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Abstract

This thesis aims at improving the performance and understanding of Si anodes in combination
with ionic liquid (IL) electrolytes for Li-ion batteries (LIBs) for the purpose of supporting
the quest for safer and higher-capacity energy storage. LIBs have been widely implemented
in the past decades, revolutionizing the field of portable electronics and laying the founda-
tion for the electrification of society, for instance through a widespread commercialization of
electric vehicles. However, the graphite anode in the traditional LIB has reached its limit-
ing capacity and further developments to this crucial technology are needed to allow LIBs
to fulfill the role they can play in a greener future. Silicon has been recognized as one of
the most promising next-generation anode materials. In addition, a replacement of today’s
flammable carbonate-based electrolytes should also be developed and ILs, despite their high
viscosities, have been considered as a non-flammable electrolyte alternative for quite some
time. To further address the challenges related to Si anodes and IL electrolytes, this the-
sis employed a threefold approach including (1) evaluating the effects that two different Li
salts, lithium bis(fluorosulfonyl)imide (LiFSI) and lithium bis(trifluoro-methanesulfonyl)imide
(LiTFSI), had on cycling stability, rate performance, and solid-electrolyte interphase (SEI)
formation of Si anodes in two different ILs, 1-ethyl-3-methylimidazolium bis(fluorosulfonyl)-
imide (EmiFSI) and trimethyl(isobutyl)phosphonium bis(fluorosulfonyl)imide (P111i4FSI), (2)
assessing the use of triethyl phosphate (TEP) and 2-trifluoromethyl-3-methoxyperfluoropentane
(TMMP) as low-viscosity cosolvents for EmiFSI, and (3) evaluating fluoroethylene carbonate
(FEC) as a potential SEI-forming additive in EmiFSI-based electrolytes with and without a
cosolvent. The results showed that LiFSI is the preferred salt in P111i4FSI electrolytes, but
that there is a trade-off between improved capacity and a better Coulombic efficiency for
LiTFSI and a better rate performance for LiFSI in EmiFSI-based electrolytes. These findings
illustrate how the choice of Li salt affects cell performance and imply that careful consider-
ation must be taken when choosing the electrolyte salt. Further, neither TEP nor TMMP
appear to be suitable cosolvents for EmiFSI as TEP underwent a severe decomposition dur-
ing the first charge cycle and TMMP was not miscible with EmiFSI at the concentrations
tested in this thesis. The use of FEC as an additive resulted in worse rate performance and
greater overpotentials, both with and without the cosolvent present, meaning that it is not
suitable to be used with EmiFSI. Further research should focus on using additional charac-
terization techniques to improve the understanding of SEI formation with LiFSI and LiTFSI
salts, in addition to evaluating further alternatives for cosolvents and additives to improve
the performance of Si anodes in IL electrolytes.
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Sammendrag

Denne oppgaven fokuserer p̊a å forbedre ytelsen og forst̊aelsen av silisiumanoder i kombinasjon
med elektrolytter av ioniske væsker for litsium-ionbatterier med form̊al om å støtte arbeidet
med å utvikle energilagring som er tryggere og har høyere kapasitet. Litsium-ionbatterier
har blitt kraftig implementert de siste ti̊arene og har revolusjonert bærbar elektronikk og lagt
grunnlaget for elektrifiseringen av samfunnet, for eksempel via kommersialisering av elek-
triske biler. N̊a har imidlertid grafittanoden i det tradisjonelle litsium-ionbatteriet n̊add den
teoretiske kapasiteten og det er nødvendig med videreutvikling for at litsium-ionbatteri skal
kunne bidra til en grønnere framtid. Silisium er anerkjent som et av de mest lovende anodema-
terialene i neste generasjons batterier. I tillegg bør et alternativ til dagens brennbare karbon-
atelektrolytter bli utviklet. Ioniske væsker har, til tross for høy viskositet, blitt vurdert som en
ikke-brennbar elektrolytt i mange år. For å videre adressere utfordringene knyttet til silisiu-
manoder og elektrolytter av ioniske væsker, har denne oppgaven tatt i bruk en tredelt tilnærm-
ing som inkluderer (1) å evaluere effektene som to litsiumsalt, litsium bis(fluorosulfonyl)imide
(LiFSI) og litsium bis(trifluoro-metansulfonyl)imide (LiTFSI), hadde p̊a opp- og utladingssta-
biliteten, rateytelsen og dannelse av SEI (”solid-electrolyte interphase”) med silisiumanoder
i to forskjellige ioniske væsker, 1-etyl-3-metylimidazolium bis(fluorosulfonyl)-imide (EmiFSI)
og trimetyl(isobutyl)phosphonium bis(fluorosulfonyl)imide (P111i4FSI), (2) å vurdere bruken
av trietylfosfat (TEP) og 2-trifluormetyl-3-methoxyperfluoropentan (TMMP) som kosolven-
ter med lav viskositet for EmiFSI og (3) å evaluere fluoretylenkarbonat (FEC) som et mulig
SEI-dannende tilsetningsstoff i EmiFSI-baserte elektrolytter b̊ade med og uten kosolvent. Re-
sultatene viste at LiFSI er det foretrukne litsiumsaltet for P111i4FSI-elektrolytter, men at det
er en avveining mellom forbedret kapasistet og Coulombisk effektivitet med LiTFSI og en
bedre rateytelse med LiFSI i EmiFSI-baserte elektrolytter. Disse funnene illustrerer hvordan
valget av litsiumsalt p̊avirker celleytelsen og impliserer at nøye vurderinger m̊a gjøres n̊ar
litsiumsalt skal velges. Videre virker verken TEP eller TMMP å være aktuelle kosolventer for
EmiFSI ettersom TEP gjennomgikk en kraftig dekomponeringsprosess under den første op-
pladingssyklusen og TMMP ikke var løselig i EmiFSI ved de konsentrasjonene som ble testet
i denne oppgaven. Bruken av FEC som tilsetningsstoff resulterte i verre rateytelse og større
overpotensial, b̊ade med og uten kosolvent tilstede, noe som betyr at den ikke er passende
å bruke sammen med EmiFSI. Videre forskning bør fokusere p̊a å bruke flere karakteriser-
ingsteknikker for å forbedre forst̊aelsen av SEI-dannelse med LiFSI og LiTFSI, samt evaluere
flere alternative kosolventer og tilsetningsstoffer for å forbedre ytelsen av silisiumanoder i
elektrolytter av ioniske væsker.
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Abbreviations

IL Ionic liquid

LIB Lithium ion battery

LiFSI Lithium bis(fluorosulfonyl)imide

LiTFSI Lithium bis(trifluoro-methanesulfonyl)imide

SEI Solid-electrolyte interface

EmiFSI 1-Ethyl-3-methylimidazolium bis(fluorosulfonyl)imide

P111i4FSI Trimethyl(isobutyl)phosphonium bis(fluorosulfonyl)imide

TEP Triethyl phosphate

TMMP 2-Trifluoromethyl-3-methoxyperfluoropentane

FEC Fluoroethylene carbonate

XPS X-ray photoelectron spectroscopy

IFE Institute for Energy Technology

LFP LiFePO4

EIS Electrical impedance spectroscopy

SOC State of charge

NMR Nuclear magnetic resonance

DFT Density functional theory

LUMO Lowest unoccupied molecular orbital

HOMO Highest occupied molecular orbital

EC Ethylene carbonate

FTIR Fourier-transform infrared spectroscopy

DEC Diethyl carbonate

DMC Dimethyl carbonate

EMC Ethylmethyl carbonate

TMP Trimethyl phosphate

HFE Hydrofluoroether

CMC Carboxymethyl cellulose

iv



Contents

Preface i

Abstract ii

Sammendrag iii

Abbreviations iv

1 Introduction 1
1.1 Background and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aim of this work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Theory 4
2.1 Fundamentals of a Li-ion battery . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1.1 Working principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1.2 Physical terms and definitions . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.1 Introduction to electrode materials . . . . . . . . . . . . . . . . . . . . . 8
2.2.2 Cathode materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2.3 Introduction to anode materials . . . . . . . . . . . . . . . . . . . . . . . 13
2.2.4 Silicon as anode material . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.3 SEI layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.1 A general discussion on the SEI layer . . . . . . . . . . . . . . . . . . . 16
2.3.2 SEI on silicon anodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.4 Electrolytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.4.1 Introduction to electrolytes . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.4.2 Ionic liquid electrolytes . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.4.3 Electrolyte salts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.4.4 Electrolyte additives and cosolvents . . . . . . . . . . . . . . . . . . . . 26

3 Experimental 28
3.1 Chemicals and electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.2 Experimental procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2.2 Cell manufacture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.2.3 Electrochemical testing . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

v



3.2.4 Post-mortem characterization . . . . . . . . . . . . . . . . . . . . . . . . 32

4 Results 35
4.1 The effect of Li salts and cosolvents on electrolyte properties . . . . . . . . . . 35

4.1.1 Visual inspection of electrolytes . . . . . . . . . . . . . . . . . . . . . . . 35
4.1.2 Electrolyte resistance measurements with EIS . . . . . . . . . . . . . . . 35

4.2 The effect of Li salts on cell performance and SEI formation . . . . . . . . . . . 36
4.2.1 The effect of LiFSI and LiTFSI on cell capacity, rate performance, and

electrolyte decomposition . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2.2 Characterization of SEI layers with XPS . . . . . . . . . . . . . . . . . . 40

4.3 The effect of TEP and FEC on cell performance . . . . . . . . . . . . . . . . . 47

5 Discussion 52
5.1 The effect of Li salts and cosolvents on electrolyte properties . . . . . . . . . . 52
5.2 The effect of Li salts on cell performance and SEI formation . . . . . . . . . . . 54

5.2.1 The effect of LiFSI and LiTFSI on cell capacity, rate performance, and
electrolyte decomposition . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5.2.2 Characterization of SEI layers with XPS . . . . . . . . . . . . . . . . . . 58
5.2.3 The effect of LiFSI and LiTFSI on the SEI layer . . . . . . . . . . . . . 60

5.3 The effect of TEP on cell performance . . . . . . . . . . . . . . . . . . . . . . . 61
5.4 The effect of FEC on cell performance . . . . . . . . . . . . . . . . . . . . . . . 63

6 Conclusion 65

7 Further work 67

8 Bibliography 69

vi



Chapter 1

Introduction

1.1 Background and motivation

The modern world is currently facing a serious climate crisis and a massive, collective effort
is needed to limit global warming to below 1.5 ◦C to avoid the most disastrous consequences
of climate change, as detailed in a recent IPCC report [1]. The transition from today’s fossil
fuel-dependent economy to a greener alternative will require both political willpower and
technological innovations. Improved energy storage solutions will play an essential role in
this transition and battery technology, with the LIB being the market leader, will likely be
a key solution. The LIB is expected to be important in everything from the electric vehicle
revolution [2] to overcoming the intermittency problem of many renewable energy resources
[3]. In the fall of 2019, the LIB received additional attention when the 2019 Nobel Prize in
Chemistry was awarded to its inventors [4]. Although the LIB is a well-researched technology,
additional improvements are needed for it to continue to compete with fossil alternative [5].

The LIB system has not changed much since its commercialization by Sony in 1991 and
a typical LIB still consists of a carbonaceous anode, a transition metal oxide cathode, and
an organic liquid electrolyte. Graphite is used as active material in the anode due to its
charge-discharge cycling stability [6], but the conventional LIB now faces the theoretical limit
of its energy density [7] and it is necessary to find an alternative that can outperform the
372 mAh/g gravimetric theoretical capacity of graphite. Si has an almost ten times higher
theoretical capacity, 3579 mAh/g, and is the leading candidate for next-generation anodes [7].

Implementing a Si anode comes with a set of challenges. Si can experience an enormous
>300% volume expansion when alloying with Li [8]. This expansion results in cracking and
fragmentation of the Si particles and deformation of the electrode, which may cause electrical
isolation of the active material [9]. In addition, the expansion of Si has detrimental effects on
the SEI layer. The SEI layer is a very thin, protective layer on the anode. The formation of
the SEI layer happens during the initial charge cycles due to an irreversible reduction of the
electrolyte when in contact with the anode [10]. The formation of the SEI layer represents
an irreversible capacity loss, but a continuous electrolyte decomposition is usually avoided
as the electrically insulating SEI acts as an electron barrier between the electrolyte and the
anode, preventing further decomposition. However, the expansion of Si upon lithiation and
the subsequent cracking of the SEI layer exposes ”fresh” Si to the electrolyte, consequently
promoting further electrolyte decomposition. The unstable nature of the SEI layer on Si gives
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a reduced efficiency and lowers the capacity retained with each charge and discharge cycle
[11].

The limited energy density is only one of the challenges that the traditional LIB faces. A
profound safety hazard related to the electrolyte is also present. The electrolyte in today’s
LIBs is usually a blend of highly flammable carbonates [5] that have flash points around room
temperature [12]. A damaged cell in combination with an ignition source can cause a fire or
explosion. This has motivated a research effort to develop safer electrolyte alternatives.

An IL is a salt with a low melting point, usually defined to be <100 ◦C, meaning that it ex-
ists as a liquid consisting of only ions even at relatively low temperatures. Room temperature
ILs are a subset of ILs with melting points below room temperature. ILs have been considered
as battery electrolytes for several decades [13] and their beneficial properties include negli-
gible vapor pressure, wide electrochemical stability windows, sufficient ionic conductivities,
and high chemical and thermal stability, making them a safe substitute for today’s carbonate
electrolytes [14, 15].

A large number of room temperature ILs have been successfully synthesized and this work
investigates two of them. The first IL is the quite well-researched EmiFSI which is based on
imidazolium, the cation present in many of the first ILs to be considered as electrolytes for
LIBs [13, 16]. EmiFSI has a relatively low viscosity compared to other ILs [17] and have shown
promising results with Si anodes [11, 18]. The second IL is the less investigated P111i4FSI
that has received attention in more recent years [19].

The choice of electrolyte salt has a large effect on the performance of an electrolyte. This
thesis focuses on two salts, LiFSI and LiTFSI. LiFSI is less prone to hydrolysis and subsequent
HF formation compared to the standard electrolyte salt, LiPF6, and has shown that it can
improve the performance of Si anodes in carbonate-based electrolytes [20]. LiFSI has also
been tested with ILs and Si anodes, showing a stable reversible capacity of ∼2500 mAh/g at
a rate of C/10 in EmiFSI [18] and an impressive capacity of ∼3000 mAh/g after 300 cycles at
a rate of C/2.5 in P111i4FSI [21].

LiTFSI is significantly cheaper compared to LiFSI and as long as it can yield similar or
improved electrolyte performance, it would be the preferred alternative. LiTFSI is a larger salt
than LiFSI and has stronger interactions between Li+ and the anion [22]. Both of these effects
contribute to a trend of increased viscosity in electrolytes with LiTFSI, where an increased
viscosity usually is synonymous with worse ion transport properties [16]. On the other hand,
LiTFSI is chemically [23] and thermally [24, 25] more stable than LiFSI. Further, it appears
that LiTFSI in P111i4FSI is a combination that has never previously been tested. In EmiFSI,
LiTFSI has never been used with a pure Si anode, only with a Si-Ni-C composite [26].

A major disadvantage of IL electrolytes is their high viscosity compared to carbonate
electrolytes [20, 27]. Attempts at tackling this challenge have been made by using carbonates
as a cosolvent in IL electrolytes [28], but as even the co-presence of carbonates can make the
cell vulnerable to safety issues [29], this solution is sub-optimal when it comes to electrolyte
flammability. Using flame retardants as electrolytes or cosolvents has received attention in
recent years [30] and this work tests a hydrofluoroether, TMMP, and a phosphate-based flame
retardant, TEP.

Adding a small amount of a chemical is an effective and commonly used tactic to improve
certain aspects of battery cell performance, in particular to promote a certain SEI formation
[25]. FEC is one of the most studied additives for Si anodes in carbonate-based electrolytes for
LIBs [31] and promotes the formation of a more ionically conductive SEI layer [32]. Although
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only a minor research effort has so far been devoted to the investigation of additives for IL
electrolytes, it has been shown that FEC can be preferentially reduced instead of the IL or the
salt in an EmiTFSI-based electrolyte [33], making it a possible additive also for EmiFSI-based
electrolytes.

1.2 Aim of this work

The overall aim of this work was to improve the performance and understanding of Si anodes
in combination with ILs for LIBs. The approach was threefold and included (1) changing the
electrolyte salt, (2) adding a cosolvent, and (3) adding an SEI-forming additive. The overall
project goal can be divided into three subgoals:

1. Evaluate the effects that two different electrolyte salts, LiFSI and LiTFSI, have on
cycling stability, rate performance, electrolyte decomposition, and ionic conductivity
of battery cells with two different ILs, EmiFSI and P111i4FSI. The SEI formation will
be characterized by means of X-ray photoelectron spectroscopy (XPS) and related to
electrochemical performance of the cells to further understand the differences between
the two salts.

2. Assess the use of TEP and TMMP as possible cosolvents for EmiFSI by mixing electro-
lytes with different ratios of EmiFSI and TEP/TMMP and examining the effects on
cycling stability, rate performance, electrolyte decomposition, and ionic conductivity of
the cells.

3. Evaluate FEC as a potential additive to EmiFSI electrolytes with and without a cosol-
vent by investigating cycling stability, rate performance, and electrolyte decomposition
of cells where FEC has been added to the electrolyte.

In this work, pseudo full cells with screen printed Si anodes from the Institute for Energy
Technology (IFE) and capacitively oversized LiFePO4 (LFP) cathodes from Customcells Itze-
heo GmbH are used. The results from this thesis will hopefully broaden the understanding
of IL-based electrolytes together with Si anodes and be a small contribution in achieving the
implementation of safer and higher-capacity LIBs to promote a more electrified and greener
future.
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Chapter 2

Theory

2.1 Fundamentals of a Li-ion battery

2.1.1 Working principle

As an introduction to the theory behind LIBs, this first section will cover their basic working
principle. Both this section, as well as the following, Section 2.1.2, are, unless otherwise
stated, based on the book ”Lithium Batteries” by Julien, Mauger, Vijh, and Zaghib [34] and
the 2013 article ”The Li-ion rechargeable Battery: A perspective” [35] by Goodenough and
Park.

A battery is a collection of one or more interconnected electrochemical cells. An electro-
chemical cell is a system that can convert chemical energy into electrical energy via sponta-
neous chemical reactions or force non-spontaneous chemical reactions to occur using electrical
energy. There are three essential components in an electrochemical cell; two electrodes, namely
the anode and the cathode, and an electrolyte. In the case of the LIB, the electrodes store
Li-ions and the electrolyte transports Li-ions between the two electrodes.

Batteries are categorized as primary or secondary batteries depending on their ability
to readily be recharged. The LIB is rechargeable and is therefore a secondary battery. An
illustration of the first LIB, as commercialized by Sony in 1991, is shown in Figure 2.1. This
original setup will be used to further explain the working principles of the LIB.

Initially, some additional components should be introduced. Firstly, a thin separator is
sandwiched between the anode and the cathode. Its electrically insulating properties prevent
a short circuit between the electrodes while its porosity allows the transport of Li-ions back
and forth in the electrolyte. Secondly, both the anode and the cathode are directly connected
to metal foils called current collectors. The current collectors, illustrated as blue and red
boxes in Figure 2.1, ensure that there is sufficient electrical contact between the external
electrical circuit and the active material of the electrodes. In the first LIB, graphite was used
as active material in the anode and LiCoO2 was used in the cathode. Electrode materials will
be extensively discussed in Section 2.2.

Strictly speaking, the cathode in an electrochemical cell is the electrode where the re-
duction reaction occurs and the anode is the electrode hosting the oxidation reaction. For
secondary batteries, however, both electrodes host both oxidation and reduction reactions,
as the reactions switch position between charging and discharging the battery. The usual
convention is to assign labels based on the discharge process, i.e. the cathode is the positive
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Figure 2.1: A schematic illustration of the first LIB consisting of a LiCoO2 cathode and a
graphite anode. Adapted from [35].

electrode where reduction reactions occurs during discharging and the anode is the negative
electrode where oxidation occurs during discharging. This convention will be used throughout
the report.

A LIB cell transforms energy through reduction and oxidation (redox) reactions facilitated
by the reversible intercalation of Li-ions in the electrodes. When charging the cell, an external
voltage is applied causing Li in the cathode to oxidize and to go into the electrolyte as
positively charged Li-ions, according to the following reaction:

LiCoO2 −−⇀↽−− Li1−xCoO2 + xLi+ + xe−. (2.1)

At the same time, Li-ions from the electrolyte are reduced at the anode:

xLi+ + xe− + 6 C −−⇀↽−− LixC6. (2.2)

The top arrow in Equations (2.1) and (2.2) represents charging and the bottom arrow repre-
sents discharging of the cell.

Continuing on the description of the charging process, whereas electrons from the oxidation
reaction at the cathode travel in the external circuit towards the anode, Li-ions are solvated by
constituents of the electrolyte and move in the electrolyte, through the porous separator, and
towards the anode. Here, the Li-ions are ideally desolvated from the electrolyte constituents,
transported through possible surface layers (electrical double layer and/or SEI, which will
be described in detail in Section 2.3), and are lastly incorporated into the anode where a
reduction reaction happens. The incorporation of Li-ions in an electrode is called lithiation,
while delithiation describes extracting ions from an electrode. When discharging, Li stored
in the anode takes part in an oxidation reaction and the resulting Li-ions are transported
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through surface layers, solvated in the electrolyte, and move through the separator and to the
cathode.

Lithiation of the anode causes an increase in the electrochemical potential of the electrode.
Conversely, delithiation causes a decrease in the electrochemical potential. The electrochemi-
cal potential is a thermodynamic measure that combines the concepts of energy stored in the
form of chemical potential and electrostatics. Upon discharging, the difference in the electro-
chemical potential of electrons in the anode and the cathode is utilized to perform work as the
electrons travel through the external circuit. The difference in the electrochemical potential,
measured when no current is flowing, is the open-circuit potential, Voc. However, when a
current I 6= 0 flows, an extra voltage drop is caused by internal resistances in the cell, Ri(I).
The internal resistance is a sum of contributions from: (1) resistance related to the transfer
of charge across the electrolyte-electrode interphase and the electrode-current collector inter-
phase, (2) intrinsic resistance of the electrodes, and (3) the electrolyte resistance to the ionic
current. The voltage drop is called an overpotential and results in a decreased cell potential
during discharging (Vdis) and an increased cell potential curing charging (Vch):

Vdis = Voc − IRi(I) (2.3)

Vch = Voc + IRi(I). (2.4)

Plotting electrical impedance spectroscopy (EIS) measurements in a Nyquist plot is a com-
monly used technique to determine properties of an electrochemical system. The intersection
of the graph with the x-axis provides a measure of the high-frequency resistances in the cell,
RHF, which at this position can be assumed to be dominated by the electrolyte resistance, Rel.
Rel can be related to the conductivity of the electrolyte, σel, but in a battery, the presence
of the separator will alter this relationship. The relationship between RHF, Rel and σel in a
separator with porosity ε and tortuosity τ is [36]:

RHF ≈ Rel =
dτ

σelAε
, (2.5)

where d is the thickness of the separator and A is the area across which the ionic current
is transferred. As d, A, τ , and ε can be assumed to be identical for cells where the only
difference is the electrolyte, a comparison of RHF allows for a qualitative comparison of ionic
conductivities of the different electrolytes.

2.1.2 Physical terms and definitions

Some terms and definitions will be used frequently in this report. These are now introduced
and discussed.

1. Electrochemical potential (µ): The change in Gibb’s free energy (G) when the
amount (m) of species i is changed:

µi =
∂G

∂m
. (2.6)

The electrochemical potential can also be expressed as:

µi = µoi +RT ln(ai) + ziFφi, (2.7)
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where µoi is the standard chemical potential, R is the gas constant, T is temperature,
ai is the activity, zi is the charge, F is Faraday’s constant, and φi is the potential
experienced by species i.

2. Capacity (Q): The capacity of a given electrode represents the amount of charge it
can store when charged with a current I:

Q(I) =

∫ ∆t

0
Idt =

∫ Q

0
dq. (2.8)

3. Specific capacity (Qth): The capacity per mass of active material (Ah g-1). This
theoretical value is found using Faraday’s law:

Qth =
1000× nF
3600×MW

, (2.9)

where n denotes the number of electrons transferred in the reaction and MW is the
molar mass.

4. Open-circuit potential (Voc): The potential between the anode and the cathode when
no current is drawn, given by:

Voc = Vcathode − Vanode =
∆µe−

ze−F
=

∆G

nF
. (2.10)

5. Energy: The energy contained in a LIB is given by:

Energy =

∫ Q

0
V (q)dq, (2.11)

where a charge dq is transferred between two electrodes with a potential difference of
V (q). The energy content is expressed in Wh. The gravimetric energy density (Wh
g-1) and volumetric energy density (Wh L-1) are especially important. Equation (2.11)
illustrates that both the capacity Q and the potential difference between the electrodes
are important to maximize the energy content of the battery.

6. Power: The energy output of the cell per unit time, given in W:

Power =
Energy

Time
. (2.12)

7. State of charge (SOC): The ratio of the charge currently stored in the battery (Qe)
to the battery’s initial capacity (Qo), given in %:

SOC = 100%× Qe
Qo

. (2.13)

8. Overpotential (η): When the cell is charged or discharged with a current I, a de-
viation from the open-circuit potential occurs due to the cell’s internal resistance Ri,
representing a voltage drop η = IRi(I). η is dependent on multiple factors, including
SOC and I. The overpotential is also known as polarization or overvoltage.
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9. Coulombic efficiency (CE): The ratio (in %) of the amount of charge extracted upon
discharging (Qdis) to the amount of charge inserted during charging (Qch) of the same
cycle:

CE = 100%× Qdis
Qch

. (2.14)

A deviation from CE = 100% results in an irreversible capacity loss (ICL):

ICL = Qch −Qdis. (2.15)

10. C-rate: A parameter that indicates the current needed to fully charge a battery in an
hour. For a battery with a 1000 mAh capacity, 1C equals 1000 mA and C/5 equals 200
mA.

11. Rate performance: Describes how well a battery cell manages to maintain its capacity
when subject to higher (dis)charging rates.

12. Loading: Describes the amount of electrode material deposited per area on the current
collectors, either in terms of mass (mg/cm2) or capacity (mAh/cm2).

13. Cycling stability: Describes the ability of a battery system to maintain its original
level of electrochemical performance upon consecutive cycles of charging and discharg-
ing, especially concerning the stability of the system’s capacity. Cycling stability is
closely related to the Coulombic efficiency.

14. Lithiation and delithiation: The terms lithiation and delithiation are sometimes pre-
ferred over the more ambiguous charging and discharging. This is due to the extensive
use of Li metal half cells in battery research, where anode and cathode materials are
separately tested versus a Li metal electrode. As both anode and cathode materials
behave as a cathode relative to a Li metal electrode, some confusion can occur. Nor-
mally, charging involves lithiation of the anode, whereas in a half cell the anode will be
delithiated during charging. However, as only full cells are used in this work, the two
sets of terms can and will be used interchangeably.

2.2 Electrodes

2.2.1 Introduction to electrode materials

Electrode materials are and have been a key area of battery research for a long time and
numerous material alternatives therefore exist today [37]. When speaking of electrode mate-
rials, one usually means the active material, but an electrode is not a solid block of a single
material. In general, it is rather a mix of several components that play different roles in the
electrode [34, 38]:

1. The active material is the electrochemically active component that takes part in the
storage of Li-ions. It usually exists as micro- or nanoscale particles in order to facilitate
a uniform lithiation of the entire volume of the active material.

2. An electron-conducting additive is added to improve the electrical conductivity between
the individual particles of active material. In most cases, carbon black is used.
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3. A binder, for instance polyvinylidene fluoride, is added to ”glue” the particles of active
material to each other as well as to the current collector.

4. Optionally, small amounts of certain additive chemicals can be added to tailor the
performance of the electrode.

These electrode constituents are in direct contact with the current collector. Cu is used as
current collector on the anode side and Al is used on the cathode side. The different choice
of metals is based on the fact that Cu, unlike Al, does not significantly alloy with Li when
exposed to the low potentials at the anode. Further, Cu dissolution at higher potentials
prevents its use at the cathode, while Al can be used due to its ability to form passivating
layers at higher potentials [39].

The remaining part of this section will focus on the active material of the electrodes.
Inspired by a 2014 review paper ”Review on recent progress of nanostructured anode materials
for Li-ion batteries” written by Goriparti et al. [40], the following list of desired properties
of active materials for LIBs can be compiled:

1. High reversible specific capacity

2. High rate of lithium diffusion

3. High electrical conductivity

4. High safety

5. Low cost

6. Low toxicity

7. Long cycle and calendar life

The energy content of a LIB is dependent on both the capacity and the voltage of the battery,
as seen from Equation (2.11). Therefore, finding high-capacity electrode materials with a
sufficient voltage difference is needed to create LIBs with a high energy content. The specific
capacity and voltage (V vs Li/Li+) of some of the most common classes of active materials
are displayed in Figure 2.2.

Figure 2.2: A diagram showing the specific capacity and voltage (V vs Li/Li+) for some of
the most common electrode materials. Adapted from [37].
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Firstly, the focus will be the voltage of the battery, i.e. the potential difference between the
two electrodes. Figure 2.2 shows that most anode materials lie quite close to the lower limit
of 0 V vs Li/Li+. This means that an improvement in the battery voltage must come from
higher-voltage cathode materials. An absolute upper voltage limit does not exist, however is-
sues with corrosion of cathode components [41] and decomposition of electrolyte constituents
[35] nevertheless put some restrictions on how high the cathode voltage can be. A continuous
electrolyte decomposition is usually avoided as the decomposition products can form a pas-
sivation layer on the electrode, limiting further decomposition. Such a passivating layer that
kinetically stabilizes the electrode is called a SEI layer and will be extensively discussed in
Section 2.3.

Now, capacity will be considered. Figure 2.2 shows that there is a substantial difference
between the specific capacities of anode and cathode materials. Whereas most cathode ma-
terials have specific capacities ranging from 120 to 270 mAh/g [42, 43], some anode materials
can achieve several thousand mAh/g. The commonly used graphite anode has a theoretical
specific capacity of 372 mAh/g and one of the most promising alternatives, silicon, has a
theoretical value of 3579 mAh/g, almost ten times as high as that of graphite [7].

The overall specific capacity of a battery is of course dependent on the specific capacity
of both the anode and the cathode, as well as ”dead weight” from other components such as
external circuitry and the electrolyte. The specific capacity of a battery, when considering
only the mass of the two active materials, is given by [44]:

Specific capacity of a battery =
QAQC

QA +QC
, (2.16)

where QA and QC are specific capacities for the anode and the cathode active materials,
respectively.

In order to visualize the effect of changing the anode material from graphite to Si, Equa-
tion (2.16) is plotted with a constant cathode specific capacity QC = 131 mAh/g in Figure 2.3.
The plot shows how increasing the specific capacity of just the anode by a factor of ten only has
a limited effect on the overall specific capacity of the battery, as long as the cathode remains
unchanged. This illustrates the importance of improving both electrodes simultaneously.

Categories of electrode materials
Based on their mechanism of storing Li-ions, electrode active materials can be divided into
three categories: intercalation electrodes, conversion electrodes, and alloying electrodes [37].

Intercalation electrodes have a crystal structure that allows for diffusion and storage of
Li-ions in its interstitial sites. As ions are incorporated without breaking the crystal structure
of the host, no chemical bonds are broken during (de)lithiation [45]. The diffusion pathway
of the ions depends on the crystal structure of the host and can be in one, two, or three
dimensions. Figure 2.4 shows the crystal structure and an example material of three common
intercalation electrodes as well as their dimensionality of ion transport. The graphite and
LiCoO2 electrodes in the original LIB, as illustrated in Figure 2.1, are both intercalation
electrodes with a layered crystal structure. Intercalation electrodes usually show great cycling
stability, but are often limited by moderate Li storage capacities [37].
The second category of electrode materials, conversion electrodes, utilize a reversible chemical
reaction with a Li transition metal oxide [46]. The conversion reaction is [37]:

MaXb + (bn)Li −−⇀↽−− aM + bLinX, (2.17)
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Figure 2.3: A plot of Equation (2.16) with a fixed cathode capacity of QC = 131 mAh/g. Spe-
cific capacity values for graphite and Si and the resulting total specific capacities are indicated.

Figure 2.4: Crystal structure, dimensionality of Li-ion transport, and an example material of
three common types of intercalation electrodes: olivine, layered, and spinel. Adapted from [43].
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where M = transition metal, X = anion, and n is the formal oxidation state of X. Conver-
sion electrodes for LIBs are currently only in a research stage and further understanding of
fundamental characteristics and work on electrode design is required before a possible com-
mercialization can happen [37].

The last category of electrode materials, alloying materials, has been extensively researched
for more than three decades [34]. An alloying electrode relies on lithium metal alloys LixMy

(M = Al, Sb, Si, Sn, etc.) where Li-ions can reversibly form an alloy with the electrode mate-
rial. Alloying electrodes can display impressively high specific capacities of several thousand
mAh/g, but are usually accompanied by a massive volume change during (de)lithiation. This
volume change causes mechanical degradation of the electrode and results in poor cycling
stability [35].

2.2.2 Cathode materials

This thesis is mostly concerned with Si anodes and the effect of additives, cosolvents and
two different electrolyte salts on the performance of ionic liquids. Cathodes are therefore of
secondary importance. However, as a full cell setup with a Si anode and an LFP cathode
is used in this work, a brief introduction to cathode materials and a consideration of some
relevant aspects of the LFP chemistry seems appropriate.

A wide variety of cathode materials have been studied and commercialized following the
initial LiCoO2 cathode. These include, among others, phosphates such as LFP and various
transition metal oxides, including LiMn2O4, LiNiCoAlO2, and LiNiMnCoO2 [2, 43]. Both
the original LiCoO2 cathode and most alternatives since contain cobalt, as cobalt has some
unique properties beneficial for its use in cathodes [47]. However, a massive research effort is
currently being made to develop cathodes where the cobalt content is reduced or even removed
entirely, as the supply chain may have trouble in keeping up with future demand [47] as well
as its link to child labor in the Democratic Republic of Congo [48].

LFP is a promising cathode material that does not contain any cobalt. It has a decent
theoretical specific capacity of 170 mAh/g and has already been commercialized and put to
use in the automotive industry [42]. Lithiation of LFP proceeds via a two-phase process
[49, 50]. The Gibb’s free energy composition diagram of LixFePO4 for 0 ≤ x ≤ 1 has two
distinct energy minima corresponding to the composition of these two phases; a Li-rich and
a Li-poor phase. These two minima promote phase separation into the corresponding phases
at intermediate values of x, resulting in a constant ∂G

∂x . A constant ∂G
∂x implies a constant

open-circuit potential, as seen from Equation (2.10). This constant-voltage plateau occurs at
3.45 V vs Li/Li+ [51] for 0.1 < x < 0.8 and can be seen in Figure 2.5.

When testing full cells, as done in this thesis, it is usually impossible to determine if a
feature in the voltage profile should be attributed to the anode or the cathode, at least unless
a three-electrode setup is used. However, the voltage plateau of LFP allows for changes in the
voltage profile to be assigned to the anode, at least for intermediate compositions. To extract
the potential at the anode from the cell voltage, disregarding overpotentials, the following
conversion can be used:

Potential at anode (V vs Li/Li+) = 3.45 V vs Li/Li+ − Cell voltage (V). (2.18)
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Figure 2.5: The voltage profile of an LixFePO4 cathode versus Li metal showing a voltage
plateau at 3.45 V vs Li/Li+ (region II) for intermediate values of x. Adapted from [49].

2.2.3 Introduction to anode materials

Graphite has been the anode material of choice in most LIBs since its commercialization three
decades ago. This is based on graphite showing many of the desired properties of a good
active material, including high lithium (de)intercalation reversibility, sufficient availability,
and stability in chemical, electrochemical, and thermal environments [40]. However, graphite
has a theoretical specific and volumetric capacity of 372 mAh/g and 833 mAh/cm3 [52],
respectively, and alternative higher-capacity anode materials are highly requested to increase
the energy density of future LIBs, of course in parallel with improvements to the cathode as
well.

The 2014 review by Goriparti et al. [40] lists several materials that are being researched,
along with their advantages and disadvantages. Some of these materials are also shown in
Figure 2.2. In the category of intercalation electrodes, carbon-based materials beyond graphite
is an alternative. These include carbon nanotubes, graphene and ”hard carbons”. Here,
advantages of high safety and low operating potentials are weighed down by high costs, a low
Coulombic efficiency and a high voltage hysteresis. Further, the various conversion materials,
such as metal oxides (Fe2O3, MnxOy , etc.) and metal phosphides/sulfides/nitrides (MXy ; M
= Fe, Mn, Ni, Cu, etc. and X = P, S, N) show improved capacities compared to graphite and
good environmental compatibility. These are, however, in a research stage and still show low
Coulombic efficiency and unstable SEI formation. Lastly, alloying materials, including Si, Ge
and Sn, exhibit very high capacities, but suffer from a large irreversible capacity and poor
cycling stability.

A fourth ”category” of anode material exists, namely pure Li metal. The theoretical
specific capacity of Li metal is an impressive 3860 mAh/g [52] and it is therefore a natural
choice as anode material. Indeed, Li metal has been continuously researched for 40 years
and realizing such an anode would be a massive improvement compared to graphite. There
are, however, two main challenges hindering the implementation of Li metal anodes, namely
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dendrite formation and a low Coulombic efficiency [53], the former of posing a serious safety
hazard if a short circuit between the anode and cathode is formed.

The following section will discuss the anode material in question in this thesis; silicon.

2.2.4 Silicon as anode material

Si is deemed one of the most promising anode materials to replace graphite in future higher-
capacity LIBs [10, 40, 44]. Some of its advantages include:

1. Very high theoretical capacity

2. Low toxicity

3. High safety

4. Abundance

5. Low cost

The Si anode is an alloying electrode and thus relies on the LixSi alloy to be formed during
charging and for it to subsequently de-alloy and release Li upon discharging. Si has one of the
highest reported theoretical capacities, both specific and gravimetric, of all anode materials.
Some claim that the specific capacity of Si is 4212 mAh/g for Li4.4Si [40], but others disagree
and state that Li4.4Si is not the final phase at room temperature and that the true value is 3579
mAh/g, corresponding to Li3.75Si [54]. Phases with x ≥ 3.75 are crystalline [55] and experience
a less reversible delithiation compared to their slightly less lithiated amorphous counterparts,
making them less relevant for battery applications. One might therefore argue that the actual
specific capacity is somewhat lower than 3579 mAh/g. Either way, the theoretical capacity is
very high compared both to graphite as well as most other potential replacement materials.

There are, however, some important disadvantages to using Si as the anode material which
have so far hindered the commercialization of a pure Si anode. As previously mentioned,
alloying electrodes are usually accompanied by a large volume expansion upon lithiation. Si
is not an exception to this as it experiences a >300% volume expansion upon lithiation [10].
This expansion may result in the Si particles fracturing which can cause electrical isolation of
the active material [9]. In addition, the SEI layer easily cracks as it is not mechanically stable
enough to withstand the expansion of the Si particles. The necessity of a stable SEI-layer
will be discussed in Section 2.3. Furthermore, Si is a semiconductor and has a low electrical
conductivity at room temperature of < 10−2 S/cm (depending on doping level) compared to
graphite, which is in the range of 101-104 S/cm [56].

Fortunately, there are certain techniques that can be applied in order to overcome the
above-mentioned drawbacks. Starting with the last issue; the electrical conductivity can be
improved by incorporating conductive additives or coatings in the electrode [56].

Regarding the expansion issues, the perhaps most simple solution would be to not fully
lithiate the Si particles, but to rather stop at for instance 50% of the maximum capacity.
This would reduce the degree of swelling experienced by the particles and thus mitigate some
of the issues related to expansion. As can be seen from Figure 2.3, a utilization of 50%
instead of 100% of the Si anode capacity only results in a minor reduction of the total battery
capacity, as long as the cathode capacity remains low. Although this solution can be readily
implemented, there will still be expansion of the Si particles and some degradation and excess
SEI growth will happen. It is therefore desirable to find a better solution than this.
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Several innovative attempts are being made at tackling the expansion problems of Si with
regards to design of the electrode and the active materials. These include: (1) nanostruc-
turing the Si [40, 57], e.g. nanotubes, nanowires, and nanospheres, (2) creating porous
(nano)structures [58, 59], (3) utilizing (nano)composite materials of for instance Si and
graphite [7, 44], (4) using novel binder materials [60, 61], and (5) adding a protective coating
of carbon, inorganic layers, or conductive polymers onto the Si particles [62].

Lithiation mechanism of Si
Ogata et al. [55] investigated the (de)lithiation mechanism of Si nanowires using in situ Li
nuclear magnetic resonance (NMR) spectroscopy, ex situ X-ray diffraction (XRD), ex situ
magic angle spinning NMR spectroscopy, and density functional theory (DFT). Their pro-
posed (de)lithiation mechanisms are presented in Table 2.1.

The first cycle starts with lithiation of crystalline Si, as a Si anode is usually initially
crystalline, and occurs via a two-phase mechanism in which Si is consumed to form highly
lithiated amorphous LixSi with x = 3.4 ± 0.2 [63, 64]. The amorphous phase is so highly
lithiated because a very high concentration of Li atoms is needed at the interface to break the
strong crystalline Si matrix [65]. Further lithiation generates crystalline Li3.75Si and possibly
over-lithiated phases with x ≥ 3.75. Upon delithiation, amorphous Si is created. Subsequent
lithiation processes have amorphous Si as their starting point and therefore proceed differently
than the first lithiation process.

Table 2.1: Experimentally observed (de)lithiation mechanism of Si nanowires as described by
Ogata et al. [55]. Amorphous and crystalline phases are marked with a and c, respectively.
Li3.75+δSi is an over-lithiated phase with δ in the range of 0.2 to 0.3.

Process/stage Potential (V vs Li/Li+) Reaction

1st Lithiation
1 0.10 c-Si → a-LixSi → c-Li3.75Si → c-Li3.75+δSi

≥ 2nd Lithiation
2 0.30-0.25 a-Si → a-Li2.0Si
3 0.10 a-Li2.0Si → a-Li3.5Si
4 0.05-0.06 a-Li3.75Si → c-Li3.75Si
5 0.03 c-Li3.75Si → c-Li3.75+δSi

Delithiation
1 0.05-0.15 c-Li3.75+δSi → c-Li3.75Si + c-Li3.75–δSi
2 0.27-0.30 a-Li3.5Si → a-Li2.0Si
3 0.43 c-Li3.75Si → a-Li1.1Si
4 0.50 a-Li2.0Si → a-Si
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2.3 SEI layer

2.3.1 A general discussion on the SEI layer

The SEI layer is considered to be ”the most important, but least understood component in
rechargeable Li-ion batteries” [66]. The concept of SEI was first introduced by Peled in 1979
[67]. The SEI layer is only a few nanometers thick and is a complicated, multi-component,
porous structure comprised of various decomposition products of the electrolyte, making the
attempts of understanding it challenging [10, 32, 66, 68].

Taking a step back; in order for an electrolyte to be thermodynamically stable, i.e. not
spontaneously decompose, the electrochemical potentials at the electrodes must lie within the
so-called window of stability, Eg, of the electrolyte. This means that the lowest unoccupied
molecular orbital (LUMO) of the electrolyte must be positioned above the electrochemical
potential of the anode, µA, and the highest occupied molecular orbital (HOMO) must lie
below µC . Here, ”electrolyte” includes all components of the electrolyte, i.e. the main solvent,
salt, various additives and even impurities [32]. The electrolyte and its components will be
discussed in Section 2.4.

An energy diagram illustrating a stable electrolyte window is shown in Figure 2.6. If the
electrochemical potential of an electrode lies outside of Eg, the electrolyte will decompose on
that electrode. This is indeed the case for most anode materials as well as for some cathode
materials [34, 69]. However, as previously mentioned, a continuous electrolyte decomposition
is usually avoided as the decomposition products can form a passivation layer on the electrode,
the SEI layer, limiting further decomposition.

The SEI layer is primarily a feature of the anode, but cathodic SEI layers have also been
reported for some materials, like LiMn2O4 and LiCoO2 [69]. This work, however, will only
focus on anodic SEI layers.

When charging the battery, the electrochemical potential µA increases and when it sur-
passes the LUMO of an electrolyte component, electrons from the anode will electrochemically
reduce that component. Competing reduction processes of the various electrolyte components

Figure 2.6: Schematic energy diagram of a stable electrolyte window, Eg, and the electro-
chemical potential at the electrodes. Adapted from [35].
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lead to the formation of numerous organic and inorganic decomposition products at the sur-
face of the anode. The decomposition of a standard organic solvent usually generates insoluble
components like Li2CO3 and partially soluble semicarbonates and polymers, while the reduc-
tion of typical salt anions generally form insoluble components like LiF, LiCl, and Li2O [32].
An example of a possible SEI layer that could form on a graphite or Li metal anode upon the
reduction of a standard organic electrolyte is shown in Figure 2.7. This typical SEI structure
includes a dense inner layer comprised mostly of inorganic compounds and an outer, more
porous layer of mainly organic decomposition products.

A good SEI layer is electrically insulating, hence its ability to prevent further electrolyte
decomposition by blocking electrons in the anode from reaching the electrolyte, i.e. kinetically
stabilizing the electrode. The formation of the SEI layer therefore occurs mainly during the
first charging cycle and to a certain degree also in the following cycles. The formation of the
SEI layer is directly associated with an irreversible capacity loss as many of the decomposition
products contain Li, thereby consuming some of the ”active Li” available in the cell. Still,
this irreversible capacity loss is a ”necessary evil” as the formation of the SEI layer is crucial
to attain a satisfactory cycling stability of the LIB.

Wang, Kadam, Li, Shi, and Qi state in their 2018 review article ”Review on modeling of
the anode solid electrolyte interphase (SEI) for lithium-ion batteries” [66] that two major chal-
lenges hinder a controlled design of the SEI layer. Firstly, the structure-property relationships
of the SEI layer are mostly unknown. Secondly, the details of the electrolyte decomposition
reactions near the electrode surface are unclear. The effect of these two challenges is that the
design process of the SEI layer is always based on trial-and-error.

Figure 2.7: An example of the SEI structure that could form on graphite or Li metal when
using a standard organic electrolyte. Adapted from [32].

2.3.2 SEI on silicon anodes

In comparison to the SEI layer that forms on the traditional graphite anode, SEI on Si is
subjected to the massive expansion of the underlying Si particles upon lithiation. The SEI
layer generally cannot withstand the mechanical stress and will break open [9]. This exposes
fresh Si underneath and electrolyte decomposition will then occur, filling the cracks in the
SEI layer. This process is illustrated in Figure 2.8.
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Figure 2.8: A sketch showing the formation of the initial SEI layer upon lithiation of Si,
followed by consecutive breaking and reformation during later cycles, creating a thick SEI layer.
Adapted from [57].

A thick SEI layer forming on Si is related to an irreversible capacity loss as active Li is
consumed in its formation, in addition to a reversible capacity loss, as the increased overpo-
tential related to a thicker SEI layer prevents some of the available capacity to be realized
when a (de)lithiation current I > 0 is used. In addition to all the previously mentioned
electrode-related attempts to tackle the expansion problems of Si, some try to find a solution
by targeting the SEI layer itself. These attempts include adding electrolyte additives that are
known to create a more stable and/or flexible SEI layer [70, 71] and testing novel electrolyte
solvents [18]. These attempts will be further explained in Section 2.4.

The constituents of the SEI layer are closely related to the contents of the electrolyte,
however some general trends exist when Si is used as the anode material. The surface of Si is
normally covered by a native SiO2 layer [70]. Philippe et al. [72] investigated Si nanoparticles
in LiPF6/ethylene carbonate (EC)-based electrolytes using both hard and soft XPS. They
found that the inner part of the SEI layer to a large degree was dominated by the conversion
of the native oxide layer to LixSiOy , while the outer region of the SEI was similar to what
would form on a carbonaceous anode. Their proposed mechanisms at play at the surface are
shown in Figure 2.9. Nie, Abraham, Chen, Bose, and Lucht [10] investigated the SEI layer
that forms on Si nanoparticles in LiPF6/EC and LiPF6/FEC electrolytes using transmission
electron microscopy (TEM), solution NMR, XPS, and Fourier-transform infrared spectroscopy
(FTIR). They came to the same conclusion as Philippe et al., namely that the inner part of
the SEI layer consists of a large amount of LixSiOy , while the constituents of the outer region
were more electrolyte-dependent.

Figure 2.9: A schematic illustration of the surface of a Si nanoparticle with a native oxide
layer during (de)lithiation. Adapted from [72].
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2.4 Electrolytes

2.4.1 Introduction to electrolytes

As previously stated, the electrolyte consist of a solvent, a Li salt, and various additives. The
primary task of the electrolyte in a LIB is to transport Li-ions between the two electrodes,
however it must also fulfill an extensive set of requirements aside from just its ability to
transfer ions. Based on the 2010 article ”Challenges for Rechargeable Li Batteries” [5] by
Goodenough and Kim and the 2017 review ”Electrolytes for Advanced LIBs” by Feng [73],
the following list of desired electrolyte properties can be compiled:

1. A large electrolyte window

2. Retention of the electrode/electrolyte interface during cycling when the electrode par-
ticles are expanding and contracting

3. A high Li-ion conductivity of σLi > 10−4 S/cm over the temperature range of battery
operation

4. A low electronic conductivity of σe < 10−10 S/cm

5. A transport number as close to σLi/σtotal ≈ 1 as possible, where σtotal includes conduc-
tivities by other ions in the electrolyte as well as σLi + σe

6. Chemical stability with respect to the electrodes, including an ability to rapidly form a
passivating SEI layer, and to other cell components, e.g. separator and cell packaging
materials

7. Chemical stability over ambient temperature ranges and temperatures in the battery
under high power

8. Safe materials, i.e. preferably nonflammable and nonexplosive

9. Low toxicity and low cost

Goodenough and Kim state that ”meeting all these requirements proves to be a formidable
challenge” [5], and indeed, a massive research effort has been and is being made to improve
existing electrolytes and create brand new alternatives.

The first commercial LIB was based on a propylene carbonate (PC) electrolyte, but PC
was not stable with high-energy graphite-based anodes [73]. Fong, von Sacken, and Dahn [74]
performed pioneering work on EC electrolytes and EC is still a common component of today’s
organic liquid electrolytes due to its contributions to a passivating SEI layer [5]. However,
EC has a melting point of 36 ◦C [34] which is too high for it to be used without additional
solvents. Other components in today’s electrolytes include diethyl carbonate (DEC), dimethyl
carbonate (DMC), or ethylmethyl carbonate (EMC). The electrolyte is usually a blend of
carbonates and consist of both cyclic and linear components. Such a carbonate blend, for
instance an EC:DMC mix, gives a synergetic effect as the favorable properties of the cyclic
EC, namely the ability to form a good SEI layer, a high solubility of Li salts, and a high
anodic stability on cathode surfaces are combined with the low viscosity of the linear DMC
to promote rapid ion diffusion, in addition to its low melting point [25].

Although organic liquid electrolytes are used in commercial LIBs, they are far from perfect.
Their perhaps greatest issue is posing a serious fire hazard as they are highly volatile and have
flash points around room temperature [12]. In addition, they will generally not inhibit dendrite
growth and realizing a Li metal anode is therefore difficult [35]. Xu lists numerous solvent
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alternatives in his 2014 review ”Electrolytes and Interphases in Li-Ion Batteries and Beyond”
[16]. These include phosphorus- and silicon-based solvents, sulfones and sulfoxides, nitriles,
esters, ethers, and ionic liquids. In addition, solid state electrolytes are also under heavy
investigation [35]. The following section will describe ionic liquids as possible electrolytes in
tomorrow’s LIBs.

2.4.2 Ionic liquid electrolytes

An IL is a salt with a low melting point, usually defined to be <100 ◦C. As a salt is comprised
purely of ions, an IL is just what it sounds like, a liquid consisting of just ions. ILs have large
ions with delocalized or sterically hindered charges, resulting in weak intermolecular forces
and thus lowering the melting point [29, 75]. Room temperature ILs have melting points
below ∼25 ◦C, making them the subset of ILs that are relevant for LIB applications. Other
applications for ILs include supercapacitors, dye-sensitized solar cells, and polymer electrolyte
membrane fuel cells [19].

Room temperature ILs have been around for more than a century [76], but the dramatic
increase in research activity on the topic started about two decades ago [16]. ILs have prop-
erties that include negligible vapor pressures, adequate ionic conductivities, and compared to
today’s carbonate-based electrolytes; better thermal and chemical stability and wider elec-
trochemical windows [14, 15]. A low vapor pressure and superior thermal stability make ILs
nonflammable [12], which is the main reason why they have attracted a great deal of attention
as possible replacements for flammable carbonates.

Sadly, ILs exhibit some disadvantageous properties as well. In their 2016 review article
”Different roles of ionic liquids in lithium [ion] batteries” [29], Eftekhari, Liu, and Chen name
four main challenges that must be solved and/or understood before neat IL electrolytes can
be commercialized: (1) a high viscosity which is connected with poor conductivity, diffusivity,
and wettability, (2) formation of a more severe and complicated electrical double layer than
carbonate electrolytes, (3) a complex SEI formation, and (4) the solvation mechanism of Li+.
The poor conductivity, combined with the thermally stable nature of the ILs, make them
especially appropriate in high-temperature operations where the slow diffusion is improved
and carbonate electrolytes would need more extensive cooling systems.

The electrochemistry of ILs is fundamentally different to that of a conventional solvent.
The presence of nothing but ions in an IL causes the usual assumptions behind commonly
used equations of ion transport to be invalid, and more complex models, such as Stefan-
Maxwell theory, must be used [29, 77]. Some of the behavior differences between ILs and
standard solvents include strong interactions between the solvated Li+ and the IL ions and
the possibility for a frequent structural change of the IL through ion (de)pairing [29]. Both
of these phenomena generally make diffusion in ILs hard to model and understand. Though,
in recent years, a greater understanding of ILs and their interactions with Li+ has been
achieved, including how Li+ migrates under an electric field in the ionic media, how Li+ is
solvated by counter-ions without the presence of solvent molecules, and how the anion and
cation themselves interact to determine the electrochemical window of stability of the IL [16].

While ILs historically were thought to behave similarly to conventional liquids, i.e. being
homogeneous, coherent, and generally irregular, recent advances in the field reveal that ILs
show a large degree of structure both on microscopic (ion pairs, ion clusters) and mesoscopic
length scales (H-bond networks, micelle-like morphologies) [75]. These structures are different
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Figure 2.10: Different models for the bulk structure of an IL. Adapted from [75].

based on which ions are present in the IL and will influence the physical and electrochemical
behavior of the IL. The various bulk structures an IL can show are illustrated in Figure 2.10.

Recent research activity has provided a long list of possible cations and anions for ILs.
The different ions can provide vastly different properties and choosing the correct ions to
match desired properties is a must. For instance, the choice of anion for a given cation will
determine both the melting point and the electrochemical stability of the resulting IL [16].
These two properties are often in conflict, as the most electrochemically stable anions (PF6

–

and BF4
– ) give a higher melting point, while anions that decrease the melting point (TFSI-,

FSI- and halides) typically are more reactive at higher potentials.
ILs based on the imidazolium cation were perhaps the first to be considered for LIBs [16],

where the archetype was EmiTFSI. The TFSI anion proved to be sufficiently stable towards
the cathode [14], but the main obstacle was a reduction of the imidazolium cation on the
anode at potentials below 1 V vs Li/Li+. Efforts were made to stabilize the imidazolium
cation by coupling it with new anions [78] and replacing the active H atom at the R2 position
[79]. Among all these efforts, the FSI anion in combination with the Emi cation provided
an interesting case as the complicated interplay between Li+, imidazolium, and FSI resulted
in an improved ionic conductivity and cathodic stability [16]. Goodenough and Kim stated
in a 2010 article [5] that IL electrolytes based on the imidazolium cation appear to be the
most promising candidates for LIBs. EmiFSI is chosen as one of the two ILs in this thesis.
The chemical structure of imidazolium and the other IL cations that will be introduced in the
following paragraphs is shown in Figure 2.11.

The pyrrolidinum cation was introduced in 1999 [80] and recieved a substantial amount

Figure 2.11: The chemical structure of five common IL cations.

21



of attention due to its superior cathodic stability compared to imidazolium [16]. The cation,
in combination with the TFSI anion, showed a rather high ionic conductivity (> 10-3 S/cm),
a low viscosity, and a high Li+-transference number (∼ 0.4), together with a Li metal anode
[81]. Further cyclic ammonium-based cations have been explored and include piperidinum
and azepanium [16].

ILs based on the phosphonium cation have also been investigated in recent years. These
ILs usually have higher melting temperatures, higher viscosities, and lower ionic conductivities
than their ammonium-based counterparts [16], but some variants show promising physical and
electrochemical properties [19]. The phosphonium cation has four side groups and the various
alkyl- and alkoxy-based side chains that can be added give rise to a large number of possible
cation structures. P111i4FSI is chosen as the second IL in this thesis. Not many research
groups work with this particular IL and it appears that it has never before been tested with
the LiTFSI salt.

This section will end with a critical and realistic look at ILs as battery electrolytes. While
many articles praise ILs and the role they can play in future LIB electrolytes, Xu stated
in his 2014 review ”Electrolytes and Interphases in Li-ion Batteries and Beyond” [16] that
”there is no reason to be optimistic about the large-scale application of room temperature ILs
in commercial LIBs in the foreseeable future”. He based his argument on the new inter-
phasial challenges that must be addressed, the high cost of manufacturing and purification
of most room temperature IL components, and what he describes as ”limited benefits” com-
pared to organic electrolytes. Xu also questioned the safety aspects of ILs and argued that
”nonflammability does not necessarily translate into higher tolerance against abuse in an elec-
trochemical environment”, citing a study by Wang et al. [82] where accelerated calorimetry
testing of the six most common ILs demonstrated that some of them were more reactive with
partially lithiated electrode materials (including Li0.45CoO2 and Li1Si) compared to typical
carbonate-based electrolytes, making them a more hazardous alternative. However, Xu also
added that ”this picture might change though, with any significant breakthroughs arising from
room temperature IL electrolytes”.

2.4.3 Electrolyte salts

A salt is added in the electrolyte to ensure a sufficient Li-ion conduction. According to Xu
[24], an electrolyte salt should meet the following minimal requirements:

1. It should be able to completely dissolve and dissociate in the nonaqueous media, and
the solvated ions (especially lithium cation) should be able to move in the media with
high mobility

2. The anion should be stable against oxidative decomposition at the cathode

3. The anion should be inert to electrolyte solvents

4. Both the anion and the cation should remain inert toward the other cell components
such as separator, electrode substrate, and cell packaging materials

5. The anion should be nontoxic and remain stable against thermally induced reactions
with electrolyte solvents and other cell components

LiPF6 is the preferred salt for carbonate-based electrolytes for both graphite and Si anodes
due to a series of well-balanced properties [25]. However, LiPF6 is subject to decomposition
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Figure 2.12: The chemical structure of LiFSI and LiTFSI.

in the presence of even trace amounts of water and decomposes to produce HF, a process that
can degrade the battery as well as posing a safety hazard.

Compared to the impressive amount of electrode materials and electrolytes that are being
researched, the choices of electrolyte salts are rather limited. Still, several possible replace-
ments for LiPF6 exist. Some salts that were investigated in the early stages of LIB research in-
clude the poorly conducting lithium trifluoromethanesulfonate (LiTf), the hazardous LiClO4,
the thermally unstable LiBF4, and the toxic LiAsF6 [24]. More recent alternatives are lithium
bis(oxalato)borate (LiBOB) and lithium difluorooxalatoborat (LiDFOB) [16].

The two electrolyte salts under investigation in this thesis, LiFSI and LiTFSI, are both
imide-based and have been proposed as alternatives to LiPF6 due to their increased thermal
and electrochemical stabilities, and their higher tolerance against small amounts of H2O in the
cell [23]. The chemical structure of both salts are shown in Figure 2.12. The synthetization
of LiTFSI was first reported in 1984 [24], while LiFSI came eleven years later in 1995 [20].
LiTFSI is thermally stable up to 360 ◦C [24] and LiFSI is thermally stable up to 180 ◦C [25],
although the latter is still under debate as some report a reduced thermal stability due to
chlorine impurities in the salt [83].

Both salts have been tested and show promising results with a graphite anode in the
EmiFSI IL [27]. With Si anodes, LiFSI in EmiFSI has shown a stable reversible capacity
of ∼2500 mAh/g at a rate of C/10 [18] and ∼1200 mAh/g at 2C [11]. There are no signs
in the literature that LiTFSI in EmiFSI has been tested with anodes where Si is the only
active material, only with a Si-Ni-C composite [25, 26]. At 20 ◦C, LiFSI in EmiFSI has a
conductivity of 6.8 mS/cm at 1.46 M and 11.2 mS/cm at 0.43 M, while LiTFSI in EmiFSI has
a conductivity of 4.8 mS/cm at 1.46 M and 10.4 mS/cm at 0.43 M [27].

LiFSI has been tested with P111i4FSI with a Li metal anode [84] and with a Si anode
[21], the latter maintaining a capacity of ∼3000 mAh/g after 300 cycles at a rate of C/2.5.
A 1M LiFSI-P111i4FSI electrolyte has a conductivity of 3.3 mS/cm at 25 ◦C [85], i.e. a worse
conductivity than its Emi-based counterpart. Regarding LiTFSI, it appears that it has never
before been tested with P111i4FSI, only with the related P6,6,6,14FSI [78].

When tested in an EC:EMC (3:7 vol%) electrolyte at 25 ◦C, LiFSI shows a lower viscosity
than LiTFSI (2.96 mPa·s and 3.40 mPa·s, respectively) and a resulting higher conductivity
(9.73 mS/cm vs 7.57 mS/cm) [20]. The same is true in an EmiFSI ionic liquid, as shown by
Matsui et al. [27], where LiFSI-EmiFSI showed a higher conductivity than LiTFSI-EmiFSI
for all relevant temperatures and where the difference in viscosities was 37 to 54 mPa·s at
25 ◦C for 1.46 M LiFSI and LiTFSI, respectively. For a P111i4FSI-based electrolyte with 1 M
LiFSI, the viscosity is 79 mPa·s at 25 ◦C [85]. No data exists for LiTFSI in P111i4FSI. The
difference in viscosity between LiFSI and LiTFSI can at least in part be explained by the
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Figure 2.13: Possible solvation structures of Li+ with FSI- and TFSI- anions in EmiFSI and
EmiTFSI. Li is purple, O is red, S is yellow, F is green, N is blue and C is grey. Adapted from
[87].

difference in molar mass (287.1 g/mol and 187.1 g/mol for LiTFSI and LiFSI, respectively),
where a 1M LiTFSI electrolyte will contain 53% more salt (measured by mass) than a 1M
LiFSI electrolyte.

Perhaps the major disadvantage of LiFSI and LiTFSI is their corrosion issues with the Al
cathode current collector at potentials above 4.0 V, which is the reason why LiTFSI did not
make it into commercial LIBs in the early years of development [24]. This makes LiFSI and
LiTFSI mostly suited for lower-voltage cathodes like LFP [16, 25]. It should be noted that
corrosion is more prominent for LiTFSI than for LiFSI [20].

The benefits of utilizing a combination of FSI and TFSI anions have been investigated
in recent years [86]. Mixing ions allows the benefits of both salts to be combined. Notable
benefits include the reduced Al corrosion [20], reduced viscosity and improved conductivity
[27] of FSI and the improved thermal [24] and chemical stability [23] of TFSI.

It is appropriate to discuss solvation of salt ions in solution, especially in an IL. The
solvation of an ion in solution depends not only on the ion-solvent interactions, but also
on the solvent/solvent interactions and/or the liquid structure of the IL [87]. The relative
permittivity is often used as a measure of a solvent’s solvation properties [16]. When an ion is
introduced to an IL, the original liquid structure is broken and the ion is solvated by counter-
ions to form a solvation cluster. This solvation cluster may not be permanent, as diffusion
of ions in an ionic liquid has been associated with breaking and reformation of the solvation
layer [22]. Fujii, Seki, Doi, and Umebayashi [87] used a combination of Raman spectroscopy
and DFT calculations to determine the solvation number n and solvation structure of Li+ in
EmiFSI and EmiTFSI ILs. They found that, at room temperature, n = 3 for FSI- and n = 2
for TFSI-. Their proposed model for the solvation structures are shown in Figure 2.13.

The solvation of Li+ when both FSI- and TFSI- are present is not yet resolved, however
some studies suggest that Li+ is preferentially coordinated by TFSI- [86]. This could in that
case be explained by the stronger interactions between Li+ and TFSI- compared to Li+ and
FSI- [22]. The stronger interactions with TFSI- can also help explain the increased viscosity
of an ionic liquid when LiTFSI compared to LiFSI is added.

The strong Li+-TFSI- interaction also affects the electrode/electrolyte interphase struc-
ture. Yamagata et al. [88] proposed a double-layer structure in Emi-ILs with FSI and TFSI
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Figure 2.14: The structure of the electrode/electrolyte interphase with FSI- and TFSI- anions
in an Emi+-based IL, as proposed by Yamagata et al. [88].

based on a modified Gouy-Chapman-Stern model. This study was performed with graphite
anodes, however Matsui et al. argued that this would also be relevant for Si anodes [27]. The
proposed model from Yamagata et al. is shown in Figure 2.14. In the model, the weaker
Li+-FSI- interactions allow solvation clusters with FSI- to break apart and for Li+ solvated
by a single FSI- to be preferentially adsorbed onto the negative electrode. Meanwhile, the
strong Li+-TFSI- interactions make it so that Emi+ cations are adsorbed onto the electrode,
while the [Li(TFSI)2]- solvation clusters are positioned further out. Yamagata et al. argue
that FSI- anions therefore can act as a shield against the decomposition of Emi+ cations and
that they can mobilize Li+ to escape from what they call the ”electrostatic inter-ionic cage”
of the electrolyte to rather be adsorbed onto the electrode. This mobilization effect would
be in addition to the previously mentioned beneficial conductivity properties that FSI- would
have in the bulk electrolyte.

The choice of anion also has a direct effect on the SEI formation on the negative electrode.
In addition to the shielding effect of Emi+ with FSI- [88], the F-S bond in LiFSI is known
to be more reactive than the F3C-S bond in LiTFSI [23], resulting in a rapid release of F-

and generation of LiF in the SEI when LiFSI is used. The SEI layer with LiFSI is also
dominated by other small inorganic species like LiOH, Li2O, and SO2

2- [11]. LiF in particular
is known to promote structural stability of the SEI [70] and improve diffusion of Li+ through
the SEI [32]. LiTFSI, on the other hand, generally produces larger decomposition products
such as SO2CF3 and Li2CO3 [23, 25]. Recent studies have shown a positive effect through the
combination of Li2CO3 and LiF to reduce the electron leakage current and simultaneously
improve Li+ transport due to a charge accumulation at the grain boundaries between the two
components [89]. The possibility of this synergetic effect is added to the previously mentioned
list of benefits with a combination of FSI and TFSI anions.
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2.4.4 Electrolyte additives and cosolvents

Adding a small amount of additive chemicals to an electrolyte is an efficient and economical
way to achieve certain targeted functions [25]. Additives have been extensively studied during
the past decades and are often incorporated to assist in SEI formation by being preferentially
decomposed during the first few charging cycles. Further applications include improving
thermal stability and electrochemical windows and increasing safety through the addition of
fire-retardant chemicals [25].

Due to the massive volume expansion and possibility of extensive SEI growth, Si anodes
in particular need an electrolyte with optimal SEI formation properties. The addition of
additives is a good strategy to tackle this problem. Based on years of research on additives for
graphite anodes, several additives for Si anodes have been proposed. The two most popular
additives are FEC and vinylene carbonate (VC) [31] and their chemical structures can be
seen in Figure 2.15. In carbonate-based electrolytes, both FEC and VC will promote the
presence of polycarbonates in the SEI, but the detailed structure of the SEI will vary between
the two. The SEI produced with FEC is generally dense and conducts Li+ well which is
believed to be due to the formation of nanocrystals of LiF and their incorporation into the
SEI creating defects to promote Li+ diffusion [32]. VC yields a more flexible SEI of mainly
organic compounds, but the conductivity is decreased which can be a result of the absence of
defects impeding diffusion through the layer [31].

There has not been so much research focused on additives for ILs, although VC has for
instance successfully been combined with an imidazolium-based IL [90] and it has been shown
that FEC can be preferentially reduced instead of the IL or the salt in a graphite anode half
cell with an EmiTFSI-based electrolyte [33]. Instead, ILs themselves have been considered
as additives in carbonate electrolytes due to their nonflammable properties [25]. In addition,
mixtures of ILs and carbonate electrolytes show great promise [28, 29]. In these mixtures,
both the IL and the organic components are present at comparable concentrations and it is
therefore more appropriate to refer to them as cosolvents rather than additives.

When adding carbonates to an IL, the viscosity will decrease, promoting improved ionic
conductivity. In addition, molecular dynamics simulations have shown that organic additives
can further improve the ionic mobility by decreasing the coordination number of Li+ [91].
Interestingly, an improved conductivity can also be achieved by doing the exact opposite:
adding an IL to an organic electrolyte. This was exemplified by Guerfi et al. where adding
an EmiTFSI IL to a 1M LiPF6 EC/DEC + 2 wt% VC electrolyte [28] gave an optimal

Figure 2.15: The chemical structure of FEC and VC.
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Figure 2.16: The chemical structure of TEP and TMMP.

compromise between viscosity and conductivity for an IL concentration between 30% or 40%.
The combination of an IL and a carbonate electrolyte can show significantly reduced

flammability even with as much as 50% carbonate compounds present [28]. Although the
flammability can be significantly reduced, the presence of carbonates can still make the cell
vulnerable to safety issues [29]. Despite the promising electrochemical properties and apparent
safety of IL-carbonate mixtures, it is relevant to look for non-carbonate cosolvent alternatives
to reduce the viscosity and promote conductivity in IL electrolytes.

Using flame retardants as electrolytes has received attention in recent years [30], although
they have not yet achieved a breakthrough necessary to overcome their challenges, particularly
their poor electrochemical performance with graphite anodes [92]. So far, phosphate-based
flame retardants, such as trimethyl phosphate (TMP), TEP, dimethyl methylphosphonate
(DMMP), and diethyl ethylphosphonate (DEEP), appear to be one of the most promising
alternatives and their stability is known to improve with the addition of FEC and VC [30].
These phosphate-based flame retardants have also been added as cosolvents to carbonate-
based electrolytes, although a critical amount of carbonates or film-forming additives must be
present for the electrolytes to provide stable electrochemical performance [92, 93, 94]. TEP
has never before been used as a cosolvent with EmiFSI. TEP has a low viscosity of 1.6 mPa·s
at 25 ◦C [95]. The chemical structure of TEP is shown in Figure 2.16.

Another family of nonflammable cosolvents are hydrofluoroethers (HFEs), particularly
branched HFEs [96]. The chemical structure of one common branched HFE, TMMP, also
known as Novec 7500, is shown in Figure 2.16. TMMP has been tested as cosolvent in
carbonate electrolytes and show nonflammability, high rate capabilities, and no extra reductive
decomposition occurs due to the TMMP [97]. TMMP has also shown compatibility with the
LiTFSI salt [98], but it has not before been tested with EmiFSI.
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Chapter 3

Experimental

3.1 Chemicals and electrodes

The following tables present details on chemicals and electrodes used in this thesis.

Table 3.1: An overview and details of the chemicals used in this work.

Chemical Full name Purity Producer

LiFSI Lithium bis(fluorosulfonyl)imide 99.9% Am. Elements
LiTFSI Lithium bis(trifluoromethane)sulfonimide 99.95% Sigma-Aldrich
FEC Fluoroethylene carbonate 99% Sigma-Aldrich
EmiFSI 1-Ethyl-3-methylimidazolium bis(fluorosulfonyl)imide 99.5% Solvionic
P111i4FSI Trimethyl(isobutyl)phosphonium

bis(fluorosulfonyl)imide
?? ??

TEP Triethyl phosphate ≥ 99.8% Sigma-Aldrich
TMMP 2-trifluoromethyl-3-methoxyperfluoropentane ?? 3MTM

Table 3.2: An overview and details of the electrodes used in this work.

Active material (wt%) Si (eSi-400, unmilled) (73.81%) LiFePO4 (89.00%)

Loading (mg/cm2)* 0.79 23.78

Conductive add. (wt%) Carbon black (C65) (10.97%) ??

Binder (wt%) CMC** (7.31%) ??

Buffer chemicals (wt%) K+C+etc (8.54%) ??

Producer IFE Customcells Itz.

*Loading indicates mass of active material per area
**Carboxymethyl cellulose
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3.2 Experimental procedure

3.2.1 Overview

Screen-printed sheets of Si anodes were received from IFE, in addition to sheets of LFP
cathodes from Customcells Itzeheo GmbH. Different IL-based electrolytes were prepared and
pouch cells with Si anodes and capacitively oversized LFP cathodes, i.e. pseudo full cells,
were assembled in an Ar-filled glovebox maintaining H2O and O2 concentrations of <0.1 ppm.
The cells underwent electrochemical testing and some were characterized by means of XPS.
A flow chart showing the experimental work performed in this project is given in Figure 3.1.

Figure 3.1: A flow chart showing the experimental work flow in this project.

3.2.2 Cell manufacture

Cutting electrode and separator disks
Electrode disks were cut from the pre-made electrode sheets using a Gelon Group GN-CP
20 manual punching machine. The Si anodes were cut to a diameter of 12 mm and the LFP
cathodes were cut to 14 mm. Before being introduced to the glovebox, the electrodes were
dried in a vacuum oven overnight for a minimum of 12 hours at 100 ◦C and 110 ◦C for Si and
LFP, respectively. In the transporting process from the vacuum oven to the glovebox, the
electrodes were exposed to ambient air for roughly two minutes.

Sheets of an EvoporTM 5E02A separator, an ethylene vinyl alcohol copolymer (EVOH)
hydrophilic separator, were cut to a diameter of 19 mm using a hammer and a manual punching
cutter. The separators were dried in a vacuum oven at 80 ◦C overnight for a minimum of 12
hours before being introduced to the glovebox. This step is estimated to have exposed the
separators to ambient air for roughly two minutes.

Weighing electrodes
All Si anodes were weighed using an analytical balance in the glovebox. Knowing the mass of
the anode and subtracting the mass of the current collector, in addition to knowing the com-
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position of the anode, allowed for an accurate determination of the loading on the individual
anodes.

Mixing electrolytes
This work attempts at evaluating the improvement of IL electrolytes by using two different
cosolvents, adding an electrolyte additive, and using two different Li salts. A total of eight
electrolytes have been investigated in this project, all of which had salt concentrations of 1.0
M. It was not necessary to use a magnetic stirrer to dissolve the salts in the ILs. All work
related to electrolyte preparation and mixing was performed in the glovebox.

Firstly, in order to remove moisture from the two cosolvents, TEP and TMMP, 3 Å molec-
ular sieves (4×8 mesh) from Sigma Aldrich were added in a roughly 1:2 vol% ratio to the
liquids. After >72 hours, the cosolvents were extracted using a syringe and filtered using
0.2 µm Whatman Polydisc TF filters.

The differences between LiFSI and LiTFSI were evaluated in two different ILs. Two
P111i4FSI-based electrolytes were prepared by mixing LiFSI or LiTFSI salt and the ionic
liquid. In addition, two EmiFSI-based electrolytes with LiFSI and LiTFSI had been prepared
in the Specialization project [99] preceding this Master project. Both ILs were used as received.

The least viscous of the two ILs used in this work, EmiFSI, was selected to evaluate the
effect of adding cosolvents and/or an additive. Of the two Li salts, LiTFSI was chosen as
LiTFSI in EmiFSI had shown better Coulombic efficiency and delithiation capacity after 50
cycles at C/5 than LiFSI in the Specialization project [99]. Two electrolytes with LiTFSI and
different ratios of TEP and EmiFSI, 20:80 and 40:60 wt%, were prepared. The FEC additive
was used as received and two additional electrolytes with LiTFSI were prepared by adding
FEC in an amount of 5 wt% to EmiFSI and to the 20:80 mixture of TEP and EmiFSI.

An attempt was made to mix TMMP with EmiFSI, at first in a ratio of 25:75 wt%. Sadly,
even after stirring the solution for a few minutes, the two components almost immediately
separated into two distinct layers when allowed to rest, similar to oil in water. The solution
was diluted with EmiFSI to a ratio of 15:85 wt%, but the two components were still immiscible.
As a consequence, a continued effort on testing TMMP:EmiFSI electrolytes were not made.

The following list provides an overview of the electrolytes used in this work. Three cells
were made with each electrolyte. The names that will be used when referring to the electrolytes
are given in bold.

1. LiFSI:Emi: 1M LiFSI in EmiFSI

2. LiTFSI:Emi: 1M LiTFSI in EmiFSI

3. LiFSI:Ph: 1M LiFSI in P111i4FSI

4. LiTFSI:Ph: 1M LiTFSI in P111i4FSI

5. TEP20: 1M LiTFSI in TEP and EmiFSI (20:80 wt%)

6. TEP40: 1M LiTFSI in TEP and EmiFSI (40:60 wt%)

7. Emi:FEC: 1M LiTFSI in EmiFSI + 5wt% FEC

8. TEP20:FEC: 1M LiTFSI in TEP and EmiFSI (20:80 wt%) + 5wt% FEC

Initial pouch cell assembly
As illustrated by step 1 and 2 in Figure 3.2, the pouch cells were partially assembled before
being taken into the glovebox. To start with, a 10x65 mm strip of a tesa® copolyester-based
thermoplastic bonding film was fastened to a 70x80 mm polyethylene laminated Al-foil using
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Figure 3.2: An overview of the pouch cell assembly process. Adapted from [100].

a 20x70 mm piece of electrical tape. The tape was folded over the edge and onto the backside.
Quarter note-shaped pieces of Cu and Al foil with a diameter of the circle just larger than
their corresponding electrodes and a tab length of 70 mm, that would later provide electrical
contact between the outside of the pouch cell and the current collectors, were positioned as
shown in Figure 3.2. The pouch cell was folded in half and the top part of cell was sealed
using an Audion Magneta Motor heat sealer. The thermal bonding film, which was activated
by the applied heat and pressure, provided a tight seal around the Cu and Al tabs, but was
not needed for the two remaining seals in step 3.

Final pouch cell assembly
The partially assembled pouch cells were introduced to the glovebox. A Si anode was placed
onto a support and 20 µL of electrolyte were applied using a micropipette. A separator was
placed onto the anode and another 10 µL of electrolyte were added. Lastly, the cathode was
placed onto the separator, making sure that the 14 mm cathode fully covered the 12 mm anode
underneath. This electrode-separator stack was then positioned between the Cu and Al tabs
in the partially assembled pouch cell as shown in Figure 3.2. The anode and cathode were in
contact with the Cu and the Al, respectively. The pouch cell was sealed using an Audionvac
VMS 53 vacuum sealer. The vertical seal in Figure 3.2 was done with a weak vacuum, whereas
the final seal was done with a pressure of <30 mbar.

A moderate pressure was applied to the cell during EIS measurements and cycling by
placing it between two 40x60 mm PVC pressure plates and attaching four 19 mm binder clips.
Images showing the various components as well as how pressure was applied are presented in
Figure 3.3.

3.2.3 Electrochemical testing

Electrochemical Impedance Spectroscopy
EIS measurements were taken of the cells before cycling using a Biologic VMP-300 potentio-
stat. EIS measurements were carried out the day after the cells were assembled to give the
electrolyte sufficient time to fully wet the separator and the electrodes. The measurements
were galvanostatic EIS with a 150 µA amplitude and a frequency range of 1 MHz to 1 kHz
with a resolution of 20 points per decade. Data from the intersection with the x-axis was used
together with Equation (2.5) to compare the conductivities of the different electrolytes.
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Figure 3.3: The left image shows a finalized pouch cell as well as the components used to
apply pressure. The right image illustrates how pressure was applied to the cell during EIS
measurements and cycling.

Electrochemical cycling
The cells were cycled using a Maccor Model 4200 potentiostat in a temperature-controlled
room set to 20 ◦C. The cycling program was a rate test where each rate consisted of four
cycles and a current I having the following values: C/20, C/5, C/2, 1C, 2C, and C/20, where
the five increasingly faster rates show the rate performance of the cell and the last C/20 cycles
indicate how much of the original capacity the cells retain after the first 20 cycles. Each cycle
consisted of:

1. A constant current charging to a cut-off voltage of 3.41 V

2. A constant voltage charging until the current had dropped to I/2

3. A constant current discharging to a cut-off voltage of 2.2 V

4. A constant voltage discharging until the current had dropped to I/2

As LFP has a voltage plateau at 3.45 V, charging up to a cell voltage of 3.41 V meant that
the potential at the anode was ∼40 mV, disregarding any overpotentials in the cell.

3.2.4 Post-mortem characterization

In order to investigate the initial SEI formation with LiFSI and LiTFSI salt in the two ILs,
four extra cells were made using the electrolytes LiFSI:Emi, LiTFSI:Emi, LiFSI:Ph, and
LiTFSI:Ph with the purpose of being characterized by means of XPS. The cells underwent a
single charge and discharge cycle with a rate of C/20 and cut-off parameters as described in
Section 3.2.3. In addition, an uncycled Si anode was also characterized with XPS.

Cell disassembly
The cells were introduced to the glovebox and cut open using an ordinary pair of scissors.
The Si anodes were taken out and washed in a beaker with 2 mL of DMC for a few minutes
in order to remove as much of the electrolyte and salt as possible. Roughly a quarter of each
of the washed anodes were cut off using scissors and fastened on an XPS sample holder using
Cu tape as seen in Figure 3.4.
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Figure 3.4: The XPS sample holder with the four anodes.

XPS
While still in the glovebox, the XPS sample holder was loaded into an inert transfer arm and
brought to the XPS. The sample holder was mounted into the XPS without exposing the
samples to ambient air.

Both for the uncycled anode and the four cycled anodes, a Kratos Axis Ultra XPS
equipped with an Al monochromatic X-ray source with a photon energy of 1486.69 eV was
used. The chamber pressure during characterization was ∼10-9 Torr and the area analyzed
was 300x700 µm2. Charge compensation was not used.

First, a survey scan consisting of 5 sweeps with a pass energy of 160 eV, a resolution of
0.5 eV, and a range of 0-1200 eV was taken to identify the elements present at the surface of
the anode. Then, each core peak of interest underwent a detailed scan with a pass energy of
20 eV at a resolution of 0.1 eV. The detailed scans consisted of 10 or 20 sweeps depending on
how many were needed to achieve a satisfactory signal-to-noise ratio. Two of the core peaks,
F 1s and S 2p, showed a significant evolution of their spectra with each sweep, meaning that
the prolonged exposure to X-rays and/or the strong vacuum altered the surface over time. For
these peaks, further analysis was based on the initial sweep, while for the other core peaks,
an average of all sweeps was used.

The CasaXPS software was used to perform data analysis. In order to be able to compare
results with the literature, the data was shifted against a known energy reference. For the
uncycled anode which had been exposed to ambient air before XPS testing, C-C at 284.8 eV
from adventitious carbon in the C1s peak was used as a reference, corresponding to an energy
shift of −0.5 eV. However, the detailed scan of the Si2p peak was left unshifted as the peak
fitted well bulk Si positioned at 99.5 eV [72]. This was a sign of differential charging being
present in the sample.

The cycled anodes had not been exposed to ambient air before XPS testing and adven-
titious carbon could therefore not readily be used as a reference. Further, since the cycled
anodes were tested in the same XPS session, it was assumed that they experienced similar
conditions and therefore should undergo the same energy calibration. Based on an expecta-
tion to find LiF at 685 eV [72], Na compounds at ∼1071.5 eV [101], carbon black at ∼283 eV
[72], and C-C at ∼285 eV [68], an energy calibration of −2.0 eV was applied for the four cycled
anodes.

The atomic composition of the samples were determined based on the survey spectra.
The software uses an element library containing all relevant elemental information, including
relative sensitivity factors, to determine the atomic percentages. Deconvolution of the core
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peaks was done using the software’s ”quantify” tool where a region of interest was defined
and the signal was approximated as a sum of component-specific peaks positioned at energy
levels as found in literature. The mass balance between identical components found in the
different core peaks was taken into consideration in order to strengthen the confidence in the
deconvolution results. A Shirley background was used both for survey and core peak scans
and the line-shape used in deconvolution was GL30 (30% Lorentzian and 70% Gaussian).
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Chapter 4

Results

4.1 The effect of Li salts and cosolvents on electrolyte prop-
erties

4.1.1 Visual inspection of electrolytes

When mixing the various electrolytes, differences in viscosities and rates of separator wetting
were observed. Electrolytes with P111i4FSI were more viscous and clearly wetted the sepa-
rator more slowly compared to EmiFSI. With the larger LiTFSI salt compared to LiFSI, a
slightly slower wetting and more viscous electrolyte was also observed for both LiTFSI:Emi
and LiTFSI:Ph compared to LiFSI:Emi and LiFSI:Ph. Further, the addition of 20 and 40
wt% TEP to EmiFSI resulted in a visually observed reduction in viscosity that was more
pronounced with a higher content of TEP.

The mixing of TMMP and EmiFSI resulted in a separation into two distinct layers within
seconds after stirring ended. The mix of TMMP and EmiFSI was tested in ratios of 15:85
and 25:75 wt%, respectively, and the two liquids were immiscible at both ratios.

4.1.2 Electrolyte resistance measurements with EIS

Galvanostatic EIS measurements were carried out and the average values of the electrolyte
resistance, Rel, which can be assumed to dominate the high-frequency resistance values ex-
tracted from EIS plots, are shown in Table 4.1. As the experiments are all performed in the
same cell with the same separator, the measured high-frequency resistance may be assumed
to be inversely proportional to the ionic conductivity.

Table 4.1: Average electrolyte resistances as measured by EIS.

Electrolyte LiFSI:Emi LiTFSI:Emi LiFSI:Ph LiTFSI:Ph TEP20 TEP40

Rel (Ω) 1.76 ± 0.19 2.15 ± 0.31 3.84 ± 0.15 4.23 ± 0.34 2.00 ± 0.16 2.71 ± 0.27

Firstly, a clear difference between the two ILs can be seen as the electrolyte resistances
with P111i4FSI are roughly twice that of EmiFSI. Secondly, LiFSI yields reduced resistances
compared to LiTFSI, but the difference between the two salts is not as significant as the
difference between the two ILs.
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The two electrolytes with TEP contain LiTFSI and EmiFSI and should therefore be compared
with the performance of LiTFSI:Emi. It can be seen that the addition of 20 wt% TEP reduces
Rel slightly from 2.15 Ω ± 0.31 Ω to 2.00 Ω ± 0.16 Ω, however a higher concentration of TEP,
40 wt%, yields the opposite trend, namely an increased Rel of 2.71 Ω ± 0.27 Ω.

4.2 The effect of Li salts on cell performance and SEI forma-
tion

4.2.1 The effect of LiFSI and LiTFSI on cell capacity, rate performance,
and electrolyte decomposition

The average delithiation capacities of cells comparing LiFSI to LiTFSI in EmiFSI and P111i4FSI
are shown in Figure 4.1. First of all, all cells experience a massive reduction in capacity with
increased (dis)charging rates, i.e. exhibiting a poor rate performance. The phosphonium
electrolytes are the most affected by higher rates and both LiFSI:Ph and LiTFSI:Ph drop
to <10% of their original capacity at C/2. LiTFSI:Ph exhibits a substantial loss in capacity
already at C/5. Both EmiFSI electrolytes are also heavily affected by the incresed rates and
pass below <10% of their original capacity at 1C. Further, electrolytes with LiTFSI show
worse rate performance than those with LiFSI. LiFSI:Ph outperforms LiTFSI:Ph at all rates
while in EmiFSI, LiTFSI achieves higher capacities at C/20 and C/5, but experience a more
severe response to increased rates and fall below LiFSI at C/2.

Figure 4.1: Average delithiation capacity of cells comparing LiFSI and LiTFSI showing an
improved rate performance of LiFSI compared to LiTFSI.
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Cells with LiTFSI:Emi display the highest initial delithiation capacities. While both EmiFSI
electrolytes give a steadily decreasing cell capacity in the first four cycles, the P111i4FSI elec-
trolytes show an increasing capacity. LiFSI:Ph maintains this behavior in cycle five to eight
as well. In the last four cycles at the rate of C/20, all electrolytes show decreasing capacities
from cycle 21 to 24, but both phosphonium electrolytes have a flatter curve, indicating a
more stable cell performance over time. In addition, a comparison of the capacity in cycle
four and 21 shows that LiFSI:Emi and LiTFSI:Emi experience more degradation than the
two phosphonium electrolytes during cycling in the range C/5 to 2C.

The Coulombic efficiency of cells with LiFSI:Emi, LiTFSI:Emi, LiFSI:Ph, and LiTFSI:Ph
is presented in Figure 4.2. The Coulombic efficiency of the first cycle provides a measure of
the extent of electrolyte decomposition and SEI formation and the figure shows that more
decomposition occurs for EmiFSI electrolytes than P111i4FSI. The effect of the Li salt is
different in the two ILs as LiFSI gives a lower initial Coulombic efficiency than LiTFSI in
EmiFSI, but higher in P111i4FSI. For the most part, these trends also continue for later
cycles.

Figure 4.2 shows that the first cycle of each new rate exhibits a distinctly different Coulom-
bic efficiency compared to the following three cycles of that rate. Whereas this for the very
first cycle can be attributed to the formation of the SEI layer, the origin of the similar feature
in later rates is unclear apart from it being some response to the new rate that stabilizes
after the first cycle. The opposite effect is observed in the last rate, where the decreased
(dis)charging rate yields an increased Coulombic efficiency for the first cycle.

Figure 4.2: A plot of Coulombic efficiencies for LiFSI:Emi, LiTFSI:Emi, LiFSI:Ph, and
LiTFSI:Ph showing a higher Coulombic efficiency for P111i4FSI than EmiFSI for most rates.

37



(a) Total lithiation capacity (b) Hold step fraction

Figure 4.3: Graphs showing (a) the total lithiation capacity and (b) the fraction of the
total lithiation capacity coming from the potentiostatic hold step for cells cycled in LiFSI:Emi,
LiTFSI:Emi, LiFSI:Ph, and LiTFSI:Ph.

The lithiation capacity is plotted in Figure 4.3a. The lithiation capacities show qualitatively
the same behavior as the delithiation capacities in Figure 4.1, with LiFSI and EmiFSI con-
tributing to a better rate performance than LiTFSI and P111i4FSI, respectively. In addition,
the initial SEI formation due to electrolyte decomposition can be seen from the significantly
higher capacities of the first cycle compared to the second. The SEI formation helps explain
how the lithiation capacity of LiTFSI:Emi can surpass the theoretical specific capacity of Si,
3579 mAh/g, in the first cycle.

The total lithiation capacity is a sum of contributions from a galvanostatic step at the
given current I and a potentiostatic step at a cell voltage of 3.41 V until the current reached
I/2. With equilibrium charging conditions, which are only a theoretical possibility, the po-
tentiostatic step would not contribute to the lithiation capacity. However, the presence of
overpotentials in the cell increases the capacity contribution of the potentiostatic step. Ana-
lyzing the fraction of the total lithiation capacity coming from the potentiostatic step therefore
provides a measure of the overpotentials in the cell which in some cases may be related to
the thickness of the SEI layer or to the ionic conductivity of the electrolyte. This ”hold step
fraction” is plotted in Figure 4.3b.

First, Figure 4.3b shows that LiTFSI gives higher hold step fractions than LiFSI for both
C/20 rates and that the effect is more pronounced for P111i4FSI. Second, a clear difference
between the two ILs can be seen when the rate is increased. While the capacity of LiFSI:Ph in
Figures 4.1 and 4.3a is somewhat comparable to that of LiFSI:Emi and LiTFSI:Emi at C/5,
Figure 4.3b shows an underlying difference with a vastly larger hold step fraction of ∼80%
for LiFSI:Ph. A similar hold step fraction is seen for LiTFSI:Ph. This is an indication of the
phosphonium cells operating at the edge of the rates they can handle and they both exhibit
a very low capacity in the following rate. Likewise, the hold step fraction reaches ∼80% for
both EmiFSI electrolytes at C/2 and at 1C, the capacity has dropped significantly.

In order to further investigate decomposition processes and overpotentials in the cells,
potential vs capacity plots of cycle 1, 2, and 24 of one representative cell with each electrolyte
are given in Figure 4.4. The overview of the first cycle shows that the overpotentials for
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(a) Overview of cycle 1 (b) Initial decomposition in cycle 1

(c) Overview of cycle 2 (d) Overview of cycle 24

Figure 4.4: Potential vs capacity plots of representative cells from LiFSI:Emi, LiTFSI:Emi,
LiFSI:Ph, and LiTFSI:Ph, showing (a) an overview of the first cycle, (b) the initial electrolyte
decomposition in the first cycle, (c) an overview of the second cycle, and (d) and overview of
the last cycle.

lithiation, as seen at roughly 3.35 V, are notably higher for P111i4FSI electrolytes than for
EmiFSI, with LiTFSI:Ph having the largest overpotentials. The same trend continues in cycle
2, where the increased overpotential of LiTFSI:Ph is also more clearly visible for delithiation.
In the last cycle, LiTFSI:Ph exhibits larger overpotentials for delithiation than the other
electrolytes, but the same is not seen regarding overpotentials for lithiation.

The processes of (de)lithiation, as described in Table 2.1, can be seen from Figure 4.4.
First of all, lithiation in the first cycle occurs at ∼3.35 V, in line with a potential 0.10 V vs
Li/Li+ at the anode being necessary to lithiate the initially crystalline Si matrix. In cycle 2
and 24, lithiation proceeds via a mechanism typical for the lithiation of initially amorphous Si,
starting with a plateau at 3.15 V with lithiation of amorphous a-Si into a-Li2.0Si, followed by
a second plateau at 3.35 V corresponding to lithiation of a-Li2.0Si to a-Li3.5Si. All delithiation
processes also seem to follow the delithiation mechanisms presented in Table 2.1, with signs
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of plateaus at roughly 3.15 V and 2.95 V corresponding to delithiation of a-Li3.5Si to a-Li2.0Si
and further to a-Si, respectively.

A comparison of the plateaus related to lithiation in cycle 24 in Figure 4.4d seems to
indicate that the cells with a phosphonium electrolyte achieved a higher degree of delithi-
ation in the previous cycle than with EmiFSI electrolytes. This can be seen from the first
plateau at 3.15 V being significantly wider for LiFSI:Ph and LiTFSI:Ph than for LiFSI:Emi
and LiTFSI:Emi and the second plateau at 3.35 V being comparably more dominant with
EmiFSI, i.e. lithiation of Si that is initially more delithiated contributes more to the lithi-
ation capacity of cells with P111i4FSI than for EmiFSI. Similar conclusions can be drawn
from the delithiation curves, with the plateau at 2.95 V contributing less to the delithiation
capacity for electrolytes with EmiFSI.

The perhaps most interesting potential vs capacity plot is Figure 4.4b which shows the
initial electrolyte decomposition in the first cycle. To begin with, a small amount of capacity
originates from potentials below ∼2.15 V and electrolytes with LiFSI appear to be slightly
more reactive at these low potentials. This capacity is assigned to a weak decomposition of the
LiFSI salt [102] or impurities in the cell. Decomposition of the Li salt is also responsible for
the increased capacity from ∼2.15 V and upwards [23], where both electrolytes with LiTFSI
show more decomposition than LiFSI. Further, a clear plateau at 2.8 V in LiTFSI:Emi and
a hint of a similar plateau in LiFSI:Emi can be seen. This corresponds to reduction of the
Emi cation [88, 103]. Corresponding plateaus do not exist for the two phosphonium-based
electrolytes. Figures 4.4a and 4.4b show that the onset for lithiation does not occur at 3.35 V,
but rather at ∼3.2 V. This corresponds to lithiation of amorphous Si and is an indication
that some amorphous Si is initially present in the electrode.

4.2.2 Characterization of SEI layers with XPS

The XPS survey spectra of a pristine Si anode and anodes having undergone one charging
and discharging cycle in LiFSI:Emi, LiTFSI:Emi, LiFSI:Ph, and LiTFSI:Ph are shown in
Figure 4.5. The atomic composition of the surface of the samples based on the survey spectra
is given in Table 4.2. In addition to the elements given in the table, small amounts of K
(0.1 at%), Na (0.9 at%), and Cu (0.2 at%) were found in the uncycled anode, with K being
an additive in the electrode, Na coming from the binder (Na-CMC), and Cu being present in
the current collector. These elements are not seen in survey spectra of cycled anodes. The P
content in LiFSI:Ph and LiTFSI:Ph was 0.7 and 0.2 at%, respectively.

Table 4.2: Atomic percentages of the surface of an uncycled Si anode and anodes after one
cycle in LiFSI:Emi, LiTFSI:Emi, LiFSI:Ph, and LiTFSI:Ph.

Peak C 1s (at%) F 1s (at%) O 1s (at%) N 1s (at%) S 2p (at%) Si 2p (at%) Li 1s (at%)

Uncycled Si 57.1 0.6 26.8 - - 14.3 -

LiFSI:Emi 33.6 3.2 28.2 5.6 5.8 0.7 22.9

LiTFSI:Emi 33.9 5.2 25.3 5.7 5.5 0.9 23.5

LiFSI:Ph 33.6 5.2 27.5 3.9 4.3 1.0 23.8

LiTFSI:Ph 31.0 5.8 27.6 3.4 4.5 1.2 26.3
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Figure 4.5: XPS survey spectra of an uncycled Si anode and Si anodes after one cycle in
LiFSI:Emi, LiTFSI:Emi, LiFSI:Ph, and LiTFSI:Ph.
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Table 4.2 and Figure 4.5 show that the surface of the pristine Si anode is dominated by
carbon and oxygen species in addition to Si and some F. The strong carbon signal can be
explained by carbon black and the CMC binder in the electrode, in addition to a substantial
amount of adventitious carbon at the surface. Oxygen is likely present due to a combination
of contamination from air, the CMC binder, and a surface oxide layer on the Si particles.

Anodes that have undergone cycling show a significantly altered surface with N, S, Li,
and F now comprising a significant fraction of the atomic composition. C, O, and Li are the
dominating elements. The Si signal is drastically reduced compared to the uncycled anode
and accounts for roughly 1 % of the atomic percentage. There is a higher fraction of the signal
coming from from N 1s and S 2p peaks with EmiFSI electrolytes than with P111i4FSI.

Upon deconvolution of XPS spectra of the cycled anodes, it was clear that the four elec-
trolytes gave the same peaks, although with somewhat different contributions from each peak
to the overall spectrum. To illustrate the differences between an uncycled and a cycled anode
and to show the chemical compounds and electronic states of elements detected at the surface,
offset plots of core peaks from the uncycled anode and the anode cycled in LiTFSI:Emi for one
cycle are now presented, with C 1s and O 1s in Figure 4.6, F 1s and N 1s in Figure 4.7, and
S 2p and Si 2p in Figure 4.8. All spectra have been normalized with respect to the nearby
background signal, except from Si 2p in Figure 4.8b. This was left non-normalized as the
small Si content in the LiTFSI:Emi sample gave a spectrum where the deconvoluted peaks
were not visible when compared to the large Si peak from the uncycled anode.

The C 1s and O 1s core peaks in Figure 4.6 have been deconvoluted and show various
carbon and oxygen species. For the uncycled anode, the C 1s spectrum is fitted using four
peaks corresponding to carbon black at 283.8 eV [72], C-C and C-H bonds at 284.8 eV [104],
C-OH and C-O-C bonds at 286.7 eV [105], and C=O and O-C=O bonds at 288.7 eV [10, 106].
The anode cycled in LiTFSI:Emi shows similar chemical bonds, but the carbon black peak,
which now may also be ascribed to lithiated carbon species [107], is shifted to lower energy
levels and an additional CO3 component is detected at 289.9 eV [72].

(a) C 1s (b) O 1s

Figure 4.6: XPS spectra of (a) C 1s and (b) O 1s core peaks from an uncycled Si anode and
an anode cycled in LiTFSI:Emi for one cycle.
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In Figure 4.6b, the O 1s spectrum of the uncycled anode fits well with a dominating peak
at 533.0 eV assigned to Si surface oxide and C-OH and C-O-C bonds [68, 72], in addition
to C=O and O-C=O bonds at 531.9 eV [108]. The anode cycled in LiTFSI:Emi shows a
somewhat overlapping set of peaks that are ascribed to C=O and O-C=O bonds, CO3, LiOH,
and Si-O-Li bonds in LixSiOy at 531.1 eV [68, 108, 109], C-OH and C-O-C bonds at 532.3 eV
[10], and Si-O-Si bonds in LixSiOy and S=O bonds at 533.1 eV [109, 110].

The weak F 1s signal of the uncycled anode in Figure 4.7a is ascribed to organic F com-
pounds at 687.9 eV [108] with an unknown origin. For the anode cycled in LiTFSI:Emi, a
strong LiF peak is present at 684.9 eV [68]. The peak at 688.1 eV is assigned to the FSI and
TFSI anions, in addition to their corresponding incomplete decomposition products [23].

For the N 1s core peak in Figure 4.7b, no signal is detected for the uncycled anode. The
anode cycled in LiTFSI:Emi fits with peaks attributed to an unknown FSI/TFSI degradation
product at 398.5 eV, undecomposed FSI/TFSI anions, C-N bonds or a degradation product
related to X-ray exposure at 399.7 eV [111], and NSO2

– components at 401.6 eV [110].
The S 2p and Si 2p spectra in Figure 4.8 are subject to spin-orbit splitting with ∆ =

1.16 eV and ∆ = 0.63 eV, respectively, and all detected components therefore have 2p1/2 and
2p3/2 peaks with a separation of ∆ and the area of the 2p1/2 peak being half that of the
2p3/2 peak [108]. The 2p3/2 peak will consequently be used when referring to the position
of these peaks. The S 2p spectrum for the uncycled anode fits well with a set of peaks at
167.6 eV that are ascribed to a plasmon artifact from the Si 2p orbital [112]. The anode
cycled in LiTFSI:Emi have two sets of peaks corresponding to an unknown salt degradation
product that might be Li2SO4 at 169.3 eV [113] and S=O bonds, an Si 2p plasmon effect, or
an X-ray-induced degradation product at 166.7 eV [111, 112, 113].

The Si 2p spectra in Figure 4.8b show a clear reduction in the Si content for the cycled
anode compared to the uncycled anode. The pristine Si anode shows two sets of peaks with
Si-Si bonds at 99.4 eV and SiO2 at 103.6 eV [72]. The spectrum of the anode cycled in
LiTFSI:Emi fits well with LixSi components at 98.0 eV and LixSiOy at 100.6 eV [72, 109].

(a) F 1s (b) N 1s

Figure 4.7: XPS spectra of (a) F 1s and (b) N 1s core peaks from an uncycled Si anode and
an anode cycled in LiTFSI:Emi for one cycle.
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(a) S 2p (b) Si 2p

Figure 4.8: XPS spectra of (a) S 2p and (b) Si 2p core peaks from an uncycled Si anode and
an anode cycled in LiTFSI:Emi for one cycle.

As the anodes cycled in LiFSI:Emi, LiFSI:Ph, and LiTFSI:Ph generally show very similar
XPS spectra as LiTFSI:Emi, it is useful to compare these four sets of spectra using overlay
plots to be able to distinguish subtle differences between them. Plots of C 1s and O 1s are
given in Figure 4.9, F 1s and N 1s in Figure 4.10, S 2p and Si 2p in Figure 4.11, and P
2p and Li 1s in Figure 4.12. All spectra have been normalized with respect to the nearby
background signal, however the background signal was already virtually identical for most
peaks. Assuming that the surface roughness is similar for all anodes, it should be valid to
compare the spectra both qualitatively and quantitatively.

A comparison of C 1s spectra in Figure 4.9a shows that electrolytes with P111i4FSI give
far more C-C and C-H bonds in the SEI compared to EmiFSI, with LiFSI:Ph showing the
highest peak. C=O and O-C=O bonds appear to be more present with EmiFSI electrolytes,
whereas the peak ascribed to carbon black or lithiated carbon is similar for all electrolytes.
The CO3 content is higher with phosphonium electrolytes. Lastly, the part of the spectra
corresponding to C single bonded to O and N may now also include C-P bonds [114]. This
peak shows that LiTFSI:Ph gives the least amount of these bonds, while LiTFSI:Emi appears
to give the most.

For O 1s spectra in Figure 4.9b, LiFSI:Emi gives less S=O bonds or Si-O-Si bonds in
LixSiOy in the SEI compared to the other electrolytes. LiFSI:Emi has a shift towards lower
binding energies compared to LiTFSI:Emi. For binding energies close to C-OH and C-O-C
bonds, LiTFSI:Ph has the strongest signal.

The F 1s spectra in Figure 4.10a show clear differences in the amount of LiF and FSI/TFSI
components. Regarding LiF, P111i4FSI appears to give more LiF in the SEI than EmiFSI does
and LiTFSI gives more than LiFSI. For the part of the spectra associated with FSI or TFSI
anions and their incomplete decomposition products, LiTFSI gives more of these components
than LiFSI in EmiFSI. For the two phosphonium ILs, the salt components are roughly equal.

The N 1s core peak presented in Figure 4.10b shows clear differences between the ILs,
with far more N components being present with EmiFSI. LiFSI:Emi shows a clear shift to-
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(a) C 1s (b) O 1s

Figure 4.9: XPS spectra of (a) C 1s and (b) O 1s core peaks from anodes cycled for one cycle
in LiFSI:Emi, LiTFSI:Emi, LiFSI:Ph, and LiTFSI:Ph.

(a) F 1s (b) N 1s

Figure 4.10: XPS spectra of (a) F 1s and (b) N 1s core peaks from anodes cycled for one cycle
in LiFSI:Emi, LiTFSI:Emi, LiFSI:Ph, and LiTFSI:Ph.

wards the unknown LiFSI decomposition product at 398.5 eV and LiTFSI:Emi gives more
NSO2

– components. The two P111i4FSI spectra are quite similar, but the shoulder of NSO2
–

components is more prominent for LiFSI:Ph.
Figure 4.11a shows that the S 2p spectra for LiTFSI:Emi, LiFSI:Ph, and LiTFSI:Ph are

quite similar. The spectrum of LiFSI:Emi appears to be shifted towards lower binding energies
in addition to showing significantly more S=O bonds, X-ray degradation products, or signal
from the Si 2p plasmon artifact.
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(a) S 2p (b) Si 2p

Figure 4.11: XPS spectra of (a) S 2p and (b) Si 2p core peaks from anodes cycled for one
cycle in LiFSI:Emi, LiTFSI:Emi, LiFSI:Ph, and LiTFSI:Ph.

(a) P 2p (b) Li 1s

Figure 4.12: XPS spectra of (a) P 2p and (b) Li 1s core peaks from anodes cycled for one
cycle in LiFSI:Emi, LiTFSI:Emi, LiFSI:Ph, and LiTFSI:Ph.

The Si 2p core peak in Figure 4.11b is largest in the LiTFSI:Ph sample. There seems to be a
difference between the two Li salts, with LiTFSI giving similar amounts of LixSiOy and LixSi,
while LiFSI gives relatively more LixSi.

The P 2p core peak is presented in Figure 4.12a. The peaks display spin-orbit splitting
with ∆ = 0.87 eV [108] and are ascribed to the undecomposed phosphonium cation [115].
A significantly larger amount of the cation appears to be incorporated into the SEI with
LiFSI compared to LiTFSI. Lastly, Li 1s spectra are plotted in Figure 4.12b. The spectra are
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qualitatively quite similar and have not been deconvoluted due to many possible overlapping
peaks with inconsistent peak assignments in the literature. The main information to extract
from this plot is the increased Li content at the surface of the anodes with the P111i4FSI IL.

4.3 The effect of TEP and FEC on cell performance

The average delithiation capacities of cells with LiTFSI:Emi, TEP20, TEP40, Emi:FEC, and
TEP20:FEC are shown in Figure 4.13. The figure shows that the capacities are all heavily
affected by the increased (dis)charge rates.

The use of TEP is first considered. TEP20 initially exhibits a quite good delithiation
capacity of ∼2800 mAh/g, but shows poor rate performance compared to LiTFSI:Emi and
reaches <10 % its original capacity at C/2. TEP40 initially shows a poor delithiation capacity
of 1000 mAh/g that increases to 1500 mAh/g after four cycles. This increased capacity is
attributed to improved wetting over time. A similar, but less pronounced increase is visible
between the first and the second cycle for TEP20. TEP40 displays a poor rate performance
and shows very little capacity from C/2. Comparing the first and last C/20 cycles shows that
LiTFSI:Emi and TEP20 both lose some capacity, while TEP40 experience a slight increase in
capacity.

The addition of FEC to the IL initially does not seem to have an impact on delithiation
capacity, as LiTFSI:Emi and Emi:FEC show very similar behavior in the first four cycles.
However, Emi:FEC appears to be less stable when the rate is increased and experience a more
pronounced decrease in capacity than LiTFSI:Emi in C/5 and C/2. The situation reverses

Figure 4.13: Average delithiation capacity of cells evaluating TEP and FEC as electrolyte
components, showing a reduced rate capability with the addition of TEP and/or FEC.
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at 1C and 2C where Emi:FEC slightly outperforms LiTFSI:Emi. TEP20:FEC displays less
capacity than TEP20 for all cycles, except for 1C and 2C where they are equal. Further,
TEP20:FEC has a declining capacity at C/5. In the last four cycles, TEP20:FEC has a
significantly lower capacity than in the beginning, while LiTFSI:Emi and Emi:FEC experience
a smaller and quite similar reduction in capacity.

A plot showing the Coulombic efficiencies of the cells is given in Figure 4.14. The figure
shows that adding TEP has a devastating effect on the initial Coulombic efficiency, especially
for TEP40. TEP20 has a lower Coulombic efficiency than LiTFSI:Emi for most rates and
TEP40 is for the most part even lower than TEP20.

The addition of FEC decreases the initial Coulombic efficiency compared to both LiTFSI:Emi
and TEP20. Though, the trend later reverses and in cycle four and the last C/20 cycles, elec-
trolytes with FEC display higher Coulombic efficiencies than without FEC.

A distinct reduction of the Coulombic efficiency for the first cycle in a new rate is observed.
This is the same behavior as seen in Figure 4.2.

Figure 4.15a shows the total lithiation capacity of cells comparing TEP and FEC. The
figure shows qualitatively the same behavior as for delithiation capacities in Figure 4.13 with
initial lithiation capacities between 3500 and 4000 mAh/g for all electrolytes except TEP40.
The plot showing the potentiostatic hold step fractions is given in Figure 4.15b and shows
that all three electrolytes containing TEP, i.e. both with and without FEC added, display
an initial hold step fraction of >50 %. This immediately drops to below 20 % for TEP20 and
TEP20:FEC in the following few cycles, but remains high for TEP40. Regarding TEP, both

Figure 4.14: A plot of Coulombic efficiencies showing the effects of adding TEP and FEC.
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(a) Total lithiation capacity (b) Hold step fraction

Figure 4.15: Graphs showing (a) the total lithiation capacity and (b) the fraction of the total
lithiation capacity coming from the potentiostatic hold step for cells cycled in LiTFSI:Emi,
TEP20, TEP40, Emi:FEC, and TEP20:FEC.

TEP20 and TEP40 have a very large hold step fraction at C/5. These drop down again at C/2,
with LiTFSI:Emi now displaying the largest fraction. In the last C/20 cycles, LiTFSI:Emi
displays the lowest hold step fraction of the three, followed by TEP20 and TEP40.

For the first four cycles, the hold step fraction of cells with FEC added is virtually iden-
tical to the corresponding electrolytes without FEC. Whereas TEP20:FEC exhibits a steeply
decreasing hold step fraction in C/5 compared to TEP20, Emi:FEC increases slightly com-
pared to LiTFSI:Emi. At C/2, both electrolytes show a reduced hold step fraction with FEC
added, although the standard deviation is now quite large for Emi:FEC cells. In the last C/20
cycles, cells with FEC show a higher hold step fraction than cells without FEC, particularly
for TEP20:FEC.

Potential vs capacity plots of the first, second, and 24th cycle of representative cells cycled
in LiTFSI:Emi, TEP20, TEP40, Emi:FEC, and TEP20:FEC are shown in Figure 4.16. First,
LiTFSI:Emi, TEP20, and TEP40 are considered. A comparison of cycle one in Figure 4.16a
shows clear signs of a decomposition process at 2.7 V for TEP20 and 2.6 V for TEP40. Similar
plateaus are not seen in the second cycle. As the amount of decomposition appears to be
roughly doubled from TEP20 to TEP40, it is natural to believe that TEP itself is decomposing
and this has also been reported for graphite anodes in the literature [116]. Cells with TEP20
and TEP40 lithiate with a significant overpotential compared to LiTFSI:Emi and this is
especially visible for TEP40. A more detailed look at the initial decomposition in Figure 4.16b
further highlights the massive decomposition of the two TEP electrolytes. Starting at ∼2.2 V,
the LiTFSI:Emi electrolyte exhibits the highest capacity at this potential (prior to lithiation),
assigned to reduction of the FSI/TFSI anions [23], and an increasing amount of TEP appears
to give a shielding effect against salt decomposition. The reduction of the Emi cation at 2.8 V
[88, 103] can be seen for LiTFSI:Emi, but a similar plateau for TEP20 and TEP40 cannot
readily be seen.
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(a) Overview of cycle 1 (b) Initial decomposition in cycle 1

(c) Overview of cycle 2 (d) Overview of cycle 24

Figure 4.16: Potential vs capacity plots of representative cells from LiTFSI:Emi, TEP20,
TEP40, Emi:FEC, and TEP20:FEC, showing (a) an overview of the first cycle, (b) the initial
electrolyte decomposition in the first cycle, (c) an overview of the second cycle, and (d) and an
overview of the last cycle.

Table 4.3: Initial electrolyte decomposition of cells with TEP and FEC measured by the ca-
pacity achieved up until a potential of 3.0 V and the number of moles of electrons corresponding
to this capacity.

Electrolyte LiTFSI:Emi TEP20 TEP40 Emi:FEC TEP20:FEC

Capacity (mAh/g) 99 ± 7 233 ± 24 364 ± 19 68 ± 4 65 ± 8

# mol e- (mmol) 73 ± 5 171 ± 17 267 ± 14 50 ± 3 47 ± 5

As a measure of the amount of initial electrolyte decomposition, the capacity achieved up to
a potential value of 3.0 V and the corresponding number of moles of electrons involved are
presented in Table 4.3. The table also includes values for Emi:FEC and TEP20:FEC.

Looking at the initial decomposition in Figures 4.16a and 4.16b, the addition of FEC
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appears to suppress the decomposition of LiTFSI salt at 2.2 V and the Emi cation at 2.8 V in
LiTFSI:Emi and TEP in TEP20 at 2.7 V. FEC itself decomposes at around 2.0 V [11, 31], but
no large plateaus are observed at these potentials. The values for initial electrolyte decom-
position presented in Table 4.3 show that both electrolytes with FEC added show less initial
decomposition compared to LiTFSI:Emi. Further, Emi:FEC lithiates with a slightly larger
overpotential compared to LiTFSI:Emi in the first cycle, whereas TEP20:FEC initially lithi-
ates at a lower potential than TEP20, followed by similar potential curves after a somewhat
sudden increase in potential at ∼1000 mAh/g. The overpotentials for delithiation appears to
be slightly higher for both electrolytes with FEC compared to the corresponding electrolytes
without FEC.

The increased overpotentials for lithiation for cells with FEC seem to continue in the second
cycle, as seen in Figure 4.16c. The same is also true for TEP20 and TEP40 with TEP40 again
showing the most extreme behavior. In the last cycle, shown in Figure 4.16d, TEP20:FEC
displays a significant overpotential for lithiation compared to TEP20, while Emi:FEC lithi-
ates quite comparably to LiTFSI:Emi. Regarding the last cycle, both electrolytes with FEC
delithiate at lower potentials than their corresponding electrolytes without FEC. TEP20 lithi-
ates at roughly the same potentials as LiTFSI:Emi, but delithiates at slightly lower potentials.
TEP40 show large overpotentials for both lithiation and delithiation.
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Chapter 5

Discussion

5.1 The effect of Li salts and cosolvents on electrolyte prop-
erties

From Table 4.1, it is clear that the choice of Li salt has a direct impact on the electrolyte
resistance of a cell with an increased value of Rel when LiTFSI is used being seen for both
P111i4FSI and EmiFSI. These findings qualitatively match the relation between ionic conduc-
tivities of LiFSI:Emi, LiTFSI:Emi, [27] and LiFSI:Ph [85]. Regarding LiTFSI:Ph, a reduced
ionic conductivity with LiTFSI compared to LiFSI has previously been demonstrated in both
carbonate [20] and EmiFSI electrolytes [27] and it was expected that LiTFSI:Ph would show
a higher value of Rel than LiFSI:Ph.

The comparison of ionic conductivities using electrolyte resistances is based on Equa-
tion (2.5) and an assumption that the area of the electrode and the thickness, porosity, and
tortuosity of the separator are equal for all cells tested. More generally, the cells are regarded
to be identical except for the electrolyte that was used. As the electrodes and separators
were pre-made in sheets and cut using high-precision tools, the validity of these assumptions
is regarded as good. Electrolyte decomposition products could potentially block pores in the
separator and affect its porosity or cover the electrode surface and thereby alter the resistances
in the cell, but the EIS measurements used high frequency currents of >1 kHz and were taken
before cycling, thereby minimizing this effect. It should be noted that the standard deviation
is rather large for some of the measurements, but a clear trend in differences between the two
salts can nevertheless be seen. The variation in cell resistivity is believed to be related to the
pouch cells themselves. The positioning of the electrode stack within the cell was done by
hand and as the pressure was most likely not completely even across the PVC pressure plates,
the resulting pressure differences might have affected cell performance. As a final comment,
these EIS measurements do not account for the transport number of Li+ which would be an
important piece of information to further quantify the relevant transport phenomena in the
cell.

The visually observed differences in viscosity between LiFSI and LiTFSI qualitatively
agree with values found in the literature [27, 85]. The viscosity is known to have a major
impact on ionic conductivity [16] and there is a correlation between observed viscosities and
measured values of Rel for both Li salts in EmiFSI and P111i4FSI. For EmiFSI, the mobilizing
effect of FSI anions on Li+ from the bulk electrolyte to the surface, as suggested by Yamagata
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et al. [88], may also be a contributing factor to the improved ionic conductivity of LiFSI:Emi.
Surprisingly, the observed viscosities do not match Rel for cells when TEP is added. It

would be expected that the reduced viscosity of TEP20 and TEP40 compared to LiTFSI:Emi
would result in an improved ionic conductivity. TEP20 does indeed give a reduced electrolyte
resistance compared to LiTFSI:Emi, however TEP40 gives a sudden increase ofRel. A possible
explanation for this behavior is now presented.

The dielectric constant of a solvent is often used as a measure of its ability to dissolve
the Li salt [16]. In carbonate electrolytes, EC is a key component due to its high dielectric
constant (ε = 90.4) [117]. TEP has a low dielectric constant (ε = 13.1) [95] and it is therefore
possible that the negative effect on ionic conductivity of reduced Li salt solvation for TEP40
outweighs the positive effect of a reduced viscosity, whereas the lower ratio of TEP to IL
in TEP20 gives a sufficient salt solvation, making the beneficial effect of the viscosity the
dominant factor.

It should be noted that the dielectric constant for EmiFSI is reported to be ε = 6.3, which
initially contradicts the idea of poor salt solubility with TEP as an explanation for the reduced
ionic conductivity. However, the use of the dielectric constant to evaluate solvation in ILs is
problematic. First of all, the dielectric constant of an IL cannot be measured by conventional
methods due to its electrical conductance and alternative measurements methods, usually
involving a measurement of the frequency-dependent dielectric permittivity and subsequent
extrapolation to zero frequency, often give varying results [118, 119]. The reported value of ε
= 6.3 may therefore not reflect the true dielectric constant for EmiFSI. Second, and perhaps
more important, the dielectric constant is not an appropriate measure of the polarity and
solvation properties of an IL due to the fundamental electrochemical differences between ILs,
that are purely ionic in nature, and conventional solvents [120]. Alternative parameters to
quantify polarity and solvation parameters have been developed, and these accredit ILs with
better solvation properties than their dielectric constants would indicate [119].

Lastly, a brief comment on the use of TMMP will be given. TMMP was not miscible with
EmiFSI, neither at 15 nor 25 wt%. Testing a lower content of TMMP than 15 wt% would
not be too interesting as TMMP cannot significantly alter the bulk electrolyte viscosity if
its concentration gets too low. Previously, TMMP has been shown to be soluble for at least
a concentration of 50 vol% in an EC:DEC (10:90 vol%) electrolyte [98] and its solubility in
pure EC or DEC exceeds 75 vol% [97]. There are several reports regarding the miscibility
of ILs with organic solvents, but none exist for TMMP and EmiFSI. In general, though,
the miscibility gap of an IL and a solvent, i.e. concentrations for which a mix of the two
components exists as two or more phases, is asymmetrical with a higher solubility of the
solvent in the IL than vice versa [119]. This general trend would indicate that TMMP should
not be expected to be miscible with EmiFSI for any immediate concentrations above 25 wt%
TMMP. The unsuccessful mixing of the two liquids shows that TMMP cannot readily be used
as a cosolvent with EmiFSI at these concentrations, however the two might be miscible at
significantly higher concentrations and TMMP might be an appropriate cosolvent for other
ILs.
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5.2 The effect of Li salts on cell performance and SEI forma-
tion

5.2.1 The effect of LiFSI and LiTFSI on cell capacity, rate performance,
and electrolyte decomposition

Initial remarks
In this work, the analysis of voltage profiles is based on an assumption that the LFP cathode
displays a perfectly flat voltage plateau at 3.45 V vs Li/Li+. Based on properties of LFP
discussed in Section 2.2.2, it is clear that this is not the case for very lithiated and delithiated
states. The cathodes used in this work are capacitively oversized compared to the Si anode,
meaning that they would not be fully delithiated when the cell was charged. Further, the
Coulombic efficiency of the first cycle is quite far below 100 %, indicating that a substantial
fraction of the Li extracted from the cathode never returned after delithiation. The LFP
would therefore for the most part exist in intermediate states of lithiation and thus not
contribute significantly to the evolution of the voltage profiles. The only exception would
be the beginning of the very first charge cycle, but the contribution of LFP to the voltage
profiles would be equal for the different electrolytes and it is therefore not assumed that LFP
has affected the voltage profile analysis by much.

The molar percentages of ions in the electrolytes are given in Table 5.1. The table shows
that in electrolytes with LiTFSI, the FSI anion from the ionic liquid is still the dominating
anion species. However, treating the different ions in the system just based on their molar per-
centages might not be appropriate as little is known about changes to the solvation structure
upon addition of TFSI and FSI salts. Considering that Li+ is believed to be preferentially
solvated by TFSI anions [86], this could imply that the activity of Li+ differs between elec-
trolytes with mixed anions and only FSI- present, which will also affect the SEI formation.
The contribution of the TFSI anion to phenomena in the cell might therefore be greater than
what its molar percentages in Table 5.1 would indicate.

Table 5.1: The molar percentages of ions present in LiFSI:Emi, LiTFSI:Emi, LiFSI:Ph, and
LiTFSI:Ph calculated from the amount of the components added during mixing of the elec-
trolytes.

Electrolyte LiFSI:Emi LiTFSI:Emi LiFSI:Ph LiTFSI:Ph

Li+ 8.7 % 8.7 % 9.7 % 9.6 %

Emi+ 41.3 % 41.3 % - -

P111i4
+ - - 40.3 % 40.4 %

FSI- 50.0 % 41.3 % 50.0 % 40.4 %

TFSI- - 8.7 % - 9.6 %

Cell capacity
LiFSI and LiTFSI have different effects on cell performance, as evident from results pre-
sented in Section 4.2.1. As seen in Figure 4.1, LiFSI:Emi achieves delithiation capacities of
∼2650 mAh/g at C/20 and ∼2150 mAh/g at C/5 that match well with a previously reported
∼2500 mAh/g capacity at C/10 [18]. However, the capacity of LiFSI:Emi within a given rate
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is not particularly stable and the capacity drops to 2250 mAh/g during the last C/20 rate,
i.e. not exhibiting the stable performance shown in the literature. This can also be seen from
Figure 4.2, where, apart from the very first cycle involving SEI formation, LiFSI:Emi achieves
Coulombic efficiencies lower than 96 % at both C/20 rates.

The initial and final delithiation capacity of LiTFSI:Emi is greater than that of LiFSI:Emi.
This is opposite to what has been shown for graphite anodes by Matsui et al. [27], where the
LiFSI salt yielded a slightly greater initial capacity than LiTFSI. As a LiTFSI:Emi electrolyte
with a ”pure” Si anode has not previously been reported in the literature, it is interesting
to see that the effect of the Li salt on initial capacity appears to be opposite for Si anodes
compared to graphite. Further, LiTFSI:Emi experience approximately the same reduction in
capacity as LiFSI:Emi between the first and the last C/20 rate and the Coulombic efficiencies
at C/20 are also quite poor (∼96.0 % for the last cycle), just slightly better than for LiFSI:Emi
(∼95.5 % for the last cycle).

Regarding P111i4FSI in Figure 4.1, LiFSI:Ph exhibits a ∼2700 mAh/g capacity at the
last C/20 rate. This is lower than achieved by Kerr et al. [21], where cells with LiFSI:Ph
displayed a capacity of 3000 mAh/g after 300 cycles at C/2.5, though with a high salt concen-
tration of 3.2 M. LiTFSI yields lower initial delithiation capacities than LiFSI. The hold step
fraction (Figure 4.3b), voltage profile (Figure 4.4a), and electrolyte resistance measurements
(Table 4.1) indicate that a substantial overpotential associated with LiTFSI:Ph might be the
reason for its initial capacity being lower than LiFSI:Ph. Comparing the last C/20 rate (Fig-
ure 4.1) to the first cycles shows that both phosphonium electrolytes experience a very little
reduction of capacity during the rate test compared to EmiFSI. This is also in agreement with
a generally better Coulombic efficiency for P111i4FSI than EmiFSI at most rates.

Although the loss of capacity between the two C/20 rates seem to correlate with overall
Coulombic efficiencies when comparing the two ionic liquids, the differences in Coulombic
efficiency between the two Li salts in the last C/20 rate are not so easily explained. As
seen from Figure 4.1, LiFSI:Ph experience a larger loss in capacity during the last C/20 rate
than LiTFSI:Ph. Conversely, LiTFSI:Emi decreases more than LiFSI:Emi. This could be
explained by LiFSI:Ph and LiTFSI:Emi initially having higher capacities than LiTFSI:Ph
and LiFSI:Emi, respectively, which would indicate more capacity loss related to expansion of
Si particles. The expansion and subsequent cracking of Si particles can promote electrolyte
decomposition, however, this is not reflected in Coulombic efficiencies in Figure 4.2 where the
Coulombic efficiency is slightly greater for LiFSI:Ph and LiTFSI:Emi than for LiTFSI:Ph and
LiFSI:Emi, respectively. Cracking of Si particles can also lead to isolation of active material,
a loss mechanism that would not necessarily yield a reduced Coulombic efficiency. Either way,
the Coulombic efficiency and stability of the capacity in the last C/20 rate indicate that there
are only minor differences between the two Li salts and that the choice of IL has a greater
impact on the stability of cell capacity at low rates.

Lastly, an initially increasing delithiation capacity can be seen for both phosphonium
electrolytes in Figure 4.1. This has previsouly been related to improper electrode wetting
with a LiFSI:Ph electrolyte by Kerr et al. [21]. In their case, the initial capacity drops
drastically during the first few cycles and gradually improves over the following ∼200 cycles.
In this work, however, the phenomenon of increasing capacities appears to be ”finished” after
24 cycles.
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Rate performance
As seen in Figure 4.1, LiFSI yields better rate performance than LiTFSI in both EmiFSI
and P111i4FSI. Further, EmiFSI electrolytes clearly outperform P111i4FSI. The improved rate
performance of LiFSI:Emi compared to LiTFSI:Emi qualitatively match previous results using
graphite anodes [27]. However, the poor 200 mAh/g capacity for LiFSI:Emi at 2C in this work
does not coincide with previous results showing 1200 mAh/g at the same rate [11]. Similarly,
the rate performance of LiFSI:Ph is worse than what can be found in the literature, with a
>1000 mAh/g capacity at 1C reported by Kerr et al. [21] vastly exceeding the ∼100 mAh/g
at 1C seen in Figure 4.1.

Continuing on the discussion of improved rate performance with LiFSI compared to
LiTFSI; it is natural to believe that this is related to lower viscosities and higher ionic conduc-
tivities associated with LiFSI. Rate performance is intimately connected with overpotentials
in the cell and EIS measurements (Table 4.1) showed that the electrolyte resistance, one im-
portant source of overpotentials in the cell, was higher for LiTFSI than for LiFSI. For the
phosphonium electrolytes, hold step fractions and voltage profiles correlate well with Rel and
show significantly larger overpotentials for LiTFSI than LiFSI at C/20. The picture is slightly
more complicated with EmiFSI. Here, hold step fractions with LiFSI and LiTFSI are very
similar, although slightly lower for LiFSI at most rates. The voltage profiles also behave quite
similarly and it is hard to distinguish overpotentials between LiFSI and LiTFSI.

Electrolyte decomposition
Electrolyte decomposition processes can be evaluated with a combination of Coulombic effi-
ciency plots in Figure 4.2 and the initial part of the voltage profiles of the first cycle, as seen
in Figure 4.4b. LiFSI:Emi displays a lower Coulombic efficiency than LiTFSI:Emi for the first
cycle. With an underlying assumption that all irreversible capacity loss directly contributes
to the SEI layer, this means that the initial SEI layer is thicker when LiFSI is used. This
assumption might not be entirely appropriate as some Li is likely trapped within the bulk
Si after delithiation and a possible indication of this can be seen from Figure 4.4a where
the voltage plateau related to delithiation of a-Li2.0Si to a-Si in the first cycle appears to be
comparably narrower for LiFSI:Emi than for LiTFSI:Emi, indicative of some Li remaining in
the Si particles.

The voltage profiles in Figure 4.4b clearly show more decomposition at 2.15 V (attributed
to the Li salt) and 2.8 V (Emi+ reduction) for LiTFSI:Emi than for LiFSI:Emi. If the as-
sumption of a Coulombic efficiency below 100 % being attributed solely to SEI formation is to
be used, more decomposition of LiFSI:Emi should occur at higher potentials, alongside lithi-
ation, for it to display the thickest SEI layer after the first cycle. The Coulombic efficiency
in later cycles continues to be lower for LiFSI:Emi than LiTFSI:Emi, without it appearing to
have a significant effect on the evolution of voltage profiles, hold step fractions, or delithiation
capacities in later cycles. LiFSI is known to be chemically less stable than LiTFSI [23] and
although LiTFSI:Emi gives more decomposition than LiFSI:Emi at 2.15 V in the first cycle,
which also has been reported in the literature [23], LiFSI:Emi seems to give more decompo-
sition at low and high cell potentials in the first cycle, in addition to a the lower Coulombic
efficiency in later cycles.

For LiTFSI:Emi, Figure 4.4b shows a plateau in the voltage profile at 2.8 V attributed to
decomposition of Emi cation [88, 103], whereas only a slight tilt of the voltage profile is seen for
LiFSI:Emi. The decomposition of Emi+ when the TFSI anion is present fits perfectly with the
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double-layer model proposed by Yamagata et al. [88] that was discussed in Section 2.4.3. The
FSI anions in LiFSI:Emi appear to effectively suppress reduction of Emi+ and the presence of
even just 8.7 mol% TFSI anions (Table 5.1) is apparently enough to greatly alter the shielding
properties of the FSI anion. Though, as previously mentioned, the activity of FSI and TFSI
anions might not be the same, which could make the ”effective” concentration of TFSI anions
greater than 8.7 mol%. The double-layer model was made for a graphite anode and it was
suggested by Matsui et al. [27] that it would also be appropriate for Si anodes. As it seems
that a Si anode has never been tested with a LiTFSI:Emi electrolyte before, it is noteworthy
that this model indeed seems to apply also for Si anodes.

The voltage profiles of the two P111i4FSI-based electrolytes in Figure 4.4b show no signs
of a voltage plateau that can be attributed to the decomposition of the phosphonium cation.
This possible lack of cation decomposition fits well with electrochemical reduction of P111i4

+

supposedly taking place at −0.1 V vs Li/Li+ [85]. The SEI layer is not necessarily void
of phosphonium-related components, though, as Girard et al. [115] have shown through a
combination of FTIR and XPS that undecomposed P111i4 cations can be incorporated into
the SEI, at least for Li metal anodes.

The decomposition at 2.15 V in Figure 4.4b attributed to decomposition of the Li salts
is also present for the phosphonium electrolytes. Again, significantly more decomposition
occurs with LiTFSI than LiFSI. The phosphonium electrolytes seem to give slightly less salt
decomposition than EmiFSI, but the reason for this is unknown. Further, the generally better
Coulombic efficiency of P111i4FSI compared to EmiFSI would indicate that the SEI grows
more over time with EmiFSI electrolytes, at least as long as the aforementioned assumption
of irreversible capacity loss only being attributed to SEI formation is employed. The hold step
fractions and overpotentials in voltage profiles for cycle 24 show reduced differences between
the two ILs compared to cycle 2. As the electrolyte can be assumed to be constant during
cycling, this should mean that this behavior can be attributed to the electrode, with a thicker
SEI layer over time with EmiFSI being a possible explanation. Lastly, it should be noted
that what appears to be a higher degree of delithiation being achieved with P111i4FSI in
Figure 4.4d could affect hold step fractions and overpotentials seen from voltage profiles, but
it is not known to which extent this would happen.

Closing remark
As an ending to this section, a short discussion on a notable feature of the electrochemical
data is given, namely that a drastically different Coulombic efficiency is seen for the first cycle
of a new rate. The Coulombic efficiency decreases when the rate is increased and increases
when the rate is lowered. Comparing the lithiation capacity in Figure 4.3a to the delithiation
capacity in Figure 4.1 shows that the reduced Coulombic efficiency is due to a better lithiation
capacity in the first cycle of a new rate and not due to a reduced delithiation capacity. The
Coulombic efficiency of a rate test is typically not reported in the literature and the origin of
this effect is not known, but that does not mean that a few thoughts on the matter cannot
be shared.

As delithiation of Si has been shown to be faster than lithiation [121], differences in
(de)lithiation rates are unlikely the cause of the observed effect on the Coulombic efficiency.
A plausible explanation can instead be related to inhomogeneous lithiation. When a higher
rate is employed, the asymmetry in Li concentration at the surface compared to the core
increases. It could therefore be the case that the surface experiences more Si expansion and
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subsequent surface cracking and electrolyte decomposition when the rate is increased. In the
next cycle, the surface is ”already cracked” and much less electrolyte decomposition occurs,
thus giving a stable Coulombic efficiency which does not change much until more cracking
occurs the next time the rate is increased. Furthermore, the increased Coulombic efficiency
observed upon lowering the rate might be related to trapped Li in the electrode being released
when the rate is lowered.

5.2.2 Characterization of SEI layers with XPS

Discussion on energy calibration and the deconvolution process
Peaks in the XPS survey spectra were assigned to core peaks of different elements using
the build-in Kratos Element Library in the CasaXPS software. Energy calibration for the
uncycled Si anode was done using C-C and C-H bonds in adventitious carbon at 284.8 eV as
a reference [101]. This method is far from perfect as the peak position has been reported to
vary by as much as 1.44 eV [105], but it is still the most commonly used energy referencing
procedure for samples that have been exposed to air. The Si 2p core peak was not shifted
as the main peak was already positioned at 99.4 eV, the expected position for bulk Si [72].
This was a sign of a vertical differential charging phenomenon between the SEI layer and the
underlying Si particles which probably have distorted the signal and broadened the peaks
somewhat [122].

For the four cycled anodes that had not been exposed to air, a holistic referencing approach
was used based on the expected peak positions of LiF, Na compounds, carbon black, and C-C
bonds. The four cycled anodes had been positioned in a similar fashion on the same sample
holder and tested during the same XPS session and it is therefore expected that they should
require a similar energy shift.

Some comments on the deconvolution process of core peaks are now given. First, the
deconvolution process of core peaks involve a high degree of user input with position, full
width at half maximum, and number of peaks greatly affecting the output. As a measure to
cope with this uncertainty, very closely positioned peaks, such as C-N and C-OH/C-O-C in
C 1s, have generally been combined into one larger peak.

Second, the C 1s core peak of the uncycled anode is fitted with four peaks ascribed to
carbon black, C-C and C-H bonds, C-OH and C-O-C bonds, and C=O and O-C=O bonds
and is very similar to the spectrum of a similar Si anode presented by Philippe et al. [72].
They attribute the peaks of carbon bonded to oxygen solely to the CMC binder, but the
exposure to air is also a likely contributor [105].

Third, as seen from Figures 4.6a and 4.9a, the C 1s spectra of the cycled anodes display
signal at ∼290 eV that has been attributed to CO3. As there are no immediate sources of
carbonate components in the electrolyte, this peak is believed to most likely be an effect of
the DMC washing step in the sample preparation before XPS.

Fourth, the O 1s overlay plots in Figure 4.9b indicate that neither electrolyte gives the
common SEI component Li2O which would be positioned at ∼528.4 eV [72].

Fifth, the peak associated with FSI and TFSI anions in F 1s plots (Figures 4.7a and 4.10a)
have two possible origins. They may stem from undecomposed salt or partially decomposed
salt components being incorporated into the SEI layer or from electrolyte residues left on the
surface even after washing with DMC.

Sixth, the doublets at 166.7 eV in the S 2p core peak (Figure 4.11a) are assigned to S=O
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bonds, an Si 2p plasmon effect, and an X-ray-induced degradation product. The cycled anode
only contains ∼1 at% Si at the surface and the contribution of the plasmon effect to the peak at
166.7 eV is therefore probably quite small. In addition, the sample with LiFSI:Emi contains
less Si compounds than LiTFSI:Emi (Table 4.2), but has a more pronounced shoulder at
166.7 eV, further indicating that the plasmon effect is not a major contributor.

Lastly, it should be noted that the peak at ∼688 eV in F 1s plots may also be attributed
to CF3 compounds [123], however the lack of the characteristic CF3 peak at ∼294 eV in C 1s
[108] rules out this possibility. The lack of CF3 components in LiTFSI:Emi and LiTFSI:Ph
is surprising as LiTFSI is known to yield CF3 with both EmiFSI and carbonate electrolytes
and with graphite and Li metal anodes due to easier cleavage of the C-S bond than the C-F
bond in LiTFSI [123, 124]. It may be the case that CF3 reacts further with nearby Li ions to
yield LiF [125] as both LiTFSI:Ph and LiTFSI:Emi show more LiF than the corresponding
electrolytes with LiFSI. Furthermore, the absence of CF3 is an indication that there is very
little salt residue from the electrolyte on the sample surface.

Comparison of survey spectra and atomic composition of the surface
Survey spectra in Figure 4.5 and the corresponding atomic percentages of the surface in
Table 4.2 show that some Si signal is still seen for the cycled anodes. Although atomic
percentages based on survey spectra are not accurate measurements, the remaining Si signal
can give an indication of the thickness of the SEI layer, or more generally of the covering
effect of the SEI because its thickness might not be uniform. Both P111i4FSI electrolytes give
more Si signal than EmiFSI, in agreement with electrochemical results showing a thicker SEI
with EmiFSI.

In terms of the N 1s peak, the clear presence of nitrogen compounds in LiFSI:Ph and
LiTFSI:Ph seen from Table 4.2 and the lack of any nitrogen in the uncycled anode is indica-
tive of a decomposition of the FSI or TFSI anions in the phosphonium electrolytes. Both
electrolytes with EmiFSI give more nitrogen-containing compounds than with P111i4FSI, in
addition to more sulphur compounds. However, the difference between EmiFSI and P111i4FSI
is larger for N 1s than for S 2p. This is most likely related to decomposition of the Emi cation
which was also concluded from voltage profiles in Figure 4.4b. Both EmiFSI electrolytes
contain more sulphur than LiFSI:Ph and LiTFSI:Ph which would indicate more anion decom-
position, however F 1s does not confirm this trend, particularly for LiFSI:Emi which contains
a smaller amount of fluorine than the other electrolytes.

All cycled anodes contain a large amount of oxygen. Oxygen is present in a 2:1 ratio with
sulphur in both FSI and TFSI anions, but O 1s accounts for much more than twice the atomic
percentage of the surface compared to S 2p. This means that there must be another source
of oxygen in the samples, with the surface oxide layer on Si being a likely source as LixSiOy

is known to be a part of the SEI on Si anodes [72].
Further, LiFSI typically contains chlorine impurities as it is a byproduct of the production

process of the salt [83]. The lack of chlorine signal in LiFSI:Emi and LiFSI:Ph is a sign of the
LiFSI salt being of high quality.

The Li 1s core peak is often not included in articles showing XPS results. The Kratos
Element Library in CasaXPS lists Li 1s with a very low relative sensitivity factor of 0.025
(relative to F 1s), meaning that it has a small peak in the XPS spectrum that can easily give
distorted values of atomic percentages. Roughly 1/4 of the surface is attributed to Li.
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5.2.3 The effect of LiFSI and LiTFSI on the SEI layer

Although regarded to provide good fits of the XPS spectra, the deconvolution of core peaks
in Figures 4.6 to 4.8 cannot be regarded to be exact. The hard task of performing a perfect
deconvolution was the main motivation to instead present XPS data of the cycled anodes as
overlay plots, as done in Figures 4.9 to 4.12. These overlay plots, in combination with survey
spectra, the corresponding atomic composition at the surface, and electrochemical data, are
now used to evaluate the effects of LiFSI and LiTFSI on the SEI layer on Si anodes.

Results from XPS analysis seem to generally support the double-layer model for LiFSI:Emi
and LiTFSI:Emi presented by Yamagata et al. [88]. First, the C 1s spectrum in Figure 4.9a
shows a shift towards C-OH, C-O-C, and C-N bonds for LiTFSI:Emi compared to LiFSI:Emi.
As LiFSI:Emi in the O 1s spectrum in Figure 4.9b generally shows a higher peak at energies
corresponding to carbon single and double bonded to oxygen than LiTFSI:Emi does, C-N
bonds is assumed to contribute to the shift in the C 1s spectrum for LiTFSI:Emi. More C-N
bonds indicate more cation decomposition, in line with the double-layer model. The same
conclusion cannot be drawn from C-N bonds in N 1s (Figure 4.10b), however the effect of the
unknown X-ray degradation product in N 1s could be an explanation as to why the relative
amounts of C-N bonds in LiFSI:Emi and LiTFSI:Emi do not match between C 1s and N
1s. An identical double-layer model cannot be transferred to the phosphonium electrolytes
as the P 2p core peak in Figure 4.12a shows drastically more phosphonium cations being
incorporated into the SEI for LiFSI:Ph than for LiTFSI:Ph.

A possible consequence of Emi cations contributing more to the SEI layer with LiTFSI:Emi
is that LiFSI:Emi should contain more decomposition products from the salt/FSI anions.
More of the unknown salt degradation product in N 1s and more S=O bonds in S 2p with
LiFSI:Emi than LiTFSI:Emi support this hypothesis, but less NSO2

– in N 1s, slightly less
salt-related compounds in S 2p and less fluorine compounds in F 1s, both LiF and salt-related
compounds, disagree and indicate more salt decomposition for LiTFSI:Emi. For F 1s, though,
this might be affected by LiTFSI having three times as many F atoms as LiFSI.

There is a larger contribution of the phosphonium cation to the SEI for LiFSI:Ph than for
LiTFSI:Ph, and this can also be seen in C 1s (Figure 4.9a) with more C-C and C-H bonds
being present for LiFSI:Ph, in addition to more signal from binding energies that can in part
be attributed to C-P bonds. Why P111i4

+ contributes more to the SEI without LiTFSI present
is unknown. One possibility could be that the incorporation of the phosphonium cation in the
SEI occurs after the cell voltage has passed 2.15 V. At this point, significant decomposition
of (salt) anions in LiTFSI:Ph has already occurred which might prevent the incorporation
process of the cation. Another possibility is that the SEI formed with LiFSI:Ph is more
porous as it contains less LiF, thereby allowing more phosphonium cations to be trapped
within the porous structure.

The composition of the various peaks that so far have been referred to as ”(unknown) salt
degradation products” is now given some attention. Several decomposition mechanisms of
FSI and TFSI anions have previously been shown in the literature, usually involving radical-
containing intermediate products [81, 112, 115, 126, 125]. A possible reduction mechanism of
FSI- involves breaking of the S-F bonds [115, 126]:

N(SO2F) –
2 + e– N(SO2F) 2–•

2 SO2NSO2F
–• + F– +e− + 2Li+

O2NSO –
2 + 2 LiF
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The S-N bond may also be broken [126] to yield:

N(SO2F) –
2 + e– NSO2F

–• + SO2F
–• +2e− + 2Li+

NSO –
2 + SO –•

2 + 2 LiF

Decomposition of the TFSI anion usually proceeds via a cleavage of the S-N bond [81]:

N(SO2CF3)
–
2 + e– N(SO2CF3)

2–•
2 NSO2CF –•

3 + SO2CF –
3

These CF3-containing (intermediate) products may then decompose further to yield LiF [125].
The exact decomposition mechanisms of LiFSI and LiTFSI in this work are not known,

however it is clear that many of the reactions release F– that form LiF, explaining the high
LiF content seen in XPS data. The ”(unknown) salt degradation products” showing up in
XPS results are attributed to the myriad of compounds containing S, N, O, and F that form
in addition to LiF.

LiF is believed to yield a SEI layer that promotes structural stability of the SEI [70] and
supports rapid transport of Li+ through grain boundary diffusion, especially when Li2CO3 is
present [32, 127]. LiTFSI appears to give more LiF than LiFSI. Both anodes cycled in phos-
phonium electrolytes contain more LiF (Figure 4.10a) and show better Coulombic efficiencies
than EmiFSI, a sign of a more stable SEI. However, LiTFSI:Ph has a SEI with more LiF than
LiFSI:Ph does, but shows a lower Coulombic efficiency. The possible benefits on cell perfor-
mance of more LiF in the SEI is generally believed to be outweighed by increased viscosity
and reduced ionic conductivity in the bulk electrolyte with LiTFSI compared to LiFSI and
with P111i4FSI compared to EmiFSI.

Lastly, differences in the Si 2p spectra in Figure 4.11b will be discussed. The overall Si
2p signal has previously in this discussion been related to the thickness of the SEI layer. The
LixSi alloy is mostly not believed to be a part of the actual SEI layer, but instead represents
Li trapped within outer regions of the Si particles, as seen from Figure 2.9. The lack of a
SiO2 peak for the cycled anodes indicates that all the oxygen in the original surface oxide
layer has reacted and is now found in LixSiOy compounds or in other oxygen-containing SEI
components. Further, LiTFSI yields similar amounts of LixSi and LixSiOy whereas LiFSI
yields more LixSi. The differences in SEI coverage should not affect this observation as the
two components are compared within the spectrum from a single electrolyte and not across
different electrolytes. As the amount of SiO2 originally at the surface is equal, this difference
in LixSiOy to LixSi ratio seems to indicate that LiFSI promotes more of the oxygen in SiO2

to form other SEI components apart from LixSiOy, however clear evidence of this hypothesis
is not seen in the other XPS spectra.

5.3 The effect of TEP on cell performance

The results in Section 4.3 clearly show that TEP decomposes when added to a LiTFSI:Emi
electrolyte and that more decomposition occurs with more TEP added. The decomposition
of TEP has a negative effect on initial capacity and rate performance of the cells, particularly
for TEP40.

With an assumption that all deviation from a 100 % Coulombic efficiency is attributed to
SEI formation, the thickness of the SEI layers after the first cycle will be largest for TEP40,
followed by TEP20 and LiTFSI:Emi. This can further be seen to have a direct impact on
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overpotentials in voltage profiles and potentiostatic hold step fractions, in agreement with a
thicker SEI layer, or more generally a SEI with reduced Li+ transport properties, forming
with more TEP added. Although TEP20 exhibits a reduced viscosity and improved ionic
conductivity compared to LiTFSI:Emi, as shown in Section 4.1, the negative effects of TEP
reduction have a greater influence on capacities, rate performance, and overpotentials, yielding
an overall reduced cell performance.

Decomposition of TEP seems to occur mainly in the very first cycle as the voltage profiles
in Figures 4.16c and 4.16d show no signs of another reduction plateau at ∼2.7 V. This is also
supported by Coulombic efficiencies of TEP20 and TEP40 being comparable to LiTFSI:Emi
for later cycles, although TEP40 shows a lower Coulombic efficiency than LiTFSI:Emi and
TEP20 in the last C/20 cycles.

The decomposition products of TEP in this work are unknown as XPS or other charac-
terization techniques were not employed for cells containing a TEP electrolyte, but previous
reports on decomposition products of TEP include for instance LiPO3 [116]. Others have
reported the evolution of ethylene gas upon TEP reduction [93]. Combining these two obser-
vations might suggest a decomposition mechanism where one or more of the alkyl side groups
on TEP are split off and create ethylene gas, while the remaining molecule reacts with Li ions
to form LiPO3 or similar compounds. This would suggest that the SEI layers for electrolytes
with TEP are maybe not that much thicker than with LiTFSI:Emi as a comparison of voltage
profiles in Figure 4.16b might indicate, considering that gaseous decomposition products of
TEP would not contribute to a thicker SEI layer.

Table 4.3 shows the amount of capacity ascribed to initial electrolyte decomposition. The
TEP content in the electrolytes is 43.2 mmol for TEP20 and 86.4 mmol for TEP40. Comparing
these values shows that significantly more electrons are involved in the initial TEP decompo-
sition than there are moles of TEP present in the electrolytes, which indicates a multi-step
reduction mechanism of TEP that may fit well with a hypothesis of alkyl side groups being
split off from the main molecule.

Three possible tactics to prevent TEP reduction are now presented. First, highly concen-
trated electrolytes are considered. Li ions have a coordination number of n = 4 with TEP
and a high salt concentration can be used to deplete the electrolyte of free TEP molecules
and create a more stable Li-ion solvate that reduces the reactivity of TEP [116]. This has
been shown to yield stable performance of LiTFSI-TEP and LiFSI-TEP electrolytes [30, 116]
and of the closely related LiFSI-TMP electrolyte [128].

Second, TEP can be used as a cosolvent together with solvents that themselves have good
SEI-forming abilities. If a desired component in the bulk electrolyte decomposes before TEP,
it can form a good SEI layer and prevent TEP decomposition. This has been shown to work
with a combination of known carbonates and TEP or TMP [6, 95].

Lastly, an additive can be added to the electrolyte to be preferentially decomposed instead
of TEP at higher potentials vs Li/Li+ to form a stable SEI layer. This method has been
reported in the literature and has been shown to hinder reduction of both TMP [94] and TEP
[30, 93, 116]. This method has been attempted with the FEC additive in this work and is
discussed in the following section.
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5.4 The effect of FEC on cell performance

The addition of FEC appears to suppress the reduction of the LiTFSI salt at 2.2 V, the Emi
cation at 2.8 V, and TEP at 2.7 V, as evident from voltage profiles in Figure 4.16b. Both
electrolytes with FEC added show a more gradual voltage profile until lithiation begins at
∼3.2 V. This is similar to the expected behavior of an electrolyte containing FEC known from
carbonate electrolytes, with FEC initially decomposing to create a good SEI that prevents
decomposition of the other electrolyte components [32]. However, Coulombic efficiencies of
the first cycle are lower for electrolytes with FEC. With the assumption that a Coulombic
efficiency below 100 % is attributed to SEI formation, this should mean that a significant
amount of decomposition of the electrolytes occurs at higher potentials alongside lithiation.
A closer look at the voltage profiles of Emi:FEC and TEP20:FEC at ∼3.35 V shows that they
are somewhat ”unstable”, indicative of something more than just an orderly lithiation process
taking place. Both FEC electrolytes seem to exhibit similar or even slightly larger overpo-
tentials in the second cycle than their corresponding electrolytes without FEC, as seen from
voltage profiles and potentiostatic hold step fractions. As the bulk of the electrolytes can be
regarded to not be significantly influenced by the addition of 5 wt% FEC, this should indicate
that SEI layers formed after the first cycle with FEC have somewhat worse Li+ transport
properties than those without FEC which may be explained by an increased thickness of the
SEI. For the last C/20 rate, the Coulombic efficiency of cells with FEC added is superior to
those without FEC. Emi:FEC does indeed seem to have a slightly more stable capacity in
the least four cycles. Regarding TEP20:FEC, the capacity of TEP20 in the last cycles is so
much greater than for TEP20:FEC that a comparison of their stability would probably be
too affected by the difference in expansion of the Si particles to give any definitive results.

There are very few articles in the literature discussing the addition of FEC to ILs. FEC
has been shown to be preferentially reduced instead of the salt or the IL in a 1 M LiPF6

in EC:EMC:EmiTFSI (21:49:30 vol%) + 5 wt% FEC electrolyte and subsequently create a
stable SEI layer on a graphite electrode in a half cell with Li metal [33]. With the IL 1-butyl-
4-methylpyridinium TFSI (PP14TFSI), a PP14TFSI:PC:FEC (60:30:10 wt%) electrolyte with
0.5 mol/kg lithium difluoro(oxalate)borate was tested with a LiNiMnO cathode and a Li metal
anode and showed stable performance due to a beneficial SEI layer forming with FEC [129].
These two experiments may arguably illustrate that there is no apparent reason to expect
that FEC would act very differently together with an IL compared to a carbonate electrolyte,
although the two ILs reported are somewhat different to EmiFSI and a mixture of IL and
carbonates were used in both instances.

In this work, it may therefore not be the combination of an IL and FEC that is the
problem, but rather the Si anode itself. A possible hypothesis to explain the dissatisfying
behavior of cells with a FEC-containing electrolyte would be that although FEC initially
appears to form a protective SEI layer, it cannot withstand the expansion of Si particles upon
lithiation and it cracks, allowing the electrolyte to be decomposed. Previously cited sources in
Section 5.3 showing reduced TEP decomposition with FEC used a graphite half cell [116], LFP,
LiNiMnCoO2 and Li4Ti5O12 half cells [30], and a full cell with a carbon-coated SiO anode and
a LiNi0.8Co0.15Al0.05O2 cathode. Neither would have experienced electrode expansion similar
to the Si anodes in this work. The hypothesis of Si expansion being responsible for cells
with FEC performing poorly can be supported by previous experiments with Si anodes and
carbonate electrolytes where the FEC additive generated a not so flexible SEI that could not
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handle the massive expansion of the Si particles, at least when compared to a more flexible
SEI forming with VC as an additive [31]. The addition of VC to the electrolytes in this work
might therefore have improved their performance more than what FEC could do. However, it
seems that FEC in general is considered to give a relatively stable performance of Si anodes,
at least in various carbonate-based electrolytes [16, 130].

In summary, FEC appears to have a negative effect on cell capacity, rate performance, and
electrolyte decomposition when added to LiTFSI:Emi and TEP20 electrolytes. The cracking
of an inflexible SEI generated with FEC upon the massive expansion of Si particles may be one
contributing factor to explain the poor performance of cells with FEC, but the formulation
of any definitive conclusion will not be attempted here.
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Chapter 6

Conclusion

The aim of this work was to improve the performance and understanding of Si anodes in
combination with ILs for LIBs. A threefold approach was used and included (1) evaluating the
effects that two different Li salts, LiFSI and LiTFSI, had on cycling stability, SEI formation,
rate performance, and ionic conductivity of battery cells with two different ILs, P111i4FSI and
EmiFSI, (2) assessing the use of TEP and TMMP as cosolvents for EmiFSI, and (3) evaluating
FEC as a potential additive in EmiFSI-based electrolytes with and without a cosolvent. Eight
different electrolytes were mixed, only two of which had previously been tested with Si anodes,
and EIS measurements and electrochemical cycling of pouch cells were used to evaluate the
performance of Si anodes in a pseudo-full cell setup with a capacitively oversized LFP cathode.
A selection of anodes were characterized by means of XPS to investigate the effect of LiFSI
and LiTFSI on the composition of the SEI layer.

The results obtained in this work showed that electrolytes containing LiFSI have a reduced
viscosity and improved ionic conductivity compared to those with LiTFSI, in line with previous
reports in the literature [20, 27]. These properties appear to have a direct impact on the
rate performance of cells, with LiFSI-based electrolytes outperforming LiTFSI at increased
(dis)charging rates in both EmiFSI and P111i4FSI. An investigation of voltage profiles and
Coulombic efficiency plots revealed that LiFSI is more reactive at low and high cell potentials,
particularly in EmiFSI, but that more decomposition occurs at intermediate potentials with
LiTFSI.

Regarding Coulombic efficiency and cycling stability, electrochemical data cannot deter-
mine clear differences related to LiFSI and LiTFSI as the differences between the two salts
are generally small and the effects are opposite in EmiFSI compared to in P111i4FSI. However,
the improved cycling stability and Coulombic efficiency of P111i4FSI compared to EmiFSI are
substantially more noticeable.

Electrochemical data and XPS measurements showed that the initial SEI layer formed with
P111i4FSI electrolytes are thicker compared to those cycled in EmiFSI and a lower Coulombic
efficiency for EmiFSI-based electrolytes indicates that the SEI layer grows more upon repeated
(dis)charge cycles for EmiFSI than for P111i4FSI.

XPS measurements showed that SEI layers with LiFSI and LiTFSI as Li salt are generally
very similar, consisting for the most part of known decomposition products of the IL cation
and FSI and TFSI anions. In addition, the surface oxide layer on Si particles in the electrode
was seen to contribute to the SEI by being lithiated to form LixSiOy compounds or by acting
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as a source of oxygen in the formation of other SEI components. Characterization with XPS
revealed that electrolytes with LiTFSI give a SEI containing more LiF, without it having a
visible improvement on cell performance as frequently reported in the literature [32, 70]. More
LiF is also generated with phosphonium-based electrolytes than with EmiFSI.

For EmiFSI, a combination of electrochemical results and XPS measurements indicate that
FSI anions minimize the decomposition of the Emi cation, in line with a model previously
developed for graphite anodes by Yamagata et al. [88] and until now only hypothesized to
also be valid for Si anodes [27]. The phosphonium cation is believed to not decompose, but
nevertheless contributed to the SEI by being incorporated into the layer in an undecomposed
state. Significantly more phosphonium cations were seen in the SEI layer when LiFSI was
used compared to LiTFSI, without the reason for this being known.

In conclusion, LiFSI seems to be the salt of choice in P111i4FSI electrolytes based on an im-
proved ionic conductivity, cycling stability, and overall cell performance compared to LiTFSI.
However, both electrolytes with P111i4FSI appear to be far too viscous to be used in com-
mercial batteries in their current state. EmiFSI electrolytes were less viscous and had better
ionic conductivities, but still exhibited a relatively poor rate performance. In EmiFSI, there
seems to be a trade-off between improved capacity and slightly better Coulombic efficiency
with LiTFSI and a better rate performance with LiFSI.

Regarding the use of cosolvents, TMMP was quickly ruled out as a potential cosolvent
for EmiFSI, at least for the concentrations used in this work (15 and 25 wt% TMMP), due
to their immiscibility. TEP was miscible with EmiFSI and seemed to reduce the viscosity of
the electrolyte, but showed worse ionic conductivities at higher concentrations of TEP, maybe
related to TEP having a low permittivity. Further, TEP underwent a major decomposition
process during the first charge cycle and a thick SEI layer forming is believed to explain the
reduced capacity, increased overpotential, and poor rate performance of electrolytes containing
TEP.

FEC was evaluated as a possible electrolyte additive by being added in an amount of 5 wt%
to an EmiFSI electrolyte and to an electrolyte of EmiFSI containing 20 wt% TEP. FEC was
successful in initially limiting the decomposition of other electrolyte components, however it
appears that the SEI layer formed with FEC did not manage to prevent electrolyte decompo-
sition at higher cell potentials, perhaps related to the massive expansion of the Si particles,
ultimately yielding lower Coulombic efficiencies in the first cycle. The addition of FEC to
the electrolyte resulted in a cell with worse rate performance and greater overpotentials, both
with and without TEP present. The combination of TEP and FEC appears to be particularly
unsuited, with significantly lowered capacities observed.

The findings in this thesis and recommendations for further work will hopefully be a small,
but positive contribution to the development and implementation of safe and high energy
density LIBs, an important challenge to tackle for batteries to realize their full potential in
the important fight against climate change.
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Chapter 7

Further work

In order to investigate the three different approaches employed in this work to improve the
performance of ILs in combination with Si anodes, a varied, but limited amount of electro-
chemical cycling and characterization methods have been used. This thesis leaves several
important questions unanswered.

Unless a major breakthrough in synthetization of ILs is accomplished, ILs will persist
to have higher viscosities than current carbonate-based electrolytes. This fact, in combina-
tion with their superior thermal stability, make IL electrolytes particularly suited for high-
temperature operation. It can therefore be more appropriate to evaluate the cells at an
elevated temperature, for instance 80 ◦C. The improved capacity of LiTFSI compared to
LiFSI in EmiFSI, in addition to its superior thermal and chemical stability, might then be
more important than its negative effect on ionic conductivity and rate performance, as the
rate performance of all cells would likely be improved at elevated temperatures either way.

EIS measurements provided insight into resistances and ionic conductivities of the cells,
but did not paint a complete picture of all relevant electrolyte properties. The lack of quantifi-
cation of the Li+ transport number is one major shortcoming of the simple EIS measurements
performed in this work. Further, performing EIS measurements both before and after elec-
trochemical cycling in combination with increasingly more complex equivalent circuit models
of the cells can help quantify some of the overpotential phenomena present.

The use of XPS in this work provided important information on the contents of the SEI
layer and assisted in confirming and understanding results from electrochemical measure-
ments. Additional and complementary characterization techniques can give deeper insight
into electrolyte decomposition and SEI formation. Some notable methods include electro-
chemical techniques like cyclic voltammetry, microscopy techniques such as scanning electron
microscopy (SEM), surface-sensitive characterization techniques such as FTIR and Raman
spectroscopy, and cross-sectional investigations using for instance a combination of focused
ion beam (FIB) and energy-dispersive X-ray spectroscopy (EDX) methods. Performing post-
mortem characterization of cells with TEP added to the electrolytes can confirm that it is a
thick SEI layer forming that is responsible for the poor cycling performance of electrolytes
containing TEP. Post-mortem characterization can also help in understanding why the addi-
tion of FEC did not improve cell performance, as would be expected, and assist in explaining
its poor interplay with the TEP cosolvent.

Based on the results from this work, FEC is believed to initially stop decomposition of
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other electrolyte components, but that extensive electrolyte decomposition occurs at higher
cell potentials. It can therefore be relevant to charge a cell, stop it just before lithiation
occurs, and characterize the SEI to confirm that it consist mainly of known decomposition
products of FEC. Further, characterizing the SEI after the first charge and discharge cycle
can verify the hypothesis of extensive decomposition occurring at higher cell potentials.

It is apparent that FEC is not a suitable additive to be used alone with EmiFSI or in
a combination of EmiFSI and TEP. There are multiple known SEI-forming additives in the
literature that can be tested. If the hypothesis of FEC yielding a too rigid SEI layer that
cannot withstand Si expansion is true, the addition of VC to the electrolyte, which is known
to yield a more flexible SEI [31], would perhaps be the most relevant additive to test first. A
combination of FEC and VC might allow TEP to successfully be utilized as a cosolvent for
EmiFSI. Another strategy to stop the decomposition of TEP in the cell can be to use a very
high concentration of Li salt, as this has been shown to prevent decomposition of a pure TEP
electrolyte [30, 116].

This work showed that TMMP cannot be used as a cosolvent for EmiFSI at concentra-
tions of 15 and 25 wt%. A determination of the solubility of TMMP in EmiFSI can provide
information on if there are any relevant concentrations for which TMMP is suitable to be
used as a cosolvent for EmiFSI.

Lastly, this work has only tested two different cosolvents to be used with LIBs and there
are countless alternatives remaining untested. A suggested approach forward is to select a
variety of low-priced solvents with low viscosity and good Li+ solvation properties that are
known to resist decomposition and maintain a good performance in a tough electrochemical
environment and further assess their relevance as cosolvents by testing them in LIB cells.
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