical systems.*
One of the two main factors influencing the surface-enhancement is substrate
type and its morphology. Generally, Au, Ag and Cu are known to exhibit
SERS activity owing to the optical properties of the free electrons sustaining
the surface plasmon resonance. Although SERS can be observed from electric
field enhancement at single nanoparticle or a very sharp tip, it is beneficial to
have tailored nanostructures, e.g., allowing the analyte molecules to be placed
within nano-gaps between two metal particles, or between the particle and the
surface. These nanometer-sized spatial regions are called “hotspots” which
can lead to enhancement factors (EF) of about 10°-10° (will be discussed in
details in the section 4.1.1). The second factor is excitation wavelength. The
laser excitation wavelength influences the Raman band intensity since the ra-
diated power by an oscillating dipole is inversely proportional to the fourth
power of the laser wavelength (I ~ A™*). This means that the same molecule
scatters more Raman photons when excited with green laser light (532 nm)
than when excited with near-infrared light (785 nm). However, since the cross
section for fluorescence is larger (about 6 to 10 orders of magnitude) than
Raman scattering, Raman spectra might get overwhelmed by the fluorescence
background making the detection of Raman spectroscopic signatures, even
when surface enhanced, extremely difficult. The source of fluorescence is typ-
ically from the fluorescent impurities, even in trace amounts, or defects within
the crystal lattice arrangement or exciton-coulomb related electron-hole pair.

1.6.3 State-of-the-art SERS studies on interphases

SERS has been employed for in-situ and operando studies of SEI formation
due to the high intrinsic surface sensitivity, simple set-up, and commercially
available optimized SERS substrates. Sang-Don Han et al. employed in-situ
SERS to study the composition of the SEI on a silicon negative electrode and
correlated the spectroscopic observations with the electrochemical perfor-
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mance of the electrode.’” They detected lithium carboxylate and lithium pro-
pionate species in the SEI formed in EC:EMC based electrolyte. Mozhzhu-
khina et al. showed that when a model Au SERS substrate is negatively polar-
ized, charging of the electric double layer appears to be directly observed until
the formation of SEI, which subsequently dominates the spectral response.™
The operando methodology showed that electrolyte impurities, such as HF
and H,O, even if present in trace amounts, significantly contribute to the SEI
dominated by LiF and Li,CO; formed in multistep (electro-)chemical pro-
cesses. Further more advanced Raman spectroscopy substrates include the
shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS), first
employed by Hy et al. to investigate the SEI formation on Si and Cu elec-
trodes.” They reported the presence of VC reduction product in the SEI when
cycled with VC containing electrolyte. Recently, Gajan ef al. employed the
SHINERS approach under operando conditions to track the dynamic evolu-
tion of the SEI on Au and Sn electrodes upon cycling of LIB cells.®® They
were able to detect diethyl 2,5-dioxahexane dicarboxylate (DEDOHC) com-
pound in the SEI formed on Sn but not on Au negative electrode, thus high-
lighting the catalytic effect of the tin oxide (SnO) substrate electrode towards
reactions with DEC and EC. Classical experimental challenges commonly
found in the field of surface science, such as influence of impurities, were
however not addressed.

1.7 Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) is a spectroscopic technique commonly
utilized to analyse the molecular structure of a compound by observing and
measuring the interactions of its atomic nuclear spins. Nuclear spins line up
in one direction under the influence of an external magnetic field, when the
atomic nuclei are exposed to a radiofrequency pulse, the spins flip to a higher
energy state. As the spin relax back to the lower spin state, it emits energy
which is equivalent to an energy value characteristic of the nucleus type and
environment. The primary parameter to take into account is the angular mo-
mentum caused by the spin of the magnetically active atomic nuclei (gyro-
magnetic ratio, y # 0). From a classical perspective, the magnetisation axis
spins over the direction of B, (static magnetic field) with a characteristic Lar-
mour frequency (w,), defined as w,= yB,. 2D NMR experiments are related
to NMR spectra with two orthogonal frequency axes and they can be classified
as homonuclear or heteronuclear NMR experiments. 2D homonuclear NMR
experiments display the same nuclei (e.g., "H-'H or *C-"3C) on the two dif-
ferent frequency axes of the 2D spectrum. 2D heteronuclear NMR experi-
ments display information about two different nuclei on the two orthogonal
axes of a 2D spectrum. For instance, in proton-detected experiments such as
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the classical heteronuclear single quantum correlation (HSQC) or heteronu-
clear multiple bond correlation (HMBC) experiments, the 'H nucleus fre-
quency information is usually displayed on the F2 dimension (horizontal axis)
and °C nuclei are shown onto the indirect F1 dimension (vertical axis). The
HMBC spectra give correlations between carbons and protons that are sepa-
rated by two, three, and, sometimes in conjugated systems, even four bonds.
The HSQC spectra give correlation between carbons and protons that are di-
rectly bonded to each other (single-bond correlations).

In general, nuclei typically exhibit NMR signals associated with the local
chemical environments, influencing characteristics such as the chemical
shifts, signal peak shape efc. Therefore, NMR spectroscopy allows these spe-
cies to be distinguished on a local atomic level. In the field of batteries, this
technique is useful to characterise electrolyte decomposition products that are
produced under various cell operating conditions and thus, one could infer the
primary reaction involved during the process.’' ® It is often very suitable for
the study of complicated mixtures with components that are present in low
concentrations. In this thesis, solution NMR is employed to identify the reac-
tion products that are present in liquid phase.

1.8 Online Electrochemical Mass spectrometry

Mass spectrometry (MS) is used to qualitatively and quantitatively probe the
volatile gaseous products. A highly successful and promising approach is
online electrochemical MS (OEMS) developed for the study of electrode po-
tential-induced reactions.** The set-up consists of an electrochemical cell, a
gas sampling system, and a capillary inlet to the MS.%* Gas that is present or
generated in the cell is sampled out during operation and injected into the MS.
When the gaseous molecules enter the mass spectrometer, they are ionized by
an ionisation source present in the spectrometer and then the ionised mole-
cules and possible fragments thereof are accelerated into a mass filter, which
separates gaseous molecules according to their mass (m) and charge (z).

A few of the volatile reaction products relevant to this thesis with their cor-
responding m/z channels are: H»-2, H>O-18, methane-15,16, ethane- 26, 28,
30, methanol-31, ethanol- 31, 45, 46, C,H4-26, 0,-32, CO,-44, POF3- 85 and
DEC- 91.%4

By probing the gaseous phase of the cell, OEMS offers several advantages,
including significantly reduced electrolyte-induced background in the MS and
enhanced sensitivity for detecting various reaction products. This capability is
crucial for gaining insights into electrochemical processes and understanding
their underlying mechanisms.
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2 Thesis scope

The thesis explores primarily chemical and electrochemical reaction pathways
of electrolytes at the negative electrode of a Li-ion cell. A practical LIB is a
multi-composite system that involves a complex chemistry of SEI layer for-
mation. Several details of experimental conditions, such as electrode substrate
composition/morphology, electrolyte volume per surface area and purity, efc.,
often lead to complicated results, thus making the analysis challenging.
Hence, in this thesis, model systems are employed in order to reduce complex-
ity. By reducing the number of components, e.g., by introducing a more well-
defined single-element surface and simplified electrolytes, the likelihood of
unpredictable side-reactions is lower and the possibility of tracing the reaction
products increases, thus facilitating spectral deconvolution and analysis. In
paper L, the real-time formation of SEI is comprehensively investigated using
operando surface enhanced Raman spectroscopy. By negatively polarizing the
Au SERS substrate in a half cell configuration down to 0.5 V vs. Li'/Li (where
SEI is expected to have formed) in a model electrolyte, the influence of the
individual electrolyte constituents, including impurities in the cell, is summa-
rised. Complementary to Raman analysis, OEMS is utilized to characterise
volatile gaseous products evolved during the SEI formation on the Au sub-
strate immersed in an EC-based single solvent electrolyte. Implementing these
measurements on solid/liquid LIB interfaces requires a sophisticated experi-
mental setup. Therefore, practical aspects have been discussed, such as the
choice of an appropriate SERS substrate, the configuration of an electrochem-
ical setup, and the formulation of the measurement procedure.

It is not necessary that all the electrolyte decomposition leading to SEI take
place via electrochemical processes or involve a reduction step; some decom-
positions occur through thermally activated chemical reactions. For example,
chemical hydrolysis of EC forms CO,. The reduced negative electrode estab-
lishes a highly alkaline environment, further contributing to these side-reac-
tions. Hence in the follow-up studies, the focus is placed on mechanistic un-
derstanding of the chemical degradation reactions of different electrolyte com-
ponents (solvents and additive) in presence of LBs typically found in LIBs.
The degradation process of VC, a commonly used SEI-forming additive, has
been overlooked in many studies because it shows up at the H>O reduction
potential and assumed to be purely electrochemical. Understanding its chem-
ical degradation is very important to understand its effect and realise the full
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potential of such an additive. Thus, the chemical degradation processes of VC
and kinetics of its hydrolysis are studied in great detail and compared with its
saturated counterpart, EC (in paper II). The experimental results include a
combination of gas analysis and solution NMR spectroscopic analysis. In Pa-
per 111, light was shed on the electrochemical reduction reaction pathways of
VC on carbon electrode by operando gas analysis. A new understanding of
the VC electrochemical reduction processes and hydrolysis as well as their
possible positive influence on SEI formation processes is highlighted.

The thesis at later stage (paper IV) proceeds with an investigation to un-
cover the reactivity of the LBs towards TMSPa, a representative of the com-
monly used silyl derivative phosphate electrolyte additive family. This is an
attempt to describe the dynamic nature of the SEI and use the electrolyte ad-
ditive as chemical probe to perform the reaction mechanistic study. NMR and
in-situ injection cell-coupled MS are employed to detect and identify the re-
action products. In Paper V, the previous study (Paper IV) was expanded
upon, delving deeper to gain insights into the reactivities of TMSPa towards
H,O in LIBs. Although the detrimental impact of H,O impurities on the per-
formance of Li-ion cells is widely acknowledged, the specific reaction path-
way of H,O in real cells has received limited investigation and understanding.
Based on the evidence from NMR and GCMS analysis complemented by mo-
lecular dynamics-density functional theory (MD-DFT) simulations, a new re-
action pathway is proposed. Thus, at the end of Paper IV and V, a new un-
derstanding of the additive reaction mechanism is attained.
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3 Experimental

The electrolyte solutions used in the experiments were prepared as per the
procedures stated in paper L, IL, III, IV and V respectively. The solution stor-
age, sample preparation and cell assembly were done in the glovebox and the
H,0O and O; contents inside it were kept below 1 ppm.

3.1 SERS

The operando Raman measurement (Renishaw InVia 2013 spectrometer, UK)
in paper I was performed in a custom-made spectro-electrochemical cell
where SERS Au (company Silmeco, Denmark)® is used as the model working
electrode. The SERS-active substrate measures ~3x3 mm and features free-
standing Si nanopillars, all of uniform height (~1000 nm), capped with a layer
of Au. Refer to Figure 3.1(a) and (b) for scanning electron microscope images
of the substrate.

1 i se— 200 NM m—

Figure 3.1: (a) and (b): SEM images of the SERS-active substrate used in this thesis.
The nanopillars across large areas have a uniform height.®® Copyright (2012) Wiley.

A schematic illustration of the custom-made spectro-electrochemical cell is
presented in Figure 3.2(a)). A lithium foil is used as a counter electrode and
50 pL of a model electrolyte based on only a single salt in single solvent i.e.,
LiCIO4 in EC mixed in 1:6 molar ratio. The Li foil was pierced in the middle
of 1 mm diameter hole. The laser beam impinges the Au substrate through the
hole in the Li and the electrolyte.

31



(a)

1) Counter electrode

2) Separator (PEEK)

3) Working electrode, SERS Au
4) Plunger

5) Sputtered Au on PEEK

6) Teflon insulating cylinder
7) PTFE o-ring

8) HDPE sealing ring

9) Optical window

10), 11) Spring

(b)
L ]
2 Reactant 1
in syringe
to MS Arin
-—
Gas evolved
[ Stirring plate ]

Figure 3.2: Schematic illustration of the (a) operando Raman cell and (b) injection
cell set-up used in this thesis.

The Raman spectra were obtained with a laser power source of wavelength of
785 nm (laser power 1.5 mW) and grating of 1200 lines/mm. The acquisition
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time for one Raman spectrum was 100 s (20 s * 5 accumulations). The stand-
ard mode laser spot size is ~1.5 um at 50x magnification. Raman spectroscopy
was performed during the same time as reducing the electrolyte on the Au.
Autofluorescence background was corrected and the peak fitting was per-
formed using least-square minimization of Lorentzian type peaks in a custom-
made python-script.

3.2 NMR

In paper II, VC was exposed to water in presence of a LB, namely hydrated
tetrabutylammonium hydroxide in certain molar ratio. Anhydrous dimethyl-
sulfoxide (DMSO)-ds (99.9%, VWR) was taken as the background solvent
and internal standard for 'H (2.46 ppm) and ">C (39.9 ppm) for NMR. In paper
III, 120 pL of electrolytes were extracted from cycled cells and put into the
outer tube and the inner coaxial tube was filled with the deuterated solvent. In
paper 1V, saturated LB solutions were prepared by adding 100 mg of LBs in
2 mL of EC:DEC(1:1 v/v) mixture in separate vials. In paper V, similar sam-
ple preparation procedure was undertaken, where 0.5 to 5v% H>O was added
to the background solvent. For samples with the additive, 5v% TMSPa was
added to the solution. 'H, 400 and 600 MHz; "°C, 162 MHz: *'P, 162 MHz;
F, 376 MHz NMR spectrometer (JEOL, 400 MHz and Bruker, 600 MHz)
were used, and chemical shifts were recorded in parts per million (ppm). All
spectra were processed and analysed by MestReNova 6.0.2-5475.

3.3 Mass spectrometry

In paper L, II and III, OEMS is employed which is able to monitor the gases
evolved during the cell operation and hence deduce the chemical reactions
responsible for those products. In paper II again and in paper 1V, a slightly
different set-up of MS is used where the MS is coupled to a vial/chamber with
a syringe that allows a qualitative and quantitative analysis of the various
gases evolved as a result of the chemical reaction taking place therein upon
injection of the content into the reactive chamber (illustration of the set-up in
Figure 3.2 (b)).

1.1.1. OEMS cell assembly

As stated in paper I, in OEMS cell, circular Au-coated stainless-steel mesh
electrodes were used as working electrode. To avoid gas evolution from the
counter electrode, LiFePOj electrodes were punched and delithiated to 3.43 V
vs. Li"/Li before assembly. Linear sweep voltammetry (LSV) was performed
from open circuit potential (OCP) down to 0.5 V vs. Li"/Li with a scan rate of
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0.1 mV s'. In paper II and III, the same procedure was done, glassy carbon
electrode was taken as negative electrode, the baseline electrolyte was re-
placed with LP40 in paper II and LiClO4 in DME in paper II1.

3.3.1 Injection cell set-up

The gas analysis setup (as shown in figure 3.1 (b)) consists of a custom-made
injection cell, which is a blue-capped bottle of 10 mL volume (Duran Glas,
Sweden). The lid of the bottle has three connections: (1) an outlet to periodi-
cally sample the evolved gases to the mass spectrometer (PrismaPlus
QME220), (2) an inlet to refill the cell with fresh Ar gas, and (3) a syringe for
injection. The temperature and pressure in the cell are monitored using a high
precision transducer (Keller-Druck GmbH, Switzerland). The sampling sys-
tem and the cell are integrated inside a temperature-controlled incubator
chamber (Tritec, Germany).

The time between each sampling point was set to 180 s, and an initial base-
line was performed until there was a stable background signal. Once a stable
background is achieved, reactants from the syringe were mixed with the reac-
tants in the vial and periodic sampling was done as stated previously. The so-
lution was magnetically stirred to ensure a homogeneous mixing. In paper 11,
the gas evolution rate was presented in umol/min. In paper IV, the partial
pressure of gas species in Ar flow is documented as normalized ion current,
with respect to Ar and surface area of the LB powder. Each gas species is
recorded at a relevant mass-to-charge ratio (m/z): H»-2, 0,-32, Ar-36, CO»-
44, TMSPa-73, TMSOH-75, TMSF-77, TMSOCH3-89, and DEC-91. The gas
profiles for each experiment were compared with its blank, i.e., EC:DEC mix-
ture only (without any LB). For the experiments with additives, the gas
evolved was compared with blank samples without additives.

3.4 Other characterisation techniques

3.4.1 Gas chromatography mass spectrometry

The experiments with liquid injections were done with an injection volume of
0.1 puL. The GCMS measurements were done with a Shimadzu GCMS
equipped with stand-alone auto injector and GC capillary. Helium was used
as carrier gas. The temperature program started at 100 °C which was held for
1 min. The temperature was ramped with 30 °C min™ until 280 °C and held at
280 °C for 1 min. The overall measurement time was 11 min with a mass range
from 25-700 m/z. The mass spectrometer was run in the electron impact ion-
ization (EI) mode with the following parameters: the temperature of the ion
source was set to 220 °C; the inter-face was held at 250 °C and the filament
was operated at a voltage of 70 V; the detector voltage was set relative to the
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respective tuning results. The values presented in this work are reported as
relative intensity with respect to the highest peak in the specific measurement,
i.e., the DEC peak.

3.4.2 Coulometric Karl-Fischer titration

To determine the amount of water consumed during VC decomposition, a se-
ries of electrolyte mixtures were prepared and tested with coulometric Karl-
Fischer titrator. DME was taken as the background solvent. The first series of
electrolyte mixture was prepared by deliberately contaminating the DME with
667 ppm of H,O. To that mixture, VC added such that overall DME:VC=99:1
v/v is obtained.

The second series of electrolyte was prepared by adding TBAOH.30H,O
in DME. The concentrations of TBAOH.30H,O were adjusted to achieve the
same H>O concentrations in the electrolyte as in the H>O-containing electro-
lytes. To the DME+ TBAOH.30H,0 mixture, VC was added such that overall
DME:VC is 99:1 v/v.

Similar procedure was followed to prepare an electrolyte solution where
VC was replaced with EC.
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4 Summary of key results and discussion

In this chapter, the key findings related to chemical and electrochemical reac-
tions during interphase formation using model systems are presented.

In section 4.1 (based on paper I), the role of electrolyte constituents, including
impurities in the SEI build-up is presented based on advanced operando in-
vestigation.

In section 4.2.1 (based on paper II and III), kinetics of VC hydrolysis and
electrochemical reduction pathways of VC are presented, and the resulting
products from VC decomposition reaction are thoroughly discussed.

In section 4.2.2 (based on paper IV and V), the reactivity of commonly
found LBs in LIB with TMSPa and the fate of the resulting products from
their reactions are presented.

4.1 Advanced operando investigation of interphase
formation

In paper I, operando Raman spectroscopy and complimentary OEMS were
employed to study the SEI formation on SERS-active Au in a model electro-
lyte based on LiClO4 in EC. The results show that SEI formation mechanism
is triggered by several electro-/chemical processes. In addition to that, the lim-
itations and challenges of this advanced spectroscopic technique are also ad-
dressed.

4.1.1 Determination of the SERS enhancement factor

The SERS enhancement factor is a measure of the SERS effect, and hence the
performance of various substrates. Typically, an average EF reported in liter-
ature is of the order of ~10°-10°, sometimes as high as ~10'* are also encoun-
tered, which is sufficient for the observation of single molecule SERS sig-
nals.” Accurate experimental determination of single molecule enhancement
factor is however challenging and a direct comparison between various liter-
ature sources is not so straight forward as it greatly depends upon the meas-
urement conditions and procedures: substrate type, analyte molecule, excita-
tion wavelength etc.
Generally, the SERS EF is determined with the formula
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ISERS

EF = S5ERs (4.1)

IRs
NRs

where, Isgrs and Irs are the intensities of the characteristic band in the SERS
spectrum and normal Raman (non-SERS) spectrum, respectively and Nsgrs
and Ngs are the number of molecules probed in SERS and normal Raman re-
spectively.

In order to determine the EF of our substrate, the commonly employed
ImM rhodamine 6G (Rh6G) in ethanol solution was taken as the analyte so-
lution. Figure 4.1(a) and (b) show SERS and normal Raman spectra recorded
under identical experimental conditions (785 nm laser wavelength, 10mW la-
ser power, 50x microscope objective lenses) and for the same sample prepa-
ration conditions. Isgrs and Irs are determined from the strongest signal at
1512 cm™ characteristic to aromatic C—C stretching of the Rh6G molecule
(figure 4.1 (c)). The EF is found to be 5.3 x 10* for our substrate.

Figure 4.1: Raman spectra recorded for Rh6G analyte on (a) SERS Au, (b) Non-SERS
Au under same conditions, and (c) Pure compound, raised to 20 times the power used
for the other measurements.

The extent to which SERS signal from the Rh6G is enhanced by the SERS Au
surface appears to be low (<10° commonly encountered) compared to planar
Au. Possibly, the planar Au also maintains a certain enhancement effect (e.g.,
from nano-roughness on its surface), hence rendering an immediate compari-
son between the two substrates unfair. Nevertheless, a SERS effect is observed
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and the Raman signal from Li-ion electrolytes is expected to be enhanced
when in contact with the substrate.

4.1.2  Electrochemistry

OEMS and operando Raman half cells were assembled and the current re-
sponse from the Au-based working electrodes during the first cathodic poten-
tial sweep (at 0.1 mVs™ scan rate) from OCP vs. Li"/Li to 0.5 V vs. Li"/Li was
recorded. LiClO4:EC (1:6 molar ratio) was taken as the model electrolyte, as
mentioned in previous section. As can be observed in Figure 4.2 (as also in
paper 1), the current profiles differ for the two systems, which is attributed to
the variation in the two cell designs and geometries. However, the main com-
mon observations are reduction peaks starting at 2.0 V, 1.6 V, and 1.0 V, all
of which can be assigned to unique gas evolution processes, as will be dis-
cussed in the following section 4.1.3.
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Figure 4.2: (a) Current response, I, of an Au working electrode in the OEMS cell and
an Au SERS substrate in the operando Raman cell (b) Gas evolution rate, An, of the
main gases (orange CO,, green C;H4 and black H;) evolved presented in nmol/min.
Reprinted with permission from reference.!

4.1.3 Investigating the gas evolution

The first process starting at 2.0 V is associated with the evolution of ethylene
(CoHy) (Figure 4.2). This process is assigned to EC reduction caused by a two-
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electron reduction pathway (reaction 1.13) that results into the formation of
lithium carbonate (Li>CO3) and C,Ha.

CO, is however observed to evolve roughly at the same time and is believed
to derive from the ring-opening process of EC induced by the reduction of
oxygen impurities. Previous studies on Li-air batteries with organic carbonate-
based electrolytes have shown that oxygen reduction (Eorr~2.5-3.0 V vs.
Li"/Li) leads to the formation of superoxides (reaction 4.2)

Au—0, + e~ > Au—0j 4.2)

that can chemically ring-open EC through a nucleophilic reaction.®”® The
ring-opened EC is highly reactive and can undergo multiple chemical reaction
steps leading to alkoxycarbonate (R-O™) radicals. These radicals can subse-
quently lead to an autocatalytic EC ring-opening reaction forming PEG and
COxz (reaction 4.3)

4.3)
On the other hand, below 1.6 V the evolution of H; gas is observed and likely

due to the electrochemical reduction of H,O, present in trace amounts as im-
purity (reaction 4.4)

H,0 + e” - OH™ + - H, (4.4)
The reduction process corresponding to the peak starting at roughly 1.0 V is
assigned to several processes involving CO, consumption (negative evolution
rate of CO, <1 V, Figure 4.2 (b)) and H, evolution (reaction 4.5, 4.6, 4.7)

OH™ + CO, = HCO;~ 4.5)

HCO3 + e + 2Li* > Li,CO3 + ZH; (4.6)

2Lit + 2C0, + 2e” - Li,C,0, 4.7
After monitoring the gaseous reaction products evolved during the negative
polarisation of Au electrode with OEMS, the solid electrode deposits are ex-
plored with the help of SERS. For that SERS active Au electrode is polarised

against Li in the model electrolyte and SERS spectra are recorded at definite
potential interval.

39



4.1.4 Operando Raman spectroscopy

Figure 4.3 displays an overview of the operando Raman results for the SEI
formation on the model Au electrode using LiClOs in EC electrolyte. Detailed
Raman band assignment are presented in Figure 4.3(a) and can be found in
table S1 of the paper I. Figure 4.3(c) presents the changes in intensities for
the electrolyte induced Raman signals and the appearance of new signals as a
function of applied potential.
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Figure 4.3: (a) Raman spectra recorded on Au SERS substrate used as working elec-
trode in LiC1O4:EC at OCP and 0.5 V against Li*/Li. The assignments of the various
peaks are presented with dashed lines, (b) Contour plot showing operando Raman
spectra during the first reduction half cycle, (c) fitted intensities of the selected Raman
peaks. Each fitted intensity is normalized against the intensity of the respective peak
in the OCP spectrum. Reprinted with permission from reference.!
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The highest intensity peaks belong to the individual molecular species of the
electrolyte, namely LiClO4 and EC. In addition to that, impurities in the form
of H,O, carbon and oxygen containing species (hereafter denoted as O=CR
and O-, respectively) adsorbed on the Au substrate are detected in the Raman
spectrum recorded at OCP, i.e., before enforcing any external potential to the
electrodes.

The respective signals for adsorbed O=CR to uncoordinated Au site
(marked by red vertical dashed line as Au-O=C) and adsorbed O- containing
species (marked by purple vertical dashed line as Au-O,)) are observed to un-
dergo a shift as a function of applied potential from 2070 to 2133 cm™ and
292 to 220 cm™, respectively. This is due to the Stark effect, and is indicative
of chemisorbed species on the electrode surface.”’ Residual H,O that is ob-
served as a broad peak at ~1617 cm™ is seen to fade away at the same time as
when H, is observed to evolve in the OEMS experiment, and hence this is
suggestive that HO undergoes electrochemical reduction that leads to the for-
mation of Ho.

The Raman peaks of EC solvated to Li", hereafter denoted as EC-Li", (727
and 905 cm™) show significant increase in intensity with a maximum at 2.3 V.
At potentials <2 V, a synchronous drop in peak intensity for all vibration bands
is observed and correlates with the onset in electrochemical reduction current
(Figure 4.2). Increase in EC-Li" peak intensity upon negative electrode polar-
isation is assigned to the build-up of coordinated EC during charging of the
EDL at the Au electrode surface. A minor increase is also observed in the
intensity of the vibrational mode corresponding to free/uncoordinated EC at
717 and 894 cm™. This is in contrast to the observations made previously in
our group®® although for a more dilute Li-salt electrolyte, IM LiPFs in
EC:DEC (1:1 v/v). Thus, it can be inferred that the solvent-salt coordination
structure is likely different in the higher salt concentrated electrolyte studied
herein.

An emerging band at 1085 cm™ corresponding to Li>CO; is observed at <2
V and partly associated with the two-electron EC reduction pathways also
leading to the C,H4 evolution as can be seen in the OEMS measurement (Fig-
ure 4.2). The intensity of the band remains constant until 1.0 V where a small
decrease is observed, but the band is still present until 0.5 V indicating that
Li,COs stays on the electrode surface.

Another band at 523 cm™ that can be associated with LixO is observed to
grow slowly at <2 V. It is expected to form as a result of reduction of surface
contaminating Au-adsorbates (e.g., Au-O, species) which when contact Li",
can deposit as SEI constituent. These lithium oxides, a type of LB, are known
to be reactive towards both EC and CO,, leading to the formation of more
thermodynamically stable products, such as LiCOs, on the Au surface.”' This
is again in-line with the OEMS gas experiment, where, consumption of CO»
and further evolution of H, was observed as the potential starting ~1.0 V.
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As discussed earlier, impurities are notoriously difficult to get rid of. Gen-
erally, they make the dataset irreproducible and often misleading. Another re-
alisation made in this study is that depending upon the proximity of the analyte
species and SERS substrate and how they interact with each other, the surface
enhancement of certain species is much favoured over others.

The conclusions drawn from the trends observed thus far are underpinned
by and complement previous reports with much more details of the formation
of the SEI. The findings provide a more complete overview on how the step-
wise reduction of various electrolyte species (including impurities) and the
intricate dynamics of Li" solvation/coordination are driven by potential. EC is
found to be highly active and both reductively and chemically decompose to
form Li;COs dominating the SEI. Environmental gases such as O, and CO;
take active part in adsorption, diffusion and even surface electrochemistry.

4.1.5 Practical considerations and limitation

Reproducibility is a major challenge for our operando experiments. Small var-
iations in the electrolyte (due to degradation over time, water adsorption, gas
adsorption/desorption) contaminants from cell part affect the outcome of each
measurement strongly.

Moreover, the lack of understanding of the mechanism of signal enhance-
ment makes it challenging to optimize experimental conditions. For our meas-
urements, it seems like the enhancement due to chemical enhancement of the
target molecules (i.e., the nanometric SEI species) being able to transfer elec-
trons to/from the metal particles is more pronounced than the electromagnetic
enhancement (i.e., associated with plasmon excitation in SERS substrate). For
example, due to the specific interaction of Li,COs3; with the SERS substrate, a
specific vibrational mode of the molecule experiences a change in electron
density. This induced change in electron density alters the molecular polariza-
bility and, consequently, enhances the Raman signals associated with the spe-
cific vibrational mode of those molecules. For the exact determination of the
enhancement mechanism, accurate atomistic abinitio calculations based on
time-dependent DFT that considers the actual distribution and configuration
of atoms within a gap could be performed.>*
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4.2 Reaction mechanisms of electrolyte additives
42.1 VC

4.2.1.1 Electrochemical vs. chemical reactions of VC

e FElectrochemical reactions
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Figure 4.4: (a) Cyclic voltammogram from GC|LP40| LFP OEMS cell with (red) and
without VC (black) cycled with CV at 0.1 mV/s rate, with a zoom-in on ~1.6 V elec-
trochemical profiles. Simultaneous (b) H», (¢) CO; and (d) C,H4 gas evolution rates
(pmol min! cm?) as measured.

Figure 4.4 displays the cyclic voltammogram alongside simultaneous profiles
of H», CO; and C,H4 gas evolution of GC|LP40| LFP OEMS cell containing
IM LiPFs in EC:DEC (1:1 v/v) with (red) and without 1 v% VC (black).
Glassy carbon electrode was utilised as the negative electrode instead of typi-
cal graphite to observe (electro-)chemical surface reactions independently of
solvent co-intercalation with Li" into graphite. The current is predominantly
governed by de-/adsorption of Li" in the nanoscale surface crevices of glassy

43



carbon.’” In absence of VC, a minor current peak associated with H,O reduc-
tion is observed <1.6 V vs. Li'/Li (see Figure 4.4 (a) inset), followed by EC
and CO; reduction <1.0 V. Conversely, in the VC containing electrolyte, there
is no clear indication of H>O reduction observed in the current profile, alt-
hough H; is evident in the OEMS gas data. Operando H, gas evolution rate
also shows that the amount of H, evolved when VC is added is less. These
observations point to the fact that VC interacts with water in the Li-ion cell.
At ~1.2 V, a new current peak is observed when VC is present and likely re-
lated to Li-formate (HCO,Li) formation (reaction 4.8)

Li" +CO, + H +2¢— HCO,Li (4.8)

This reaction involves proton consumption, explaining the lower H» evolution
rate. Again <1.0V, direct CO- reduction initiates. The VC-derived SEI layer
suppresses EC reduction, evidenced by the lower evolution of C;Hs and is
more resistive as less reversible current is observed.® Although CO, genera-
tion commences later when VC is present, the CO; gas evolution rate rises
steeply at 1.4 V and the amount of CO, evolved is higher than the blank cell.
If we consider one mole of VC converts into one mole of CO,, and that all the
CO; observed for VC electrolyte is solely from VC decomposition, then only
~10 % of the added VC in the electrolyte would be used up. Moreover, the
CO; evolution observed for VC which continues after the end of the reductive
CV scan could belong to a chemical chain reaction which eliminates CO,.?
From this experiment, it is learned that both EC and VC are prone to ring-
opening and CO; release, although the rate of the reactions are different. The
presence of EC and VC together in the electrolyte however makes it difficult
to decipher the VC-responsible reactions from those of EC. In order to under-
stand the individual reduction reaction pathways, the electrolyte formulation
was further simplified: DME was taken as a background and the electrochem-
ical reactions in only VC containing cells were probed with the help of oper-
ando gas analysis and compared them with when EC is also added in the elec-
trolyte mixture. The amounts of VC and EC were varied in the electrolyte
formulations in an attempt to favour a certain kind of reaction over the other.
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Figure 4.5: OEMS data for a GC| 0.2 M LiClO4 DME:VC]| LFP cell cycled with CV
at 0.1 mV/s rate, (a) the electrochemical profile for the different cells during the initial
cycle, with a zoom-in on >1.2 V electrochemical profiles (inset), electrolyte mixtures
of increasing concentrations of VC (where nyc is from 0 to 1280 nmolyc cmgé) (b)
the CO, gas evolution trend in the initial cycle, (c) C;H4 gas evolution trend in the
initial cycle, (d) the H, gas evolution trend in the initial cycle, (e) the total CO, evo-
lution for different nvc, (f) the total H, evolution for different nyc. The cells denoted
65 (130) and 80 (225) are a mix of VC and EC (only shown in (e) and (f)), where the
first value is nyc and the value in parenthesis is nyciec.

Figure 4.5 presents the (a) cyclic voltammogram and evolution profiles of (b)
CO3, (c) C2H4 and (d) Hz for GC| 0.2 M LiClO4 DME:VC]| LFP cells with
electrolyte mixtures of increasing concentrations of VC (where nyc is from 0
to 1280 nmolyc cmgé). Figure 4.5 (e) and (f) shows the total CO; and H,
evolved for all the cells with VC along with the cells containing both VC and
EC (ngc from 0 to 145 nmolgc cmg2). The cells denoted 65 (130) and 80 (225)
are a mix of VC and EC (only shown in (e) and (f)), where the first value is
nyc and the value in parenthesis is nvc+ec. The first observable electrochemical
reaction occurs within the 1.9 — 1.6 V range as evident in the current profile
(Figure 4.5 (a), see inset). All VC containing cells have a similar negative
current slope down to ~1.4 V without a distinct H,O reduction plateau com-
pared to the pure DME baseline cell.

The two highest VC containing cells (>865 nmoly cmgé) reach a current
peak at 1.4 —1.3 V signifying the early formation of a fully-covering SEI layer.
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This effect is less pronounced in cells with <180 nmoly¢c cmgé cells, as seen
in the inset of Figure 4.5 (a). A new current peak emerges ~0.8 V for the high-
est VC concentrations cells (>865 nmoly cmg2) and coincides with CO; con-
sumption <1.0 V.*”* Comparable current intensity profiles are observed for
cells with lower nyc, albeit to a lesser degree.

CO; gas evolution is detected already >2.0 V before the current onset at
~1.9 V for the cell with the highest VC concentration of 1280 nmoly¢ cmgé.
This is early when compared to the experiment of VC added in LP40 men-
tioned previously, where CO, was observed ~1.4 V (Figure 4.4). A reason
could be that there are other reactions suppressing CO, when LiPFs is present
as salt. LiPF likely dries the electrolyte as well, e.g., to form HF, which does
not ring-open VC to the same extent.

CO; gas evolution is observed to shift to lower potentials and lower rates
are detected with lower nyc until no CO; is present in the baseline cell (Figure
4.5 (b)). CO, from VC at these potentials could stem from VC ring-opening
induced by reduced surface oxygens, which are generated at potentials <2.6 V
vs. Li"/Li,* as virtually no reduction current is detected at this stage. The CO,
consumption reactions present <1.0 V are linked to the simultaneous con-
sumption of surface hydrogens. This is evident in the gas rate profile, where
comparable indents appear in both CO» and H, gas evolution data (Figure 4.5
(b) and (d)), indicating the likely formation of HCO,Li, as discussed earlier.

The OEMS data does not provide conclusive evidence on the extent of VC
reaction. Nonetheless, given that the total CO, produced is significantly lower
than the amount of VC initially present, it suggests the occurrence of reaction
pathways where CO is not released. This may involve the formation of vari-
ous oligomers/polymers, maintaining the integrity of carbonate groups. This
finding aligns with the results observed in the LP40 experiment with added
VC (as discussed in Figure 4.4).

H; evolution onsets at ~1.6 V in all VC cells (Figure 4.5 (d)), but its rate is
notably inhibited when a small amount of VC is present. Two distinct peaks
in H, evolution are identifiable, with the second onset occurring at ~0.7 V.
The existence of these two peaks is likely linked to the formation of HCO,Li
at ~1.0 V, leading to lowering in the rate of gas evolution. This suggests a
primary Hz-evolving process rather than two separate reactions, aligning with
the findings of Metzger et al. where H» evolution was reported to mainly orig-
inate from H,O reduction.” Importantly, irrespective of the quantity of VC,
complete suppression of H, evolution never occurs. Instead, a plateau of 0.3
umol H; is reached at 70 nmoly cmgZ and remains unaffected by higher nyc.
Therefore, there is likely another source of H, besides H,O, with surface
groups on the carbon serving as potential candidates.

Crucially, only cells containing VC evolves CO; (Figure 4.5(b)) compared
to EC-only cells (figure S3 in paper IV), where CO; evolution remains below
the detection limit. However, when mixing both VC and EC in the base DME
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electrolyte an additional effect is observed (Figure 4.5(¢)), as similar CO; lev-
els are evident in ngcive cells compared to nyc cells. This indicates that the
VC reaction pathway releasing CO, does not differentiate between EC and VC
during the propagation step, suggesting that ring-opened VC apparently can
react with EC in the electrolyte. Importantly, the mixing of EC and VC does
not alter the trend of H, gas evolution (Figure 4.5(f)), as the same plateau of
0.3 umol is reached for the mixed EC+VC cells as for the VC-only cells. This
demonstrates the independence of the CO, and H» evolving processes from
each other.

e Chemical decomposition of VC

Thus far it can be concluded that VC is affected by water and in order to fur-
ther elucidate possible hydro-chemical degradation process, an injection cell-
coupled mass spectrometry was performed where VC was exposed directly to
a LB, hydroxide in this case. Parallel experiments subjecting EC to the same
conditions were performed for comparison.
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Figure 4.6: Red dashed line represents the temperature set point (upper panel) vs. time
during (a) EC and (b) VC hydrochemical reaction, in presence (blue) and absence
(green) of TBAOH in DME background solvent (lower panel). The evolution rate of
CO; in the head space of the injection cell is represented in pmol/min.
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Figure 4.6 shows CO; evolution over time when (a) EC and (b) VC are intro-
duced into a solution of DME containing H>O in absence (green) and presence
(blue) of TBAOH. TBAOH is chosen over LiOH due to its higher solubility
in DME, ensuring homogeneous reactions. DME, known for its superior
chemical stability towards LBs, is selected to prevent interference from other
carbonates and serve as a background solvent for comparing EC and VC ring-
opening reactions under similar conditions.?® The initial carbonate to OH™ ratio
is 1:0.06 molar (and H>O 0.18 mol). The upper panel in Figure 4.6 displays
the temperature set point (red dotted line), with the grey area indicating base-
line measurement time. The CO- evolution traces demonstrate the stark dif-
ference in reaction mechanism and kinetics for EC and VC hydrolysis in the
presence of OH ions.

The apparent activation energy of EC hydrolysis driven by OH- is deter-
mined to be ~64 KJ/mol from the Arrhenius plot, consistent with the findings
of Metzger et al.”” Compared to EC, hydrolysis of VC proceeds much faster
and to a larger extent, making it challenging to estimate the activation ener-
gies. Despite this, the two-order-of-magnitude higher CO- evolution rate for
VC suggests a substantially lower activation barrier for VC hydrolysis at room
temperature than for EC. The released CO; interacts with nearby OH™ to form
carbonates and bicarbonates (through reaction 4.9 and 4.10)

CO, + OH™ - CO3™ + H* (4.9)
CO, + OH™ - HCO3 (4.10)

Once formed, these carbonates exhibit greater stability than OH", thus prevent-
ing further OH™ reactions. In essence, CO, deactivates OH’, explaining the ab-
sence of an increased CO; evolution rate despite elevated temperatures. The
slower CO, evolution rate for EC results in a prolonged deactivation of hy-
droxide, leading to temperature-dependent CO, growth. The localized high
concentration of CO» appears to be a beneficial effect of VC.

The overall conversion of EC and VC was estimated by assessing the total
evolved CO; at the end of each temperature step for all investigated electro-
lytes. Utilizing MS measurements, VC and EC consumption was calculated
under the assumption that 1 mol of CO; originates from the decomposition of
1 mol of VC and EC, respectively (table I in paper II). Notably, there is no
direct correlation between CO, evolution and the initial concentration of VC
in the electrolyte, as a significant amount of unreacted VC and
TBAOH.30H>0 molecules remains in the solution. This observation aligns
with our OEMS experiment mentioned above (Figure 4.4), where ~90% of
VC is found to remain unreacted.

Over time, the VC hydrolyzed solution exhibited degradation, evident
through a progressively darker color and the eventual formation of an insolu-
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ble, dark, gel-like precipitate at the vial's bottom. In contrast, the EC hydro-
lyzed solution remained colorless without any precipitation. NMR analysis
was conducted on the gel-like product to identify solubilized reaction prod-
ucts, and the findings will be discussed later.

4.2.1.2 Kinetics of VC hydrolysis

Operando H» gas evolution rate during reductive sweep as represented in Fig-
ure 4.4 shows that less H, was evolved when VC was present in the electrolyte.
H, is generally evolved from the reduction of trace water present in the cell.
The reduced H; evolution could be attributed to two possibilities: firstly, the
SEI formed due to VC reduction completely passivates the carbon surface,
preventing H,O reduction and subsequent H, evolution, or second possibility,
where VC itself or some VC reaction product scavenges H,O.

Thus, in order to test the hypothesis that VC is responsible for water scav-
enging, KFT was employed to quantify the amount of water being consumed.
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Figure 4.7: Amount of water consumed by VC and EC in presence and absence of
OH- at different reaction times. The amount of water present in the background sol-
vent were also measured over the same period of time: 4 hours, 24 hour and 6 days
after mixing and subtracted H,O recorded at the time of mixing from them. The bar
going down represents the consumption of H>O.

KFT was conducted on a range of electrolytes deliberately contaminated with
667 ppm H>0O, both with and without TBAOH, featuring VC. A parallel ex-
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periment was performed with a series of EC-containing samples for compari-
son. In Figure 4.7, the summary illustrates the water consumption in different
electrolyte formulations and their respective blank standards, with the down-
ward bars indicating H,O consumption.

The findings reveal that in solutions with VC, the H,O content remains
stable for the initial 24 hours. A marginal decrease is observed only after stor-
age exceeding 6 days. However, in the presence of OH", VC exhibits a signif-
icantly accelerated rate of H,O scavenging. Approximately 100 ppm of water
is consumed within 4 hours and more than 200 ppm after 24 hours of storage.
Intriguingly, the water content stabilizes with prolonged storage. EC exhibits
a trend similar to VC but to a lesser extent. A substantial reduction in water
content is only observed after 6 days of storage for
DME+TBAOH.30H,O+EC. This suggests that once a VC molecule under-
goes reaction facilitated by hydroxide, it becomes adept at scavenging water.
VC also autonomously consumes H,O, albeit at a slower rate compared to the
presence of hydroxide. This underscores the pivotal role played by ring-
opened VC as an initiator of the water consumption process.

1.2.1.1. Identification of VC decomposition products
e Chemical decomposition products of VC

The solubilised reaction products were analysed with NMR spectroscopy. For
that, the gel-like product was recovered from the injection experiment and
then dissolved in DMSO-ds. The residual DME solvent cast strong signals in
"H NMR spectrum overlapping with most of the signals from the decomposi-
tion reaction product making the identification of the products extremely chal-
lenging. To address this, DME was substituted with DMSO-ds, which not only
eliminated signal interference but also offered improved solubility for the re-
action products. A mixture of VC and TBAOH.30H,0, in the same proportion
as used in the injection experiment, was prepared. Figure 4.8(a) and (b) pre-
sent the 'H and '*C spectra for this mixture. The '"H NMR spectrum (figure 4.8
(a)) shows a singlet at 7.78 ppm for the protons in the VC. The carbon peaks
for -CH=CH- and C=0 in '*C NMR spectrum (Figure 4.8(b)) for VC is at
133.2 and 154 ppm respectively. It is clearly observed that the spectra for the
reaction product contain several new and weaker signals in both "H and "*C
spectra, suggesting for a broader spread of hydrolyzed VC fragments. The
NMR signal assignments were determined through a combination of comple-
mentary and detailed two-dimensional NMR experiments ('H-'*C HMBC and
HSQC in Figure 4.8(c) and (d)). The HSQC experiment is used to determine
proton-carbon single bond correlations, with the protons represented along the
observed X-axis and the carbons are along the Y-axis. The HMBC experiment
gives correlations between carbons and protons that are separated by two,
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three, and, occasionally four bonds in conjugated systems. Within HMBC ex-
periment, direct one-bond correlations are suppressed.

Two primary species have been identified with the NMR analysis and their
structures are depicted in Scheme 4.1 as structure 1 and 2. Possible reaction
schemes to form these species are proposed on the basis of the experimental
data and are outlined in Scheme 4.1.
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Figure 4.8: (a)-(d) 'H, 1*C, 2D 'H-*C HMBC and 'H-"*C HSQC NMR spectra of the
solubilized VC reaction product. The numbers in blue in (a) and (b) are denoted to the
carbons and protons that will be used for their assignment in table 2.
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Scheme 4.1: Proposed scheme for chemical decomposition of VC. The numbers in
red in the structures are denoted to the carbons that will be used for their assignment
in table 2.

Structure 1: Based on the HSQC spectrum in Figure 4.8(d), the protons H1 at
3.77 and H2 at 6.06 ppm are seen to be directly attached to the carbon C1 at
70.4 ppm and C2 at 98.2 ppm respectively. In HMBC spectrum in Figure
4.8(c), protons H1 and H2 are seen to give a cross peak to C2 and C1, respec-
tively. The carbon C2 at 98.2 ppm is assigned the O-C-O unit based on the
chemical shift of the carbon. Based on this chemical shift, these signals fit to
structure 1 as shown in Scheme 4.1.

The first step to form this product is the nucleophilic attack of the OH on
the VC, leading to ring-opening of VC and CO; release. This process yields a
vinylene glycol (-O-CH=CH-OH) moiety. Subsequently, this moiety can in-
duce polymerization with additional VC molecules, forming longer chains
that can undergo further CO, elimination, as shown as in route I in Scheme
4.1. There is no direct evidence of vinylene glycol in the NMR analysis of this
study. However, the formation of -CH(OR), fragments in the product may
plausibly occur when the double bonds of vinylene glycol undergo hydrolysis
via a simple addition reaction, ultimately leading to a species with Structure
1. This proposed chemical reaction offers a plausible explanation for the ob-
served water consumption during the chemical reaction.

Structure 2: Based on the HSQC spectrum in Figure 4.8(d), the protons H3 at
4.57 and 4.22 ppm are found to be directly attached to the carbon C3 at 69.6
ppm. As can be seen in the HMBC spectrum in Figure 4.8(c), the protons
H3/H3’ have a multi-bond correlation to the carbon C4 at 100.8 and carbonate
carbon C5 at 154.3 ppm. Likewise, the protons H4 at 5.87 ppm have multi-
bond correlation to the carbons C3 at 69.6 and carbonate carbon C5 at 154.3.
Based on the HSQC spectrum, the proton H4 at 5.87 ppm and H3 at 4.57/4.22
were directly attached to the carbon C4 at 100.8 and C3 at 69.6 ppm, respec-
tively. Based on this chemical shift, specie with structure 2 has been deter-
mined as shown in Scheme 4.1. These chemical shifts are in close agreement
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with the NMR study made by Ota et al., where they identified this compound
as an SEI compound derived from VC.** The structure 2 is estimated to be a
polymer component because the protons H3 and H4 consist of broad peaks.
This is largely due to poor molecular rotation and repeating units being situ-
ated in marginally different chemical environments resulting into broad sig-
nals.

The structure 2 can plausibly form through a route (route 2) where the vi-
nylene glycol moiety undergo polymerization reaction with other VC mole-
cules without the evolution of CO». This reaction results in formation of pol-
ycarbonates. The double bond can again undergo simple addition reaction
leading to the structure 2. There is also possibility that these two polymer
chains, with structures 1 and 2 as the repeating units, could be part of the same
polymer chain.

Although the proposed reaction pathway for generating these chemical spe-
cies seems plausible, it is not conclusive, allowing for the potential formation
of additional species that could produce similar chemical signatures.

Table 2. 'H and '*C NMR chemical shifts of the soluble products formed from VC
decomposition

'H chem. BC chem. Assign- Molecular Correspond-
shift (ppm) | shift (ppm) ment Fragments ing structure
3.77 70.4 1 -CH,O- Structure 1
6.06 98.2 2 -CH(OR),-
4.57,4.22 69.6 3 -CH,0O- Structure 2
5.87 100.8 4 -CH(OR)»-
- 154.3 5 -O(C=0)0O-

Additionally, there is no evidence of poly(VC) which implies that poly(VC)
must be a product of electrochemical reduction of VC and not a product of VC
chemical decomposition. However, it could also be that poly(VC) is insoluble,
hence not detected with solution NMR.
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e Electrochemical decomposition product of VC
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Figure 4.9: "H NMR spectra of electrolyte extracted from GC | 0.2 M LiClOs DME +
VC + EC (0 or 10 v%, respectively) | LFP cells cycled at constant current until 0.5 V
and held at the potential for 3 h.

The electrolytes from the cycled OEMS cells were extracted and analyzed
with NMR spectroscopy in an attempt to detect electrochemically decom-
posed products of EC and VC that remain solubilized in the DME electrolyte.
The "H NMR spectra are presented in Figure 4.9. No clear evidence of soluble
reduction products was detected in either EC or EC:VC cells. However, the
VC containing cell clearly shows an extra peak in '"H NMR after cycling, and
this signal coincides with EC. A similar effect was detected with OEMS (Fig-
ure 4.5 (c)), where C,H4 was detected in cells at low nyc even though no EC
(ngc = 0) was added. It is therefore proposed that VC can abstract reduced
protons from the GC surface and turn into EC. The reason for only detecting
C,H4 at low nyc in the OEMS is due to the VC-derived SEI not fully covering
the GC surface and the EC thus formed can be reduced at the uncovered GC
surface to the extent it is detectable.

Additionally, another NMR series was investigated, where the DME elec-
trolyte was exchanged for DMSO-d¢ in an attempt to identify possible SEI
products (as presented in SI of paper III). Lithium formate was detected,
which agrees with the OEMS conclusions. Additionally, vinoxyl groups
(CH(=0)-CH2R) as well as a range of VC-derived polymeric fragments are
present. Notably, PEG forms in the EC-only cell, but is completely suppressed
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ifalso VC is included, hence demonstrating that VC suppresses EC hydrolysis
and the subsequent formation of PEG. Additionally, there is no evidence of
poly(VC) in cycled electrolyte with VC. This could mean that poly(VC) is a
solid, hence not detected with solution NMR.

These findings contribute to a more profound comprehension of the diverse
chemical and electrochemical reaction pathways of VC. Distinct behaviors of
EC and VC are observed both in isolation and when combined. Essentially,
both carbonates undergo ring-opening processes, with the VC process occur-
ring more rapidly and extensively. Once VC is ring-opened, it efficiently scav-
enges traces of water from the cell.

4.2.2 TMSPa

4.2.2.1 Mechanisms involving TMSPa and Lewis bases

SEI dissolution and reactivity towards other cell constituents (e.g., solvents)
during the course of cell cycling is a major concern for the capacity retention,
cell lifetime and safety. The SEI is mostly composed of LBs, out of which F~,
OH", and OCH3;™ being notable ones. F~ is formed as a result of decomposition
of fluorinated salts and additives like FEC. LiF is practically insoluble in the
solvents and hence precipitates on the electrode surfaces whenever formed.
OH is typically formed from the reduction of trace water in the electrolyte.”’
OH™ may also result from the reaction of Li;O with water.”® LiOH is predicted
to be more soluble than LiF in conventionally used solvents.” OCH; may
form as a result of electrochemical reduction of semicarbonates like DEC. The
solubility of LiOCHj is predicted to lie in between LiF and LiOH.”

In this chapter, the reactivity of these LBs (F, OH", and OCH3") in
EC:DEC (1:1 v/v) based solvents is investigated with the help of TMSPa,
where the additive molecule acts as a chemical probe and scavenger. For that
lithiated LBs are mixed in EC:DEC solvents, with and without the additive,
and the reaction products are monitored. 'H, *'P and '°F NMR combined with
headspace gas analysis are employed to track the TMSPa, LBs, solvents, as
well as both soluble and volatile reaction products. The anticipated reaction
products were confirmed by referencing the pure compounds.
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Figure 4.10: (a) CO, gas evolution profile of blank solution and LBs with solvents
with and without TMSPa. Grey area represents the region of background baseline. (b)
TMS-LB evolution profiles, as recorded from the mass spectrometer. Reprinted with
permission from reference.’

First, the NMR spectroscopy and gas evolution were performed to investigate
the blank experiment, i.e., for the solution mixture containing only EC and
DEC (without any LB). NMR indicated the presence of trace H,O in the solu-
tion mixture, while MS showed the release of already dissolved CO» gas from
the solvents that escapes due to the continuously flushed Ar headspace (shown
by the gas profile in Figure 4.10 (a). A small amount of CO, gas is often pre-
sent in the solvents that is formed as a result of solvent degradation over time
just by sitting idle inside the glove box. This experimental finding is an indi-
cation of the sensitivity of the instruments used in this study and is used as
reference for the forthcoming experiments as lithiated LB and TMSPa are in-
troduced into the system.

Upon monitoring the reaction product of a solution based on LiOH mixed
with EC:DEC solvents, it was found out that OH™ causes EC polymerisation
resulting CO, and EG moieties (reaction 1.16). Evolution of CO, was ob-
served in MS experiment (Figure 4.10 (a)) and formation of solubilised EG
was detected in NMR spectrum (Figure 1 in paper IV). Upon introducing
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5v% TMSPa in the LIOH/EC:DEC mixture solution, evolution of CO, signif-
icantly increases. TMSPa is believed to act as ‘anion receptor’ enhancing the
solubility of OH in the solvents. Higher concentrations of OH™ leads to the
formation of much more PEG (according to the reaction 1.21), other solvent
degradation products, and trimethylsilanol (TMSOH). TMSOH, in the gas
form, is identified under MS (Figure 4.10 (b)). In addition to that, a small
amount of TMSOH is solubilised in the solvents, hence detected with NMR
(Figure 1 in paper IV). The TMS-units attached to the central phosphate
group of TMSPa is expected to be consumed in a stepwise manner until only
the final product, LisPO4, without any TMS units attached remains (reaction
4.11).

CHy CHy CHy

HyC-Si-LB HyC-8i-LB HyC-Si-LB

CHy éHa CHs

LHB TMELE LilB  TMSLB LilB  TMS.LB
oo o \ A gwo \ 4 gwo \ A 09

H3C-Si-0-P-0iSi-CHs HaC-$i-0-P-OLi HaC-8i{0-P-OLi Li-0-P-OLi
CH3 O CHs CH: O CHs O o
HaC-8i-CHa HaC-Si-CHs Li Li
CH3z CHs
TMSPa BMSPa MMSPa Li;PO, 4.11)

The low solubility and low vapor pressure of the Liz;PO, makes it impossible
to detect with the methodologies used in this study.

The intermediate compounds bis-(trimethylsilyl)phosphate (BMSPa, loss
of 1 TMS unit from TMSPa) and mono-(trimethylsilyl)phosphate (MMSPa,
loss of 2 TMS units from TMSPa) are detected with *'P-NMR and "H-NMR
spectroscopy. This result is indeed supported by computational calculations
(GFN2-xTB* and DFT).? In addition to that, TMSPa is observed to scavenge
H,O, present as trace impurity, resulting into TMSOH and BMSPa. Thus, in
a practical perspective, TMSPa is desired in commercial cells.

Extending the study to OCH3’, another commonly found LB, and looking
at the gas evolution upon mixing the LB with the solvents, it was found that
OCHj;™ scavenges CO, (Figure 4.10(a)) forming lithium methyl carbonate
(LMC) following the reaction 4.12

QO i : OI

0”C +Li—OCH3; — Li O'C‘O'CH3

LMC (4.12)
LMC is often a well-reported SEI component with poor Li" conductivity®'**
and is detected with NMR in this study. On introducing TMSPa into the sys-
tem, the additive molecule is found to be completely consumed resulting in
BMSPa and TMSOCH; as was seen in the 'H and *'P NMR spectra. Addition-
ally, TMSOCH; was clearly detected by the MS when TMSPa comes in con-
tact with LiOCH3 (Figure 4.10 (b)). Indeed, computational calculations for
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TMSPa/LiOCH3 reaction shows that the formation of MMSPa is energetically
unfavourable, thus stopping the reaction at the most likely reaction product,
BMSPa, and not proceed further to MMSPa or LizPOs.

LiF, on the other hand is found to not react with the solvents. This is simply
because of the very low solubility of these fluorides in the EC:DEC solvents.
When TMSPa was added to the LiF in EC:DEC mixture, TMSF is evolved as
seen in 'H and '’F NMR as well as in the headspace gas analysis experiment
(Figure 4.10(b)), thus confirming that the reaction pathway follows reaction
4.11.

In conclusion, this study highlights that LBs take part in a series of com-
peting thermally activated processes complicating the whole SEI formation
process. Combining solution NMR and in-situ gas evolution experiments help
us to analyse the reactions qualitatively. On the basis of the findings, it can be
said that TMSPa is able to scavenge a number of potentially harmful LBs gen-
erated in the cell during cell operation. TMSPa derives its reactivity from its
silyl functional groups. OH leads to EC ring-opening reaction forming resis-
tive deposits of glycols/oxides and release of CO,. Methoxide often reacts
with CO; to form resistive LMC in the cell. Additionally, LiF is known as a
resistive SEI specie. Therefore, introducing silyl functionalised electrolyte ad-
ditives, such as TMSPa, in battery electrolyte could help us to scavenge harm-
ful LBs and eventually replace them with the more ionically conducting
Li;PO4.* These findings therefore explain why Li-ion cells with silyl-group-
based additives display lower impedance and longer cycle life.

4.2.2.2 Reactivity of TMSPa and H:0

It was found from this earlier study that the molecular mechanism behind the
scavenging of LBs relies primarily on the Si-O bond of the TMSPa undergo-
ing cleavage while the reaction with the LBs forming presumably less harmful
organosilicon residues (TMS-LB) as products. Although it was found out ex-
perimentally that TMSPa scavenges H,O in an environment of EC:DEC form-
ing TMSOH and calculations of the first step of TMSPa/H»O reaction showed
that the hydrolysis of TMSPa is slightly exothermic, the later steps in the H,O
and TMSPa reaction mechanism were not clarified. H,O is an unavoidable
impurity present in organic electrolytes and well known to detrimentally affect
all components of the battery. Despite numerous reports on the observation of
Si-O bond cleavage and the formation of different silane-derived species in
batteries containing TMSPa, a complete understanding of the underlying re-
action pathways is lacking. This results section addresses to clarify the fate of
the resulting silane products.
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Figure 4.11: on left, 3'P NMR of 5 v % TMSPa added in EC:DEC that is contaminated
with (a) 0.5, (b) 2, and (¢) 5 v % H>0 in the EC:DEC, on right, Si NMR of 5 v %
TMSPa in EC/DEC with 2 v % H,0 shows the presence of TMSOTMS. Reprinted
with permission from reference.’

EC:DEC (1:1 v/v) was now deliberately contaminated with different amounts
of H>O (0.5, 2, 5 v%). 5v% TMSPa was then added to the freshly made con-
taminated solution. *'P NMR spectra for TMSPa and H,O mixtures in the
EC:DEC confirms further that TMSOH, phosphoric acid and its derivatives
are formed upon reaction between TMSPa and H,O (as can be seen in Figure
4.11(a)). It was also found out that increasing the amount of H,O, while keep-
ing the amount of TMSPa constant in the reaction mixture (5 vol % TMSPa
in EC:DEC contaminated with 5 vol % H,0), forces the equilibrium of reac-
tion 4.11) to further right, favoring the formation of TMSPa molecule, which
has lost at least one of its TMS units and hence TMSOH. On the other hand,
lowering the amount of H>O in the mixture (5 vol % TMSPa in EC/DEC con-
taminated with 0.5 vol % H»O) shows that the reaction stops at BMSPa, while
most of TMSPa remains unreacted in the solution.

A dimer of TMSO- group (namely, TMSOTMS) was also detected in the
TMSPa and H,O mixtures in the EC:DEC with the help of *’Si NMR. It was
found out to form as a result of side-reaction between TMSOH with the parent
TMSPa molecule (through reaction 4.13)

60



(4.13)

Upon ramping up to higher temperature, the signals for TMSOH and TMSPa
disappear whereas TMSOTMS grows. This indicates that the reaction of
TMSOH with TMSPa forming TMSOTMS is as expected further enhanced at
elevated temperature. The formation of TMSOTMS has been previously re-
ported in papers where TMSPi was used as electrolyte additives.®**” Most of
these studies credit F~ scavenging effect of TMSPi for the TMSOTMS for-
mation, although the exact chemical reaction pathway leading to this
TMSOTMS was not discerned.

Thus, it is concluded that the breakage of O-Si enables the formation of
TMSOTMS, which then might remain as non-reactive specie in lithium-ion
cell.

e Implication of decomposition products and mechanism

Figure 4.12: GCMS chromatogram of (a) EC:DEC baseline, (b) 5 v % TMSOH in
EC:DEC at RT, and (c) 5v% TMSOH in EC:DEC at 80°C. EC and DEC appear at
5.79 min and 2.74 min respectively. TMSOH is observed as a signal at the retention
time of 1.68 min. Reprinted with permission from reference.’
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Having established that TMSOH is a rather reactive intermediate during hy-
drolysis of TMSPa, an alternative fate of the compound is further elucidated,
which potentially affects practical cell performance. For that purpose, 5v%
TMSOH was introduced in EC:DEC and then analysed using GCMS. The
GCMS chromatogram of the mixtures are presented in Figure 4.12. The chro-
matogram recorded at RT reveals that TMSOH is not involved in any record-
able side reactions with the carbonate solvents. The chromatogram of the mix-
ture still shows the existence of TMSOTMS which is the by-product remains
from the TMSOH synthesis process. This result is further complemented by
NMR spectroscopy.

Upon increasing the temperature, TMSOTMS was found to still remain,
however the signal for TMSOH decreases and a new signal appears at reten-
tion time of 2.87 min. This signal is attributed to a TMS derivative with eth-
ylene glycol (hereafter denoted as TMS-EG), formed as a result of a ring-
opening reaction of the surrounding EC molecule triggered by TMSOH (reac-
tion 4.14)

(4.14)

This reaction also leads to the formation of carbon-dioxide. There is also pos-
sibility that TMS-EG further induces reaction on the surrounding EC solvent
molecule forming longer polymeric chains of TMS-EG, denoted as TMS de-
rivative with diethylene glycol (TMS-diEG) (reaction 4.15)

(4.15)

Evidence of this TMS-diEG was found in *’Si NMR spectra presented in fig-
ure 5 (¢) in paper V.

Thus, to conclude, Si—O bonds within TMSPa react with residual H,O in
the presence of carbonate solvents to form TMSOH and H3PO4. TMSOH re-
acts subsequently with unreacted TMSPa to form the less reactive TMSOTMS
dimer. A risk, however, is that the resulting TMSOH provides a nucleophilic
attack on and ring-opens EC to form TMS-EG, albeit at a very low rate at RT.
The activation energy required to open up EC ring by TMSOH is much higher
than the energy required by the significantly more mobile H>O. In a practical
scenario it is highly desirable to let TMSPa scavenge H»O to form less reactive
TMS-based compounds. This also hints in the direction that H>O is a stronger
nucleophile than TMSOH. The computational results further suggest that the
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ability of the reaction products to form energetically favourable intermolecu-
lar interactions such as hydrogen bonding is important for an efficient break-
age of the O—Si bond of TMSPa.
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5 Conclusion and future outlook

A chemically stable, Li" conducting, thin and passivating solid electrolyte in-
terphase on the negative electrode surface is generally acknowledged as a pre-
requisite for a well-functioning lithium-ion cell. However, there is no real con-
sensus regarding the SEI formation mechanism and the resulting structures in
the research community. In literature, models ranging from single- to multi-
layer, up to hetero-phase structures have been presented, but validation exper-
iments are challenging and data interpretation is difficult and ambiguous.

In this thesis, a model spectro-electrochemical system is applied to simplify
and study the complex SEI formation mechanism in Li-ion cell. In order to
isolate the products of ethylene carbonate reduction, electrolyte based on
LiClO4 in EC and Au as the model working electrode are used. Operando
surface enhanced Raman spectroscopy complemented by online-electrochem-
ical mass spectrometry provides insights regarding the step-wise electrochem-
ical reduction of electrolyte constituents during SEI formation. Various elec-
trochemical surface processes, such as solvent reduction, are found to be func-
tions of applied potential and electrode/electrolyte impurities play a signifi-
cant role in the SEI build-up. Residual water as well as carbon and oxygen
containing impurities (such as O, and CO,) are found to interfere with the SEI
formation mechanism. Regardless of electrolyte composition, lithium car-
bonate and lithium oxide are the dominating SEI species revealed by SERS,
which forms already at ~2 V vs. Li"/Li. Effects associated with electric double
layer charging, electrode adsorbate polarization (Stark effect), and SEI disso-
lution are recognised. Although SERS provides deeper insights into the un-
derlying mechanisms, it comes with a few limitations such as the technique is
the most effective only when the analyte molecule interacts strongly with the
substrate.

Electrolyte additives are functional molecular compounds included in low
concentrations in Li-ion cells to enhance performance. The most common ad-
ditive in modern Li-ion cells is VC. VC is an SEI former, which is decom-
posed before the electrolyte above 1 V vs. Li"/Li and shown to suppress EC
decomposition. VC has been not only known to polymerize, forming poly(vi-
nylene carbonate), but also to release major amounts of CO, which are two
seemingly contradictory processes. So, the formation mechanism of CO, from
VC decomposition in electrolyte is thoroughly studied herein, in an attempt to
understand its implication on the SEI formation processes. It is found that a
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huge amount of CO; is generated when VC is present as an electrolyte addi-
tive. This is because the activation energy of decomposition of VC to produce
CO: is lower than its saturated counterpart, EC. The first step in VC degrada-
tion is the ring-opening which is rather a chemically activated process, for
example, a hydro-chemical reaction of VC. This also produces a mixture of
different solubilized polymeric/oligomeric chain fragments as detected by so-
lution NMR.

During SEI formation, the CO; that is formed from VC degradation is sub-
sequently reduced forming formate that eventually can contribute to the SEI.
VC is also seen to lower H» evolution in the cell. This is credited to the ring-
opening processes of VC that subsequently consumes H,O. This hypothesis
was proven by Karl-Fischer titration performed on a background solvent that
was deliberately contaminated with water onto which VC was added with and
without hydroxide. Moreover, it has also been shown in this thesis that VC
can abstract reduced protons from the negative electrode surface and turns into
EC.

Li-ion cells are assembled in dry room, so there is always some trace
amount of water present. During initial polarization, water can reduce and
form hydroxide on the negative electrode side. OH is likely the most potent
of all Lewis bases (LBs) to trigger decomposition reactions e.g., by autocata-
lytic decomposition of EC. Depending upon the solubility of the decomposed
electrolyte specie, they can precipitate on the electrode surface leading to a
thick SEI layer. Thus, an important functionality of VC is that it leads to a
thinner SEI by cleaning up H>O and hence suppressing H,O reduction related
processes.

In the later part of the thesis, the reactivity of LBs, commonly found in the
SEI, towards electrolyte solvents is investigated. Tris(trimethylsilyl)-phos-
phate (TMSPa), a well-known representative of organosilicon-based electro-
lyte additives, has been used to chemically probe their reactivity and the un-
derlying reaction mechanism involved. The reason for choosing TMSPa is that
there are theories around it that it acts as multifunctional molecules: fluoride
scavenger and CEI former in LIB cells. By combining in-situ headspace gas
analysis and conventional solution nuclear magnetic resonance spectroscopy
to qualitatively analyse the reaction products, it is concluded that the LBs are
potentially harmful cell components as they lead to electrolyte degradation in
the cell. Including TMSPa in small concentrations is effective in scavenging
these LBs while replacing them with less harmful and electrolyte soluble tri-
methylsilyl-based components. The additive derives its main functionality
from its silicon-oxygen bond. Intermolecular physico-chemical effects, such
as anion reception is likely to be very important but remain a subject of future
studies.

The follow-up study emphasized the reactivity of TMSPa with water in
conventional organic carbonate solvents. Trimethylsilanol and phosphoric
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acid are found as the main reaction products, however, various P-O—Si-con-
taining intermediates are also found. TMSOH, a LB by itself, can as similar
to water undergo reaction with TMSPa at room temperature to form hexame-
thyldisiloxane and as well as can also activate EC ring-opening reactions at
elevated temperatures (>80 °C) yielding a TMS derivative with ethylene gly-
col. While the formation of TMS-EG at the expense of EC is in principle an
unwanted parasitic reaction, it should be noted that this reaction is only acti-
vated at elevated temperatures in comparison to EC ring-opening by H,O
which takes place already at >40 °C. Thus, the study underlines the advantages
of organo-silicon compounds as electrolyte additives. Elucidating the reaction
mechanism in model systems like this is important for future studies of similar
additives, in order to improve the accuracy of additive exploration in LIBs.

In general, water is always brought in to cell with every cell component
because of the difficulty to perfectly dry these components. The water content
can easily reach hundreds of ppm. The challenge with water is that it triggers
autocatalytic decomposition reactions with the electrolyte solvents and salts.
This is where VC and TMSPa come in to neutralize both H>O and LBs such
as LiOH.

Looking forward, investigating the chemical and electrochemical reactions
during nanometric electrode/electrolyte interphase formation will continue to
be a challenging task. Operando SERS, gas analysis and NMR are however
powerful techniques to study this phenomenon owing to their high sensitivity
and selectivity. Cell contaminants, even in low concentrations, complicates
these studies and has to be accounted for. Hence, studies involving the metic-
ulous approach of adding known amounts of contaminants to understand their
influence on the interphase formation processes have to be undertaken.

Understanding the formation and decomposition reaction pathways funda-
mentally provides valuable insights for designing successful mitigation strat-
egies. This could involve for example, incorporating a water-scavenging elec-
trolyte additive or separator, as well as designing coatings to prevent such ad-
verse reactions. By pinpointing decomposition products and their formation
mechanism, future research can explore their impact on electrode crosstalk
processes, potentially enhancing our comprehension of parasitic reactions at
the negative electrode that diminish the battery's lifespan.
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6 Sammanfattning pa Svenska

Ett kemiskt stabilt, tunt och passiverande lager (”Solid electrolyte interphase,
SEI”) pé ytan av den negativa elektroden &r en forutsittning for ett valfunge-
rande litiumjonbatteri (LIB). Det finns dock ingen konsensus kring bildnings-
mekanismen av detta SEI lager och dess sammanséttning eller struktur. I lit-
teraturen har modeller presenterats som stricker sig fran strukturer baserade
pa en- till flerskiktslager samt heterogena strukturer, men valideringsexperi-
ment av dessa modeller &r utmanande och resultaten tvetydiga.

I denna avhandling har en modell av ett forenklat elektrospektroskopiskt
system tillampats for att studera den komplexa SEI-bildningsmekanismen i ett
LIB. For att isolera den reducerande effekten av etylenkarbonat (EC) anvénds
denna i en elektrolyt baserad pa LiClO4 och med guld som arbetselektrod. Den
stegvisa elektrokemiska reduktionen av elektrolytens bestandsdelar under
SEI-bildning i detta modellsystem studerades med Operando ytforstiarkt Ra-
man-spektroskopi kompletterat med online-elektrokemiskt masspektrometri.
Olika elektrokemiska ytprocesser, saisom 18sningsmedelsreduktion samt elek-
trod- och elektrolytfororeningar har visats spela en betydande roll i SEI-upp-
byggnaden. Féroreningar sdsom vatten samt fororeningar som innehaller kol
och syre (som Oz och CO) har visat sig stora SEI-bildningsmekanismen. Oav-
sett elektrolytsammanséttning ar litiumkarbonat och litiumoxid de domine-
rande bestdndsdelarna i SEI. Detta avsldjas av SERS som visar deras upp-
komst redan vid 2 V mot Li"/Li. Ytterligare fenomen associerade med elekt-
risk dubbelskiktsladdning, elektrodadsorberande polarisering (Stark effekt)
och SEI-upplosning har analyserats. Dessa analysmetoder ger djupare insikter
i de underliggande mekanismera, ddremot finns det fortfarande begrénsningar.
Tekniken ér till exempel som mest effektiv nar molekylen interagerar starkt
med substratet.

Additiv i laga koncentrationer tillsétts i elektrolyten for att forbéttra pre-
standan pé batteriet. Dessa dr funktionella molekyler sdsom VC, som finns i
nédstan alla kommersiella LIB. Denna tillsats formar SEI och reduceras innan
elektrolyten éver 1 V mot Li"/Li pa den negativa elektroden samt undertrycker
senare nedbrytning av EC. VC har inte bara visat sig polymerisera och bilda
poly(vinylenkarbonat) som skyddar elektrodytan, utan ocksa frigora stora
méngder CO», vilket &r tva till synes motstridiga processer. Bildningsmekan-
ismen for CO; fran VC-nedbrytning i elektrolyt har studerats grundligt i ett
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forsok att forsta dess implikation pa SEI-bildningsprocesserna. Det konstate-
ras att stora mangder CO2 genereras niar VC dr niarvarande. Detta beror pa att
aktiveringsenergin for nedbrytning av VC for att producera CO, ar ligre én
dess méttade motsvarighet, EC. Det forsta steget i denna VC-nedbrytnings-
process dr ringdppningen som snarare ar en kemiskt aktiverad process via till
exempel hydrolys av VC. Detta resulterar dven i en blandning av olika 16sliga
polymera/oligomera kedjefragment som detekteras med vétske-NMR.

Vid laga elektrodpotentialer kan CO, som bildas fran VC-nedbrytning re-
duceras till littumformat som s& smaningom kan bidra till SEI. VC har dven
visats undertrycka Hj-utvecklingen i LIB. Detta tillskrivs den snabbare ring-
Oppningen av VC jamfort med EC som dérefter forbrukar H,O. Denna hypotes
bevisades genom Karl-Fischer-titrering utford pa ett 16sningsmedel som var
avsiktligt fororenat med vatten till vilket VC tillsattes med och utan hydroxid.
Dessutom har det ocksé visats i denna avhandling att VC kan abstrahera redu-
cerade protoner fran ytan av den negativa elektroden och omvandlas till EC.
En viktig funktion hos VC &r alltsé att den leder till ett tunnare SEI genom att
undertrycka H>O-reduktion.

I den senare delen av avhandlingen undersoks reaktiviteten hos Lewis-ba-
ser, som vanligtvis finns i SEI, mot olika elektrolytlosningsmedel. Tris(trime-
tylsilyl)-fosfat (TMSPa), en vélkénd representant for organokiselbaserade
elektrolyttillsatser, har anvints for att kemiskt undersoka dess reaktivitet och
den underliggande reaktionsmekanismen. TMSPa anses fungerar som multi-
funktionella molekyl: fluoridrensare och bilda passiverande lager pa den po-
sitiva elektroden i LIB. Genom att kombinera in-situ headspace-gasanalys och
konventionell vitske-NMR for att kvalitativt analysera reaktionsprodukterna
kunde foljande slutsatser dras. Lewis-baser &r potentiellt skadliga eftersom de
leder till elektrolytnedbrytning i cellen. Att inkludera TMSPa i smé koncent-
rationer dr effektivt for att rensa bort dessa Lewis-baser samtidigt som de er-
sétts med mindre skadliga och elektrolytlsliga trimetylsilylbaserade kompo-
nenter. Tillsatsen far sin huvudsakliga funktion fran dess kisel-syrebindning.
Intermolekyléra fysikalisk-kemiska effekter, sésom anjonmottagning kommer
sannolikt att vara mycket viktiga men forbli ett &mne for framtida studier.

Uppfoljningsstudien betonade reaktiviteten av TMSPa med vatten i kon-
ventionella organiska karbonatlésningsmedel. De huvudsakliga reaktionspro-
dukterna identifierades som trimetylsilanol (TMSOH) och fosforsyra
(H3POs), samt olika P-O—Si-innehéllande intermediira molekyler. TMSOH,
en Lewis-bas, kan pad samma sitt som vatten genomga reaktion med TMSPa
vid rumstemperatur for att bilda hexametyldisiloxan (TMSOTMS) och kan
dven aktivera ringdppningsreaktionen av EC vid forhgjda temperaturer (>80
°C) vilket resulterar i derivat si som etylenglykol (TMS-EG). Aven om upp-
komsten av TMS-EG pé bekostnad av EC dr en odnskad parasitreaktion, bor
det noteras att denna reaktion endast aktiveras vid forhojda temperaturer i jim-
forelse med EC-ringdppning av H,O som redan dger rum vid >40 °C. Séledes
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understryker studien fordelarna med organiska kiselféreningar som elektro-
lyttillsatser. Att belysa reaktionsmekanismen i modellsystem som detta &r vik-
tigt for framtida studier av liknande tillsatser, for en mer noggrann och for-
battrad kartliggning av tillsatser i LIB.

I allménhet fors vatten alltid in i cellen med varje cellkomponent pa grund
av svérigheten att fullkomligt torka dessa komponenter. Vattenhalten kan létt
né hundratals ppm. Utmaningen med vatten &r att det utloser autocatalytiska
nedbrytningsreaktioner med elektrolytldsningsmedel och salter. Det ér hdr VC
och TMSPa kommer in for att neutralisera bade H,O och LB som LiOH.

Under de kommande aren fortsdtter utmaningen med att undersoka ke-
miska och elektrokemiska reaktioner vid elektrol/elektrolyt-interfasbildning.
Under de kommande aren kommer det att fortsitta att vara en utmanande upp-
gift att undersoka de kemiska och elektrokemiska reaktionerna vid elek-
trod/elektrolyt-interfasbildning. Operando SERS, in-situ masspektrometri
och NMR ar dock kraftfulla tekniker for att studera dessa processer pa grund
av deras hoga kénslighet och selektivitet. Fororeningar, dven i 1dga koncent-
rationer, komplicerar dessa studier och maéste beaktas.

Dérfor kan noggranna studier som dessa, dér kinda méngder féroreningar
tillsétts, pavisa deras inverkan pa de processer som sker vid interfasbildning.
Att forsta reaktionsvégarna for bildning och nedbrytning ger i grunden vérde-
fulla insikter for att utforma framgangsrika strategier som begriansar negativa
effekter. Detta kan exempelvis involvera att tillsdtta en vattenabsorberande
elektrolyttillsats eller separator, sdvél som att utforma beldggningar for att for-
hindra negativa reaktioner. Genom att faststdlla nedbrytningsprodukter och
deras bildningsmekanism kan framtida forskning kartldgga deras inverkan pa
korskontaminering mellan elektroder, vilket potentiellt kan forbattra var for-
stéelse av reaktioner som forkortar batteriets livslangd.
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