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Abstract

Lithium-ion batteries (LIB) are the most used mobile energy storage system. Their
application to electric transportation and grid storage requires increasingly higher energy and
power densities. One way to achieve higher energy densities is to replace graphite with silicon,
a material with high theoretical capacity. However, silicon is difficult to integrate as anode
material for LIBs because of its volume changes during cycling. The resulting mechanical
strains particularly affect the stability of silicon particles, the electrode coating, and the solid
electrolyte interphase (SEI). Especially the SEI’s ability to accommodate silicon volume
changes is fundamental to enabling the long cycle life of silicon-containing anodes. It is formed
by solid electrolyte decomposition products which precipitate on the anode surface. Improving
the SEI properties can be achieved by a smart selection of the electrolyte components. Ethylene
carbonate (EC) is often one of the main electrolyte solvents. However, its decomposition
products have a poor ability to accommodate the silicon volume changes. Therefore, this thesis
investigates alternative electrolyte solvents based on their ability to form decomposition
products with an improved ability to accommodate the silicon volume changes. For this, a
systematic analysis of the SEI thickness and composition is performed with x-ray photoelectron
spectroscopy (XPS). Electrode and SEI morphologies are analyzed via scanning electron
microscopy (SEM). SEI properties and electrochemical performance are correlated for each

electrolyte formulation.

Formulations based on fluoroethylene carbonate (FEC) as cosolvent form the first EC-
free electrolyte class. FEC is mostly used as an electrolyte additive to increase the lifetime of
silicon-containing anodes. However, it is consumed during cycling, resulting in a decrease in
electrochemical performance, after its concentration drops below a certain level. A further
benefit of FEC is that it exhibits similar lithium-ion transport properties to EC, making it a
suitable replacement for EC. Two electrolyte formulations with different FEC concentrations
are compared to an FEC-additive electrolyte.! Based on the results from XPS measurements, it
is found that FEC decomposes to -C-O, DO (1,3-dioxolan-2-one), -COzL.i, Li.COs, and LiF.
The species -C-0O, DO, and -CO.Li are most probably incorporated in a cross-linked polymer
network. Due to its chemical environment, detecting DO is an unambiguous indicator for the
presence of FEC decomposition products in the SEI, as this species does not form with any
other electrolyte component. Compared to the FEC-additive electrolyte, Si/Gr electrodes cycled

in FEC cosolvent formulations showed (1) better electrochemical performance, (2) extended
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presence of FEC decomposition products in the SEI (as indicated by the detection of DO), (3)
thinner SEI, and (4) formation of SiOxFy species. The improved electrochemical performance
of FEC cosolvent formulations can be attributed to the presence of FEC decomposition products
in the SEI, even after prolonged cycling. The formed cross-linked polymeric network consisting
of -C-0, DO, and -CO2Li most likely increases the SEI flexibility upon silicon volume changes.
As a result, less electrolyte is consumed, resulting in a thinner SEI, reduced isolation of active
material, and the ability to maintain the electrode integrity.

Glyoxylic acetals constitute the second EC-free electrolyte class. They are selected due
to their low environmental impact and excellent thermal stabilities when used with graphite
anodes. Among them, two glyoxal-based electrolytes (TMG and TEG)* are examined for the
first time in combination with Si/Gr anodes and compared to two carbonate-based reference
electrolytes.? Overall, Si/Gr anodes cycled in TEG exhibit the best capacity retention with
higher capacities. To increase the ionic conductivity of TEG, propylene carbonate (PC) is
added. The electrolyte formulation is improved by adding the electrolyte additive
fluoroethylene carbonate (FEC). Despite this, Si/Gr anodes cycled in pure TEG electrolyte still
perform better than those cycled in 30TEG:70PC-FEC. The TEG solvent forms a smoother and
more interconnected SEI, which appears to have better adaptability to changes in silicon

volume.

Both approaches provide electrolyte formulations that exhibit improved electrochemical
performance compared to the investigated EC-containing reference electrolytes. The results of
this thesis indicate that this is accomplished by forming an SEI with an increased ability to
accommodate the silicon volume changes. Here, organic decomposition products incorporating
long-chained polymeric networks are crucial. These findings contribute to the understanding of
the relationship between electrolyte formulation, SEI, and electrochemical performance, thus

helping to realize future silicon-based electrodes in LIBs.

1TMG: 1 M lithium bis(trifluoromethanesulfonyl)imide LiTFSI in 1,1,2,2-tetramethoxyethane and TEG: 1 M
LiTFSI in 1,1,2,2-tetraethoxyethane
21 M LiTFSl in 1:1 EC:DMC and 1 M LiPFg in 1:1 EC:DMC
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Kurzfassung

Lithium-lonen-Batterien (LIB) sind das am haufigsten verwendete mobile Energiespei-
chersystem. Ihre Anwendung fiir den elektrischen Verkehr und die Netzspeicherung erfordert
immer hohere Energie- und Leistungsdichten. Hohere Energiedichten kénnen erreicht werden,
indem Graphit durch Silizium ersetzt wird. Silizium zeigt sehr viel groRere Kapazititen als
Graphit. Allerdings weist es starke Volumenveranderungen wahrend des Zyklierens auf, was
seine Anwendung als Anodenmaterial fur LIBs erschwert. Besonders betroffen von der mecha-
nischen Belastung sind die Stabilitat der Siliziumpartikel, der Elektrodenbeschichtung und der
Festkorper-Elektrolyt-Grenzphase (solid electrolyte interphase, SEI). Fir eine lange Lebens-
dauer ist es von grundlegender Bedeutung, dass die SEI die Volumenanderungen des Siliziums
ausgleichen kann. Die SEI wird durch feste Elektrolytzersetzungsprodukte auf der Anoden-
oberflache gebildet. Ihre Eigenschaften kénnen durch die intelligente Auswahl der Elektrolyt-
komponenten verbessert werden. Ethylencarbonat (EC) ist ein haufig verwendetes Elektrolyt-
I6sungsmittel, dessen Zersetzungsprodukte nur bedingt in der Lage, sind die Volumenanderun-
gen des Siliziums auszugleichen. Daher untersucht diese Arbeit alternative Elektrolytlésungs-
mittel auf ihre Fahigkeit Zersetzungsprodukte zu bilden, die sich der Volumenanderung des
Siliziums anpassen kénnen. Eine systematische Analyse der SEI-Dicke und -Zusammensetzung
erfolgt mit Rontgenphotoelektronenspektroskopie (XPS). Die Charakterisierung der
Elektrodenmorphologie geschieht mittels Rasterelektronenmikroskopie (REM). Fur jede
Elektrolytformulierung erfolgt eine Korrelation zwischen den beobachteten SEI-Eigenschaften

und der elektrochemischen Leistungsfahigkeit.

Elektrolyt-Formulierungen basierend auf Fluorethylencarbonat (FEC) bilden die erste
untersuchte EC-freie Elektrolytklasse. FEC wird meist als Elektrolytadditiv verwendet, um die
Lebensdauer von siliziumhaltigen Anoden zu verlangern. Allerdings nimmt dessen Konzentra-
tion wahrend des Zyklierens ab. Die Verwendung von FEC als Co-Losungsmittel soll deshalb
den lebensverlangernden Effekt verstarken. Ein weiterer Vorteil von FEC ist, dass es &hnliche
Lithium-lonen-Transporteigenschaften wie EC aufweist und somit ein geeigneter Ersatz fiir EC
ist. Es werden zwei Elektrolytformulierungen unterschiedlicher FEC-Konzentrationen mit ei-
nem FEC-Additiv Elektrolyten verglichen.! XPS-Messungen zeigen, dass die Zersetzung von
FEC zur Bildung von -C-O, DO (1,3-Dioxolan-2-on), -CO»Li, Li,COs und LiF fihrt. Die Spe-
zies -C-O, DO und COgLi sind hdchstwahrscheinlich in ein vernetztes Polymer eingebunden.

Aufgrund seiner chemischen Umgebung ist das Detektieren von DO ein eindeutiger Indikator
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fiir das Vorhandensein von FEC-Zerfallsprodukten in der SEI, da sich DO aus keiner anderen
Elektrolytkomponente bildet. Im Vergleich zum FEC-Additiv Elektrolyten zeigen Si/Gr-Elekt-
roden, die in FEC Co-Ldsungsmittel-Formulierungen zykliert werden folgende Eigenschaften:
(1) bessere elektrochemische Leistungsfahigkeit, (2) langere Anwesenheit von FEC-Zerset-
zungsprodukten im SEI (wie durch das Vorhandensein von DO angezeigt), (3) diinnere SEI und
(4) Bildung von SiOxFy-Verbindungen. Die bessere elektrochemische Leistungsfahigkeit der
FEC-Co-Ldsungsmittel-Formulierungen kann auf die Anwesenheit von FEC-Zersetzungspro-
dukten in der SEI zuriickgefuihrt werden. Das entstehende vernetzte Polymer aus -C-O, DO und
COoLi ist selbst nach langerem Zyklieren in der SEI auffindbar und erh6ht hochstwahrschein-
lich die Flexibilitat der Schicht. Infolgedessen wird weniger Elektrolyt verbraucht, was zu einer
dinneren SEI flhrt. Die verminderte SEI-Bildung fuhrt zu einer geringeren elektronischen

Isolierung des Aktivmaterials. Somit bleibt die Integritat der Elektrode langer erhalten.

Acetale auf Glyoxalbasis bilden die zweite Elektrolytklasse, die in dieser Arbeit unter-
sucht werden. Ihre Auswahl begriindet sich durch eine geringe Umweltbelastung und eine her-
vorragende thermische Stabilitat bei der Verwendung mit Graphitanoden. Zwei glyoxalbasierte
Elektrolyte (TMG und TEG)! werden zum ersten Mal mit Si/Gr-Anoden untersucht. Weiterhin
erfolgt ein Vergleich mit zwei EC-haltigen Referenzelektrolyten.? Insgesamt zeigen in TEG
zyklierte Si/Gr-Anoden die beste Kapazitatsretention mit den hdchsten Kapazitaten. Um die
lonenleitfahigkeit von TEG zu erhéhen, wird Propylencarbonat (PC) beigemischt. Eine Ver-
besserung der Elektrolytformulierung erfolgt durch die Zugabe des Elektrolytadditivs FEC.
Trotzdessen schneiden Si/Gr-Anoden, die in reinem TEG-Elektrolyt betrieben werden besser
ab, als solche, die in 30TEG:70PC-FEC zykliert werden. Das kann daran liegen, dass TEG eine
gleichmé&Rigere und starker vernetzte SEI bildet, die sich besser an die Volumenénderungen des

Siliziumvolumens anpasst.

Beide Ansatze liefern Elektrolytformulierungen mit verbesserter elektrochemischer
Leistungsfahigkeit. Die Ergebnisse der vorliegenden Arbeit deuten darauf hin, dass dies durch
die Bildung einer SEI erreicht wird, die sich besser an die Verdnderungen des Siliziumvolumens
anpassen kann. Hierfir spielen vor allem organische Zersetzungsprodukte wie langkettige po-
lymere Netzwerke eine entscheidende Rolle. Die Erkenntnisse dieser Arbeit tragen zum Ver-
standnis des Verhaltnisses zwischen Elektrolytformulierung, SEI und elektrochemischer Leis-

tung bei und helfen so, klinftige siliziumbasierte Anoden in LIBs zu realisieren.

1TMG: 1 M lithium bis(trifluoromethansulfonyl)imid LiTFSI in 1,1,2,2-tetramethoxyethan and TEG: 1 M
LiTFSI in 1,1,2,2-tetraethoxyethan
21 M LiTFSl in 1:1 EC:DMC and 1 M LiPFg in 1:1 EC:DMC
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1 Introduction

1 Introduction

The “2030 climate and energy framework™ developed by the European Commission
targets a cut in greenhouse gas emissions by at least 40 %.1* Lithium-ion batteries (LIBs) are
one of the main technologies driving this change. Compared to other energy storage systems,
LIBs are a highly advanced electrochemical storage technology with a favorable
performance-to-cost ratio. Currently, they are primarily used in consumer devices but find more
and more applications in the electric transportation sector and as home and grid storage.
Consequently, a high interest exists in research and development of improved LIB technologies.

A state-of-the-art LIB generally includes a transition-oxide positive electrode and
graphite negative electrode. Current research and development aims to increase the energy and
power density of LiBs. Optimizing cell design and chemistry is key to achieving this. With
regards to anode materials, silicon has gained a lot of attention due to its high theoretical
capacity, its abundant supply of raw materials, as well as its low costs.El However, its
implementation is mostly hindered by large volume changes of the silicon particles during
lithiation and delithiation.”! The volume changes lead to significant mechanical stress on the
silicon particle, the electrode coating, and the solid electrolyte interphase (SEI).PH*! To
mitigate some of these strains, silicon is blended with graphite, as it buffers the volume changes
and increases the electrical contact between silicon particles.r61?2 Still, silicon/graphite
(Si/Gr) electrodes suffer rapid capacity decay, especially with high silicon loadings. Another
improvement can be achieved by stabilizing the SEI upon silicon volume changes. The SEI is
a result of electrolyte decomposition. Electrolytes for LIBs are typically not stable over the
entire applied potential window, and they are reduced at low potentials on the anode side. Part
of the resulting decomposition products precipitate on the anode surface, forming the SEI. This
layer serves as a protective, electrically insulating barrier and usually prevents further excessive
electrolyte decomposition. However, most electrolytes do not form a layer upon decomposition
that can sustain the silicon volume changes. Hence, the SEI oftentimes cracks which leads to
continuous re-exposure of active material and ongoing electrolyte decomposition. Ultimately,
the electrolyte is depleted of lithium-ions which are irreversibly bound in the SEI. Excessive
SEI formation also leads to the electrical isolation of active material. All these phenomena
hasten the end-of-life of the cell.[M20-151 |t js therefore important to develop electrolyte
formulations which form a flexible and stable SEI upon decomposition while still meeting

safety, conductivity, and viscosity requirements.
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This thesis aims to evaluate the impact of electrolyte formulations on their ability to
form an SEI that can better accommodate the silicon volume changes during cycling.
State-of-the-art electrolytes use carbonate-based electrolytes containing 1 M LiPFe in a mixture
of ethylene carbonate (EC) and dimethyl carbonate (DMC). These electrolyte formulations
perform very poorly with silicon-containing anodes. Especially EC forms a very unstable SEI
layer in combination with silicon.[?l Therefore, two alternative cosolvents fall into closer
consideration: fluoroethylene carbonate (FEC) and glyoxylic acetals. FEC is already widely
used as an electrolyte additive with silicon-containing anodes and has been shown to increase
their lifetime. Glyoxylic acetals are a very new electrolyte solvent class and have only been
analyzed with graphite anodes so far. The electrochemical performance of both electrolyte
classes is measured via galvanostatic cycling with potential limitation (GCPL) and differential
capacity analysis (dQ/dE). SEI properties such as composition and thickness are determined via
x-ray photoelectron spectroscopy (XPS). XPS has high surface and chemical sensitivity and is,
therefore, an ideal technique to gain chemical information about the SEI layer. In addition, the
electrode morphology is analyzed via scanning electron microscopy (SEM). Obtained SEI
properties are correlated to electrochemical performances of the different electrolyte
formulations. Using these analyses, it will be possible to determine which formulation displays

the best performance with Si/Gr anodes.
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2 Theoretical Background

This chapter covers the basics of electrochemistry as well as working principles and key
parameters of LIBs. Different LIB components such as cathode, anode, and electrolyte are
detailed. Furthermore, the theoretical background for x-ray photoelectron spectroscopy (XPS)

is presented.

2.1 Lithium-lon-Batteries

2.1.1 Working Principles

A LIB consists of a positive and negative electrode that can reversibly incorporate and
release lithium-ions. Figure 1 shows a LIB based on a graphite anode and a lithium metal oxide
(LiMO_) cathode. Both electrodes are separated by an electron-insulating but ion-permeable
membrane (i.e., separator) which is not visible in Figure 1 for reasons of clarity. The electrolyte
enables lithium-ion transport between both electrodes. A LIB is charged by applying an anodic
current that causes oxidation of the transition metal of the cathode material. The electrons
released during this redox reaction are conducted via an external electrical conductor to the
negative pole, here graphite. To balance the charge, lithium ions migrate from the cobalt oxide
lattice of the cathode to the graphite anode where they are intercalated. Upon discharge the
reverse processes occur spontaneously, providing the desired electrical power. Hereby,
electrons flow from the anode to the cathode via the external conductor. At the same time,
lithium ions leave the anode and intercalate back into the positive electrode. The direction of
the discharging process is displayed by arrows in Figure 1. Redox processes at the positive and
negative electrodes are summarized by Eqg. (1) and (2).

Anode: 6-C+x-Li* = LiyCq (1)

Cathode: Liy_;MO, + x - Li* + x- e~ = LiMO, )
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Figure 1: Schematic illustration of a lithium-ion battery. Adapted and modified from ref.[241,

2.1.2 Key Parameters

Battery Potential
In a battery, positive and negative electrodes have a corresponding inner potential
A¢, /s, Which arises when two phases with different inner potentials are in contact, e.g., the

electrode ¢, and electrolyte solution ¢:
A(pe/s = e — s (3)

Let Ag,,s(cathode) be the cathode inner potential and A¢, s(anode) the inner potential of

the anode. If both electrodes are in electrical contact, an open-circuit voltage (OCV) AA¢ can

be measured, see Eq. (4):
AA@ = A, s(cathode) — A, s(anode) 4)

The larger AA¢, the more energy is provided by the battery. Direct measurement of the inner

potential A, is experimentally not feasible, since the measuring system will also possess a

potential difference A¢,,s. Any voltage measuring device connected to the system will
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therefore monitor a difference in the potential drops at the two electrode/solution interfaces.
This problem is addressed by introducing reference electrodes (RE) which maintain a constant
potential drop A¢, s across its interface with the solution. Examples for RE are the standard
hydrogen electrodes, and calomel or the silver/silver chloride electrode. In the case of LIBs,
lithium-metal is used as a reference potential, which is then 0.00 V. In so-called half-cell setups,
lithium metal serves as both reference and counter electrode. In a full-cell setup like
LCO||graphite, the examination of processes occurring at exclusively one electrode can only be

realized by a three-electrode cell setup. This thesis will only focus on a two-electrode setup.

Nernst Equation and Electrochemical Potential

The cell potential AE can be determined by the Nernst Equation, see Eq.(5):

RT k .
AE = AE° — —Flnl_[ a}" (5)
z i=1

where AE? is the cell potential at standard conditions, R the ideal gas constant, T the
temperature, z the charge number of ion, F the Faradaic constant, and a; the activity of ion i
with stochiometric factor v;. The Nernst equation enables the determination of a cell potential
AE by relating the measured cell potential to the reaction quotient (H{‘zl a}"'). It also allows the
accurate determination of equilibrium constants. From a thermodynamic perspective, the

electrode potential AE can be correlated to Gibb’s free energy AG, see Eq. (6):
AG = —z;FAE (6)

Gibb’s free energy can predict the direction of a chemical reaction for constant temperature and
pressure. For AG < 0, the reaction is spontaneous and occurs without energy input. For AG >

0, the reaction requires an input of external energy.

Battery Capacity and C-rate

The battery capacity represents the maximum amount of electrical charge Q that a
battery can deliver or store. The charge Q is proportional to the time t when applying a constant

current I

Q=1-t (7

In literature, the battery capacity is usually reported per mass in Ah g* or mAh g while
electronic devices specify the capacity in Ah or mAh. The maximum capacity a material with

molecular mass M can theoretically achieve is given by the theoretical capacity Q:



2 Theoretical Background

zn-F

th = M (8)

where n is the maximum amount of insertable or extractable charge carriers with valence

number z.

The C-rate indicates the time after which a cell is fully charged or discharged and is usually
calculated with respect to the theoretical capacity of the material. Thus, C/5 means a complete
charge or discharge of the battery after 5 hours. 2C stands for a complete discharge or charge

in 30 minutes.

= 9)

Coulombic efficiency

The coulombic efficiency is the degree of reversibility of the charging and discharging

process. It is calculated as the quotient of the charge and discharge capacities:

CE = Qcharge

= +100 (10)
Qdischarge

Fully reversible processes would be indicated by CE = 100%, however, this can never be
achieved by a battery, due to loss of lithium inventory and loss of active material 251281 |f 1000
stable cycles with more than 90 % capacity retention are desired, the averaged CE would have
to be at least 99.99 %.1%°]

Cycling stability, capacity retention, and cycle life

A battery is usually cycled under galvanostatic conditions (i.e., constant current) in a
fixed voltage window. To determine how the capacity changes over cycling, it is plotted against
the cycle number. Over time, the capacity decreases due to numerous degradation processes
such as side reactions between electrode and electrolyte, loss of active electrode material, or
the degradation of inactive components such as a binder, current collector, or separator.?’]
Cycling conditions such as temperature or charge/discharge current also influence the cycling
stability. To indicate how much capacity is retained after a number of cycles n, the capacity can

be related to an earlier cycle, usually the first or the 2" cycle:

ntheycle

Qret = (11)

Qn—mfhcycle
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The cycle life of rechargeable batteries is the number of charge/discharge cycles, which is
feasible until the discharge capacity value falls below a certain limit of > 80 %.[281 Accordingly,
the longer a battery shows capacity retention above this limit the better its performance.

Gravimetric and volumetric energy density

The gravimetric or specific energy density w,, corresponds to the amount of energy
stored in a given system per unit mass. A specific quantity always refers to the mass m; of the
components of the cell. The volumetric energy density w,, can be attributed to the electrical

energy stored per unit volume V;:

zFAE (Wh) zFAE (Wh)
= — or w,=——|—
Zi m; v Zi Vi L

Wm kg
Gravimetric/specific energies can also be calculated by multiplying capacity with the cell

(12)

voltage, divided by the mass of anode and cathode:

QAR By (V)
Win = [mcathode + manode](kg) (13)

The higher the gravimetric/specific energy density, the lighter the storage device can be. Also,
the higher the volumetric energy density, the smaller the size of the battery. Because size and
weight matter depending on the application, it is imperative to distinguish between both. In
comparison to other rechargeable battery technologies such as nickel-cadmium or
nickel-metal-hydride, LIBs offer one of the highest energy densities (100-265 Wh kg? or
250-670 Wh L1).[29L[30]

Gravimetric and volumetric power density

Gravimetric or specific power density and volumetric power density refer to the power
(i.e., time rate of energy transfer) a battery can deliver per unit mass or volume, respectively:

IAE (W) IAE (W) (14)
=——[(—) or =0 [—
Pm Xim; \kg P Vi \L

High power densities enable high charge and discharge currents necessary for high power
applications. Compared to the energy density, which states how much energy can be stored,

power density asserts how fast the energy is delivered.
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2.1.3 Components
Positive Electrode

Current cathode materials can be divided into three classes: layered oxides, spinels, and
olivines. Layered oxides have the general formula LiMO», where M represents an
electrochemically active transition metal such as manganese, nickel, cobalt, or mixtures of
these. Due to 2d diffusion pathways, lithium intercalation and extraction are fast and reversible.
However, only 50% of the lithium can be extracted from the material, otherwise, the structure
collapses. Therefore, the theoretical capacity of ~274 mAh g for LiCoO, which indicates the
removal of all lithium-ions, cannot be achieved.*Y In addition, layered oxides suffer safety
issues such as the release of gaseous oxygen and thermal runaway.? By introducing certain
transition metals into the crystal structure, the material LiNixMnyCo0,02 (NMC, with 0<x,y,z<1)
is obtained. NCM111 (i.e., LiNio.33Mno33C00.3302) exhibits higher specific capacities than
LiCoO2 (170 mAh g* vs. 145 mAh g1) as well as greater structural stability. Spinels such as
LiMn,O4 are another class of cathode materials.*®! They are cost-effective, environmentally
friendly, and show very stable cycling behavior at room temperature.*! However, they display
lower capacities compared to NCM (=120 mAh g of practical capacity). Among olivine-based
materials, LiFePO4 has been commercialized. It is characterized by high safety and good
environmental compatibility. However, it shows lower specific capacity and gravimetric energy
density than NCM. An overview of the crystal structures of the different materials is given in
Figure 2.

.
v
Layered LiCoO, Spinel LiMn,0, Olivine LiFePO,

Figure 2: Crystal structures of insertion compounds LCO, LMO, and LFP according to dimensionality

of Li*ions. Adapted and modified from ref .
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Negative Electrode

Negative electrode materials can be divided into three classes®:

1) Intercalation/ de-intercalation materials: carbon-based materials, graphene, TiOa,
LisTisO12, etc.

2) Alloy/de-alloying materials: Si, Ge, Sn, SnO, etc.
3) Conversion materials: transition metal oxides (MnxOy, NiO, CuO, etc.)

Only carbon-based intercalation and silicon-based alloying materials will be discussed in this

section.

Carbon-based materials can be divided into two categories, according to the degree of
crystallinity and carbon atom stacking:}% SOFT carbon, where most of the crystallites are
stacked in the same direction, and HARD carbon, where crystallites have disordered
orientations. SOFT carbon or graphitic carbon have been state-of-the-art anode materials for
more than 20 years. Alongside their low cost and high abundancy, % they stand out from all
other materials for several reasons: (1) The low redox potential of graphitic carbon vs. lithium
maximizes the potential difference to the positive electrode; (2) A reversible capacity of around
350-370 mAh g* with coulombic efficiencies above 99 %, leading to long cycle life of the LIB;
(3) High lithium diffusivity, high electric conductivity, and a moderate volume expansion upon

lithium de-/intercalation.*!]

Graphite is made of sp? hybridized graphene layers that are linked by van der Waals
forces and 7-m interactions of the delocalized electron orbitals.[*?M*%l In bulk graphite, these
graphene layers can be stacked in two ways: the thermodynamically more stable ABAB
sequence with hexagonal symmetry (~70 %) and in the less stable ABCABC sequence with
rhombohedral symmetry (~30 %).[37L1441-461 Thys results in an anisotropic layered structure with
basal and edge planes. Electrochemical intercalation of lithium-ion occurs on the graphite edge
planes. Here, weak van der Waals forces allow for the expansion of the interlayer distance and
the insertion of the ions. An idealized sketch of the lithium-intercalation process can be seen in
Figure 3. When applying a constant current, plateaus and jumps in the voltage response are
observed. A galvanostatic potential plateau corresponds to a specific stage of lithium
intercalation, while jumps in potential are attributed to the transition from one intercalation
stage to another. There are six stages of lithium intercalation: 1L, 4, 3, 2L, 2, and 1 (L indicates
lithium-ions that are not perfectly ordered within the layers).*I5 |n the first Stage 1L,

lithium-ions are randomly intercalated into the graphite particle, similar to solid-solution-type
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intercalation. A first-order phase transition occurs from Stage 1L to Stage 4, in which every
fourth interlayer is filled with lithium-ions. This is followed by the transition to Stage 3 and
Stage 2L, where every third and second interlayer is filled, respectively. However, the definite
structure of the Stage 2L phase is still discussed. Subsequent transition to Stage 2 involves an
increase in lithium content within the same interlayer (i.e., every 2" layer), accompanied by an
enhancement in-plane ordering. The last transition to Stage 1 leads to the filling of every
interlayer by lithium-ions, resulting in an overall stochiometric of LiCes. By summing up the
specific capacities of each intercalation stage, a theoretical specific capacity of 372 mAh g*

can be achieved.

Stage 1L Stage 4 Stage 3 Stage 2L
B e o D L N o e N N N e B N
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Figure 3: Stage formation during electrochemical intercalation of lithium into graphite. Adapted and

modified from ref.[*2

The main drawback of graphite anodes is their low volumetric capacity when compared
to other anode material candidates such as silicon, silicon oxide, tin, or tin oxide. Higher
volumetric capacities are needed because the market demand for higher energy densities is
growing.b! Therefore, high-capacity anode materials have been extensively studied. One
approach consists of investigating alloying materials based on silicon (Li15Sis, 3579 mAh g2),
tin (Li22Sns, 990 mAh g1), or germanium (Li1sGes, 1600 mAh g™).5Y Another approach is

based on conversion materials containing transition metal oxides such as MnxOy, NiO, or CuO.
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While conversion materials display low coulombic efficiencies and a large potential hysteresis,
alloying materials suffer from large volume changes upon de-/lithiation, which leads to a poor
cycle life. Nevertheless, silicon has gained high research interest due to its high specific

capacity, low cost, and high abundance.®!

Lithiation of crystalline silicon (c-Si) occurs via a two-phase mechanism in which the
crystalline silicon is consumed to form lithiated amorphous silicon (LixSi), see Figure 4.152-156]
The partially lithiated silicon particles are separated from the still un-lithiated silicon core by a
sharp reaction front. This has been explained by the large activation energy required to break
up the crystalline silicon matrix.®*}571 Upon further lithiation, the solid-state amorphization
continues until the c-Si is fully lithiated and no crystallinity remains. While the formation of
this amorphous a-LixSi phase is metastable at room temperature, it is still kinetically preferred
over the intermetallic LixSiy phases which form at 415°C (i.e., LiwSiz, Li7Sia, Li13Sis,
Li2Sis).P2- 541571 Below 50 mV vs Li/Li*, the amorphous a-LixSi phase suddenly crystallizes
to form LiisSis, as is indicated by the red arrow in Figure 4.558601 | j;5Si, is not the most
lithium-rich phase of the Li-Si diagram and is, like a-LixSi, metastable. In fact, silicon can
theoretically form Li;Sis phases which display a capacity of 4200 mAh g. However, this
phase has not been observed upon electrochemical lithiation, because its formation is kinetically
hindered. Instead, LiisSis formation is favored as it displays similar local atomic environments
to the a-LixSi phases.P8HEL62 Ypon delithiation, the crystalline LiisSia transforms back to
amorphous silicon in which state it remains during the whole delithiation process. At the
beginning of the second lithiation process, a new plateau can be observed, corresponding to the

lithiation of the amorphous silicon.

The main drawback of pure silicon anodes is the high volume increase of the silicon
particle during lithiation (up to 300 %) and a subsequent decrease upon delithiation. Hereby,
silicon particles are exposed to stresses which can cause fracture and mechanical degradation.
Stresses can occur during single-phase and two-phase de-/lithiation. Upon single-phase
de-/lithiation, the stress is more likely diffusion-induced and arises from inhomogeneous
volume changes upon lithiation.[®3-%€1 Although the outer shell grows in volume, the inner
region contains less lithium and expands less. Stress during two-phase lithiation was found to
be mainly caused by hoop tension.[®®:"% The two-phase reaction occurs during the first
lithiation process, where unreacted crystalline silicon is converted to lithiated amorphous
silicon. Hereby, the concentration of lithium ions changes over a sharp reaction front. Further
lithiation at this reaction front causes volume expansion at the front, which pushes out

already-lithiated material near the surface and eventually causes hoop tension. This tension at
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the surface can lead to crack initiation at the surface of silicon particles.[5M7X Upon continuous
cycling, the crack can propagate and ultimately lead to particle pulverization.[’2[7]
Furthermore, the stress in silicon particles has been found to contribute to the voltage hysteresis
present during charging/discharging.[”? Additionally, huge stresses developed at the Si/LixSi
interphase reduce the thermodynamic driving force for the lithiation reaction.[’™ This has a
direct consequence on battery operation since the slowing of the reaction could limit charging

rates. %6

Another consequence of silicon particle expansion/contraction is the mechanical stress
on the SEI, leading to continuous reactions at the electrode/electrolyte interphase. This part will
be discussed in more detail in Chapter 3. To minimize the problems associated with high
volume changes, several strategies are employed. They either involve changing the electrode
composition (e.g., silicon morphology, binder) or altering the electrolyte formulation. Electrode
composition may be modified by surface coating, special binder materials, or the blending of
silicon with graphite. Electrolyte formulation highly influences the properties of the SEI. A
smart selection of electrolyte components can improve the elasticity of this layer. For more

details see Chapter 3.
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Figure 4: Galvanostatic charge/discharge of Si powder electrode at room temperature showing key

lithiation steps. Adapted and modified from ref. [’®l
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Electrolyte

The function of an electrolyte in a LIB is to conduct lithium-ions. Materials with this

property can be divided into three categories:l’"!
- liquid electrolytes: aqueous electrolytes, non-aqueous electrolytes, ionic liquids
- polymer electrolytes: gel-like polymers, solid polymers
- solid electrolytes. inorganic ceramics

Only non-aqueous liquid electrolytes will be discussed in the following section. Performant
electrolyte formulations are always a balance between physical properties, safety, price,
availability, and stable SEI formation. Liquid, non-aqueous electrolytes usually consist of a

lithium salt dissolved in a mixture of one or more organic solvent(s).

Electrolyte salts. Electrolyte salts must meet a broad range of properties such as high
solubility in the electrolyte solvent(s), thermal stability, passivation of the aluminum current
collector, stability against hydrolysis, and the formation of a stable SEI layer.["7181 Ap
overview of different lithium salts is given in Table 1, while molecular structures are displayed
in Figure 5. Note that properties refer to their use when combined with non-aqueous organic
solvents. Lithium hexafluorophosphate (LiPFs) is used almost exclusively in commercial LIBs

as it has demonstrated the best balance of the discussed properties required for application.

Table 1: Selection of lithium-salts and qualitative comparison of their physical properties.®!

Salt Thermal  Conductivity in Aluminum Undergoes Safety
stability ~ aprotic solvents passivation hydrolysis

LiPFe low high yes, high yes (forms HF) toxic

LiTFSI high medium no no toxic

LiB(C204)2 high medium yes no safer
LiClO4 high high yes, medium no explosive

LiBF4 medium low yes, high low safer

LiSOsCF3 high low no no safer
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Figure 5: Molecular structures of common lithium salts.

Organic solvents. Organic solvents should display high chemical and electrochemical
stability, a wide operating temperature range, and high flame retardance.["®:7%}[821 Most used
electrolyte solvents are carbonate-based. Physical properties such as relative permittivity or
dielectric constant (er), viscosity (mo), melting point (mp), boiling point (bp), and flash point
(fp) are displayed in Table 2. Molecular structures of corresponding solvent molecules are
shown in Figure 6.

Table 2: Physical properties of carbonate solvents (e and 1o at 40 °C).[2

Mo mp bp fp
Solvent &
(mPas) (°C) (°C) (°C)
EC 90 1.9 36 238 143
PC 65 25 -49 242 138
DMC 3.1 0.59 5 90 17
EMC 3.0 0.65 -53 108 23
DEC 2.8 0.75 -74 127 25
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Electrolytic conductivity of a lithium salt in an organic solvent is, among other things,
dependent on the dielectric constant and viscosity of the electrolyte solvent.[®3l High dielectric
constants are desired because they allow better shielding of the oppositely charged ions, thereby
preventing ion association and irreversible salt precipitation. Low viscosities increase ion
mobility and allow rapid ion transport between the electrodes. Table 2 shows cyclic carbonates
display higher dielectric constants but also higher viscosities. By contrast, linear carbonates
show lower viscosities but also lower dielectric constants. Therefore, electrolyte solvents are
usually made of a mixture of cyclic (e.g., ethylene carbonate (EC) or propylene carbonate (PC))
and linear carbonates (e.g., dimethyl carbonate (DMC), diethyl carbonate (DEC), or ethyl
methyl carbonate (EMC)). LP30 is an example of a commercial electrolyte solution, which uses
1 mol I'* of LiPFs in a 1:1 mixtures of EC:DMC.

ones

1,3-dioxolane-2-one 4-methyl-1,3-dioxolane-2-one
(EC) (PC)
0 o]
\O)J\O/ /\O)J\O/\
dimethylcarbonate diethylcarbonate
(DMC) (DEC)

A

ethylmethylcarbonate
(EMC)

Figure 6: Molecular structures of common organic electrolyte solvents.
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Electrolyte additives. Electrolyte formulations are usually optimized by adding a small
amount (i.e., 2-10 vol.%) of a solid or liquid compound. Additives are mainly employed to
improve certain performance parameters of a battery such as (1) safety, (2) SEI and/or CEI
formation on anode and cathode, respectively, and (3) physical electrolyte properties such as
ionic conductivity and viscosity. Figure 7 displays a selection of different electrolyte additives.
Battery safety can be enhanced by using flame retardant additives based on phosphates such as
triphenylphosphate (TPP) or tris(2,2,2-trifluoroethyl)phosphate (TFP).[B4-81 |n order to
achieve better SE| stabilities on the anode, a variety of additives has been investigated.!®”] Most
of them display higher reduction potentials than the electrolyte solvents, which diminishes the
solvent reduction and leads to predominately additive-derived SEIs.® The most common
additive to improve SEI properties on graphite is vinylene carbonate (VC).% While some
studies have investigated VC for silicon-based anodes, fluoroethylene carbonate (FEC) is
typically preferred.[*® Additives to improve the CEI on the cathode side usually display lower
oxidation potentials than the electrolyte solvents. This diminishes both solvent oxidation at the
positive electrode side and gas formation during cycling or open-circuit storage.®X They
typically contain C-F bonds ranging from 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl
ether (TTE)P to fluoroethylene carbonate (FEC).I%1 However, the efficacity of FEC as high
voltage additive is still disputed and it has been unable to suppress electrode cross-talk, i.e.,
transition metal dissolution from the cathode and deposition on the anode.’l Lithium
difluorophosphate (LiDFP) has shown to be very effective in suppressing cross-talk.4 It also
improves the coulombic efficiency, cycle lifetime, and decreases parasitic heat flow.®51%]
Other additives to enhance CEI properties at high voltages and high temperatures are
sulfur-based, such as 1,3,2-dioxathiolane-2,2-dioxide (DTD), 1,3-propane sultone (PS), or
1,2,6-oxadithiane  2,2,6,6-tetraoxide  (ODTO).[B8BU | jthijum borate-based additives
demonstrated to stabilize the high-temperature capacity of spinel LiMn2Os (e.g., lithium
bis(oxalato)borate (LiBOB), lithium difluoro(oxalato)borate (LiDFOB), or lithium difluoro
bis(oxalate)phosphate (LiDFBOP)).[7}[%€]
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Figure 7: Molecular structures of selected electrolyte additives.
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2.1.4 Solid Electrolyte Interphase (SEI)

When cycling a battery, electrochemical processes such as lithium intercalation into the
graphite anode occur at potentials between 0.2-0.01 V vs Li/Li*.’®] Most organic non-aqueous
electrolytes are thermodynamically not stable in this voltage range and are being reduced to
liquid, gaseous, and solid products. The solid decomposition products precipitate on the anode
surface upon reduction and form the so-called solid electrolyte interphase (SEI). Peled proposed
the SEI concept in 1979, claiming that alkali metals are covered by a surface layer that develops
from reactions between the metal and the solution.®! He further argued that the character of

this interphase influences self-discharge rates and battery performance. /20!

The electrochemical stability of electrolytes is a complex issue, requiring consideration
of solvent redox potentials, reactions between solvent molecules and electrolyte salts, surfaces
of the electrode materials, and Fermi level of the electron in solution.[*%? Oftentimes, the
stability of electrolytes is defined by the energy level of the HOMO?! and LUMO? of the
electrolyte. This implies that the electrolyte is reduced at electron energies higher than LUMO
level and reduced at electron energies lower than HOMO level. However, using HOMO and
LUMO levels to describe electrochemical stability often leads to an erroneous representation.
The concept is derived from electronic properties of isolated molecules and does not consider
all species participating in redox reactions.['%? It is more correct to speak of the potential of
electrolyte reduction or oxidation. The potential of oxidation or reduction of a solvent is related
to the redox potential of said solvent as well as its reactions with other solvent molecules and
electrolyte salts. Figure 8(a) shows the negative and positive potential limits for the electrolyte
stability and the energy levels of HOMO and LUMO. The levels are clearly at different

energies.

The SEI is formed to a large extent during the first cycle because the anode surface is
still uncovered, thus leading to strong electrolyte reduction. The exact electrolyte
decomposition pathway is still under debate, and two concepts exist to explain the electrolyte
reduction mechanism. One-electron transfer to the electrolyte is proposed at high potentials,
while a two-electron transfer is suggested for lower lithiation potentials. The resulting
decomposition products of different electrolyte solvents (EC, PC, DMC) and salts (LiPFs and
LiTFSI) are displayed in Figure 9. Inorganic carbonates are thermodynamically more stable

than organic carbonates. The actual chemical composition of the SEI is, however, diverse and

1 HOMO: Highest Occupied Molecular Orbital
2 LUMO: Lowest Unoccupied Molecular Orbital
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disturbed by trace amounts of contaminants such as water.*%-1%] |nitial SEI products also
degrade over time or react with each other.1%611071 It is generally accepted for the SEI to form
a dual-layer structure with a more compact and inorganic inner layer and a porous, more organic
outer layer, see Figure 8(b).[**} 10811191 Many decomposition products are irreversibly formed
and deplete the lithium reservoir, which causes large capacity losses and low coulombic
efficiencies in the first cycle. Once formed, the SEI ideally acts as a protective insulating barrier,
minimizing further electrolyte reduction, while still allowing Li* transport.[}2l However,
cycling results in the continuous growth of SEI thickness, which heavily affects battery
performance. Different models for long-term growth mechanisms such as solvent diffusion,
electron tunneling, electron conduction, or Li-interstitial diffusion have been proposed and are
displayed in Figure 8(c). A robust and stable SEI is necessary to guarantee high capacity
retention and LIB lifetime. However, controlling SEI formation is difficult because SEI
formation, growth, chemical composition, morphology, and stability depend on various factors.
These include the type and morphology of the active material, electrolyte composition,
electrochemical operating parameters, and cell temperature. In addition, for accurate control,
SEl formation would have to be monitored in situ, which is still technically and

spectroscopically challenging.
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Figure 8: (a) Negative and positive potential limits for the electrolyte stability, and the energy levels
of HOMO and LUMO, adapted from ref.[*? (b) dual-layer structure of the SEI, adapted from ref.*!
(c) Models for long-term SEI growth mechanisms, adapted from ref.[:%%!
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and lithium bis(trifluoromethanesulfonyl) imide (LiTFSI)!51117] Reaction pathways were adapted

from ref.[118]
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2.2 X-Ray Photoelectron Spectroscopy (XPS)

Surface analysis with XPS is conducted by irradiating a sample with monoenergetic soft
x-rays (e.g., Al-K, 1486.6 eV) and analyzing the energy of the emitted electrons.[**®) Emission
of these electrons is caused by the photoelectric effect, in which electrons of atoms in the surface
region are liberated by absorbing a photon, see Figure 10(a). Electrons from a higher energy
level are used to fill vacancies caused by the removal of core electrons. This results in a release

of energy and the emission of Auger electrons, see Figure 10(b).
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Figure 10: (a) Photoelectric effect generating photoelectron and (b) Emitted Auger electron due to
relaxation of the excited ions remaining after photoemission. (c) Energy level diagram of sample and
spectrometer in electrical contact with each other, grounded and with aligned Fermi level, adapted from
ref.*2 (d) Relative binding energies for Uranium. The line lengths indicate the relative probabilities of
the various ionization processes, adapted from ref.[1%1 () Top left: Attenuation length as a function of
electron kinetic energy. Bottom left: Relative intensity as a function of depth for Si 2p electron emitted
from silicon as a result of K,-Al radiation, adapted from ref.'?! Right: in the presence of an overlayer,

the intensity of the substrate signal is attenuated as a function of Beer's law, adapted from ref.[*?2
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The probability to generate a photoelectron is given by Fermi’s Golden Rule. It

describes the transition rate wy; from one initial eigenstate |i) (i.e., electron wave function of
the ground state) to the final state |f) (i.e., the electron wave function of the final state in the

continuum) as a result of a perturbation (i.e., photon or dipole operator: év), see Eq.(15):

4?2 (15)
Wri = —— |(f|ev|i)| 6(Ef — E; — hv)

where h is the Planck constant, hv the photon energy, and § (Er — E; — hv) corresponds to the
Dirac delta distribution and allows a transition only for §(E; — E; — hv) = §(0) = 1. E; is the
energy state of the final state and equals the kinetic energy Ej of the photoelectron and its
interaction with the surrounding electrons E¢(N — 1), see Eq.(16). Energy states of the initial
state E; correspond to the interaction with the surrounding electrons Ef(N — 1), after
photoelectron emission and the binding energy E,, see Eq.(17). Substituting Eq.(16) and
Eq.(17) in 5(Ef — E; — hv) leads to the Kinetic energy of the emitted photoelectron, see
Eq.(18).

Ep = hv — E) (18)

When measuring XPS, the photoelectron is usually not generated from an isolated atom
but from a solid. Therefore, the kinetic energy of the generated photoelectron must be
complemented by a work function ¢ that describes the minimum energy required to remove the

electron from the surface of a solid, see Eq.(19).

Exy =hv —E, — ¢samp (19)

If the measured sample is in Ohmic contact with the spectrometer, their Fermi levels align, see
Figure 10(c). With this, one does not need to know the work function of the sample but can use
the work function of the spectrometer, see Eq.(20). The latter can be determined by measuring

the Fermi level of a metallic sample whose binding energy is set to zero.

Ey =hv—E, — ¢samp + (¢samp - ¢spec) =hv —Ep, — ¢spec (20)

The binding energy can be approximated to the binding energy of the atomic orbital from which

the electron originates, also known as Koopman-Energy or “frozen orbital”. In reality, the

23



2 Theoretical Background

binding energy is also influenced by final state effects such as the orbital relaxation upon
ionization E,;, and the electron correlation AE,. which will be changed after ionization. In an
atom, electrons from different orbitals (i.e., s, p, d, and f) are emitted with different probabilities,
see the example of Uranium in Figure 10(d). Here, the Fermi level corresponds to zero binding
energy (by definition), and the depth beneath the Fermi level indicates the relative energy of
the ion remaining after electron emission, i.e., the binding energy.[**° The line length indicates
the relative probabilities of the various ionization processes. Due to the coupling of the orbital
momentum of electrons with their spin (i.e., spin-orbit coupling), the p, d, and f levels become
split, leading to pur2, par, dar, dsi2, fs2, and f72. Because each element has a unique set of binding
energies, XPS can be used to identify and determine the concentrations of the elements on the
surface.!% In addition, the binding energy is dependent on the chemical environment, making
it possible to identify the chemical state of the element. For example, -C-C and -C-H bonds
have the lowest binding energy for organic compounds (at 285 eV). Bond to oxygen (e.g., -C-
O or -C(=0)0), the electron density of the carbon atom decreases due to the larger
electronegativity of the oxygen. This leads to a shift to higher binding energies for the carbon
in -C-0 (286.5 eV) and -C(=0)0O (288 eV) environment.

The surface sensitivity of XPS is given by the fact that electrons interact strongly with
matter. Photoelectrons tend to scatter inelastically on their way to the surface, losing energy. In
fact, only those electrons that originate within tens of angstroms below the surface can leave
the surface without energy loss. Electrons that leave the surface without inelastic scattering
produce the peaks in the spectra, while electrons that lose energy due to inelastic collisions form
the background. The average distance that an electron can travel between inelastic collisions is
called inelastic mean free path, or IMFP (1). 95% of all generated photoelectrons emerge from
a depth of 34, see Figure 10(e). The IMFP is dependent on both the initial kinetic energy of the
photoelectron and the nature of the sample. Denser elements and core electrons with greater
binding energies will have smaller IMFPs. As can be seen in Figure 10(e), the number of
photoelectrons without energy losses decreases exponentially with the sample depth and can be
described by Beer’s law:

d ) (21)

I=1,- _—
0 exp( Acos(O)

where I, corresponds to the incident intensity, d the sample depth, and © the angle relative to

the surface normal. As the right part of Figure 10(e) displays, the thickness d of an overlayer
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can then be approximated by the attenuated intensity of the substrate signal with overlayer I s

divided by the intensity of the pure substrate I :

d=—A-cos(f)-In <Ik—s> (22)

Ios

XPS can further give a quantitative description of the composition of the surface region of the
sample under investigation. For this to be achieved, spectral intensities I must be related to the
number of atoms n in a homogenous sample emitting electrons which contribute to the spectrum

as well as several additional factors, see Eq.(23):
I=n-f-0-0-2-A-T (23)

where f is the x-ray flux, o the photoelectric cross-section, 8 the angular efficiency factor, A
the IMFP, A the sample area, and T the detection efficiency. Not all terms are known with
sufficient accuracy for the first-principle method to be of practical use.l!?! Instead, the
intensities of the unknown sample are compared to reference intensities either obtained by
calculation or by measurement of standard spectra, see Eq.(24) with sensitivity factor S = f -
c-0-1-A-T:

n L/S (24)

n; - 1,/S,

A photoelectron spectrometer consists of an x-ray source (e.g., Ke-aluminum), electron optics,
a hemisphere analyzer, and a detector. A detailed overview of the setup is shown in Figure 11.
X-rays are generated by an x-ray source and monochromatized via a single crystal, which also
focuses the x-rays on the probed sample. The emitted photoelectrons are adjusted to the pass
energy by electron optics before entering the hemispherical energy analyzer. The pass energy
of the analyzer is fixed to maintain a constant energy resolution. Electrons are detected via a
multichannel detector in the number of electrons for a given detection time and energy. !l
Scanning for different energies is accomplished by applying variable electrostatic fields before

the analyzer.['*%]
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Figure 11: Schematic setup of a photoelectron spectrometer, adapted from ref.[*?2]
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3 State-of-the-art

This chapter provides an overview of current research on Si/Gr anodes and covers the
challenges of implementing silicon-containing anodes. The main focus lies in ways to improve
the SEI stability. Different SEI characterization methods are briefly outlined, with a focus on

XPS. Gaps in literature are addressed which will be filled by this thesis.

3.1 Si/Gr as anode material

Batteries for electric vehicles or other mobile energy storage applications require higher
energy density. This can be achieved by either increasing the potential difference between the
positive and the negative electrode or the specific capacity of each electrode.[®*"l Among
anode materials, silicon attracts a lot of attention for its high abundance, low cost, and high
theoretical capacity of 3579 mAh g*.1 However, its main disadvantage is the large volume
expansiont*?4 (up to 300 %) during lithiation of the silicon particles, as well as large volume

decrease upon particle delithiation, entailing the following phenomena:™!

(1) Pulverization and degradation of the silicon particles leading to a loss of available

active material during cycling®HMeMELE]
(2) Stress on the electrode coating(©%11125]

(3) High mechanical strain on the SEI leading to cracks and re-exposure of formally
covered electrode material. This results in continuous side reactions at the
silicon/electrolyte interface, depleting the electrolyte of lithium, increasing the

resistance of the SEI, and electrically isolating silicon particlest7}20-15]

All phenomena are illustrated schematically in Figure 12(a). As a result of these factors,
the electrode integrity degrades and the electrochemical performance drops over time,
ultimately resulting in the end-of-life of the cell.[*%[1%6] To date, different strategies exist to

address these challenges.

The first one focuses on optimizing electrode material and composition. Pulverization
can be partially reduced by using nano-sized silicon particles instead of micro-sized.[!
Blending silicon with carbon materials such as graphite *61221 graphene,[*?1  or
carbon-nanotubes,*?®l can reduce stress on the electrode coating, see Figure 12(b). This
provides empty spaces and buffers the silicon volume changes.?l Additionally, graphite

mitigates the electrical contact losses between silicon particles due to its conductive
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properties.[?? It also decreases electrolyte consumption, leading to longer cycle life.’l However,
the more silicon is present in these blends, the faster the decrease in electrochemical
performance.®Ml Another way to minimize stress on the electrode coating and resulting
contact losses between active materials and conductive agents is achieved through
three-dimensional binder networks, which maintain the electrode structure during the volume

changes, see Figure 12(c).[011129

The second strategy concentrates on increasing the volume accommodating properties
of the SEI. Such an increase in flexibility reduces the mechanical strain. The SEI flexibility is
largely determined by the nature of the electrolyte decomposition products, which are
influenced by the electrolyte formulation. Most used carbonate-based electrolytes contain
mixtures of cyclic EC with linear DMC, DEC, or EMC solvents. The SEI composition is largely
dominated by EC decomposition products such as lithium carbonate (Li2CO3), lithium alkoxi
compounds (LiOR), lithium ethylene dicarbonate (LEDC), and polyethylene oxide (PEO), see
Figure 12(d).*%41 |n particular, LEDC and PEO are suspected of not being able to
accommodate the volume changes of the silicon particles. NMR analyses of cycled electrolyte
solutions detected a high concentration of short-chain lithium alkyl carbonates and PEO-type
oligomers, suggesting high solubility of these decomposition products.’?®! Electrolyte salt
decomposition usually leads to inorganic species. For example, LiPFe forms LiF, LixPFy, and
LixPOFyupon reduction.[*** It is unlikely that salt decomposition products will increase the SEI
flexibility during silicon volume changes since these species are not mechanically flexible.
However, the presence of salt decomposition products may lead to other advantages. A high

LiF concentration can increase lithium-ion conductivity in the SE|.[31:[132]
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Figure 12: (a) Main degradation mechanisms of silicon anodes (adapted from ref.l*33), (b) Various Si-C

composites (adapted from ref.[:*3) (c) Various binder concepts for silicon anodes (adapted from

ref.133), (d) Schematic SEI composition on silicon when cycled in carbonate-based electrolytes (i.e.

LiPFg in 1:1 mixture of EC:DMC) in absence of additives.
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Currently, the most common way to improve the electrochemical performance of Si/Gr
anodes is to use electrolyte additives. Compared to the electrolyte solvents, the additives
employed are being reduced at higher potentials. This leads to an initial SEI layer which is more
abundant in additive decomposition products. For silicon, two additives have received a lot of
attention: vinylene carbonate (VC) and fluoroethylene carbonate (FEC).[*® \VC enhances the
cycle life as well as the thermal stability of the lithiated silicon anode.[®® Upon reduction, it
undergoes electrochemically induced polymerization, leading to the formation of poly(VC)™**4,
see Figure 13(a). This polymer is considered to make the SEI denser and more stretchable.[*3]
However, the surface film shows high resistance for Li* migration, turning VC unfavorable for
high power applications.[**®! In contrast, the SEI displays additional LiF nanocrystals embedded
within the surface film when using FEC. These nanocrystals are suspected to offer much better
conductivity for Li*, thus showing excellent requirements for high power applications.*%]
Several FEC decomposition mechanisms have been proposed to date. An overview of possible
SEI products is given in Figure 13(b). Direct reduction of FEC with Li-Naphthalene resulted
in the formation of cross-linked polymerized vinylene carbonate (poly(\VVC)) units as detected
by ssSNMR, XPS, and FTIR.I*3 Electrochemically generated FEC decomposition products
revealed polymers with poly(VC) as well as PEO units.'*"1 Other known FEC decomposition
products include LiF, LioCOs, carboxylic, and carbonyl environments as well as acetal-based
compounds.*** Regarding the formation of C-F environments, the literature is divided. C-F
groups have been suggested by XPS measurements and might result from the ring-opening of
the FEC molecule, leading to -CF-OCO- species.[**! However, ss-NMR was not able to detect
such C-F environments.[*37}13%1 Dye to the high electronegativity of fluorine, it is more likely
that the FEC molecule will decompose by breaking the -CF bond, resulting in LiF and an
organic polymer. Furthermore, the presence of FEC seems to promote the formation of
organosiloxane (i.e., -Si-C-) species and thereby influence the adhesion of the organic SEI to

the silicon surfaces.[*37]

The stabilizing effect of FEC is largely attributed to the formation of a polymer species
that can adapt to changes in the electrode volume. As previously mentioned, EC decomposition
leads to the formation of short-chain polyethers (PEO) and LEDC species. In presence of
silicon, these compounds do not form a stable SEI and detach from the surface layer. However,
when using FEC-containing, EC-based electrolytes no EC decomposition compounds are found
in the electrolyte.®] This strongly suggests that the cross-linked nature of these polymers

stabilizes the SEI during the electrode volume changes.
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Figure 13: Possible reaction scheme for (a) VC and (b) FEC decomposition, adapted from ref.[13411137]

One of the main drawbacks of FEC is its continuous consumption upon cycling as
shown by OEMS.!*4% Consumption of FEC is dependent on the relation between the FEC
concentration and the amount of active material in the electrode (i.e., pMolrec/MQelectrode)-
Particularly the amount of silicon in the electrode affects the amount of FEC reduced.'™ The
stabilizing effect of FEC is retained only as long as the additive is present in the electrolyte.
Once depleted, EC reduction occurs, followed by an increase in cell polarization and a rapid
capacity drop. By increasing the FEC concentration in the electrolyte, the stabilizing effect can
be retained for a longer time. In other words, the more FEC present in the electrolyte, the longer
the cycle-life of silicon anodes. Since FEC has similar permittivity to EC, the electrolyte salt
LiPFe is sufficiently dissociated, allowing EC to be completely removed from the electrolyte
formulation.®? Additionally, an electrolyte devoid of EC will not form any EC decomposition
products in the SEI, which has shown a very poor ability to accommodate the silicon volume
changes. Only a few studies exist investigating FEC cosolvent.l*41H-144] Etacheri et al. analyzed
the electrochemical performance of the electrolyte formulation 1 M LiPFs in 1:1 FEC:DMC
when cycled with silicon-nanowire (SINW) anodes in a half-cell setup with lithium metal as
the counter electrode. When compared to the LP30 electrolyte, the FEC-based formulation leads
to (1) the complete lithiation of the SINW as evidenced by TEM, (2) a thinner SEI as seen with
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SEM, and (3) less carbon-oxygen species as detected by XPS.*4?1 Schiele et al. investigated the
gaseous decomposition products with OEMS of silicon electrodes cycled in the electrolyte 1 M
LiPFe in 1:1 FEC:EMC.* They found the main gaseous decomposition products to be Hz and
COo, while the analysis of an EC:EMC reference electrolyte yielded H2, C2H4, and CO. To date,
there is still discord about the true nature of the species formed that stabilize the SEI upon
silicon volume changes. Especially XPS investigations do not deliver conclusive results. Also,
no correlation is made between different SEI properties and electrochemical performance.
Chapter 5 of this thesis presents a new fitting model for FEC decomposition products. It
support the formation of a polymer network, which is hypothesized to stabilize the SEI upon
the silicon volume changes. A systematic investigation is provided about the SEI composition
and thickness formed by FEC containing electrolytes. As a result, the strong correlations
between electrolyte formulation, SEI properties, and electrochemical performance is

uncovered.

Another approach to improve the electrochemical performance of Si/Gr anodes is by
investigating alternatives to carbonate-based electrolytes. Ethersi*451461 and nitrile
functionalized siloxanes have been examined with silicon-containing anodes but show low
reversibility. 2471491 Glyoxylic acetals have not yet been explored as potential electrolyte
solvents for silicon-containing anodes. To date, two glyoxylic solvents were investigated with
graphite anodes, namely 1,1,2,2-tetramethoxyethane (TMG) and 1,1,2,2-tetraethoxyethane
(TEG), see Figure 14. When used with lithium bis(trifluoromethansulfonyl)imide (LiTFSI) as

electrolyte salt, these solvents showed good cyclability at 60°C and room temperature. [150-{152]

—0, / \—O 2

O O
@) O
TMG-solvent TEG-solvent
1,1,2,2- 1,1,2,2-
tetramethoxyethane tetraethoxyethane

Figure 14: Molecular structures of 1,1,2,2-tetramethoxyethane (TMG) and 1,1,2,2-tetraethoxyethane
(TEG).
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However, some challenges remain with this solvent class as it exhibits lower ionic
conductivities and higher viscosities compared to carbonates-based formulations, see Table 3.
Mixing glyoxylic acetals with other solvents such as EC, DMC, and PC can overcome these
disadvantages. The resulting viscosities and conductivities are similar to those found in
state-of-the-art electrolytes.*5% Képs et al. have found that among all mixtures, 30TEG:70PC
(3:7) performed best when used in graphite half-cells.*>31 Atik et al. have investigated a 1:1
30TEG:70PC-LiBOB mixture in NMC622||graphite full-cells which displayed good cycling
performance.l*® In general, PC electrolyte solvents are known to co-intercalate with the
solvated lithium-ions in between graphene layers causing the exfoliation of graphite.[*5
Co-intercalation reactions can be suppressed by using certain electrolyte additives, or
cosolvents with higher reduction potentials than PC.[*6] So far, it seems that TEG suppresses
the PC co-intercalation, as no characteristic phenomena like very large lithiation plateaus were
observed in literature.[*>3 Overall, glyoxylic acetals showed very promising combination with
graphite, making them interesting candidates for Si/Gr anodes. Also, there is limited research
investigating the nature of their decomposition products and SEI properties. Chapter 6 of this
work studies the interplay between SEI properties and electrochemical performances of pure
TEG and TMG formulations. The use of the TEG electrolyte is demonstrated to be favorable to
the electrochemical performance of silicon-containing anodes. In addition, 30TEG:70PC
mixtures with a lower viscosity and higher ionic conductivities than the pure TEG formulation

are analyzed and optimized for use with Si/Gr anodes.

Table 3: Physical properties of LP30, TEG, and TMG.[1%0L[157]

Tm Fp Viscosity Conductivity Toxicit
(°C)  (°C)  (20°C,mPas)  (mScm?) y
LP30 _
1mol LiPF in EC:DMC (1) 205 31 4.44 107 High
TEG
1mol LiTFSI in TEG 3% N 11 15 Low
™G 732 53 9 15 Low

Imol LiTESI in TMG
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3.2 SEl Analysis Methods

The solid electrolyte interphase (SEI) is a protective layer formed at the negative
electrode of LIBs from electrolyte degradation. Its quality strongly influences battery
performance, irreversible charge loss, cyclability, graphite exfoliation, and safety.[!5!
Therefore, it is essential to understand the nature and composition of this layer. Characterization
of the SEI is usually done ex-situ, i.e., the cell is opened after the electrochemical experiment
and the anode is subsequently washed in an electrolyte-like solvent to remove salt residues.
However, while electrolyte components are removed by the washing procedure, there is always
an uncertainty to what degree SEI parts are also being removed. Also, contact with water and
air can result in modifications of the SEI composition. For example, ROCO;Li or ROL.i species
can react in presence of CO- to form Li2COsz, while ROCO.L.i can react with water yielding
Li,COs, CO2, and ROH.[*°-281 Therefore, all experiments have to be carried out under inert
atmosphere.

Due to the thin nature of the SEI, surface analysis techniques are best suited to probe
this layer. These include methods like x-ray photoelectron spectroscopy (XPS)[6H-12631 atomic
force microscopy (AFM)IZI8 and time of flight secondary-ion mass spectrometry
(TOF-SIMS)[1641-11681 - Scanning electron microscopy (SEM)I®1 and tunneling electron
microscopy (TEM)IMe8LI6 gre ysed for imaging the SEI. Fourier transformed infrared
spectroscopy (FTIR)!™" and Raman spectroscopy™* X117 provide information about functional
groups in the surface layer. Solid-sate nuclear magnetic resonance spectroscopy (ss-NMR)
gives insights into bulk SEI composition.[®M%37 Studying SEI kinetics can be achieved by
impedance spectroscopy (EIS).2731 This variety of complementary methods is required to

understand the complex properties of the SEI.

XPS is a method of choice when studying the SEI composition as it has high surface
and chemical sensitivity. Surface sensitivity of laboratory x-ray sources is in the range of around
5-10 nm, enabling the detection and quantification of all elements (except H and He) present in
that layer. It further provides information about the chemical environments of the detected
elements. This makes XPS an ideal technique for probing the SEI. The evolution of surface
species during cycling can be tracked by comparing the spectra of different cycling stages.
Additionally, XPS allows to estimate the SEI layer thickness. Analyzing changes in SEI
composition and thickness can help explain how the layer affects the electrochemical
performance. Decomposition products of numerous electrolyte formulations on different

electrode materials can be found in literature.[**°M16311174] Taple 4 displays binding energies of
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the most common SEI species when using electrolytes based on EC:DMC with either LiPFg or

LiTFSI as electrolyte salt. Characteristic binding energies of different graphite and silicon

species are also presented. All binding energies were shifted with respect to saturated

hydrocarbon (i.e., 285 eV).

Table 4: Binding energies of common SEI species, functional groups of SEI species, and anode

compounds (i.e., graphite and silicon).[1*5M163L1741 Energies are given relative to saturated hydrocarbon

(Cls = 285.0 eV).

Compound Cls Ols(eV) Fls Lils Si2p N1ls S2p
(eV) (eV) (eV) (eV) (V) (eV)
LjF[163] 684.9- 55.9-
685.2 56
LixPFy 687.2  57.2
LiPFet63]
LixPOF, 63l 688
LiTFSI] 293.0 533.0 688.6  56.6 399.6 169.4
LizN7l 397.6
Li,SO3l117H175] 167.3
Li,O64 528.3 53.7
Li,CO3lt74] 290.1  531.8- 55.5
532
ROCO.LIilY™ | 290.1 5325 55.5
-(C=0,)-0p[17®1 | 288.9-  0,:532.2
290.1  Oy: 5335
-c=07el 287.9- 5323
288
-c-ol74l 286.4- 533.3
286.7
-C-HI7el 285
Graphitelt’"] 284.4
LiCel78 283.2¢
Sio [179],[180] 994
SiO,[17911180] 103.5-
104
LixSilt791.[180] 687.7-
688.2
LixSiOy 17911801 101.3

! Binding energy highly dependent on state of charge of the battery, see ref.[178]
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For conductive samples, the binding energy is usually referenced to the Fermi level of
the spectrometer. However, with nonconductive samples, such as the SEI, an internal point of
binding reference is needed. This is why all binding energies are referenced to the binding
energy of saturated hydrocarbon at 285 eV. In most cases, this leads to very reproducible
binding energies of the species displayed above.[!*5F1631L11741 \While SEI species usually shift to
the expected binding energy values after referencing, bulk species oftentimes show a different
relative shift. For example, Maibach et al. have shown that after hydrocarbon calibration, the
graphite peak is separated by 2.6 eV from the -CH-peak in a fully lithiated electrode.[*8! In a
fully delithiated electrode, the difference between graphite and -CH amounted only to 1.8 eV.
By contrast, in a pristine electrode, a difference of 0.8 eV is observed. The authors concluded
that the binding energy position of hydrocarbons located at the sample surface is not
representative of underlaying bulk material. Furthermore, they explain the relative shift in
binding energy by an electric potential gradient at the buried interface between the electrode
and the SEI. This gradient is influenced by the state of charge of the electrode as well as dipole
moments of different SEI species.

Laboratory photoelectron spectrometers using an Aluminum K, x-ray source produce
fixed photon energy of around 1.48 keV, resulting in an information depth of around 3\ or
approximatively 10 nm. Investigating deeper layers is important because the abundance of SEI
species can vary throughout the layer and influence its stability upon cycling. The SEI is
accepted as being a quasi bilayered structure with a more inorganic inner part and a more
organic outer part. With a laboratory setup, deeper SEI layers are probed by sputtering the
surface with argon ions or ion clusters to remove the outermost layers. This method is
destructive and might induce changes in the SEI during the measurement. A nondestructive
method is to increase the photon energy to around 5-10 keV as is done at a synchrotron. In this
thesis, all XPS measurements were done with an incident photon energy of around 1.48 keV

and sputtering has been conducted only occasionally.

Limitations of XPS are numerous: Radiation damage by x-rays or charge neutralizers
can induce changes in the SEI composition, as is discussed in Chapter 4.5. Quantification is
difficult when substrate and SEI have the same elements. Poor electrical conductivity makes
phase identification difficult, especially for elements where different species exhibit similar
binding energies such as various lithium compounds. It is hard to know the actual molecular
structure of the different SEI species because the same functional group present in different
molecules emerges as one peak. This makes. Unambiguous peak assignment often requires the
analysis of reference samples. In some cases, these molecules have to be synthesized prior to
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their analysis. Here, other methods such as NMR can provide additional information.
Controlling the sample preparation before XPS measurements is crucial. In summary,
knowledge about all these parameters is essential for developing a suitable XPS fitting model.

All ex-situ analysis methods have in common that the cell is generally opened after the
electrochemical measurement, leading to possible changes in the SEI layer during sample
preparation. Furthermore, ex-situ methods make it very difficult to follow dynamic changes in
SEI properties during cycling. Increasingly, in-situ analysis methods have been developed to
monitor the SEI during electrochemical cycling. Methods such as online electrochemical mass
spectrometry (OEMS) and electrochemical quartz crystal microbalance (EQCM) have gained
much attention.!*82 OEMS can not only determine the evolution rate of most commonly
observed gases during SEI formation such as Hz, CO», and C;H4, but also establish their
individual contribution to the total gassing of the cell.*83118] EQCM monitors the mass
deposition on model electrodes during operation with unparalleled sensitivity.[*82:1851 Both in-
situ techniques have the advantage that they detect changes over the entire electrode and not
just local changes as with XPS, FTIR, or Raman. Increasingly, in-situ FTIR and Raman
techniques are also being developed to characterize changes in the SEI during cycling.[1861-1%0]
Because of special pumping techniques and analyzer design, it is also possible to measure XPS
on liquids, enabling in-situ measurements of the SEI at the interface between the liquid
electrolyte and solid electrode.!®-1%1 Within this thesis, laboratory-scale near ambient
pressure XPS (NAP-XPS) was conducted on model electrolyte systems. The experiments were
carried out in collaboration with SPECS in Berlin. As this thesis focuses on analyzing the SEI
on Si/Gr anodes, the obtained results are not discussed here, but were published under the title
“Probing Lithium-lon Battery Electrolytes with Laboratory Near-Ambient Pressure XPS”.[1%4
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4 Experimental

This chapter details the electrode preparation as well as the electrolyte formulations used in this
work. It states the parameters for electrochemical experiments. Furthermore, the chosen settings

for XPS sample preparation and XPS measurements are explained and justified.

4.1 Electrode Preparation

Si/Gr electrodes were prepared using a slurry of 81 wt.% graphite (SFG6L, Imerys
Graphite & Carbon, Switzerland), 9 wt.% silicon nanopowder (Nanostructured & Amorphous
Materials Inc., 50-100 nm, purity > 99%), 5 wt.% carbon nanofibers (Showa Denko), and
5 wt.% lithium-polyacrylic acid binder solution. The binder solution was obtained by diluting
a ready-made 45 wt.% polyacrylic acid in a water solution (Sigma Aldrich) and subsequently
adding lithium-hydroxide (LiOH, Sigma Aldrich) until a pH of 6.5 was reached. The slurries
were prepared in a two-step process. The premixing was done in a planetary mixer (Thinky
ARV-310P). Hereby, silicon nanopowder (9 wt.%) was mixed with carbon nanofibers (5 wt.%)
and graphite (81 wt.%) in water: ethanol mixture of 1:1.2. Subsequently, the mixture was dried
and gradually transferred into a glass vial containing the binder solution. To break particle
agglomeration, mixing was performed via ultrasonic dispersion with an ultrasonic homogenizer
(Kinematica, Polytron PT 2500). The obtained slurry was coated on a copper foil with a doctor
blade (wet thickness was set to 150 um) and later dried at room temperature overnight.
Individual electrodes were cut into discs of 12 mm diameter and dried under vacuum at 120 °C
for 12h. The resulting electrodes had a silicon-graphite mass loading of around
2.8 -3.1 mg/cm?.
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4.2 Electrolyte Formulations

All electrolytes were prepared in an argon filled glove-box with H,O and O2 values
below 1 ppm. The electrolyte salts lithium hexafluorophosphate (LiPFs, Merck) and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, Merck) were dried under vacuum at 110 °C for 12
hours before use. The electrolyte solvents dimethyl carbonate (DMC), fluoroethylene carbonate
(FEC), ethylene carbonate (EC), and propylene carbonate (PC) were purchased from Merck
and dried over a molecular sieve before usage (water content <15 ppm as measured by
Karl-Fischer titration). The solvents TMG and TEG were obtained from Weylchem and dried
with an over-pressure Schlenk filtration through vacuum-pre-dried aluminum oxide (water
content <15 ppm as measured by Karl-Fischer titration). Battery-grade LP30 electrolyte (i.e., 1
M LiPFe in 1:1 ethylene carbonate: dimethyl carbonate, Merck) was used as received (water
content <10 ppm as measured by Karl-Fischer titration). Table 5 gives an overview of the used

electrolyte mixtures in this thesis.

Table 5: Electrolyte mixtures used.

Labelling Composition Salt Additive
Carbonate-based LP30 50 vol.% EC 1 M LiPFs none
50 vol.% DMC
2FEC:98LP30 49 vol.% EC 1 M LiPFs 2 vol.% FEC
49 vol.% DMC
10FEC:90LP30 45 vol.% EC 1 M LiPFs 10 vol.% FEC
45 vol.% DMC
20FEC:80DMC 20 vol.% FEC 1 M LiPFs none
80 vol.% DMC
50FEC:50DMC 50 vol.% FEC 1 M LiPFe none
50 vol.% DMC
L-E/D 50 vol.% EC 1 M LITFSI none
50 vol.% DMC
Glyoxal-based TEG 100 vol.% TEG 1 M LIiTFSI none
TMG 100 vol.% TMG 1 M LIiTFSI none
30TEG:70PC 30 vol.% TEG 1 M LIiTFSI none
70 vol.% PC
30TEG:70PC-10FEC 27 VOlL.%TEG 1 M LIiTFSI 10 vol.% FEC
63 vol.% PC
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4.3 Cell Assembly

Half-cells were assembled in an argon-filled glovebox with H.O and O values below 1
ppm. A CR2025-type coin cell setup was used from PI-KEM. The cells consisted of a Si/Gr
working electrode, a microporous polypropylene separator (Celgard 2325), a glass fiber
separator (VWR), and a lithium foil (thickness: 0.25mm, purity: 99.9 %, PI-KEM) as the
counter electrode. The Celgard 2325 separator was applied directly on the electrode surface to
protect the surface from glass fiber contaminations. 150 pL of the respective electrolyte solution
was used. All cells were sealed with by hydraulic crimping machine (MSK-110, MTI
Corporation) at 50 kg cm™.

4.4 Electrochemical Cycling Parameters

Galvanostatic cycling with potential limitation (GCPL) was performed with a
multichannel potentiostat (VMP3 & BCS, Bio-Logic) at 25 °C in a climate chamber (Binder).
All potentials are given in reference to Li/Li*. An initial formation cycle at C/20
(1C =623 mAh g?) was carried out for all cells. At the end of every lithiation step, a
constant-current constant-voltage (CCCV) was applied at C/5 for 30 minutes. This ensured
complete formation of LiisSis phase during silicon lithiation. Half-cells with 2FEC:98LP30,
20FEC:80DMC, and 50FEC:50FEC electrolytes were cycled for five cycles at C/10.
Subsequent cycles were performed at a lithiation rate of C/10 and a delithiation-rate of C/3
between 1.5V — 0.01 V. For all other electrolyte formulations, half-cells were cycled at a
lithiation and delithiation rate of C/10 between 1.5V —0.01 V.

4.5 Post-Mortem Analysis

X-Ray photoelectron spectroscopy (XPS)

XPS measurements were carried out with a K-alpha spectrometer from Thermo-Fisher
Scientific applying a micro-focused, monochromated Al-K, x-ray beam with 400 um spot size.
A pass energy of 50 eV was used. Data acquisition and handling were done via the Thermo
Avantage software by K.L. Parry et. al.['*®! Spectra were fitted with one or more Voigt profiles
(BE inaccuracy: = 0.2 eV) via the Powell algorithm. The Voigt profile was obtained from the
sum of the Gaussian and Lorentz components. A customized smart background function within
the Avantage software was selected. It is based on the Shirley background with the additional
constraint that the background should not be of a greater intensity than the actual data at any

point in the region. Scofield sensitivity factors were applied for quantification. All spectra were
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referenced in binding energy to the hydrocarbon C 1s peak at 285eV. For clarity of
presentation, all spectra were normalized in intensity to [1,0]. The following part describes
method-induced damages (i.e., x-ray beam and neutralizer) observed during XPS measurements
and explains how the measurements were carried out. An analysis of the way in which washing

alters the surface composition is provided as well, justifying the chosen preparation method.

X-ray beam damages: Exposure of the SEI to the x-ray beam during the time of analysis
required for data acquisition may cause damage to the surface. Certain compounds of sulfur,
fluorine, or nitrogen are very sensitive to the photon radiation. To minimize x-ray beam induced
damages, these elements were always analyzed before carbon, oxygen, lithium, or silicon. Also,
all spectra were recorded in iteration mode, i.e., one spectrum for one element at a time. Thus,
it was possible to identify possible beam damage during the measurement period. Figure 15
displays exemplary recorded iteration spectra for an Si/Gr electrode cycled in 1 M LiTFSI in
TEG for 10 cycles. The spectra are displayed as recorded without any intensity normalization
and binding energy correction. It can be seen, that for the C1s spectra only small changes occur
between the six iterations. By contrast, the F1s, N1s and S2p spectra display larger changes
during the measurement. Especially in the lower binding region, the signal increases in all
spectra, as indicated by the red arrow. The further processing procedure only considered
iterations that showed minimal changes. For most samples and spectra, the first two or three
iterations were averaged and fitted.
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Figure 15: Iteration of C1s, F1s, N1s, and S2p spectra to illustrate the XPS beam damage on the SEI.
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Charge neutralizer: The emission of photoelectrons leaves behind positive charges in
the sample. In electrically conductive samples, these holes are easily filled up with electrons.
However, in non-conductive samples, the positive charge can accumulate at the surface. This
positive charge affects the XPS spectrum by causing peaks to shift to higher binding energies
and to become distorted. Positive charge accumulation can be neutralized by replenishing with
electrons from an external source. The Thermo Fischer K-Alpha spectrometer uses a
combination of electron beam and ion beam for charge neutralization. Surfaces containing SEI
products are usually non-conductive, which could motivate the use of a charge neutralizer.
However, the neutralizer induces changes in SEI composition during the experiment, as can be
seen in Figure 16. It displays the surface of a Si/Gr electrode cycled 100 times in
2FEC:98LP30. When measuring with the charge compensator (or flood gun — FG) a shift to
smaller binding energies is observed for all spectra. Also, a decrease in peak width is
overserved. Regarding the C1s spectra, no real changes occur during the measurement with the
flood gun. For the O1s spectra, a new species emerges at around 529 eV, corresponding to Li»O.
This compound further increases during the measurement time, indicating continuous Li>O
formation. The F1s spectrum without flood-gun displays higher intensities for the LiPFe/LixPFy
peak at 688-689 eV and lower intensities for LiF at around 686 eV. With flood-gun, this ratio
is reversed, i.e., higher intensities for LiF and lower intensities for LiPFe/LixPFy. Similarly, the
intensity of LiPFe/LixPFy at around 138 eV in the P2p spectra decreased when using the charge
neutralizer. To prevent these induced changes in the SEI, no charge neutralizer is used during

XPS measurements conducted in this thesis.

Washing procedure and system stability: At the end of every electrochemical
experiment, the chosen cell potential was held for a certain duration until the current reached
0.5 pA. By doing so, the system was stabilized, and electrochemical reactions for the desired
potential were completed. Cell potentials held after the experiment varied from 2.5V, 1.3V,
09V, 08V, 05V, and 0.01V during the first lithiation. Stabilization of all delithiated
electrodes was done at 1.5 V. Approximatively two hours were required for the current to reach
0.5 pA. Figure 17 displays the potential holding step after e.g., the last delithiation. Also shown
is the subsequent potential relaxation to around 1.2-1.0 V. All delithiated electrodes for XPS
measurements were opened at 1.2-1.0 V. Lithiated electrodes were opened at 0.01 VV-0.02 V to

ensure that fully lithiated electrodes were analyzed.
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Figure 16: Influence of the charge neutralizer (Flood-Gun, FG). The area of all spectra is normalized to

zero. No binding energy correction was applied.
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Figure 17: Potential held after electrochemical cycling (e.g., after the last delithiation at 1.5 V), until a

current of 0.5 YA is reached. In this way, it is assured that the electrochemical reaction is complete.

45



4 Experimental

XPS is an ex-situ method, i.e., the cell is opened in an argon-filled glovebox (H20 & O3
< 0.01 ppm) after the electrochemical measurements. The electrode is then washed with a
solvent similar to the electrolyte to remove electrolyte solvent and salt residues. However,
studies showed that this also changes the SEI composition.[*%1-1%1 Somerville et al. determined
that washing removes fluorine containing compounds such as LiF.[*1 To determine the effect
of the washing procedure on the surface composition, the following three washing procedures
were investigated and compared with an unwashed surface: a) three-times rinsed or hosed
down, b) 1 min submersion, and ¢) 5 min submersion. Figure 18 shows C1s, O1s, F1s, and P2p
spectra of the same Si/Gr electrode cycled in LP30 electrolyte after the first delithiation. The
electrode was then cut into four pieces and treated with DMC according to the three washing
procedures mentioned above. The surface of the unwashed electrode part (black) displays very
similar C1s, O1, and P2p spectra to the rinsed part (red). A long submersion (green) leads to
the decrease of C-O species. A shorter submersion (blue) diminished in intensities
of -C-H, -C-0, -CO, and -COz environments. Corresponding observations can be made in the
O1ls. Overall, C1s and O1s spectra display relatively small differences between the different
washing methods. By contrast, F1s and P2p spectra show a much stronger dependence on the
washing procedure. Interestingly, the unwashed sample displays a high peak corresponding to
LiF. This peak decreases by a large amount with all three washing methods. While LiF is highly
insoluble in the DMC solvent,?%! jts removal is probably due to mechanical removal. Literature
reports confirm these observations.[*6*11%1 The peak corresponding to LiPFs salt residue and
LixPFy decomposition products only decreases in intensity after the longer submersion of the

electrode. A similar trend can be observed for this species in the P2p spectra.

To avoid the drastic removal of LiF, which is an important component of the SEI, the
long submersion was disregarded. A second comparison was conducted to decide between the
rinsed and short submersion procedures. Therefore, three Si/Gr electrodes were cycled ten times
in LP30. The electrode was then cut into two pieces and every piece was either rinsed or
submerged, resulting in six data points (i.e., two for each electrode) for each washing method.
The spectra were fitted and the standard deviation of the six data points for the different
compounds was calculated, see Figure 19. Rinsing the electrode leads to higher standard
deviations, and therefore to lower reproducibility, especially for salt residues and LiF. For this

reason, all electrodes were washed exclusively via a one-minute immersion.
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Figure 18: Influence of different washing procedures on the composition of the C1s, O1s, F1s, and
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Figure 19: Standard deviation of atomic percentages of different SEI species after rinsing or dipping

the Si/Gr electrode in 500 uL. DMC washing solution.
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DMC was used as a washing solvent for all electrodes that were cycled in
carbonate-containing electrolytes, i.e., EC, DMC, FEC, or PC. The choice was motivated by
the good solubility of the LiPFe or LIiTFSI electrolyte salt in DMC, as well as its low
evaporation temperature. Fast evaporation also reduces the amount of DMC washing solution
residue left on the electrode surface. For the glyoxal-based electrolytes, TMG and TEG solvents
are used as washing solutions. In each case, 500 pL of washing solution was used. After
washing, all electrodes were dried and mounted on a sample holder using conductive copper

tape. Transfer to the XP spectrometer was done via a transfer module under inert gas conditions.

Scanning electron microscopy (SEM). Cycled electrodes were washed in the respective
solvent, mounted on a sample holder, and transferred under inert gas conditions to the SEM.
SEM measurements were conducted using a thermal field emission scanning electron
microscope (FESEM, Carl Zeiss SMT AG) equipped with energy-dispersive spectroscopy
(EDS, Quantax 400 SDD, Bruker) at an acceleration voltage of 7 kV.

48



49



5 Fluoroethylene Carbonate as Electrolyte Solvent

5 Fluoroethylene Carbonate as Electrolyte Solvent

In this chapter, FEC is considered as a cosolvent to replace EC. Two electrolyte
formulations containing 1 M LiPFs in 20 vol.% FEC : 80 vol.% DMC and 50 vol.% FEC :
50 vol.% DMC are analyzed in terms of their electrochemical performance and SEI properties.
A comparison is made with an electrolyte comprising EC as cosolvent and FEC as electrolyte
additive.! This work provides an in-depth study on the interplay between (1) FEC electrolyte
concentrations, (2) amounts of FEC decomposition products detected in the SEI, and (3)
electrochemical performance of silicon-containing anodes. Several studies have analyzed
gaseous or liquid FEC decomposition products, however, investigations on solid decomposition
products with XPS remain contradictory. By developing a new XPS fitting model, this chapter

examines how FEC improves the SEI during silicon volume changes.

5.1 Electrochemical Performance

Figure 20 shows galvanostatic cycling of 10%-Si/Gr half-cells cycled in the respective
electrolytes 2FEC:98LP30 (blue), 20FEC:80DMC (black), and 50FEC:50DMC (green). All
cells display similar initial lithiation capacities of around 765 mAh g, independent of the
electrolyte. This value is much higher than the expected theoretical capacity of 623 mAh g
because of extensive SEI formation during the first lithiation. Therefore, resulting coulombic
efficiencies amount to only 80-83 %. After the first delithiation, a capacity of around
620 mAh g is reached, which is close to the theoretical one. Upon cycling, the cell containing
2FEC:98LP30 exhibits the fastest capacity fade. After around 40 cycles, a linear decrease can
be observed, which results in a capacity loss of 309 mAh g after 100 cycles. Capacity retention
amounts to only 51 % compared to the second cycle capacity. The loss in electrochemical
activity can also be observed in the coulombic efficiency plot, where efficiencies are decreasing
to 98 %. By contrast, when using the FEC cosolvent electrolytes, a more stable cycling behavior
is achieved. Electrodes cycled in 20FEC:80DMC and 50FEC:50DMC exhibit higher lithiation
capacity retentions after 100 cycles when compared to the second cycle, amounting to 78 %

and 79 % respectively.

11 M LiPFs in 1:1 EC:DMC + 2 vol.% FEC
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Figure 20: (a) Cycling stabilities and (b) coulombic efficiencies of Si/Gr electrodes cycled in
2FEC:98LP30 (blue), 20FEC:80DMC (black), 50FEC:50DMC (green) electrolytes.

Figure 21(a) displays the dQ/dE signals for selected cycles. During the first lithiation
(black line), four minima can be observed which correspond to different intercalation reactions
of lithium-ions into graphite: 0.2 V (stage 1V), 0.13 V (stage Ill, LiCso), 0.1 V (stage II, LiC12),
and 0.07 V (stage |, LiCe).[20211202] | jthiation of silicon is more difficult to discern in the dQ/dE
profiles as the alloying reactions extend over the whole lithiation profile. Crystalline silicon is
lithiated via a two-phase mechanism resulting in amorphous silicon-lithium alloys (LixSi).’?-
551 At the end of the first lithiation, this amorphous phase reacts to crystalline LiisSia,
corresponding to the minima at 0.04 V in the dQ/dE plot.58H8% During delithiation, LisSia
transforms back to amorphous silicon in which state it remains during further cycling. In
subsequent cycles, a new signal is observed at around 0.3 V corresponding to the lithiation of
this amorphous phase. Enlargement of this region is displayed for each electrolyte case as insets
in Figure 21(a). GCPL profiles are displayed in Figure 21(b), in which every plateau
corresponds to a peak in the dQ/dE plots at the respective potential. GCPLs profiles with steeper

courses produce dQ/dE plots with broader peaks.
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Figure 21: (a) dQ/dE plots and (b) GCPL of Si/Gr electrodes cycled in 2FEC:98LP30, 20FEC:80DMC,
and 50FEC:50DMC electrolytes, respectively.
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Upon cycling, a decrease in electrochemical activity is seen for all electrolyte
formulations. dQ/dE plots show a decrease in intensity for all peaks, while the GCPL profiles
display receding length of the corresponding plateaus. Furthermore, plateaus shift towards
higher potentials (during delithiation) and lower potentials (during lithiation). A shift of the
lithiation and delithiation potential can be explained by overpotentials emerging during cycling
on the Si/Gr anode and the lithium metal counter electrode. Furthermore, the intensity of the
graphite peaks decreases in all three dQ/dE plots upon cycling. This can be due to either
damaged graphite particles or to a loss in electrode integrity. The former can be excluded by
Raman measurements of Si/Gr anodes after 100 cycles in each electrolyte. As can be seen in
Figure Al, the graphite bands D, G, and 2D are detected for all three electrolyte cases. This
excludes damage to the graphite particle and indicates that graphite is still able to intercalate
and deintercalate lithium-ions. Considering the theoretical capacity of 10%-Si/Gr anodes of
623 mAh g, 322 mAh g of this capacity result from silicon, while graphite contributes with
301 mAh g*. Electrodes cycled in the FEC cosolvent electrolytes display a capacity of around
500 mAh gt after 100 cycles. This capacity is only achieved if both graphite and silicon are
electrochemically active. As shown in the dQ/dE inset of Figure 21(a), silicon is still active
after 100 cycles even though a decrease is observed upon cycling. Graphite also displays a
decrease in activity over time. The decrease in capacity observed for the 20FEC:80DMC and
50FEC:50DMC formulations is due to a drop in the electrochemical activity of both silicon and
graphite. However, it is difficult to determine to what degree silicon and graphite as receding
in activity. Cycled in the FEC additive formulation, the electrode shows a capacity of only
320 mAh gt after 100 cycles. The dQ/dE displays a much stronger drop in graphite activity and
silicon activity than compared to the dQ/dE of the FEC cosolvent formulations. Especially
silicon seems to suffer a higher loss, see inset of Figure 21(a). Most likely, the decrease in
electrochemical activity is the result of a loss of electrode integrity. This can be caused by a
thick SEI layer on top of graphite and silicon particles, resulting in the electrical isolation of the
particles.

A positive effect of FEC on electrochemical performance and more specifically on the
retention of silicon activity has been demonstrated in several studies. ®}[1011136],[138].[140],[142],[203]-
[26] Jung et al. showed that FEC is consumed in every cycle and when depleted, the cell
performance drops dramatically.l*4%1 Hereby, the consumption of FEC is dependent on the
relation between FEC concentration and the amount of active material in the electrode (i.e.,
MMolrec/MQelectrode). IN the present case, all electrodes exhibited the same amount of silicon and

similar mass loading of 2.8-3.1 mg cm. Even though FEC consumption on the lithium metal
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counter electrode has been observed in the literaturel**%, an analogous effect between the cells
can be assumed. The drop in capacity for the electrode cycled in the FEC-additive electrolyte
2FEC:98LP30 shows the fastest capacity decrease because FEC seems to be depleted earlier.
With FEC as a cosolvent, a sufficient amount of FEC is still present in the electrolyte after 100
cycles. Consequently, the stabilizing effect is retained for a longer period. The following part
investigates how the different FEC electrolyte concentrations influence SEI composition,
thickness, and morphology. A correlation is attempted between SEI properties and

electrochemical performance.
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5.2 SEl analysis

SEl thickness approximation

Eq.(22) in Chapter 2.2 shows the thickness of an overlayer such as the SEI is dependent
on the emission angle and the inelastic mean free path (IMFP). In this thesis, the emission angle
is constant at 90° for all measurements. To determine the IMFP, the chemical composition of
the SEI has to be considered. However, the SEI is composed of different inorganic and organic
components which are distributed throughout the layer, rendering it highly inhomogeneous. To
approximate the organic part of the SEI, polyethylene (PE) is generally used, while LiF and
Li»COz are good representants of the inorganic part. Table 6 displays IMFP values of these
species. Methyl methacrylate (PMMA) is used as an example for polymeric species containing
oxygen atoms. IMFP values for PE, PMMA, and LiF are taken from literature at an electron
kinetic energy in the respective material of 1200 eV.[207112%8] The value results with respect to
the kinetic energy of a C1s photoelectron when excited by Al-K, radiation.! The IMFP value
for Li2CO3? was calculated with the NIST database.l?°® Also shown are the calculated overlayer
thicknesses with Eq.(22) for each IMFP value with an exemplary intensity ratio of 0.1. The
results show that even if the IMFP are close to each other, the obtained thicknesses can differ
up to 1.5 nm. Therefore, this thesis only approximates the SEI thickness.

Table 6: IMFP values of PE, LiF, and Li.COs3 and overlayer thickness calculated with respect to Eq.(22).
Electron kinetic energy of 1200 eV.

Species IMFP  Exemplary intensity Calculated
(nm) ratio overlayer thickness
d (nm)
PE 3.7 0.1 8.5
PMMA 3.9 0.1 9.0
LiF 3.2 0.1 7.4
Li>COs 3.4 0.1 7.8

The SEI thickness approximation considers how much a certain bulk electrode peak is
attenuated by the SEI layer. Therefore, the area under a C1s graphite peak after cycling is
divided by the area of a pristine graphite peak, see Figure 22 and Eq.(25):

11486 eV-285 eV ~ 1200 eV
2 hand gap of 7 eV?? and density of 2.11 g cm, kinetic energy ~ 1200 eV
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A(graphite)sg; (25)
A(graphite)pristine

attenuation =

The obtained attenuation value does not give an actual layer thickness but a qualitative
description that indicates how much the graphite signal is weakened by the SEI layer. High

attenuation values indicate more graphite and thereby a thinner overlayer.
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Figure 22: Attenuation of the graphite signal by an SEI overlay.

Figure 23 illustrates the attenuation of the graphite signal at different cycling stages
with respect to the electrolyte formulation. The calculation was conducted for Si/Gr anodes
cycled to 0.8 V and 0.01 V during the 1* lithiation, as well as to 1.5 V after the 1%, 10", and
100™ delithiation. At 0.8 V, a graphite signal is observed for all electrolyte formulations as is
indicated by attenuation values of around 0.7 to 0.5. Because carbonate-based solvents are
known to be reduced at around 1.2-0.9 V vs Li/Li*, the SEI is still thin at this early stage.[?*% In
the fully lithiated state at 0.01 V, the value drops considerably for all FEC contents, indicating
a thicker SEI layer on top of the graphite particles. After the first delithiation at 1.5 V, the
attenuation value increases for all three electrolytes due to a decrease in SEI thickness from the
lithiated to the delithiated state. This phenomenon of changes in SEI thickness is called SEI
breathing and is a commonly observed process for silicon-containing electrodes.[?111212] After
10 cycles, a small drop in attenuation is observed for each electrolyte case. This decrease is
even stronger after 100 cycles, indicating the formation of a thick SEI layer. In the case of
2FEC:98LP30, no graphite is detected, while only a small intensity remains for 20FEC:80DMC
and 50FEC:50DMC. Overall, a correlation between signal attenuation and FEC electrolyte
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concentration can be observed for the cycling stages 0.01 V, 1, 10, and 100 cycles. The less
FEC present in the electrolyte, the thicker the approximated SEI thickness:
2FEC:98LP30 > 20FEC:80DMC > 50FEC:50DMC.
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Figure 23: SEI thickness approximation on graphite particles of electrodes cycled in 2FEC:98LP30
(blue), 20FEC:80DMC (black), and 50FEC:50DMC electrolyte (green) at 0.8 V and 0.01 V during the
first lithiation, and at 1.5 V after the 1%, the 10", and the 100" cycle. The error bars indicate the

standard deviation between two measurements on one electrode.
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XPS fitting model of FEC decomposition

To gain an understanding of FEC decomposition products, the SEI formed by a pure
FEC electrolyte (i.e., 1 mol LiPFs in 100% FEC) on Si/Gr electrodes is analyzed via XPS after
cycling to 0.01 V. For more information about the XPS sample preparation see Chapter 4.5.
The resulting C1s, F1s, and Si2p spectra are displayed in Figure 24. Detailed information about
the used fitting parameters can be found in Table Al and the corresponding survey spectrum
is given in Figure A10. Alongside hydrocarbon (285¢eV) and graphite (283.4 eV), the
following carbon-oxygen environments can be identified in the C1s spectrum: -C-O (286.8 eV),
Ca(287.9 eV), -CO2Li (289.2 eV), Li2C0O3 (290.2 eV), and Cp (291.1 eV). Ca and Cp represent
the two carbon environments in 1,3-dioxolan-2-one (DO), see molecular structure in Figure
24. The fitting of this species was done based on previous data for these environments.?*]
Further, FWHM and the area ratio between C, and Cp were fixed to 2:1 during fitting. The
detection of DO via XPS can be an indication for FEC de-fluorination, yielding LiF and VC.
VC can subsequently polymerize and form poly(VC). To check whether VC forms a similar
SEI, the decomposition products of an electrode cycled in pure VC are analyzed. The C1s
spectrum in Figure A3 displays two peaks corresponding to C, and Cy in poly(VC).[?* Only
little amounts of -C-O and -CO2 and no Li.COs are detected. In contrast, FEC leads to an SEI
with high -C-O, Ca/Cp, and -COzL.i-content. This demonstrates that the SEI formed by FEC and
VC is very different. As proposed in literature, it is very likely for DO or poly(VC), -C-0O, and
-CO,Li units to form a heterogenous cross-linked polymer network. [23H1134101371[21411215] Fop
example, Jin et al. proposed a polymer consisting of cross-linked DO and PEO units.[*3] The -
C-O groups detected in the present XPS analysis could correspond to PEO species. It is
important to note, that XPS cannot differentiate between poly(VC) and DO units as they display
identical chemical environments at the same binding energies. It is also not possible to get
information on the exact molecular structure of the polymer network with XPS, due to the
highly inhomogeneous nature of the SEI. The F1s spectrum of Figure 24 shows a peak at
685.3 eV corresponding to LiF and a broad peak at 687.7 eV most likely a mixture of LiPFs
salt residues, LixPOFy salt decomposition products, and silicon oxyfluorides SiOxFy.[?161 Both
F-P and F-Si environments can be found in the corresponding P2p (Figure A3) and Si2p spectra
(Figure 24), respectively. It must be noted that a certain charging effect of the sample during
XPS cannot be ruled out. A charge neutralizer could not be used because it damages the SEI,
see Chapter 4.5 for more information. Therefore, the broad peak at 687.7 eV could further
contain -CF components which usually emerge at binding energies between 687-688 eV.[17]

However, these -CF species are not included in the fitting model because their formation is still
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controversial.[*37F139 Different silicon environments can be found in the Si2p spectrum of
Figure 24, namely LixSi (98.2eV), LixSiOy (101eV), SiO2 (103eV), and SiOxFy
(105.3 eV).[1791I180L203] T ensure consistent data evaluation, this fitting model is used for the
following XPS analyses.

CO-environments
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Figure 24: C1s, O1s, F1s, and Si2p photoelectron spectra of an electrode after the first lithiation cycled
in 1 M LiPFs in FEC electrolyte. Decomposition products of FEC based on references. [23/113411371,217]
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SEl composition

C1s photoelectron spectra from electrodes cycled up to 0.8 VV and 0.01 V during the first
lithiation are displayed in Figure 25. Also shown are spectra of Si/Gr electrodes after 1, 10,
and 100 cycles in delithiated states at 1.5 V. Derived atomic percentages of detected C1s species
are shown in Figure 26. Also displayed in Figure 26 are the atomic percentages of
fluorine-containing decomposition products. F1s, O1s, and P2p spectra can be found in Figure
Ad4-Figure A6. An overview of all detected species with their atomic percentages is shown in
Table A2-Table A4 and survey spectra are displayed in Figure A10-Figure All. The surface
species are assigned following the fitting model described above.
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Figure 25: C 1s photoelectron spectra of electrodes cycled in (a) 2FEC:98LP30, (b) 20FEC:80DMC,
and (c) 50FEC:50DMC electrolyte at 0.8 V and 0.01 V during the 1 lithiation, and at 1.5 V after the
1%, the 10", and the 100" cycle.
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Figure 26: Atomic percentages of (a) -C-O, (b) -COs, (c) Cy in poly(VC), and (d) LiF. Displayed are
the percentages at 0.01 V during the 1% lithiation, and at 1.5 V after the 1%, 10", and 100" cycle for the
respective electrolyte, i.e., 2FEC:98LP30, 20FEC:80DMC, and 50FEC:50DMC.

At 0.8 V, five peaks are observed for each electrolyte in the C1s spectra of Figure 25:
graphite (~284.2 eV), hydrocarbons (285 eV), -C-O groups (~286.7 eV) -COLi species
(289.2eV), and -COgzLi species (~290.5eV). Hydrocarbons can originate from surface
contamination such as adventitious carbon as well as from -CH-containing SEI species.
All -CO-containing compounds originate from starting electrolyte decomposition. Further
voltage decrease to 0.01 V, leads to thickening of the SEI, as can be seen by a drop in graphite
intensity. As previously seen, the SEI thickness depends on the amount of FEC in the electrolyte
and follows the trend 2FEC > 20FEC > 50FEC. A shift to lower binding energies of the graphite
peak (i.e., to 282.5 eV) can be explained by the formation of an electrical potential gradient at
the buried interphase between the SEI and the electrode surface.[*®¥ Additionally, two peaks
emerge that can be ascribed to the two carbon environments in DO as has been previously
discussed, namely C, (287.9 eV) and Cp (291.0 eV). The intensity ratio of C, and Cy is close to
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1:2, suggesting that the peaks mainly consist of DO units. Compared to the C1s of the electrode
cycled in pure FEC (see Figure 24), the same carbon species are detected. While -CH, -C-O, -
COoLi, and -COsLi were observed with pure FEC electrolytes, these species typically also
emerge in SEIs formed by DMC and EC containing electrolytes, see Figure A8. Only C, and
Cb emerge in presence of FEC. In the following discussion, these peaks are therefore used as
an unambiguous indicator for the presence of FEC decomposition products in the SEI. (The
emergence of LiF occurs for LiPFs and FEC, making it difficult to differentiate from which
electrolyte component LiF is originating.) After the first delithiation to 1.5V, the graphite
intensity increases in all three cases, indicating a thinner SEI. The SEI thinning results from the
dissolution or detachment of certain species, such as LiF which drops by 20 a.t.%, see Figure
26. A decrease in relative peak area is observed for -C-O and -CO.Li compounds, see Figure
A7, while carbonate and DO species only change to a negligible extent. After 10 cycles, a
decrease in atomic percentages and relative peak areas of carbonate species is observed for all
three electrolytes, see Figure 25 and Figure A7. Electrodes cycled in 2FEC:98LP30 and
20FEC:80DMC display an increase in -C-O and DO abundance, while the detected LiF amount
decreases. By contrast, the electrodes cycled in 50FEC:50DMC show no changes for -C-O and
DO species, but an increase in LiF. After 100 cycles, a large decrease of Ca and Cy is observed
with 2FEC:98LP30, while -C-O and -COsL.i species increase in intensity and abundance, see
Figure 25 and Figure 26. In fact, the spectrum now looks very similar to a spectrum from an
electrode cycled in pure LP30 electrolyte, see Figure A8. By contrast, the electrodes cycled in
20FEC:80DMC and 50FEC:50DMC still display intensive C, and Cpy peaks in their C1s
spectrum. The decline of both peaks when cycling in the 2FEC:98LP30 formulation indicates
decreasing FEC concentration in the electrolyte and the SEI. Because FEC makes up only
2 vol.% of the electrolyte, its depletion occurs much earlier than when it is used as a cosolvent.
The increase in -C-O and -COsL.i species indicates an increase in EC and DMC decomposition.
Previously observed DO components (i.e., Ca and Cp) are now most likely buried under a new
layer of these carbonate products. In contrast, when cycling in the FEC cosolvent electrolytes,
namely 20FEC:80DMC and 50FEC:50DMC, the FEC reservoir is much larger. Therefore, DO

species are still present in the SEI even after prolonged cycling.

Another interesting feature is the influence of the EC cosolvent on the SEI composition of
Si/Gr electrodes cycled in 2FEC:98LP30. The amount of detected -COsLi is highest for this
electrolyte in all analyzed states (i.e., 0.8 V, 0.01 V, 1 cyc, 10 cyc, and 100 cyc). The presence
of EC seems to promote the formation of more carbonate-containing SEI species, suggesting
that EC decomposition occurs, even in presence of FEC. Jung et al. could show that the presence
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of FEC reduces the decomposition of EC to a bare minimum.4% Similarly, Jin et al. found that
in presence of FEC, the formation of liquid decomposition products such as LEDC is
suppressed.®! That XPS still detects EC decomposition can be explained by its high chemical
sensitivity. To evaluate the effect of EC in an FEC cosolvent electrolyte, electrodes were cycled
in 20FEC:40EC:40DMC, with corresponding C1s spectra displayed in Figure 27(a). The C1s
spectra after the 1% lithiation (0.01 V) and the 1% delithiation (1cyc) show the same surface
species as the spectra in Figure 25. A comparison between atomic percentages of an electrode
cycled in 20FEC:80DMC (black) and 20FEC:40EC:40DMC (pink) is given in Figure 27(b).
The presence of EC leads to an increase in all carbon-oxygen species (i.e., -C-O,
Ca, -COoLi, -COsLi, and Cp). The intensified electrolyte decomposition in presence of EC
indicates that EC decomposition products negatively affect the SEI stability, promoting
stronger electrolyte decomposition. Alkyl dicarbonates such as LEDC formed upon EC
decomposition are known to be highly reactive.[*9"}218] These species usually initiate all further
reactions occurring in the SEI[O7M2I8LI219T Aqditionally, the short-chained nature of LEDC

leads to a poor ability to accommodate the silicon volume changes.?]
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Figure 27: (a) C1s spectra of Si/Gr electrodes cycled in 1 M LiPFs 20FEC:40EC:40DMC after the first
lithiation (0.01 V) and the first delithiation (1cyc). (b) Comparison of Cls atomic percentages of
electrodes cycled in 20FEC:80DMC and 20FEC:40EC:40DMC.
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Effect of FEC on silicon

Si2p spectra of 10%-Si/Gr electrodes cycled in the respective electrolytes are displayed
in Figure 28. In general, some spectra show very noisy data, and the peak fits are included only
as a guide to the eye. At 0.8 V, two silicon species are detected independent of the electrolyte
formulation, namely Si°® (99 eV) and SiO2 (~103.3 eV). These signals are also found at the
surface of silicon particles in pristine Si/Gr electrodes, see Figure A9. For electrodes cycled in
20FEC:80DMC and 50FEC:50DMC electrolytes, an additional component is seen, which
corresponds to SiOxFy (~105.3 eV).[F79M280 This species was also observed in the 100 % FEC
electrolyte previously discussed (see Figure 24). Upon lithiation to 0.01 V, the bulk silicon
species, i.e., Si° and SiO,, disappear in all three cases. By contrast, the SiOxFy species is still
observed for 20FEC:80DMC and 50FEC:50DMC. After the first delithiation, the electrode
cycled in the 2FEC:98LP30 electrolyte displays peaks corresponding to lithiated silicon species
such as LixSi (98.2 eV) and LixSiOy (101 eV). For this electrolyte, both species disappear after
10 cycles, but LixSiOy is re-emerging after 100 cycles. Electrodes cycled in 20FEC:80DMC and
50FEC:50DMC display LixSi and SiOxFy species after the first delithiation. Additionally,
LixSiOy is detected when using the 50FEC:50DMC electrolyte. After 10 and 100 cycles, only
SiOxFy species are observed, and no bulk-silicon re-emerges for both FEC cosolvent

formulations.

As is evident from the data, the FEC concentration in the electrolyte plays a role in the
silicon species detected. Two main differences are observed: 1) The re-emergence of LixSiOy
after 100 cycles for the 2FEC:98LP30 electrolyte, while this is not the case with the two FEC
cosolvent electrolytes. Re-emergence of the LixSiOy species could be due to cracks or a more
porous SEI and be correlated to low FEC content in the electrolyte after 100 cycles. As seen in
the analysis of the C1s spectra, the SEI is predominantly made of EC and DMC decomposition
products which leads to a less flexible SEL[M3 2) SiO«Fy is detected in presence of
20FEC:80DMC and 50FEC:50DMC, while not being observed at any time with 2FEC:98LP30.
Interestingly, no correlation is seen between the FEC amount in the electrolyte and the amount
of SiOxFy detected. Also, depth profiles done by sputtering the electrode with low-energetic
monoatomic argon-ions show this species to behave like an SEI species, as it disappears with
etching time, while all bulk silicon species increase in intensity, see Figure 29(a). However, it
cannot be excluded that SiOxFy might be more sensitive to the sputtering and thus might be

removed in the process.
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(a) 2FEC:98LP30 (b) 20FEC:80DMC  (c) SOFEC:50DMC
0.8V 0.8V

norm. intensity (a.u.)

110 105 100 95 110 105 100 95 110 105 100 95
binding energy (eV) binding energy (eV) binding energy (eV)

Figure 28: Si2p photoelectron spectra of 10%-Si/Gr half-cells cycled in (a) 2FEC:98LP30, (b)
20FEC:80DMC, and (c) 50FEC:50DMC.

The most extensive reporting of SiOxFy has been done by Philippe et. al. who observed
this species when cycling electrodes containing 80 % silicon in pure LP40 electrolyte (i.e., 1 M
LiPFs in 1:1 EC:DEC), with LiPFs as the sole fluorine source.'’ The authors could
demonstrate this species to form during cycling as well as when storing the electrode in the
electrolyte over a long period. HAXPES experiments showed SiOxFy to be more present in
upper layers and diminishing when deeper layers were probed. These results agree with the
sputtering depth profiling experiment conducted in the present work. Furthermore, the authors
analyzed electrodes cycled in 1 M of LiFSI in 1:1 EC:DEC mixtures and could not detect any
SiOxFy species.[*8 They concluded LiPFs to play a major role in SiOxF, formation. To verify
this hypothesis, LiPFs was replaced with LiTFSI for the 20FEC:80DMC electrolyte, and
indeed, no SiO«Fy is detected, see Figure 29(b). As a remainder, the SEI formed by the LiPFe
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20FEC:80DMC formulation displays SiOxFy species. This emphasized that LiPFe is crucial for
the SiOxFy formation. To verify whether EC influences the formation of this species, electrodes
were cycled in a 1 M LiPFs 20FEC:40EC:40DMC electrolyte. Despite the presence of LiPFs
and FEC, no SiOxFy species is detected, see Figure 29(b). Based on these observations, the
formation of SiOxFy is correlated with the amount of silicon in the electrode and with the
presence or absence of LiPFs, FEC, and EC in the electrolyte. With high silicon loadings,
SiOxFy can still form even in presence of EC and absence of FEC — however, LiPFe should be
the electrolyte salt. With lower silicon loadings (i.e., 9 wt%), SiOxFy is not detected if EC is
present in the electrolyte — even if LiPFe and FEC are being used. However, in absence of EC,

but the presence of FEC and LiPFg, SiOxFy forms also at lower silicon contents.
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Figure 29: (a) Si2p spectra of Si/Gr electrodes cycled in 20FEC:40DMC:40EC-1 M LIiPFs and
20FEC:40DMC-1 M LITFSI, respectively, and (b) SEI depth profile of different silicon species of
electrodes cycled in 20FEC:80DMC-L.iPFs, (c) Formation reaction of SiOxFy, (d) Contact ion pair (CIP)
of Li*, PF, EC, and FEC (lithium in purple, phosphor in blue, fluorine in yellow, oxygen in red, carbon
in grey, and hydrocarbon in white).[22%
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In literature, the formation of SiOxFy was hypothesized to be a result of the dissolution
of silica by HF, see Figure 29. HF is known to form through the reaction of LiPFs with trace
amounts of water.[??!l The water content in all electrolytes was determined by Karl-Fischer
titration to be below 10 ppm. Therefore, the amount of hydrolyzed LiPFs, i.e. amount of HF
formed, should be similar for 2FEC:98LP30, 20FEC:80DMC, and 50FEC:50DMC. However,
FEC can act as a source of F~ anions, which form during FEC decomposition by cleavage of the
C-F bond. These F~ anions can now either react with Li* ions to form LiF or with silicon-oxide
to form SiOxFy compounds. However, in this case, SiOxFy could also be formed when cycling
in 20FEC:80DMC with LiTFSI salt. This suggests that the interaction of FEC and LiPFs may
play an important role in the formation of SiOxFy. While no experimental results can be found
in literature, molecular dynamic calculations of FEC and LiPFs do exists.[??l They have shown
that the presence of FEC leads to an increase in contact Li* - PFg ion pairs. Contact ion pairs
(CIP) are ions that are not separated by solvent molecules, see Figure 29(d). This can increase
the interaction between PFg and Li" and promote the formation of PFs, Li* and F, independent
of the water content. In other words, the presence of FEC can increase the reactivity of the
LiPFe salt. These CIPs may also affect the reactivity of FEC and LiPFe with respect to silicon.

In presence of EC or EC decomposition products, this reactivity might be inhibited.

In summary, using FEC cosolvent seems to lead to a more stable SEI because no bulk
LixSi or LixSiOy species are re-emerging after cycling (which would indicate SEI dissolution
or crack formation). Also, the presence of FEC and LiPFs and the absence of EC leads to the

formation of SiOxFy at low silicon contents.
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Electrode morphology

SEM micrographs of electrodes cycled in the respective electrolyte for 1 and 100 cycles are
presented in Figure 30. After the first cycle, all three electrodes display graphite as large
rectangular-shaped particles. Silicon can be seen in agglomerations of bright, small, and round
particles, while carbon nanofibers emerge as long wires. Also, small bright dots are seen on the
graphite and nanofibers. Whether they are also present on silicon particles is difficult to assess,
because both emerge as bright white dots in the SEM images. After 100 cycles, substantial
changes in morphology can be observed for all three cases. The surface of the electrode cycled
in 2FEC:98LP30 exhibits large areas with charging effects as can be seen from the extremely
bright borders of graphite particles and silicon agglomerations. It can be assumed that the SEI
is thick and highly insulating. This observation agrees with the SEI thickness analysis. When
cycled in the FEC cosolvent electrolytes the electrodes show less charging, and the overall
morphology is much better resolved. This could indicate a thinner SEI as seen in the XPS
measurements. The small dots observed on the graphite particles already observe after 1 cycle
have grown to larger roundly shaped particles. This is especially the case with 50FEC:50DMC.
With the help of EDS, these areas can be assigned to fluorine-containing species, see the
elemental distribution maps Figure 30. Elemental distribution in Figure 31 further shows that
these particles emerge especially in the fluorine map and much less in the maps of the other
elements. Similar shapes have been observed in literature and were suggested to be LiF.[?%]
Assignment to LiF might also apply here because other fluorine-containing compounds such as
P-F and Si-F are not seen as clearly in the respective phosphorus and silicon map, see Figure
31. Furthermore, the elemental distribution of the electrode cycled in 20FEC:80DMC suggest,
for the fluffy parts to belong to primarily oxygen species, with a small proportion of silicon and
even less fluorine. As these fluffy parts are also present in the SEM micrographs of the
electrodes cycled in 2FEC:98DMC and 50FEC:50DMC, it can be assumed that those areas

contain similar elemental distribution, i.e., O >Si>F > C.

In spite of the difficulty of assigning specific compounds to the elements, the elemental
distribution can be related to the atomic percentages measured by XPS. In the case of
2FEC:98LP30, high oxygen contents result mostly from inorganic oxygen species containing
Li.COs as well as inorganic -C-O species. Silicon emerges due to LixSiOy groups, while fluorine
is mainly due to LiF and LixPFy. For the two FEC cosolvent electrolytes, the high oxygen
content could be related to -C-O and DO groups. Silicon is present as SiOxFy while fluorine

species include LiF, SiOxFy, and LixPFy.
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Figure 30: SEM micrographs of Si/Gr electrodes cycled in 2FEC:98LP30, 20FEC:80DMC, and
50FEC:50DMC after 1 and 100 cycles in the delithiated state at 1.5 V. Inset of elemental distribution
for 20FEC:80DMC, and 50FEC:50DMC after 100 cycles.
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20FEC:80DM 50FEC:50DMC

Figure 31: EDS elemental distribution maps of Si/Gr electrodes cycled for 100 times in 20FEC:80DMC
and 50FEC:50DMC, respectively.
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Correlating FEC concentrations to SEI properties and electrochemical
performances

Previous parts of this chapter investigated the electrochemical performance, SEI
properties, and electrode morphologies of three FEC-containing electrolytes with 10%-Si/Gr
anodes. In this section, the different observations and findings are correlated. Similar
electrochemical performances are seen for earlier cycles between 2FEC:98LP30,
20FEC:80DMC, and 50FEC:50DMC formulations. Significant differences emerge at later
stages. After 100 cycles, Si/Gr anodes cycled in the 2FEC:98LP30 formulation display poor
capacity retentions and a decrease in silicon and graphite activity. In contrast, the two FEC
cosolvent formulations show much higher capacity retentions with higher silicon and graphite
activities. SEI properties also display a dependence on the amount of FEC in the electrolyte.
Compared to the FEC additive formulation, both FEC cosolvent electrolytes show a thinner SEI
as determined by the XPS signal attenuation. While similar SEI compositions are observed in
earlier cycling stages, differences emerge at later cycling numbers. SEM micrographs display
a less charged electrode surface and the presence of large fluorine-containing particles when
Si/Gr anodes are cycled in both FEC cosolvent formulations.

Based on the XPS analysis, the variance in electrochemical performance can be
attributed to differences in the SEI composition. The developed XPS fitting model shows FEC
to decompose to -C-O, DO, and -CO.L.i containing products. Most likely, these species are
incorporated in a cross-linked polymeric network. The formation of a cross-linked polymeric
network has been suggested in literature many times.[ZS1134L03712141[215]  The peaks
corresponding to DO species (Ca and Cy) are an unambiguous indicator for the presence of FEC
decomposition products in the SEI, as this species does not form with any other electrolyte
component. DO environments are detected in the SEI when cycling in 20FEC:80DMC and
50FEC:50DMC electrolytes even after 100 cycles. However, while being present in earlier
cycling stages, the amount of detected DO drastically decreases after longer cycling with
2FEC:98LP30. Instead, most of the observed peaks are related to -C-O and -COsLi
environments, which correspond to EC decomposition products (i.e, Li.COz, LEDC, and PEO).
Therefore, the good initial electrochemical performance of the electrode cycled in
2FEC:98LP30 is explained by the presence FEC decomposition products in the SEI. The
formed polymeric network increases the ability of the SEI to better accommodate the silicon
volume changes. However, this network might not form a perfectly elastic SEI as it still cracks
and leads to recurrent FEC reduction. In the case of 2FEC:98LP30, the continuous consumption

of FEC eventually depletes the electrolyte of the additive. Simultaneously, an increase in EC
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reduction occurs which ultimately leads to an SEI that is composed of short-chain LEDC and
PEO components. These components are less fit to accommodate the silicon volume
changes.?** Hence, the SEI fractures and electrode material is re-exposed (see LixSiOy peak
for 2FEC:98LP30 case). Consequently, new SEI is formed on the re-exposed surfaces. This
excessive SEI formation can ultimately lead to the isolation of silicon particles and reduced
electrode integrity. The loss in graphite and silicon activity observed for the 2FEC:98LP30
electrolyte formulation could be explained by this phenomenon. In contrast, when cycling in
20FEC:80DMC and 50FEC:50DMC, FEC decomposition products (indicated by DO
environments) are present in the SEI for a longer period, because the FEC reservoir in the
electrolyte is larger. Also, since EC is not present in the electrolyte, its decomposition products
are absent in the SEI. Consequently, the SEI is more stable, and less electrolyte is decomposed.
The extended presence of the polymeric network buffers the silicon volume changes, reduces
the amount of SEI formed, and helps to maintain the electrode integrity for a longer time. This
would explain the smaller decrease in silicon and graphite activity when cycling in the FEC
cosolvent electrolytes. Presence of this polymer in the SEI seems therefore crucial for a good

electrochemical performance.

Another interesting observation is the emergence of SiOxFy species, which are detected
when using the FEC cosolvent formulations but not the FEC additive electrolyte. Translating
the findings from Philippe et.al. with pure silicon to Si/Gr anodes, SiOxFy may decrease the
affinity between the binder and the surface of the active material.[*®! This would result in poor
electrochemical performance. However, the proposed negative impact of SiOxFy does not seem
to be that detrimental to the performance, because cells cycled in 20FEC:80DMC and
50FEC:50DMC electrolytes show superior capacity retention. Therefore, the suggested
negative effect of SiOxFy most probably has an inferior impact on the SEI stability. Instead, the
volume accommodating effect of the polymeric network seems to have a much higher influence

on the electrochemical performance of Si/Gr electrodes.

In conclusion, FEC cosolvent electrolytes offer two advantages: (1) the positive effect
of a polymeric network containing -C-O, DO, and -CO. species is preserved for much longer,
and (2) no EC decomposition products are present in the SEI, which leads to a more stable

surface layer and lower overall electrolyte consumption.
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5.3 Summary

This chapter examined how the use of FEC cosolvent influenced the electrochemical
performance, SEI thickness, and composition, as well as electrode morphology Two electrolyte
formulations (20FEC:80DMC and 50FEC:50DMC) were compared to a reference electrolyte
with FEC as electrolyte additive (2FEC:98LP30). The developed XPS fitting model showed
FEC to decompose to -C-O, DO, and -COzLi containing products. Most likely, these species
were incorporated in a cross-linked polymeric network. The two chemical environments in DO
(Ca and Cp) enabled unambiguously tracing the presence of FEC decomposition products in the
SEI. Compared to the additive concentration, both FEC cosolvent mixtures showed:

1) thinner SEI as determined from XPS signal attenuation

2) high amount of FEC decomposition products (as indicated by Ca and Cy) are present
in the SEI even after longer cycling, while these species strongly decreased for the FEC

additive electrolyte

3) reduced decomposition of DMC cosolvents (and absence of EC decomposition

products)
4) lower amount of carbonate species

5) formation of SiOxFy species, suggesting the presence of FEC and absence of EC to

promote the formation of this species

The improved electrochemical performance of the FEC cosolvents formulations originates from
the presence of FEC decomposition products in the SEI even after 100 cycles as shown with
XPS. The presence of this polymeric network species is crucial in stabilizing the SEI upon the
silicon volume changes. Most probably, it increases the flexibility of the surface layer which
reduces the amount of new SEI formed and thereby enables a longer cell lifetime. The
prolonged presence of this polymeric species is especially essential when moving toward
applications with higher silicon content. The main drawback of FEC-containing electrolyte
formulations is that FEC is consumed upon cycling and its positive effect is diminishing over
time. Therefore, alternative electrolyte solvents can be of interest which might not be consumed
to such a high extent. The next chapter of this thesis focuses on glyoxal-based electrolyte

solvents.
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6 Glyoxylic Acetals as Electrolyte Solvents

In this chapter, glyoxylic acetals are investigated with Si/Gr anodes. They previously
showed promising results with graphite electrodes but have so far not been tested with
silicon-containing anodes. Two glyoxylic acetals (TMG and TEG)! are analyzed in terms of
their cycling stability and SEI formation. The choice of these two electrolyte formulations was
motivated by their positive impact on the thermal stability of LIBs. For comparison, two
reference electrolytes (LP30 and L-E/D)? are also investigated. The electrochemical behavior
of these electrolytes is analyzed in a half-cell setup containing Si/Gr working electrodes and
lithium metal counter electrodes. X-ray photoelectron spectroscopy (XPS) is used to evaluate
changes in SEI thickness and composition upon formation and aging. In addition, the electrode
morphology is analyzed via scanning electron microscopy (SEM). In a second part, an

electrolyte formulation with PC as cosolvent is examined to increase ionic conductivity.

6.1 Pure TEG and TMG Solvents

6.1.1 Electrochemical Performance

Galvanostatic cycling of Si/Gr half-cells cycled in the respective electrolytes TMG (blue),
TEG (black), L-E/D (green), and LP30 (pink) are shown in Figure 32(a). Corresponding
columbic efficiencies are displayed in Figure 32(b). During the first cycle, the electrodes
exhibit higher specific lithiation capacities than the theoretical values in all 4 investigated
electrolytes. This is due to extensive SEI formation during this first cycle. The cell cycled in
the L-E/D electrolyte displays the highest lithiation capacity with 964 mAh. Also, the largest
irreversibility appears for L-E/D as can be seen in the coulombic efficiency of only 71 %. Cells
cycled in TMG, TEG, and LP30 display lower initial lithiation capacities of around 780 mAh g*
and higher columbic efficiencies of around 80 %. Upon cycling, the cell with the TMG
electrolyte displays the fastest capacity drop out of all electrolytes. Already after 10 cycles, a
decline of around 100 mAh g can be observed. This decrease is reflected by a decrease in
coulombic efficiencies of 1.5 %, indicating a possible loss of active material and solid
electrolyte interphase evolution. After 100 cycles, only 38 % of capacity can be retained from
the 647 mAh g* observed in the 2" cycle. In comparison, cells cycled in TEG show the smallest

capacity decrease out of all electrolytes. After 100 cycles, 488 mAh g™ are retained (i.e., 72 %).

1TMG: 1 M LiTFSl in 1,1,2,2-tetramethoxyethane; TEG: 1 M LiTFSl in 1,1,2,2-tetraethoxyethane
21P30: 1 M LiPFg in 1:1 EC: DMC; L-E/D: 1 M LiTFSl in 1:1 EC: DMC
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Coulombic efficiencies remain at around 98.9 % throughout the cycling experiment. When
using the two reference electrolytes LP30 and L-E/D, better performances are achieved
compared to the TMG case. However, the capacity retention is worse than in presence of TEG.
A significant capacity drop can be seen after 15 cycles for both carbonate-based electrolytes,

leading to a retention of 53 % and 56 % after 100 cycles, respectively.
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Figure 32: (a) Cycling stabilities and (b) coulombic efficiencies of Si/Gr electrodes cycled in TMG
(blue), TEG (black), L-E/D (green), and LP30 (pink) electrolytes.

Figure 33(a) compares the evolution of the differential capacity (dQ/dE) of the Si/Gr
electrodes for selected cycles over the first 100 cycles. Regardless of the used electrolyte, the
Si/Gr electrodes generally display the same electrochemical processes, but with different rates
of intensity decay for the characteristic intercalation/alloying peaks. Intercalation reactions of
lithium-ions into graphite emerge at the following potentials: 0.2 V (stage 1V), 0.13 V (stage I,
LiCa0), 0.1 V (stage Il, LiC12), and 0.07 V (stage I, LiCe).[2°*:1292] | jthiation of silicon extends
over the whole lithiation profile. Crystalline silicon is lithiated via a two-phase mechanism
resulting in amorphous silicon-lithium alloys (LixSi).52-°1 At the end of the first lithiation,
this amorphous phase reacts to crystalline LiisSis, corresponding to the minima at 0.04 V in the
dQ/dE plot.58H8%1 Dyring delithiation, LiisSis transforms back to amorphous silicon in which
state it remains during further cycling. In subsequent cycles, a new signal is observed at 0.3 V
corresponding to the lithiation of this amorphous phase, see the 10" cycle (purple line).
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In all systems, the first cycles display intense dQ/dE signals during both lithiation and
delithiation. Cells cycled in the TMG electrolyte show the most pronounced intensity decrease
upon cycling. Already after 10 cycles, a large amount of graphite and silicon activity is lost,
reflecting the dramatic capacity drop observed in Figure 32. Both reference electrolytes L-E/D
and LP30 show higher electrochemical activity than TMG, which results in the higher capacity
retentions observed in Figure 32. Especially graphite intercalation reactions are better retained
upon cycling. However, both silicon and graphite show losses in activity, mirroring the capacity
drop in Figure 32. By contrast, when using TEG, only small losses in silicon activity are
observed as can be seen in the signal at 0.3 V and 0.04 V from the 10" to the 100" cycle.
Moreover, the electrochemical activity of graphite is completely retained throughout the GCPL
experiment. This better retention in the activity of both silicon and graphite explains the

improved electrochemical performance displayed in Figure 32.

At this stage, neither electrolyte viscosity nor ionic conductivity appears to play a role.
For TMG and TEG, both parameters are very similar, however, their electrochemical
performances are very different. Compared to L-E/D and LP30, TEG has much higher
viscosities and lower ionic conductivities. However, much higher capacity retention is achieved
during cycling with TEG. Different film-forming abilities might be one reason for the observed

differences in electrochemical activity, as will be discussed in the following part of this thesis.

Figure 33(b) illustrates the differential capacities in the voltage range of initial SEI
formation (between 2.5-0.4 V vs. Li/Li*). Assignment of changes in the dQ/dE signal to specific
electrochemical reactions has to be undertaken with caution because the signal also indirectly
shows electrochemical reactions on the lithium counter electrode. Keeping this in mind, the
electrode surface was analyzed with XPS at the indicated potentials (i.e.,, 2.5V, 1.3V, 0.9V,

and 0.5 V) to elucidate whether SEI formation is taking place.
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Figure 33: (a) Differential capacities of dQ/dE plot of Si/Gr electrodes cycled in TMG (i), TEG (ii),

L-E/D (iii), and LP30 (iv) electrolytes and (b) dQ/dE in the voltage range of initial SEI formation.

77



6 Glyoxylic Acetals as Electrolyte Solvents

6.1.2 SEI Analysis

SEIl thickness approximation

Similar to Chapter 5, the SEI thickness is approximated by calculating an intensity
attenuation, see Eq.(25). The obtained attenuation values at different potentials during the first
lithiation (i.e., at 2.5V, 1.3V, 0.9V, 0.5V, and 0.01 V) as well as after the 1%, the 10", and
100" cycle (all in the delithiated state at 1.5 V) are displayed in Figure 35. The formation
potentials are motivated by specific minima in the differential capacity plots of Figure 33(b).
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Figure 34: Thickness approximation of the SEI formed by TMG, TEG, L-E/D, and LP30 electrolyte
decomposition. The error bars indicate the standard deviation between two measurements on one

electrode.

During the first lithiation at 2.5 VV and 1.3 V, less graphite is detected for cells containing
LiTFSI-salt i.e., TMG, TEG, and L-E/D. In presence of LiPFe (i.e., LP30 electrolyte) the
detected graphite intensity is higher. Only small changes are observed in the attenuation
between 2.5V and 1.3V, which indicates similar surface layer thicknesses. At 0.9 V, the
observed attenuation values decrease in all four cases from around 0.9 - 0.6 to 0.5 - 0.3
indicating an increase in layer thickness. This increase coincides with the electrochemically
observed onset of electrolyte decomposition (i.e., 1.5-1.0 V vs. Li/Li*) seen in Figure 33(b).
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The attenuation values continue to drop from 0.5V to below 0.2 for TMG and TEG. In
comparison, both carbonate-containing electrolytes, L-E/D, and LP30 display higher
attenuation values and therefore a thinner SEI layer. At 0.01 V, no graphite is observed for any
electrolyte. Thus, the SEI is thicker than 3A, i.e., thicker than 9.6-11.7 nm (see 3A for LiF and
PMMA, respectively). After the first delithiation, graphite reappears in the case of TMG, TEG,
L-E/D, and LP30. The SEI layer thickness increase during lithiation and decrease during
delithiation is already known in literature. Especially in presence of silicon, the SEI layer is
known for such a “breathing behavior”.[P11212L223] |t can be explained by the mechanical
instability of the SEI during the silicon volume decrease from the lithiated to the delithiated
state. Thereby, graphite is re-exposed and can be detected via XPS due to emerging cracks in
the SEI or parts of it detaching or dissolving into the electrolyte. After 10 cycles, no graphite is
observed for TMG and TEG while it is still being detected for L-E/D and LP30. There can be
two reasons for this observation: 1) glyoxal-based electrolytes decompose to a stronger degree,
which would lead to a faster SEI coverage of the electrode, or 2) glyoxal-based electrolytes
accommodate the electrode volume changes to a higher degree. After 100 cycles, graphite is
not observed in all cases suggesting a considerable SEI layer is built-up during extended

cycling.

Overall, the electrolyte solvent seems to play a more important role in SEI thickness
than the electrolyte salt. Higher similarities were detected between the same group of electrolyte
solvents than for the same electrolyte salt. The SEI thicknesses of electrolytes containing
carbonate solvents (i.e., LP30 and L-E/D) are more comparable to each other, as are the
thicknesses between electrolytes containing glyoxal solvents (i.e., TMG and TEG). In contrast,
the thicknesses of LiTFSI-containing TMG, TEG, and L-E/D are much less comparable. Also,
TMG and TEG show similar absolute values and trends in attenuation, which would suggest
similar SEI thicknesses during the first ten cycles. Possible changes in SEI thickness upon
longer cycling, especially when the achievable capacities and thus the amount of active material
being (de)lithiated differ significantly from each other, cannot be observed because of the high

surface sensitivity of XPS.
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Fitting model for glyoxylic acetal decomposition products

XPS is used to analyze the film forming properties of TMG and TEG. The electrode
preparation procedure prior to XPS measurements is detailed in Chapter 4.5. To determine
which surface species belong to TMG and TEG decomposition products, the surface of a
pristine Si/Gr electrode is compared to the surface of a fully lithiated electrode. The resulting
C1s and Ols spectra are shown in Figure 35(a) and obtained binding energies and atomic
percentages of detected species are summarized in Table 7. The C1s spectrum of the pristine
electrode displays three peaks corresponding to graphite (284.6 eV), hydrocarbons associated
with both adventitious carbon, and the LiPAA binder (285 eV), and -CO.Li-groups of the
LiPAA binder (C1s: 288.3 eV). Corresponding peaks of the LiPAA binder emerge in the O1s
spectrum at 531.6 eV and 533.2 eV).

(a) C1s O1s

pristine pristine -C=0ippn

'C'OLiPA

TEG
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Figure 35: (a) C1s photoelectron spectra of pristine and cycled Si/Gr electrodes. The cycling was done
in TMG and TEG electrolytes, respectively. (b) Hypothesized TMG and TEG decomposition products
with highlighted functional groups were observed with XPS (-C-O (blue), -CO.Li (green), and -COs
(gray)).

80



6 Glyoxylic Acetals as Electrolyte Solvents

After lithiation to 0.01 V in the respective glyoxal electrolytes, four peaks are observed
in the Cls spectra: -CH (285¢eV), -C-O (286.8eV), -CO.Li (i.e., carboxylic -C(=0)O
environment at 289.0 eV), and -COzLi (i.e., carbonate -O(C=0)OL.i environment at 290.1 eV).
Respective peaks are detected in the O1s spectrum for -C=0 species at 531.8 eV and -C-O at
around 533.1 eV.

Table 7: Binding energies (BE) and atomic percentages (at.%) of carbon-oxygen species detected on

Si/Gr electrodes before cycling (i.e., pristine) and after cycling in either TMG or TEG.

Pristine T™G TEG
BE (eV) At.% BE (eV) At.%  BE (eV) At%
Cls -C-0 - - 286.8 14 286.8 14
—COzLi 288.3 49 289.0 2.0 289.0 2.1
-CO Li - - 290.1 7.7 290.1 7.8
3
O1s -C=0 531.6 12.7 531.8 29.0 531.8 29.6
-C-O 533.2 3.9 533.1 3.8 533.0 3.8

XPS can give information about functional groups detected in the SEI. Due to the
inhomogeneous nature of the surface layer, it is difficult to determine the actual molecular
structure of TMG and TEG decomposition products. -C-O groups most probably result from
the carbon atoms in ether position, see highlighted group in P1 of Figure 35(Db).
Carboxylic -CO2Li environments probably emerge in structures such as P1 and P2. Carbonates
could emerge in form of Li.COgz, see P3. The formation of carbonates could result via the
decomposition of TMG and TEG to CO., which can subsequently react with lithium to form
lithium carbonate.l®® Another indicator that the peak at 290.1 eV can be assigned to carbonate
species is a relation close to 1 between the atomic percentages of -C=0 species detected in the
C1s (as part of C(=0)0 and -O(C=0)0 environments) and the O1s spectrum, see Table A5 for
more information. Interestingly, the acetal environment (i.e., O-C-O) which should emerge at
around 288 eV is not detected with XPS. Also, no ROLi compounds are detected at around
531 eV in the O1s spectra of TEG and TMG which would indicate the formation of lithium

alkoxide species.
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Evolution of the SEI composition during formation and aging

To understand the SEI formation in the investigated electrolytes, electrodes were cycled
upto25V, 13V, 0.9V,05V,and 0.01V in the first cycle, and subsequently analyzed via
XPS. C 1s spectra are displayed in Figure 36 and the atomic percentages derived from this data
are summarized in Figure 37. The corresponding F1s spectra and the atomic percentage
evaluation are presented in Figure 38 and Figure 39, respectively. N1s, O1s, P2p, and S2p
spectra can be found in Figure A12-Figure Al4. An overview of all detected species can be
found in Table A6-Table A9. Assignment of different surface species follows previous reports

in the literature, see Table 4. Survey spectra are displayed in Figure A22-Figure A25.
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Figure 36: C 1s photoelectron spectra of electrodes cycled in TMG, TEG, L-E/D, and LP30 electrolyte
respectively at 2.5V, 1.3V, 0.9V, 0.5V, and 0.01 V during the first lithiation.
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Figure 37: Atomic percentages of detected SEI species -CH, -C-0O, -CO,, and -COs of electrodes cycled
in TMG, TEG, L-E/D, and LP30 electrolyte at 2.5V, 1.3V, 0. 9V, 0.5V, and 0.01 V. The error bars

indicate the standard deviation between two measurements on one electrode.

Solvent decomposition. Electrodes cycled in TMG and TEG electrolytes display very
similar C 1sspectraat 2.5 V and 1.3 V, see Figure 36. Six peaks are observed in each spectrum:
graphite (284.8 eV) with its corresponding n—n" shake-up (290.8 eV), hydrocarbons (285 eV),
-C-O groups (286.5 eV), -CO.L.i groups (carboxylic environment at 289 eV), and -CFz groups
of the LITFSI salt (293.4eV). At these voltages, it is reasonable to assume that the
decomposition of TMG and TEG is not yet prominent. Differences in atomic percentages
between both potentials are very low, see Table A2 and Table A3. Also, no -COsLi compounds
are yet observed. Therefore, the -C-O peak could belong to TMG and TEG solvent residues and
not to electrolyte decomposition products. Electrolyte solvent residues might derive from the
electrode washing process in which TEG and TMG are used as washing solvents. As they have

high vapor pressures, the respective solvent might not completely evaporate, and a small residue
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remains on the surface. Following this hypothesis, hydrocarbons can be assigned to adventitious
carbon, LiPAA, and in the case of TEG also by -CH groups. -CO2Li groups emerge due to the
LiPAA binder. The -O-C-O-groups of TEG and TMG cannot be seen in the C1s spectra, which
could be due to the low amount of TEG and TMG present on the surface. At 0.9 V, a distinct
difference in surface composition is observed. A new peak emerges corresponding to -COsLi
(290.4 eV), similar to the spectra in Figure 22. Hydrocarbons, -C-O, and -COzLi-containing
compounds are increasing in intensity, while the graphite intensity is decreasing. These
observations indicate the decomposition of the glyoxal solvents. When lowering the potential
further down to 0.5V and 0.01 V, the SEI components continue to increase, while graphite
decreases in intensity. In the fully lithiated state, the SEI is so thick that no more graphite is
detected. Here, the Cls spectra are dominated by hydrocarbons (~22 at.%) and -COsLi
containing compounds (~7 at.%), see Figure 37. Overall, TMG and TEG display very similar

C1s spectra as well as atomic percentages of the different carbon surface species.

C1s spectra of electrodes cycled in the two reference electrolytes LP30 and L-E/D show
four peaks at 2.5V, corresponding to graphite (284.4 eV) with the corresponding n—m
shake-up (290.8 eV), adventitious carbon and -CC/CH groups at 285 eV, and -CO-Li-groups
of the LiPAA binder (288 eV). L-E/D shows an additional peak corresponding to -CF3z groups
of the LiTFSI salt (293.3 eV). Substantial changes in the C1s spectra can be observed for both
reference electrolytes when the cell potential is lowered to 0.9 V. At this stage, a decrease in
graphite intensity is detected, while the intensities for hydrocarbons and -CO:Li-groups are
increasing. The -CO2Li-groups now correspond to EC:DMC decomposition products, rather
than to the LiPAA binder. Furthermore, two new peaks are observed corresponding to -C-O
(286.5 eV) and -COsLi-groups (290.3 eV) of EC:DMC decomposition products such as PEO
and Li,COs. The -C-O-component at 286.5 eV could also be attributed to carbon neighboring
a carbonate group (i.e. -C-COsLi), as is the case for alkyl-carbonates.?? Alkyl-carbonates such
as lithium ethylene decarbonate (LEDC) are typical degradation products of
carbonate-containing electrolytes.®M2101 At 0.5 V and 0.01 V, all SEI components continue to
increase in intensity, indicating ongoing electrolyte solvent decomposition. The amount of
detected graphite further decreases and disappears completely in the fully lithiated state. A
previous XPS study on graphite electrodes showed comparable SEI evolution over cycling for
both L-E/D and LP30 electrolytes, respectively.[*1%]

Both glyoxal- and carbonate-based solvents show initial SEI formation between 1.5 V
and 0.9 V, which is also supported by the dQ/dE plots in Figure 33(b). In the fully lithiated
state, they display similar amounts of hydrocarbons, while -C-O compounds are more abundant
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for L-E/D and LP30. The amount of -COL.i species is similar for TMG, TEG, and LP30, but
higher for L-E/D. Carbonate-containing compounds are more abundant for the LiTFSI-
containing electrolytes, i.e., TMG, TEG, and L-E/D but less present for the LiPFs containing
LP30.

Salt components and decomposition. LiTFSI is suggested to be reduced via the
intermediate product LiSO>CFs to a combination of LiF, Li2S, Li2S204, Li2SO3, Li>SO, and
LisN.[117116212251 1t \was further proposed for LiTFSI to form CoF«Liy-like compounds.i! In
Figure 38, F1s spectra of cells cycled in TMG and TEG display two peaks corresponding
to -CF3 (689.1 eV) and LiF (685.1 eV). At higher potentials such as 2.5 V and 1.3 V, the -CF3
peaks most probably correspond to residual LiTFSI electrolyte salt. At lower voltages, the
LiTFSI-CF3 peak overlaps with possible -CFs-containing decomposition products. However, it
is not possible to differentiate between -CFs groups which correspond to salt or salt
decomposition products. As can be seen in Table A6-Table A9 the ratio of -CF3, -N-SOx,
and -SO, matches the ratio observed in LiTFSI. This increases the probability for the -CFs peak
to belong to the LiTFSI salt. Because the intensity is normalized to a scale of 0 to 1, changes in
the detected -CF3 species cannot be readily analyzed from the shown graphs. Therefore, the
absolute atomic percentages displayed in Figure 39 are examined. At higher potentials (i.e.,
from 2.5V to 0.5 V), both LiTFSI-containing TMG and TEG electrolytes demonstrate only
small changes in atomic percentages of the -CFz species. In the fully lithiated state at 0.01 V,
both display a decline in the detected -CFz amount of 10 at.%. This suggests a stronger
reduction of LiTFSI to LiF. Indeed, the intensity of the LiF peak relative to -CFs increases from
2.5V t0 0.01 V for both TMG and TEG electrolytes. Compared to TEG, TMG displays higher
LiF amounts at each investigated potential, indicating higher LiTFSI-salt decomposition with
this electrolyte. S2p spectra in Figure Al4 of electrodes cycled in TMG and TEG display an
intensive doublet at 169.3 eV which corresponds to the -SO group in the LiTFSI-salt. The
second doublet at 167 eV is ascribed to oxidized sulfur species such as -SOx. Some works also
assigned this species to LiSOs components.'*”l During formation, no other sulfur
decomposition products emerging below 167 eV such as Li,S, Li»S20a, or Li.SO are detected.
N1s spectra in Figure Al13 display a peak at 399.8 eV corresponding to N-SO> groups of
LIiTFSI. At 0.01 V, cells cycled TEG show an additional peak at 397.5 eV corresponding to
LisN. With TMG, no such component is observed.

Cells cycled in the L-E/D reference electrolyte display two peaks corresponding to -CFs
(689 eV) and LiF (685.1 eV) see Figure 38. At 0.01 V, an additional peak emerges, which can
be ascribed to groups in CoF«Liy-like compounds.[**”l Compared to the -CF3 peak at 689.1 eV,
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these -CFx components emerge at much lower binding energies of 687 eV. This could be

explained by the absence of neighboring -NSO> groups. In the C1s spectra, -CFx species are

difficult to assign as they are hidden by prominent carbon-oxygen peaks. Interestingly, both

glyoxal-based electrolytes do not display this species. Similar to TMG and TEG, L-E/D shows

an increase in the relative intensity of LiF from 2.5V to 0.01 V. Also, S2p spectra exhibit two
doublets at 169.5eV and 166 eV, corresponding to -SO. groups and -SOx or Li>SOs,

respectively, see Figure A14. Contrary to TMG and TEG, no increase is observed for the -SOx

or Li>SO3z species. N1s spectra show a peak at 399.9 eV ascribed to N-SO> groups. Like TEG,
LisN emerges in the fully lithiated state at 0.01 V (see Figure A13).
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Figure 38: F 1s photoelectron spectra of electrodes cycled in TMG, TEG, L-E/D, and LP30 electrolyte
at2.5Vv,13V,0.9V,05V,and 0.01 V.
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Figure 39: Atomic percentages of LiF and-CFs/-CF for electrodes cycled in TMG, TEG, and L-E/D at
25V,13V,0.9V, 0.5V, and 0.01 V. For cells cycled in LP30, LiF and LixPFy are displayed, also at
25V, 13V,0.9V, 05V, and 0.01 V. The error bars indicate the standard deviation between two

measurements on one electrode.

Cells cycled in the LP30 reference electrolyte show two peaks in Figure 38
corresponding to LiF (685.1 eV) and a mixture of LixPFy/LixPOFy (687.2 eV). Both result from
the decomposition of the electrolyte salt LiPFe.[*300[22611227] |nterestingly, LiF is already detected
at 2.5V, indicating LiPFs to be decomposing at higher potentials, most probable via
hydrolysis.[1°M1301 An increase in LiF abundance can be observed from 2.5V to 1.3V, see
Figure 39. From 1.3V to 0.5V the detected amount of LiF decreases, while more
LixPFy/LixPOFy is observed. Such a decrease might be due to the starting EC and DMC
reduction, as is seen in the C1s spectra. In the fully lithiated state, LiF again increases in
intensity, which can occur due to the low potential and a more reactive SEI. P2p spectra of
Figure Al4 display two doublets corresponding to LixPFy (137 eV) and LixPOFy (134.5 eV).
Upon lithiation, the amount of detected LixPOFy behaves similar to LiF, as it shows a decrease
from 2.5V to 0.5 V but a subsequent increase from 0.5V to 0.01 V.

Overall, all anodes cycled in LiTFSI-containing electrolytes display lower atomic
percentages of LiF, while 4-9 at.% more of this component is seen when cycling in presence of
LiPFe.
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Evolution of SEI composition during aging. To investigate SEI aging in the different
electrolyte systems, XPS was conducted after 1, 10, and 100 cycles on electrodes in the
delithiated state (i.e., at 1.5 V). Figure 40 shows the C 1s spectra of electrodes cycled in TMG,
TEG, L-E/D, and LP30 electrolyte, respectively. Derived atomic percentages from these data
are summarized in Figure 41. F1s spectra are displayed in Figure 42 with corresponding atomic
percentages in Figure 43. Spectra of the remaining elements O1s, N1s, P2p, and S2p can be
found in the appendix Figure A15-Figure A17. An overview of all detected species can be
found in Table A6-Table A9.
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Figure 40: C1s spectra of Si/Gr electrodes cycled in TMG, TEG, L-E/D, and LP30 electrolyte at C/10.
Photoelectron spectra were taken after the following cycles: 1, 10, and 100 cycles.

Solvent decomposition. The following species are found at the electrode surface for all
four electrolytes, see Figure 40: hydrocarbons (285 eV), -C-O groups (286.5 eV), -CO.Ll
groups (288.9 eV), and -COsL.i groups (290.4 eV). Electrodes cycled in TMG, TEG, and L-E/D
show an additional peak at 293.2 eV corresponding to -CFs groups resulting from the remaining
LiTFSI salt as previously discussed in the formation analysis part. Upon cycling, TMG and
TEG display very similar trends in atomic percentages. While -C-O components remain at
around 4 at.% throughout all 100 cycles, hydrocarbons, -CO-L.i, and -COsLi groups increase in
abundance. This suggests TMG and TEG solvents decompose to -CH, -COLi, and -COsLi
containing products upon prolonged cycling. When cycling in L-E/D, a decrease is observed
for -CO.L.i, while the amount of -COsLi and -C-O components increases. Cells cycled in LP30
exhibit an increase in hydrocarbons and -CO.Li compounds upon cycling. The amount of

detected -C-O and -COsLi however stays very similar between the first and the 100" cycle.
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However, the SEI formed by LP30 exhibits the highest abundance in -COsLi out of all

electrolytes.

During aging, the composition of the organic part of the SEI is affected by the electrolyte
solvent. SElIs formed in glyoxal-based electrolytes TMG and TEG display very similar
compositions that are more abundant in hydrocarbons. By contrast, both SEI layers derived
from carbonate-based electrolytes show higher contents of -C-O and -COs species, which is
expected for carbonate-based electrolytes as they form PEO, Li,COs, and LEDC.[*¥
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Figure 41: Atomic percentages of different carbon-containing species in the SEI of Si/Gr electrodes
cycled in TMG, TEG, L-E/D, and LP30 electrolyte at C/10. Photoelectron spectra were taken after the
following cycles: 1, 10, and 100 cycles. The error bars indicate the standard deviation between two

measurements on one electrode.
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Figure 42: F1s spectra of Si/Gr electrodes cycled in TMG, TEG, L-E/D, and LP30 electrolyte at C/10.
Photoelectron spectra were taken after the following cycles: 1, 10, and 100 cycles.

Salt decomposition. The decomposition products of the different electrolyte salts LiTFSI
and LiPFe can be followed in the F1s spectra displayed in Figure 42. As seen during the SEI
formation, two peaks are detected when cycling in TMG or TEG, namely LiF and -CFs.
While -CF3 decreases upon cycling, the amount of detected LiF increases for both electrolytes
from the first to the 10" cycle (i.e., 18 at.% for TMG and 10 at.% for TMG), see Figure 43.
After 100 cycles, LiF decreases by 14 at.% for TMG and 9 at.% for TEG. In all cases, TMG
displays higher LiF abundance than TEG, indicating higher salt decomposition for the TMG
electrolyte. In addition to fluorine-containing decomposition species, TMG and TEG show
emerging LisN (397.4 eV), -SOx or Li2SO3 (167.3 eV), and additional sulfur decomposition
products (~163.9 eV and 161.8 eV), see Figure A16 and Figure A17. These additional sulfur
decomposition products are already present after the first cycle with TMG, while they only

emerge after 100 cycles with TEG.

The F1s spectra of cells cycled in the L-E/D reference electrolyte display three peaks as
already seen after 0.01 V, corresponding to -CFs, C2F«Liy, and LiF species. Upon cycling, the
amount of detected LiF increases by 11 at.% from the first to the 10" cycle. Unlike TMG and
TEG, the amount of LiF does not drop upon continued cycling but stays at around 12 at.%. The
detected amount of -CF3 compounds increases slightly upon cycling by 4 at.% from the firstto
the 100" cycle. Detected CoFxLiy species are decreasing upon cycling. Concerning N- and
S- containing decomposition products, neither LisN nor -SOx/Li.SO3 components are detected
with L-E/D upon cycling. The SEI formed by LP30 demonstrates an increase of LixPFy/LixPOFy
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species upon cycling, while the amount of LiF decreases. Intensities of detected LixPOFy

species in P2p spectra of Figure A17 remain similar throughout cycling.

Compared to the C1s spectra, where an increase in solvent decomposition is observed,
no dramatic increase in salt decomposition is detected after 100 cycles. While the amount of
measured LiF even decreases for TMG, TEG, and LP30, no changes are seen for L-E/D. Also,
differences in the composition of deeper layers cannot be identified due to the high surface
sensitivity of XPS. Nevertheless, it can be concluded that for all four electrolyte formulations
used, the inner SEI layer is mostly made of inorganic components while the outer layer is more
organic in nature. While this is already known for carbonate-based electrolytes, #1164l the same

is true for the SEI formed by glyoxal-based electrolytes.
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Figure 43: Fl1s atomic percentages of Si/Gr electrodes cycled in TMG, TEG, L-E/D, and LP30
electrolyte at C/10. Photoelectron spectra were taken after the following cycles: 1, 10, and 100 cycles.

The error bars indicate the standard deviation between two measurements on one electrode.
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SEl and electrode morphology

SEM micrographs of a pristine Si/Gr electrode and electrode surfaces after 100 cycles
are presented in Figure 44. The uncycled electrode of Figure 44(a) displays graphite as large
rectangular-shaped particles, silicon as small and round shapes, spread into different
agglomerations, and carbon nanofibers as long wires. After 100 cycles, all surfaces display
pronounced changes in electrode morphology. In the case of TMG, L-E/D, and LP30 graphite
particles are covered with electrolyte decomposition products. The previously sharp graphite
edges are concealed by bright and small particles, that are either closely sticking together or
forming intricate networks. Corresponding magnifications show a strong SEI coverage of
graphite, carbon nanofibers, and silicon particles. However, it is difficult to differentiate
between silicon particles and electrolyte decomposition products such as LiF. For all three
cases, the surface morphology is very rough, suggesting continuous breaking and reformation
of the SEI layer.

By contrast, the surface of the electrode cycled in TEG is covered by a smooth SEI film,
which makes it difficult to distinguish between separate graphite particles. This difference in
electrode surface morphology is also observed in the magnification, suggesting an extensive
coverage of the electrode material. Furthermore, the SEI film does not exhibit obvious cracks,
suggesting that TEG forms an SEI with an increased ability to accommodate the volume
changes of the Si/Gr electrode.
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Figure 44: SEM pictures of a pristine Si/Gr electrode (a) and after 100 cycles in TMG (b), TEG (c),
L-E/D (d), and LP30 (e) electrolyte.
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Stability of TMG and TEG against Li-metal
Previous chapters analyzed the influence of TMG and TEG on the SEI thickness and

composition, as well as the electrode morphology. In this part, a closer look is taken at the
interaction of TMG and TEG electrolytes with the lithium metal counter electrode. Figure 28
illustrates the lithium metal electrode after being cycled 100 times in the (a) TMG, and (b) TEG
electrolytes. In the case of TMG, the middle area of the lithium-metal is completely black and
almost no metallic lithium remains. This suggests a severe depletion of the lithium reservoir.
Accordingly, it seems TMG cannot passivate the lithium metal well. When cycled in the TEG
electrolyte, the lithium metal also displays black parts, however, enough metallic lithium
remains, as can be seen in the front and back side pictures of the lithium electrode in Figure

45. The metal passivation appears to be greater for TEG.

(a)

Figure 45: (a) Li-metal after 100 cycles in TMG electrolyte. (b) Li-metal after 100 cycles in TEG
electrolyte front (left) and back (right).
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Correlating film-forming properties to electrochemical performance

In this study, all experiments were conducted under similar parameters except for the
electrolytes used. Therefore, the differences in cycling stability and SEI properties between
Si/Gr electrodes can be related to the electrolyte formulations. The carbonate-based reference
electrolytes L-E/D and LP30 show similar capacity profiles with a pronounced capacity
decrease after 20 cycles. Also, very similar retentions are achieved after 100 cycles, indicating
a loss in both silicon and graphite electrochemical activity. The organic part of the SEI is very
similar, as can be expected of an SEI formed by the same carbonate-solvents (i.e., EC and
DMC). The following species are detected: -CH, -C-O, -CO-Li, and -COzL.i. LiF is the main
electrolyte salt decomposition product for both electrolytes, despite the two different salts (i.e.,
LiPFs and LiTFSI). Upon cycling, the amount of detected LiF decreases, while an increase is
seen for -C-0O, and -COsL.i containing species. Also, changes in SEI thickness are comparable.
SEM micrographs of electrode surfaces after 100 cycles show a very rough surface morphology,
indicating high mechanical strain as well as pulverization of the electrode material. As
previously motivated in this thesis, EC is not an ideal electrolyte solvent. The poor
electrochemical performance of L-E/D and LP30 can be correlated to an SEI whose main
organic species are decomposition products such as PEO and LEDC (seen in XPS as -C-O
and -COsLi species). These components are known to poorly adapt to the silicon volume
changes.?®l As a result, ongoing SEI formation occurs which leads to a loss of the electrode

integrity and finally a decrease in electrochemical activity.

The investigated glyoxal-based electrolytes TMG and TEG only differ by a methyl
group in the solvent molecule. Still, very different cycling profiles are observed. Cells cycled
in TMG exhibit worse electrochemical performance than TEG and the two carbonate-based
electrolytes. A dramatic decrease in both silicon and graphite activity is already observed in the
first 10 cycles. By contrast, TEG outperforms TMG, L-E/D, and LP30. While small losses are
observed in silicon activity, graphite can completely retain its electrochemical activity. TEG
and TMG display similar trends in initial SEI thickness. However, it is difficult to accurately
estimate the thickness after 10 cycles because the thickness reaches the limit of the XPS
information depth of 3A. Concerning SEI composition, the following functional groups are
detected in the C1s spectra, namely -CH, -C-O, -CO., -COs. The inorganic SEI is in both cases
made of LiF, -SOx/ Li>SO3z, and LizN compounds. While the amount of detected -CH, -C-O,
and -COz remains very similar for TEG and TMG upon cycling, the following differences are
observed when cycling in TMG: 1) earlier LiTFSI salt decomposition, as seen in additional

sulfur decomposition products are observed from the 1% cycle on. These are not observed for
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the SEI formed by the TEG electrolyte. 2) higher LiF amounts are detected after 10 and 100
cycles, 3) more carbonate species are detected after 100 cycles. The earlier and stronger salt
decomposition with TMG may indicate poor SEI stability. SEM displays evident differences in
the morphology of electrodes cycled in TEG and TMG. TMG displays a very brittle and rough
surface morphology, suggesting repeated breaking of the SEI layer upon cycling. This further
indicates a poor film forming ability of TMG on the Si/Gr anode. By contrast, TEG forms an
SEI layer with a very interconnected coverage, which suggests a better ability to adjust to the

volume changes of the Si/Gr electrode.

In conclusion, TMG shows poor film-forming abilities on both lithium-metal electrodes
and Si/Gr electrodes, explaining its poor electrochemical performance. When using TEG, a
more stable interphase is formed on the counter electrode and the Si/Gr anodes. The results
further indicate that the good electrochemical performance of Si/Gr electrodes in TEG
electrolytes can be related to the formation of an SEI that accommodates the silicon volume

changes more easily.
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6.1.3 Summary

Two electrolytes based on glyoxylic acetals were investigated as potential alternative
electrolyte formulations for Si/Gr anodes. While TMG performed worse than cells cycled in
the reference electrolytes L-E/D and LP30, a performance improvement could be achieved
when using TEG. The latter exhibited a much more stable capacity profile with overall higher
capacities. The poor performance of TMG could be related to a dramatic drop in both graphite
and silicon activity after already 10 cycles. TEG, on the other hand, showed higher retention of
silicon activity, with graphite activity remaining unchanged from the 1% to the 100" cycle. XPS
showed that TMG formed an SEI with slightly higher carbonate content and also earlier and
stronger LiTFSI salt decomposition, while -C-O and -CO.Li concentrations were similar when
compared to the TEG SEI. Further findings suggest that the SEI might not be the only reason
for the observed different cycling stabilities. The high reactivity of the TME solvent with the
lithium-metal counter-electrode can negatively affect the overall electrochemical performance
and partially explain the poor capacity retention with the TMG electrolyte. Thus, future work
will have to evaluate TMG’s effect on the cell performance without unwanted side reactions by
using less reactive counter electrodes. Analysis of the electrode morphology revealed TEG to
form a smoother and continuously connected SEI. This surface layer most probably has a higher
ability to accommodate the silicon volume changes upon cycling, rendering TEG a very
promising electrolyte candidate for realizing silicon-containing anodes with high capacity and
high stability. Even without SEI stabilizing electrolyte additive or ionic conductivity enhancing
cosolvent, TEG showed enhanced electrochemical performance with Si/Gr anodes compared
to the standard LP30.

97



6 Glyoxylic Acetals as Electrolyte Solvents

6.2 TEG:PC as electrolyte solvent

In Chapter 6.1 of this thesis, Si/Gr electrodes cycled in pure TEG electrolyte showed
promising cycling stability. However, pure TEG electrolytes exhibit high viscosities and low
ionic conductivities, when compared to carbonate-based electrolytes. By adding cosolvents
suchas EC, PC, or DMC, these properties can be improved. Out of these candidates, the mixture
1M LIiTFSI in 30TEG:70PC has been identified as the most promising when used with
graphite.[*>¥] The following part investigates electrolyte mixtures based on this 30:70 ratio with
10%-Si/Gr electrodes.

6.2.1 Electrochemical Performance

Figure 46(a) shows the galvanostatic cycling of Si/Gr electrodes cycled in
30TEG:70PC (dark cyan) and 30TEG:70PC-10FEC (navy). Also shown are electrodes cycled
under the same conditions in the reference electrolytes TEG (black) and 10FEC:90LP30 (pink).
All TEG-containing formulations contain LiTFSI as electrolyte salt, while the LP30-containing

electrolyte uses LiPFe.
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Figure 46: a) Long-term cycling stability and (b) efficiencies of Si/Gr electrodes cycled in TEG,
30TEG:70PC, 30TEG:70PC-10FEC, and 10FEC:90LP30.

98



6 Glyoxylic Acetals as Electrolyte Solvents

In the first cycle, electrodes cycled in 30TEG:70PC, 30TEG:70PC-10FEC, and
10FEC:90LP30 show a lithiation capacity of around 750 mAh g. With TEG a capacity of
around 800 mAh g is achieved. The capacity is much higher than the theoretical one, due to
excessive SEI formation during the first cycle. Coulombic efficiencies amount to 81-85 %, see
Figure 46(b). When cycling in 30TEG:70PC, a drop in capacity is observed after the first 20
cycles and after around 78 cycles, only 57 % of the capacity observed in the second cycle can
be retained. This is the lowest capacity out of all four electrolyte formulations. Interestingly,
the cycling stability with 30TEG:70PC is very similar to that observed with LP30 or L-E/D. If
10 vol.% FEC is added to the 30TEG:70PC formulation, the capacity is improved for the first
40 cycles. Upon further cycling, however, a drop is seen and after 80 cycles only 70 % of the
capacity can be retained. In contrast, cells cycled in either reference TEG or 10FEC:90LP30
electrolyte display much better electrochemical performance. The cell cycled in TEG displays
overall higher capacities, but lower coulombic efficiencies than with LP30. This results in a
capacity retention of only 77 % after 80 cycles. With LP30 this value is slightly higher and
amounts to 78 %.

GCPL and dQ/dE profiles are displayed in Figure 47. Every plateau in the GCPL
diagram corresponds to a peak in the dQ/dE profiles. Similar to Chapter 5 and Chapter 6.1,
the same electrochemical processes are observed: Intercalation reactions of lithium-ions into
graphite at 0.2 V (stage 1V), 0.13V (stage Ill, LiCz0), 0.1V (stage Il, LiC12), and 0.07 V
(stage 1, LiCg).129MM2021 | jthiation of silicon starts at 0.4 V and extends over the whole lithiation
profile. During the first lithiation, crystalline silicon forms amorphous silicon-lithium alloys
(LixSi).52HB81 At 0.04 V, the amorphous phase reacts to crystalline LisSia.P®H During
delithiation, LissSi4 transforms back to amorphous silicon in which state it remains during
further cycling. In subsequent cycles, a new signal is observed at 0.3 V corresponding to the
lithiation of this amorphous phase, see inset of Figure 47(b).

The cycling profile of PC:TEG in Figure 47(a) is not displaying overly large
lithiation/delithiation plateaus, therefore, co-intercalation of the PC solvent into graphite
particles can be ruled out. In the case of solvent co-intercalation, much higher lithiation
capacities would occur than theoretically possible.[*>] In fact, the obtained capacity profile is
characteristic of pure lithium-intercalation. It seems, that similar to the works done on graphite
anodes, TEG is hindering the co-intercalation of PC into the graphite particles. However, the
positive effect pure TEG displays on the electrochemical performance cannot be replicated by
the 30TEG:70PC formulation. Si/Gr electrodes cycled in 30TEG:70PC display the highest
capacity drop out of all electrolytes, which can be correlated to a complete decrease in silicon

99



6 Glyoxylic Acetals as Electrolyte Solvents

activity after 100 cycles, see dQ/dE inset Figure 47(b). Cycling in 30TEG:70PC-10FEC and
10FEC:90LP30 formulations leads to higher retention of the silicon activity. However, graphite
peaks decrease in intensity as well as a shift towards higher potentials (during delithiation) and
lower potentials (during lithiation). This behavior was also obtained for the FEC-containing
electrolytes analyzed in Chapter 5. It was suggested to result from increasing electrical
isolation of the graphite particles and a loss in electrode integrity. When cycling in pure TEG,
Si/Gr electrodes display the highest retention in graphite activity. With regard to the silicon
activity, higher values are obtained when compared to 30TEG:70PC and 30TEG:70PC-10FEC

but lower values are achieved when compared to 10FEC:90LP30.
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Figure 47: (a) GCPL profiles and (b) dQ/dE profiles of Si/Gr electrodes cycled in TEG, 30TEG:70PC,
30TEG:70PC-10FEC, and LP30-FEC, respectively.
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6.2.2 SEI Analysis

X-Ray photoelectron spectroscopy was used to determine the effect of the SEI on the
electrochemical performance. Cells were cycled to 0.8 V and 0.01 V during the first lithiation,
as well as to 1.5 V after the 1%, 10", and 78-80™ delithiation. All electrodes were washed in
500 pL of DMC for 1 min, see Chapter 4. The obtained C1s spectra are displayed in Figure
48. C1s spectra for electrodes cycled in pure TEG can be found in Figure 36 and Figure 40.
Atomic percentages of different carbon-oxygen compounds and LiF are displayed in Figure
49. F1s, N1s, O1s, P2p, and S2p spectra can be found in the appendix Figure A18-Figure A21.
A summary of all atomic percentages can be found in Table A10-Table A12. Survey spectra
are displayed in Figure A25-Figure A26.

Solvent decomposition. The following carbon peaks are observed independent of the
electrolyte, see Figure 48: graphite (~282-283¢eV), hydrocarbons (285¢eV), -C-O
(286.5 eV), -CO-Li (288-289 eV), and -COsLi (290-290.5 eV). Two additional peaks emerge
when electrodes are cycled in 30TEG:70PC-10FEC and 10FEC:90LP30. They correspond to
the two chemical environments Ca and Cy, in DO resulting from FEC decomposition, see Figure
49. A detailed discussion of FEC decomposition products is presented in Chapter 5.2 of this
thesis. As seen in Figure 49, electrodes cycled in the 30TEG:70PC electrolyte show the highest
abundance in -C-O containing species. This is especially true after 80 cycles. With
30TEG:70PC10FEC and 10FEC:90LP30 fewer -C-O groups are detected, while the electrode
cycled in TEG shows the lowest amount. From the 10" cycle onwards, when using
30TEG:70PC and 30TEG:70PC-10FEC the highest abundance of -COsL.i species is achieved.
Regarding FEC decomposition, electrodes cycled in 10FEC:90LP30 display an earlier FEC
reduction than the ones cycled in 30TEG:70PC-10FEC. Already after 0.8 V, 0.6 at.% of the Cy
component in poly(VC)/DO can be detected. With 30TEG:70PC-10FEC, this component is
barely observed with 0.1 at.% after the first delithiation and is present with similarly low

abundance (i.e., 0.7 at.%) only after 10 cycles.

Salt decomposition. While electrodes cycled in the TEG and 30TEG:70PC electrolytes
show the lowest amount in LiF (<4 at.%), higher abundance is observed in presence of
30TEG:70PC-10FEC (4-9 at.%). All three electrolytes contain LiTFSI as electrolyte salt.
However, FEC also forms LiF upon reduction, which could explain the higher LiF content
observed for the 30TEG:70PC-10FEC formulation. The highest concentration of LiF is
observed with 10FEC:90LP30 (10-21 at.%). It has already been seen in Chapter 5.1 that the
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presence of LiPFe results in more LiF formation. The addition of FEC further increases the
levels of LiF in the SEI for 10FEC:90LP30.
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Figure 48: Cls spectra of Si/Gr electrodes cycled in 30TEG-70PC, 30TEG-70PC-10FEC, and
10FEC:90LP30, respectively.
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Figure 49: Atomic percentages of Si/Gr electrodes cycled in TEG, 30TEG-70PC, 30TEG-70PC-10FEC,
and 10FEC:90LP30.
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6.2.3 Correlating SEI properties to electrochemical performance

While the 30TEG:70PC electrolyte formulation shows enhanced transport
propertiestt>2M158] no improvement in the electrochemical performance of Si/Gr anodes was
observed in Chapter 6.2.1. Especially the silicon activity decreases strongly upon cycling.
Adding 10 vol.% of FEC increases the cycling stability for 20 more cycles, however, a
subsequent decline in performance is observed after longer cycling. When cycled in the
10FEC:90LP30 formulation, Si/Gr anodes display the highest capacity retention and also the
highest silicon activity after 100 cycles, out of all four electrolytes. However, the capacity is
still lower than when cells are cycled in pure TEG. This mostly results from better retention in
graphite activity with TEG than with 10FEC:90LP30.

The poor performance of Si/Gr anodes with 30TEG:70PC most probably arises due to
the high presence of PC (70%) in the electrolyte. Similar to EC, PC decomposes to inorganic
and organic lithium carbonates such as LPDC.1?2] These species are detected as -C-O and -COs
groups with XPS. The SEI formed by 30TEG:70PC displays a much higher abundance of these
two compounds than the SEI formed by the pure TEG formulation. A high abundance of these
PC decomposition products in the SEI seems to negate the positive influence of TEG on the
SElI stability. Therefore, the SEI formed by 30TEG:70PC is most likely unable to accommodate
the silicon volume changes. This leads to higher SEI formation and a loss in electrode integrity,
which ultimately explains the drop in silicon activity and poor electrochemical performance.
Improved cycling stability is achieved by adding FEC to the 30TEG:70PC formulation. As seen
in Chapter 5, FEC decomposes to a polymer network containing -C-O, DO, and -CO.L.i units.
This polymer is hypothesized to stabilize the SEI upon the silicon volume changes. However,
as FEC is being depleted upon cycling, the stabilizing effect of this polymer is dampened. This
would explain the decrease in capacity observed for the 30TEG:70PC-10FEC formulation.
However, FEC decomposition products are still measured in the SEI after 80 cycles, as
indicated by the detection of DO in the Cl1s. Also, the SEI is still thinner than the XPS
information depth of 3A, as graphite is still being detected. This indicates that there is still
enough FEC present in the electrolyte for its decomposition products to be detected with XPS
and for it to still have a positive impact on the cycling stability. In fact, Si/Gr electrodes cycled
in the 30TEG:70PC-10FEC formulation display around 100 mAh g* more capacity than when
cycled in 30TEG:70PC. Comparing the electrochemical performance of Si/Gr anodes in the
30TEG:70PC-10FEC formulation to the one in 10FEC:90LP30, much lower capacity retention
is obtained. While both formulations use the same FEC concentration in the electrolyte, the
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cosolvents are different, namely TEG:PC and EC:DMC. EC and PC form carbonates upon
decomposition such as LEDC and LPDC, respectively. However, Melin et al. could show that
PC is reduced much more extensively than EC and forms a thicker SEI.[¥2 They could also
demonstrate by EQCM measurements that the SEI derived from EC remains on the graphite
electrode, while PC reduction products dissolve more easily in the electrolyte. Another work
also observed that LPDC is more soluble than LEDC in DEC solvent.™*] However, taking these
results and applying them to the present observations requires caution, because the solubility of
LPDC is different for 30TEG:70PC and DEC. XPS shows that FEC decomposition products
are already found after 0.8 V during the first lithiation with 10FEC:90LP30. In contrast, with
30TEG:70PC-10FEC the same amount of this DO species is not detected until the 10" cycle.
Differences in initial FEC reactivity might be due to different interactions between FEC and
the respective electrolyte salt (i.e., LiPFe or LiTFSI). Also, the presence of the 30TEG:70PC
solvent mixture could reduce the initial FEC decomposition. It can be hypothesized that this
early SEI composition will have an effect on the cycling stability and explain why
10FEC:90LP30 shows an improved electrochemical performance. Overall, the results show that

using PC as electrolyte solvent is unfavorable for silicon-containing anodes.

6.2.3 Summary

This chapter investigated the electrochemical performance and SEI properties of a
mixture of TEG and PC. Contrary to the pure TEG electrolytes, the 30TEG:70PC electrolyte
showed very poor capacity retention with Si/Gr anodes. This could be correlated to an SEI that
was mainly composed of PC decomposition products such as LPDC and Li.COs. Consequently,
it was hypothesized that these species were not able to accommodate the silicon volume
changes, which results in the poor electrochemical performance observed. An improvement
could be achieved when adding 10 vol.% FEC to the electrolyte formulation. While an increase
in cycling stability was observed during the first 40 cycles, the capacity dropped upon
subsequent cycling. Analysis of the SEI indicated that FEC decomposition products were still
present in the SEI after 80 cycles. Hence, the positive effect of FEC on the SEI stability should
still be present. A negative influence of the PC cosolvents was therefore proposed. In contrast,
Si/Gr electrodes cycled in 10FEC:90LP30 displayed better electrochemical performance.
Interestingly, when using the pure TEG formulation, a similar performance was achieved. This
further highlighted the potential of TEG as an electrolyte solvent for silicon-containing anodes.
To maintain the positive effects of the TEG solvent, further work must be done to optimize

electrolyte formulations.
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7 Electrolyte Comparison

In the previous two chapters, six electrolyte formulations were described as alternatives
to EC-containing electrolytes. The first two formulations were based on FEC as cosolvent with
1M LIiPF6 in either 20FEC:80DMC or 50FEC:50DMC, see Chapter 5. Two other
formulations consisted of 1 M LiTFSI in glyoxylic acetals TMG or TEG, see Chapter 6.1. TEG
was further mixed with PC, yielding the electrolytes 30TEG:70PC and 30TEG:70PC-10FEC,
see Chapter 6.2. Because all experiments were conducted under similar parameters (e.g.,
~2.8-3.1 mg cm-2 of active material, lithium counter electrode, cell set-up, XPS washing
procedure) differences in electrochemical performance and SEI properties can be correlated to
the electrolyte formulation. While formulations with the best electrochemical performance were
identified at the end of every chapter, no overall comparison has been conducted so far. This
chapter aims to identify the formulations that have the highest impact on the cycle life of Si/Gr
anodes. Therefore, all electrolytes used in this thesis are compared in Figure 50, which includes
the six formulations mentioned above as well as all reference electrolytes. In this comparison,

LP30 is taken as the overall reference electrolyte.
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Figure 50: Cycling stability of Si/Gr electrodes cycled in electrolyte formulations resulting in (a) high
capacity retention (i.e., > 80 % after 80 cycles), and (b) poor capacity retention (i.e., < 79 % after 80

cycles). LP30 is shown in each graph as the reference electrolyte. Displayed is the lithiation capacity.
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For clarity of presentation, the electrolyte formulations enabling high electrochemical
performance of Si/Gr anodes are shown in Figure 50(a). These include 20FEC:80DMC,
50FEC:50DMC, and TEG. LP30 is plotted as the reference electrolyte. Formulations that
displayed poorer capacity retentions are depicted in Figure 50(b). In particular: L-E/D, TMG,
2FEC:98LP30, 10FEC:90LP30, 30TEG:70PC, and 30TEG:70PC-10FEC. Capacities and
capacity retentions are displayed in Table 8.

Table 8: Lithiation capacities of Si/Gr electrodes cycled in the respective electrolytes after 2, 80, and

100 cycles. Also shown are capacity retentions after 80 and 100 cycles. Electrolytes are listed in

decreasing order of capacity retention with LP30 as the reference.

Lithiation ~ Lithiation  Capacity Lithiation Capacity

Electrolyte capacity capacity retention capacity retention

2" cycle 80 cycles  80cycles 100 cycles 100 cycles
(mAhg?) (mAhg?) (%) (mAh g?) (%)

LP30 625 389 62 365 58

50FEC:50DMC 622 534 86 503 81

20FEC:80DMC 617 532 86 488 79

TEG 646 518 80 489 76

10FEC:90LP30 611 481 79

30TEG:70PC-10FEC 600 442 74

2FEC:98LP30 624 416 67 322 52

L-E/D 751 437 64 399 47

30TEG:70PC 643 368 57

TMG 647 270 42 245 38

The summarized data indicates that the electrochemical performance is not influenced
by the transport properties of the electrolyte at this point. Formulations with similarly high
viscosities and low ionic conductivities such as TMG and TEG show very different
performances. TMG displays extremely poor cycling stability, while cycling with TEG
achieves very good performance. Formulations based on EC, DMC, PC, and FEC have lower
viscosities and higher ionic conductivities than both glyoxal electrolytes.[*>M1571 However,
Si/Gr electrodes cycled with <10 vol.% of FEC show poor cycling stability, while in presence
of >20 vol.% FEC the best performance is achieved. Therefore, no correlation can be found
between conductivities or viscosities and electrochemical performance. This is likely due to the
fact, that the cycling was performed at slow rates (C/10 for lithiation reaction; C/10, or C/3 for

the delithiation).
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The reference electrolyte LP30 displayed in both Figure 50(a) and Figure 50(b) shows
a decrease in capacity after around 10-20 cycles and after 100 cycles only 58 % of the capacity
of the 2" cycle can be retained, see Table 8. Chapter 6.1 shows that the capacity drop is mainly
due to a decrease in silicon activity. The decreasing activity can be attributed to poor SEI
properties formed by EC and DMC solvent in LP30. Electrodes cycled in L-E/D, which contains
the same solvents but different salt (i.e., LITFSI instead of LiPFe), displays similar capacity
retention after 100 cycles and similar decrease in silicon activity. It has been shown that EC
decomposition leads to the formation of LEDC and PEO.[?®1 with XPS, LEDC is detected
as -COsLi peak. The SEls derived from LP30 and L-E/D show the highest amount of this
species out of electrolytes, see Figure 51. LEDC and PEO are known to not sufficiently
stabilize the SEI upon silicon volume changes.!?®! As a result, cracks form in the SEI, revealing
previously covered active material. Consequently, continuous side reactions occur at the
electrode/electrolyte interface, depleting the electrolyte of lithium, increasing the resistance of

the SEI, and electrically isolating the silicon particles.
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Figure 51: Atomic percentages of -COsLi and DO (C, peak) SEI species after 80 cycles for
10FEC:90LP30, 30TEG:70PC, and 30TEG:70PC-10FEC, as well as after 100 cycles for LP30,
2FEC:98LP30, 20FEC:80DMC, 50FEC:50DMC, TEG, TMG, and L-E/D.

In comparison to the LP30 reference, Si/Gr anodes perform less well using TMG as an
electrolyte. In fact, when cycling in TMG, the poorest performance out of all electrolytes is
achieved, see Figure 50(b). After 100 cycles, the cell only delivered 245 mAh g, see Table 8.
This corresponds to a capacity retention of only 38 %. Such a low capacity was related to a
huge drop in both graphite and silicon activity when Si/Gr anodes were cycled in TMG.

Ultimately, the poor electrochemical performance was attributed to the ineffective film-forming
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capabilities of TMG on both the Si/Gr anode and the lithium counter electrode, see
Chapter 6.1. The 30TEG:70PC electrolyte is the second formulation in which Si/Gr anodes
perform worse than the LP30 reference, see Figure 50(b). After 80 cycles, only 368 mAh g
of capacity remains which corresponds to 57 % of the capacity of the 2" cycle. Again, the poor
electrochemical performance can be correlated to bad SEI properties. PC decomposes to LPDC
species which are detected as -COsLi groups with XPS, see Figure 51. Just like LEDC, LPDC
species might also be unable to adjust to the silicon volume changes. With 70 vol.% of PC, it

is likely that these species are abundant in the SEI and will negate the positive effects of TEG.

Adding 2-10 vol.% FEC in the electrolyte formulation leads to an increase in cycling
stability for LP30, see Figure 50(b). Similarly, Si/Gr electrodes cycled in 30TEG:70PC-10FEC
display improved electrochemical performance compared to pure 30TEG:70PC. Consequently,
with 2FEC:98LP30, 10FEC:90LP30, and 30TEG:70PC-10FEC formulations, higher capacities
and capacity retentions are observed after 80 cycles, see Table 8. However, FEC is being
consumed upon cycling, leading to the depletion of its concentration in the electrolyte. In the
SEl, this depletion can be traced by a decrease in DO (1,3-dioxolan-2-one) species. These
compounds are unambiguously linked to the presence of FEC decomposition products, since
no other electrolyte component forms this species upon reduction, see Chapter 5.2. As less DO
is formed, the SEI's capacity to adjust the volume changes is diminished. This results in
continued re-exposure of active material and ongoing SEI formation. Consequently, silicon
particles are electrically isolated, the electrolyte gets depleted of lithium, and the SEI resistance
increases.["}OH-181 Yltimately the capacity decreases. The depletion of FEC could explain the
drop in capacity observed for 2FEC:98LP30 where the least DO species are observed, see
Figure 51. Interestingly, DO is still well observed in the SEI for 30TEG:70PC-10FEC after 80
cycles, while its presence decreased dramatically in the case of 2FEC:98LP30 after 100 cycles.
The high drop in abundance in the latter case could be explained by 8 vol.% less FEC in the
electrolyte formulation and the fact that 20 more cycles were conducted before analyzing the
SEI with XPS. 10FEC:90LP30 and 30TEG:70PC-10FEC use 10 vol.% FEC and display similar
amounts of the FEC decomposition marker DO in the SEI, see Figure 51. However, both show
different electrochemical performances. This could be explained by the amount of respective
PC and EC cosolvent in the electrolyte. In the glyoxal-based formulation, 70 vol.% of PC is
present in the electrolyte, while only 50 vol.% of EC exists in the LP30 formulation. Therefore,
PC likely decomposes to a higher degree than EC, resulting in a more pronounced SEI
instability. The abundance of -COsL.i species is also higher for 30TEG:70PC-10FEC than it is
for 10FEC:90LP30, see Figure 51. This could indicate the formation of more SEI species which

109



7 Electrolyte Comparison

are unable to accommodate the volume changes. Additionally, the interactions between FEC
and the respective salt (i.e., LiPFs or LIiTFSI) might also influence the electrochemical
performance. Figure 52 proposes schematic figures of the SEI composition of Si/Gr electrodes
cycled in 30TEG:70PC, 30TEG:70PC-10FEC, and 10FEC:90LP30, respectively.

30TEG:70PC 30TEG:70PC-10FEC 10FEC:90LP30

Figure 52: Proposed schematic figures of SEI composition of Si/Gr anodes after 80 cycles in
30TEG:70PC, 30TEG:70PC-10FEC, and 10FEC:90LP30, respectively. The polymer contains C-O, DO,
and -CO.Li units.

The best electrochemical performances are achieved when using electrolyte
formulations containing >20vol.% FEC that are EC-free (i.e., 20FEC:80FEC and
50FEC:50DMC), see Figure 50(a). Both formulations achieve around 86 % and 80 % of
capacity retention after 80 and 100 cycles, respectively. For the 50FEC:50DMC formulation,
500 mAh g* of capacity is achieved after 100 cycles, which is 20 mAh g* more than with
20FEC:80DMC. The improved cycling stability can be attributed to an extended presence of
FEC decomposition products in the SEI. In fact, the measured FEC decomposition marker DO
is highest after 100 cycles for 20FEC:80FEC and 50FEC:50DMC, see Figure 51. The presence
of higher amounts of DO species suggests that the SEI is formed largely from FEC degradation
products, indicating that it retains its ability to adjust to volume changes even after extended
cycling. Figure 53 proposes schematic figures of the SEI composition formed in the FEC
cosolvent and reference formulations. While the polymer containing C-O, DO, and -CO-Li

units are visible in the SEI for FEC cosolvents, the FEC additive SEI is displaying much less
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of this species. At the same time, more carbonates such as Li.CO3z or LEDC are observed. Also,

SiOxFy species are observed with the cosolvent but not with the additive formulations.

(b) FEC Additive
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Figure 53: Proposed schematic figures of SEI composition of Si/Gr anodes after 100 cycles in (a) FEC
cosolvents (20FEC:80DMC or 50FEC:50DMC) and (b) FEC additive (2FEC:98LP30). The polymer
contains C-O, DO, and -CO.L.i units.

Cells cycled in TEG perform much better than the EC-containing LP30 reference and
similarly well to the FEC cosolvent formulations, see Figure 50(a). After 100 cycles, the cell
delivers 489 mAh g of capacity with retention amounting to 76 %. In terms of absolute
capacities, TEG is similar to 20FEC:80DMC after 100 cycles with 490 mAh g*. However, cells
cycled in TEG display lower capacity retention after 100 cycles when compared to the
retentions obtained with the 20FEC:80FEC and 50FEC:50DMC formulations. As a result,
while the capacity is comparable between the three formulations, the rate at which the capacity
decreases in future cycles may be faster for TEG. The reason for the improved cycling stability
of Si/Gr anodes cycled in TEG could also be correlated to good film-forming properties. While
TEG and TMG displayed similar SEI composition in terms of functional groups detected, the
actual molecular structures of TEG and TMG decomposition products might be different for
each solvent. Furthermore, SEM showed the formation of a smooth and interconnected surface
layer when TEG is used as an electrolyte solvent. This suggests that TEG forms a layer or
polymer, which can adapt more easily to the silicon volume changes. Figure 54 suggests
schematic figures for the SEI composition with TEG and TMG. TMG displays higher salt
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decomposition products such as -SOx, LiF, and LisN, as well as LioCOs. Furthermore, TMG
might form more short-chained C-O-containing polymers, which are not able to adjust to the
silicon volume changes. TEG decomposition shows much less salt decomposition and

carbonates. It might also form longer chained C-O-containing polymers, which can better
stabilize the SEI.
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Figure 54: Proposed schematic figures of SEI composition of Si/Gr anodes after 100 cycles in (a) TEG
and (b) TMG.

In summary, the results show that Si/Gr anodes perform best with electrolyte
formulations containing >20 vol.% FEC. Also, TEG seems to be a promising electrolyte
candidate for Si/Gr anodes. The improved cycling stability could be correlated in both cases to
the formation of an SEI layer, which seems to better accommodate the silicon volume changes.
Unlike TEG, where the molecular structure of decomposition products must be investigated
further, the cycling stability of FEC is correlated to the presence of a polymer containing C-O,
DO, and -CO-L.i species in the SEI.
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8 Conclusion and Outlook

The purpose of this thesis was to identify alternative electrolyte solvents which improve
the SEI's ability to adapt to volume changes in silicon, enhancing the performance of Si/Gr
anodes. To evaluate this ability, SEI properties and electrochemical performance were
correlated. XPS was used to characterize the SEI thickness and composition. Electrode
morphology was analyzed via SEM. Three out of the six evaluated EC-free electrolytes showed
improved cycling stability when compared to EC-containing formulations. In each case, this
was associated with the formation of a favorable SEI layer.

The first two electrolytes with improved performance used FEC as a cosolvent instead
of as an additive: 1 M LiPFs in 20FEC:80DMC or 50FEC:50DMC. When using each
formulation, Si/Gr anodes showed an enhancement in cycling stability of around 36-39 % after
100 cycles compared to electrodes cycled in an EC-containing reference electrolyte
(2FEC:98LP30). Contrary to the reference electrolyte, FEC cosolvent formulations showed the

following SEI properties:
1) less electrolyte decomposition and a thinner SEI

2) high presence of FEC decomposition products (as indicated by DO species) in the
SEI even after 100 cycles, while this species was present only in low amounts for
2FEC:98LP30

3) lower amount of carbonate species (such as Li>COs)
4) formation of SiOxFy

The improved cycling stability of the 20FEC:80DMC and 50FEC:50DMC formulations were
primarily attributed to the presence of a polymeric species containing -C-O, DO (1,3-dioxolan-
2-one), and -CO.L.i units, originating from FEC decomposition. Due to its distinct chemical
environments, the detection of DO was unambiguously linked to the presence of FEC
decomposition products in the SEI. After cycling Si/Gr electrodes in 20FEC:80DMC or
50FEC:50DMC, DO was still detected in high amounts in the SEI. After cycling in the reference
electrolyte, only very small concentrations of DO were present. At the same time, very poor
electrochemical performance was achieved. This indicated the presence of FEC decomposition
products in the SEI to be a crucial factor for the good electrochemical performance of Si/Gr
anodes. Most probably, the polymer increased the flexibility of the surface layer, which reduces
the amount of new SEI formed and enables a longer cell lifetime. A major advantage of FEC

cosolvents was that FEC decomposition products were still present in the SEI after a long time.
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Additionally, much less electrolyte decomposition was observed when replacing EC with FEC.
The results obtained in this thesis can be further utilized to develop an artificial SEI layer made
of flexible polymers. A starting point for such a polymer could be poly(VC).

The third EC-free electrolyte with improved performance consisted of 1 M LiTFSI in
TEG. Upon cycling in this formulation, Si/Gr anodes showed an improvement in capacity
retention of 31 % after 100 cycles compared to the EC-containing reference LP30 electrolyte.
This could be correlated to better film-forming properties of the TEG solvent, as it formed a
smoother, and more interconnected SEI, which could better adapt to the volume changes of the
silicon. Because of the high viscosities of TEG, a real-life implementation requires a
formulation with improved lithium-ion transport properties. Therefore, PC was investigated as
ionic conductivity increasing solvent. However, a decrease in electrochemical performance of
Si/Gr anodes was observed for the 30TEG:70PC formulation. Further improvement of the
electrolyte by the addition of FEC additive, did not meet the outstanding performance of pure
TEG electrolytes. Both PC-based formulations showed high electrolyte decomposition with a
large abundance of carbonate species in the SEI. This suggested the formation of a surface layer
with poor ability to adjust to the silicon volume changes. The glyoxal electrolyte TMG showed
the worst electrochemical performance of all electrolytes analyzed, which could be explained
by poor film-forming properties on both the anode and the lithium-metal counter electrode.
Overall, TEG is a very promising candidate as an alternative to well-established,
carbonate-based electrolyte solvents. While this thesis suggested for TEG to form a more
interconnected SEI that can better accommodate the silicon volume changes upon cycling, it is
important to understand more about the structure of its decomposition products. Answers to the
nature of those products would explain why TEG performs so well with Si/Gr anodes. Chemical
reduction of TEG and subsequential NMR analysis may reveal the chemical structure of TEG
reduction products. Time of flight secondary ion mass spectrometry (TOF-SIMS) could be used
to determine whether TEG forms long-chained polymers. Online electrochemical mass
spectrometry (OEMS) and high-performance liquid chromatography (HPLC) can be used as
complementary techniques to analyze gaseous and liquid TEG decomposition products.
Currently, TEG electrolytes cannot be used in full-cells due to the inability of the LiTFSI salt
to passivate the aluminum current collector. Preliminary measurements have shown lithium

difluoro(oxalato)borate (LDFOB) to be a good candidate as an aluminum passivating additive.

In conclusion, this thesis provided insights into the relationship between electrolyte
formulation, SEI stability, and electrochemical performance, thus contributing to the
development of future silicon-based anodes.
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Appendix

Appendix

Fluoroethylene Carbonate as Electrolyte Solvent

Raman spectra. The raman spectra of all cycled electrode show the graphite G band at
~1584 cm™, D band at ~1349 cm™ and the 2D band at ~2714 cm™ indicating that graphite is
not damaged and is still able to take place in the electrochemical process. Raman spectra were
recorded with a LabRAM HR Evolution spectrometer (HORIBA Scientific), using a HeNe laser
with a wavelength of 632.8 nm (Elaser=1.9876 eV).
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Figure Al: Raman spectra of Si/Gr electrodes cycled in (a) 2FEC-LP30, (b) 20FEC:80DMC, (c)
50FEC:50DMC electrolytes after 100 cycles and of a pristine Si/Gr electrode.
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Spectra of pure FEC solvent: Photoelectron spectra of pure FEC solvent were obtained

by casting the solution on a gold plate. Figure A2 displays C1s, O1s, and F1s spectra of pure

FEC. Three peaks are observed in the C1s spectrum resulting from the three different chemical
environments of carbon: -C-O (C,, 286.7 eV), -C-F (Cb, 288.6 eV), and -O-C(=0)-O (C,
290.4 eV). Corresponding oxygen species emerge in the O1s spectrum for -C-O (O4, 533.2 eV),
F-C-O (Ob, 534.3 eV), and -C=0 (Oc, 532 eV). The -C-F peak arises at 687.7 eV in the F1s

spectrum.
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Figure A2: Cls, Ols, and F1s photoelectron spectra of pure FEC.

FEC electrolyte: P2p spectrum of an electrode cycled in pure FEC electrolyte is

displayed in Figure A3.
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Figure A3: (a) P2p photoelectron spectra of Si/Gr electrode cycled in pure FEC electrolyte. (b) C1s of

electrode cycled in pure VC.
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Figure A4-Figure A6 display the Fl1s, Ols, and P2p photoelectron spectra from
electrodes cycled up to 0.8V, 0.01 V during the first lithiation, as well as spectra of Si/Gr
electrodes after 1, 10, and 100 cycles in delithiated states at 1.5 V.
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Figure A4: F 1s photoelectron spectra of electrodes cycled in 2FEC:98LP30, 80DMC-20FEC, and
50DMC:50FEC electrolyte at 0.8 V and 0.01 V during the first lithiation, and at 1.5 V after the first,
the 10", and the 100" cycle.
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2FEC:98LP30 20FEC:80DMC 50FEC:50DMC
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Figure A5: O 1s photoelectron spectra of electrodes cycled in 2FEC:98LP30, 80DMC-20FEC, and

50DMC:50FEC electrolyte at 0.8 V and 0.01 V during the first lithiation, and at 1.5 V after the first, the
10", and the 100" cycle.
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Figure A6: P2p photoelectron spectra of electrodes cycled in 2FEC:98LP30, 80DMC-20FEC, and
50DMC:50FEC electrolyte at 0.8 V and 0.01 V during the first lithiation, and at 1.5 V after the first, the
10", and the 100" cycle.
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Relative peak areas are displayed in Figure A7.
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Figure A7: Relative peak areas of (a) -C-0O, (b) -COg, (c) -COs, and (d) poly(VC) of Si/Gr electrodes
cycled in 2FEC:98LP30, 20FEC:80DMC, and 50FEC:50DMC. The relative peak areas were calculated
relative to the hydrocarbon peak area.

Figure A8: displays the C1s spectrum of Si/Gr electrode cycled in pure LP30 electrolyte.
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Figure A8: C1s spectrum of Si/Gr electrode cycled in pure LP30 electrolyte.
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Figure A9: Cls, Ols, and Si2p spectra of pristine Si/Gr electrodes.
Table Al: Fitting parameters for FEC decomposition
Peak Chemical shift Constrains Constrains
FWHM Height & Area
-CH 285 1.2:1.4 none
-C-0 -CH +1.5(%£0.1) 1.4:1.6 none
C, -CH + 3.0 (x0.1) 1.4:1.6 none
-CO, -CH + 4.1 (x0.1) 1.4:1.6 none
-CO, -CH +5.3(£0.1) 1.4:1.6 none
C, C, +3.3(20.1) 1.4:1.6 C, * 0.5 (+0.1)
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Table A2: Binding energies, full widths half maximums, and atomic percentages of SEI components detected on electrodes cycled in 2FEC-LP30 electrolyte at

different cycling stages.

2FEC:98LP30 0.8V 0.01Vv 1lcyc 10cyc 100cyc
[element| Component Peak BE [FWHM| Atomic |Peak BE|FWHM/|Atomic|Peak BE|FWHM |Atomic|Peak BE[FWHM [Atomic|Peak BE|FWHM| Atomic
eV eV % eV eV % eV eV % eV eV % eV eV %
Cis graphite 283.8 | 0.77 32.6 282.6 | 1.08 0.4 | 282.8 | 0.85 7.3 | 2826 | 0.88 | 3.9
-CH 285 1.5 5.2 285 1.44 6.8 285 1.43 | 19.0 | 285.0 | 1.51 | 14.0 | 285.0 | 1.44 | 12.1
-C-0 286.8 | 1.55 1.6 286.8 | 1.49 3.4 | 286.8 | 1.36 58 |286.8| 135 | 6.1 |286.7 | 1.6 8.1
C,, C=0, 0CO 287.8 | 1.35 0.5 | 288.0 | 1.35 1.9 |2879 | 135 | 2.7 |287.8 |1.43 0.8
-Co, 289.2 1.6 1.8 289.1 | 1.54 1.3 | 289.1 | 1.54 25 |289.0| 153 | 2.4 |289.1| 1.5 2.6
-CO, 290.7 | 1.46 0.6 290.3 | 1.16 09 | 2%0.2 | 1.31 3.3 |290.2 | 154 | 2.8 |290.2 |1.38 3.8
ROCO,R, C, 291 1.35 0.3 | 291.2 | 1.35 09 |291.2| 135 | 1.4 |291.0 | 1.43 0.4
Fis LiF 685.7 | 1.79 4.0 685.1 | 1.59 | 15.9 | 685.1 | 1.44 2.4 |6849 | 146 | 1.0 | 685.0 | 1.71 8.7
LI"SPingOFi& 687.9 | 2.25 9.4 687.7 | 2.28 | 10.1 687 1.83 | 12.2 | 687.4 | 2.49 | 16.8 | 687.2 | 2.78 7.4
Lils Li-X 55.8 | 1.68 | 27.1 | 55.7 2 18.2 | 55.6 2 16.7 | 54.5 1.8 26.0
Li-Y 54.4 1.6 6.6
O1ls Li,O 528.2 | 1.55 1
ROLi 531.2 | 1.73 8.3 | 530.8 | 1.92 2.2 |530.8| 183 | 2.4 |530.8|1.83 1.8

-C=0 532.4 | 1.92 104 532.3 | 1.73 9 532 1.73 | 13.8 | 532.1 | 1.61 | 13.0 | 531.8 | 1.55 | 16.5
-C-0 533.8 | 1.92 3.4 533.5 | 1.73 2.8 |5334 | 1.73 4,1 |533.1 | 159 | 7.2 |533.2 | 1.65 7.2

0 534.3 | 1.92 0.8 |534.2 | 1.91 3.8 |5343 | 1.7 5.3 |[534.5 [ 1.98 0.9
Si2p Si® 2p3 99.1 | 0.77 1

Li, Si 97.7 | 1.13 0.2

Li,Sio, 101.1 2 0.1 1014 | 3.26 | 04

Si0,2p3 | 103.4 | 1.44 | 0.4
SioF, | 106.6 | 2.23 | 1.3
P2p LiPF, | 1369 | 2 167 [ 1358 | 2 | 2.55 [1369 | 1.29 | 1.6 [1355 ] 1.86 | 3.2 [1353 | 2 1.4
Li,PF,0 135 2 15 | 1339 | 1.91 | 2.24 | 1338 2 0.3 |136.9| 144 | 0.8 | 1333 | 2 1.7
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Table A3: Binding energies, full widths half maximums, and atomic percentages of SEI components detected on electrodes cycled in 20FEC-80DMC electrolyte

at different cycling stages

20FEC:80DMC 0.8V 0.01Vv 1lcyc 10cyc 100cyc
[element| Component Peak BE [FWHM| Atomic |Peak BE|FWHM/|Atomic|Peak BE|FWHM |Atomic|Peak BE[FWHM [Atomic|Peak BE|FWHM| Atomic
eV eV % eV eV % eV eV % eV eV % eV eV %
Cis graphite 283.6 | 0.81 24.5 282.4 | 1.09 2 282.8 | 0.85 6.7 | 2826 | 0.88 | 5.1 | 283.0 |0.76 1.2
-CH 285 1.5 7.5 285 1.64 7.1 285 1.49 | 151 | 285 | 152 | 12.1 | 285 |1.43 | 16.3
-C-0 287.0 | 1.55 2.3 286.8 | 1.49 2.1 | 286.7 | 1.42 3.7 |286.7| 153 | 5.7 | 2866 | 1.6 9.5
C,, C=0, 0CO 287.8 | 1.44 05 | 2879 | 1.6 1.8 |2879 | 14 2.0 | 287.8 | 1.52 4.2
-Co, 289.2 1.6 1.7 289 1.54 1.2 |289.2 | 16 2.0 |289.2| 16 2.4 | 2889 | 1.49 2.9
-CO, 290.7 | 1.2 0.4 290.1 | 1.15 06 |2%90.1| 1.2 1.2 |2%0.3 | 1.29 | 1.0 | 290.3 | 1.38 0.9
ROCO,R, C, 2909 | 1.44 0.3 | 2911 1.2 06 |291.1| 1.4 1.0 | 291.0 | 1.52 2.1
Fis LiF 685.3 | 1.64 12.6 685.1 | 1.52 | 17.7 | 685.1 | 1.36 4.3 | 6849 | 14 1.5 | 684.8 | 1.46 5.2
LI"SPingOFi& 688.0 | 2.38 13.2 687.8 | 2.34 | 12.1 | 687.0 | 2.56 | 20.7 | 687.4 | 2.65 | 20.3 | 686.8 | 2.88 | 10.1
Lils Li-X 56.1 1.79 16.7 55.8 | 1.79 | 285 56 2.43 | 21.9 | 55.8 | 2.58 | 19.3 | 55.7 2 19.3
Li-Y 54.0 1.6 4.1
O1ls Li,O 528.1 | 1.2 0.7
ROLi 531.2 | 1.8 6.3 | 5312 | 1.8 25 |531.2] 1.8 4.1 |531.1 | 1.7 1.5
-C=0 532.3 | 1.81 11.3 5323 | 1.8 9.8 | 5319 | 1.8 9.0 |5323| 1.8 | 129 | 532 1.8 9.7
-C-0 533.7 2 4.2 5335 | 1.8 2.3 |5332 ]| 1.8 46 |5334| 1.8 3.8 |533.2 | 1.8 8.5
@] 534.2 | 1.8 0.1 |534.2 | 1.8 2 534.2 | 1.8 3.3 |534.2 | 1.8 5.6
Si2p Si? 2p3 98.9 | 0.79 1.0
Li,Si 97.8 2 0.2
Li,SiO,
Si0, 2p3 | 103.3 | 1.99 0.5
SiO,F, 106.2 | 1.92 0.4 105.0 | 1.42 0.7 | 105.0 | 1.35 1 105.0 | 1.54 | 0.7 | 105.2 | 2.6 0.5
P2p Li,PF, 135.5 2 3.3 135.5 | 1.94 2.6 | 136.5 | 2.45 1.8 | 1356 | 2.2 3.7 | 136.3 | 1.86 1.0
Li. PF O 133.8 2 0.3 133.6 | 1.75 1.2 133.8 2 09 |1339| 2.2 0.9 | 134.0 2 1.7
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Table A4: Binding energies, full widths half maximums, and atomic percentages of SEI components detected on electrodes cycled in 50FEC:50DMC electrolyte

at different cycling stages

50FEC:50DCM 0.8V 0. 01V 1cyc 10cyc 100cyc
lelement| component Peak BE |[FWHM| Atomic |Peak BE |FWHM|Atomic|Peak BE| FWHM |Atomic|Peak BE|FWHM |Atomic|Peak BE[FWHM)| Atomic
eV eV % eV eV % eV eV % eV eV % eV eV %
Cis graphite 283.7, 0.79 28.2| 2823 1.07 0.9 2828 0.85 8.5 2829/ 0.89 6.6] 283.00 0.87 2.3
-CH 285 1.5 5.00 285.0, 1.59 5.6 285/ 149 184 285 1.5/ 15.5 285/ 1.51 15.1
-C-0 286.7| 1.55 1.7 286.8 1.55 2.4 286.8 1.4 5.1] 286.7 1.6 4.7] 286.7, 1.49 8.3
C,, C=0, 0CO 2879 1.53 0] 287.8 1.4 0.6] 288.0 1.4 1.4 287.6/ 1.52 1.3] 288.1] 1.54 4.7
-Co, 289.2 1.6 1.6 289.0 1.6 1.3 289 1.6 2.6 288.9 1.5 2.4 289.1 1.42 2.3
-CO, 290.7 1.23 0.4 290.1 1.4 0.6] 290.2 1.4 2.2 290.2/ 1.38 1.3] 290.1] 1.35 0.7
ROCO,R, C, 290.9 1.4 0.3] 291.1 1.4 0.7 290 1.52 0.7] 290.8 1.33 1.9
Fls LiF 685.8/ 1.82 7.5 685.1 1.49 242 684.9 1.3 2.6 6849 1.58 7.0 684.8 1.41 6.6
Li,PF,0, &
SiOF, 688.5 2.67 18.6 687.8] 2.38 9.8] 687.1 2.23 13.8] 687.6| 2.32 7.9] 686.9 3 11.6]
Lils Li-X 56.4 2 11.9 55.8) 1.64 31.5 55.7 2.06/ 18.1 55.6/ 1.68  20.8 55.6 2 19.2
Li-Y 58.6 2 4.4 53.9 1.6 4.5
O1s Li,O 528.00 1.21 0.4
ROLi 531.1 1.8 4.00 531.1 1.8 3.8] 531.1 1.8 3.4 531.1 1.7 2.5
-C=0 532.3 1.9 7.6 5324 1.8 7.7 532 1.8 12.1] 531.8 1.8 16.6] 531.9 1.8 8.6
-C-0 533.7 2.2 6.9 533.5 1.8 2.1l 5334 1.8 4,91 533.2 1.8 5.7] 533.1 1.8 8.9
0 534.2 1.8 0.8] 534.1 1.8 2.5 5342 1.8 1.6] 534.2 1.7 4.5
Si2p Si% 2p3 99.1 0.8 1.0
Li,Si 97.6/ 1.71 0.2
Li,Sio, 100.7 1.5 0.1
Si0, 2p3 103.2 1.9 0.5
SiO F, 106.4) 1.97 1.5 104.9, 1.02 0.3] 105.1 1.5 0.3] 105.1 1.5 0.3] 104.8 1.49 0.5
P2p LixPFv 136.5 2 2.1 135.5| 1.94 2.7] 136.8 1.6 1.4 1348 2 2.9 136.0 2 1.0
Li,PF O, 134.9 2 1.4 133.2 1.38 0.4 133.9 2 1.2] 133.4] 1.53 1.4 133.7 2 1.3|
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Figure A10: Survey spectra of Si/Gr electrodes cycled in 100FEC to 0.01 V. As well as in 2FEC:98LP30 to 0.8 V, 0.01 V during the 1% lithiation and to 1.5 V after
the 1%, 10", and 100" cycle. Also shown are survey spectra of Si/Gr electrodes cycled in 20FEC:80LP30 to 0.8 V and 0.01 V during the 1% lithiation.
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Figure A11: Survey spectra of Si/Gr electrodes cycled in 20FEC:80LP30 to 1.5 V after the 1%, 10", and 100" cycle. As well as survey spectra of Si/Gr electrodes
cycled in 50FEC:50LP30 to 0.8 V and 0.01 V during the 1% lithiation and to 1.5 V after the 1, 10", and 100" cycle.
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Glyoxylic Acetals as Electrolyte Solvents

Evolution of SEI composition during formation. Figure A12-Figure Al4 displays the O1s, N1s,
P2p, and S2p spectraat 2.5,1.3V, 0.9V, 0.5V, and 0.01 V.
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Figure A12: O1s photoelectron spectra of electrodes cycled in TMG, TEG, L-E/D, and LP30 electrolyte
at25V,13V,0.9V,05V,and 0.01 V.
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Figure A13: N1s photoelectron spectra of electrodes cycled in TMG, TEG, and L-E/D electrolyte at
25V,13V,0.9V,05V,and0.01 V.
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Figure Al4: S2p photoelectron spectra of electrodes cycled in TMG, TEG, and L-E/D electrolyte at
25V,13V,0.9V, 0.5V, and 0.01 V. As well as P2p photoelectron spectra of electrodes cycled in
LP30 electrolyteat 2.5V, 1.3V, 0.9V, 0.5V, and 0.01 V.
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Evolution of SEI composition during aging. Figure A15-Figure Al7 displays the O1s, N1s,
P2p, and S2p spectra after 1, 10, and 100 cycles in fully delithiated state (i.e., 1.5 V).
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Figure A15: O1s photoelectron spectra of electrodes cycled in TMG, TEG, L-E/D, and LP30 electrolyte
after 1, 10, and 100 cycles.
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Figure A16: N1s photoelectron spectra of electrodes cycled in TMG, TEG, and L-E/D electrolyte after
1, 10, and 100 cycles.
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Figure Al7: S2p photoelectron spectra of electrodes cycled in TMG, TEG, and L-E/D electrolyte after

1, 10, and 100 cycles. As well as P2p photoelectron spectra of electrodes cycled in LP30 electrolyte

after 1, 10, and 100 cycles.
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F1s, N1s, Ols, and S2p spectra of Si/Gr electrodes cycled in 30TEG:70PC and 30TEG:70PC-
10FEC are shown in Figure A18-Figure A21.
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Figure A18: F1s spectra of Si/Gr electrodes cycled in 30TEG:70PC, 30TEG:70PC-10FEC, and
10FEC:90LP30, respectively.
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Figure A19: N1s spectra of Si/Gr electrodes cycled in 30TEG:70PC and 30TEG:70PC-10FEC,
respectively.

150



Appendix

TEG:PC TEG:PC-10FEC LP30-10FEC
0.8V

0.01v

3
S

> lcyc lcyc
e

‘»

c

[

]

= / L

g 10cyc 10cyc
o

c

80cyc § 80cyc

L L L LI L L
538 536 534 532 530 528 526 538 536 534 532 530 528 526 536 534 532 530 528 526

binding energy (eV) binding energy (eV) binding energy (eV)

Figure A20: Ols spectra of Si/Gr electrodes cycled in 30TEG:70PC, 30TEG:70PC-10FEC, and
10FEC:90LP30, respectively.
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Figure A21: S2p spectra of Si/Gr electrodes cycled in 30TEG:70PC, and 30TEG:70PC-10FEC
respectively. P2p spectra of Si/Gr electrodes cycled in 10FEC:90LP30.

Table A5: Calculation of the ratio between C=0 species detected in the C1s and O1s spectra.

C1s (at.%) Sum (at.%) O1s (at.%) C1s/0O1s
TMG -COz:2*2= 4 SUM: 27.1 -C=0: 29.0 11
-CO3: 7.7%3=23.1
TEG -C0O,:2.1*2=4.2 SUM: 27.6 -C=0:29.6 1.1

-CO3: 7.8*3=23.4
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Table A6: Binding energies, full widths at half maximum, and atomic percentages of SEI components detected on electrodes cycled in TMG electrolyte at different

cycling stages.

TEG TEG_2.5V TEG_1.3V TEG_0.9V TEG_05V TEG_0.01V TEG_1cyc_deli TEG_10cyc_deli TEG_100cyc_deli
Element|Component Peak [FWHM|Atomic] Peak |[FWHM Atomic| Peak |[FWHM|Atomic| Peak |[FWHM Atomic| Peak [FWHM|Atomic| Peak [FWHM|Atomic| Peak |[FWHM Atomic| Peak [FWHM|Atomic
BE eV % BE eV % BE eV % BE eV % BE eV % BE eV % BE eV % BE eV %
Cls graphite |284.27| 0.75 | 37.3 |284.3| 0.77 | 32.6 |284.04| 0.73 | 13.7 |283.89| 0.7 7.2 283.37| 0.72 1.2
-CH 285 14 9.1 285 1.4 14.1 |285.01| 14 | 213 | 285 14 214 | 285 | 1.12 | 21.7 | 285 1.3 12.1 | 285 | 1.34 6.3 285 | 1.25 | 25.8
-C-0 286.6| 1.6 1.4 |286.8 15 1.9 |286.93| 1.37 2.8 |286.96| 1.31 3.3 |286.82| 1.27 1.4 |286.98 1.52 4.5 |287.02| 1.49 | 4.9 |286.81 1.42 3.6
-CO, 288.97, 1.6 2.8 |288.97 15 3.9 |288.97| 1.52 49 |289.1| 1.6 3.9 |289.02| 1.27 2.1 |289.17| 1.6 1.4 |289.15| 1.44 1.0 |289.05| 1.42 2.7
-CO, 29041 15 16 |290.4| 1.3 2.4 ]290.11| 1.18 7.8 ]290.65| 1.13 0.8 290.58| 1.31 1.6 |2903| 1.2 1.4
-CF, 293.31 1.5 4.2 12933 1.32 2.8 ]293.37| 1.15 2.8 ]293.38| 1.05 3.0 |293.33] 1.1 06 2933 1.1 5.6 |293.25| 1.2 3.6 |293.19 1.2 3.1
Fls -CF, 689.1| 1.73 | 15.2 |689.21| 1.76 | 11.4 |689.22| 1.71 | 12.6 |689.19| 1.7 | 13.7 [689.02| 1.75 | 3.3 |689.05| 1.68 | 22.9 |689.04| 1.73 | 17.1 |688.98 1.77 | 12.6
LiF 684.36/ 1.16 0.1 |685.16| 1.68 | 0.8 |685.01/ 1.42 0.4 1684.96| 1.43 | 0.4 |684.86/ 1.6 0.34 |685.25 1.46 | 4.1 |685.29| 1.46 | 12.2 |685.12] 1.41 1.9
Lils Li-X 56.31| 2.68 7.2 |56.24| 1.83 8.2 |56.04| 1.83 | 10.6 |56.02| 1.79 | 13.0 |55.51| 1.56 | 27.9 |56.26 | 1.6 11.4 |56.27| 1.53 | 19.7 | 5592 | 1.78 | 18.0
Li-Y 5436 1.6 2.2 |55.37| 1.55 2.5
N1s N-SO, |400.03| 1.53 2.2 |400.11| 1.57 1.7 |400.09| 1.49 1.8 ]400.03| 1.42 2.0 |399.67| 1.75 0.5 |399.98| 1.38 | 3.6 |399.87| 1.54 2.6 |399.77, 15 2.0
Li;N 39799 1.5 0.2 0.2 |397.72| 1.94 0.7
Ols -C=0 531.87, 15 4.0 |532.15| 1.6 9.2 |532.18| 1.6 12.9 |532.21| 1.6 14.7 |531.79| 1.5 29.6 |532.09, 1.8 5.1 |532.08| 1.53 5.5 1532.02) 1.6 13.1
-C-0 53331 1.6 11.3 |533.43] 1.62 9.4 |533.46/ 1.56 | 9.7 |533.45 15 10.0 |533.01] 1.53 3.8 |533.32] 1.57 | 17.7 |533.27| 1.73 | 16.7 |533.19| 1.57 | 10.2
S2p -50, 2p3 |169.65| 1.27 3.9 |169.7| 1.31 2.7 ]169.72| 1.23 3.1 |169.67| 1.22 3.5 |169.38| 1.21 0.8 |169.62| 1.16 | 6.4 |169.55| 1.24 | 4.9 |169.47 1.27 3.8
-50, 2p1 |170.85| 1.27 0 |170.89| 1.31 0 |170.91| 1.23 0 |170.86| 1.22 0 |170.53| 1.21 0 |170.79 1.16 0 |170.74| 1.24 0 |170.62| 1.27 0
-S0, 2p3 | 166.7 2 0.2 167 14 0.1 |166.87| 2 0.2 |166.96| 2 0.2 |166.53| 1.3 0.1 |167.56/ 2 0.4 |167.36) 2 0.7 |167.46| 1.6 0.9
-S0O, 2p1 168 2 0 |168.11 1.4 0 |168.17| 2 0 |168.26| 2 0 |167.79| 1.3 0 |168.83 2 0 |168.66| 2 0 |168.56, 1.6 0
sulfur deg. 163.85( 1.24 | 0.1
sulfur deg. 165.15| 1.24 0
sulfur deg. 161.54| 1.4 0.2
sulfur deg. 162.64| 1.4 0
Si2p Si0 2p3 99.65| 0.91 0.5 99.7 | 0.73 06 |99.37| 0.88 | 0.5 |99.29| 0.71 | 04
Si®2pl1 |100.22| 0.92 0 |100.41| 0.73 0 ]100.01| 0.88 0 99.92 | 0.71 0
Si0,2p3 |104.69| 1.9 0.3 1035 2.34 | 0.6 |103.13| 2.27 0.5 |102.87( 2.39 | 04
Si0, 2p1 ]105.42| 1.9 0 ]104.03] 2.34 0 ]103.66| 2.27 0 103.4 | 2.39 0

153



Appendix

Table A7: Binding energies, full widths at half maximum, and atomic percentages of SEI components detected on electrodes cycled in TEG electrolyte at different

cycling stages.

TMG TMG_2.5V TMG_1.3V TMG_0.9V TMG_05V TMG_0.01V TMG_1cyc deli TMG_10cyc _deli | TMG_100cyc_deli
Peak [FWHM|Atomic] Peak |[FWHM Atomic| Peak |[FWHM|Atomic| Peak [FWHM Atomic|] Peak [FWHM|Atomic| Peak [FWHM|Atomic| Peak |[FWHM Atomic| Peak [FWHM|Atomic
Element|Component] BE eV % BE eV % BE eV % BE eV % BE eV % BE eV % BE eV % BE eV %
Cls graphite |284.3| 0.75 | 39.6 |284.3| 0.72 | 38.5 |283.97| 0.73 | 21.6 | 283.8| 0.71 6.4 283.48| 0.75 4.3
-CH 285 | 1.31 | 13.7 |285.02| 1.3 14.8 | 285 14 | 232 | 285 | 131 | 178 | 285 | 1.12 | 220 | 285 | 1.23 | 28.1 | 285 | 1.34 53 285 12 15.9
-C-0 2864 | 1.6 3.2 |286.48| 1.5 1.8 |286.68| 1.53 2.2 |286.9| 1.52 3.7 |286.78| 1.31 1.4 |286.79] 15 3.1 |287.02| 1.49 | 4.1 |286.76| 1.5 4.0
-CO, 288.65| 1.6 5.4 [288.89| 1.43 4.7 |288.93| 15 5.8 [289.12| 1.6 3.2 |288.98| 1.31 2.0 |289.08] 1.5 3.4 |289.15| 1.44 | 0.9 |28891 15 2.2
-CO, 290.67| 1.6 1.0 |29.4| 1.4 4.7 |290.08| 1.2 7.7 ]290.29| 1.4 2.3 |290.58| 1.31 1.4 |290.15| 14 4.1
-CF, 293.2| 1.49 2.3 |293.28) 148 | 2.3 |293.34| 1.2 2.1 ]293.39| 1.05 25 ]12933| 11 0.7 ]293.26] 1.09 | 2.3 |293.25| 1.2 3.1 |293.12| 1.18 3.1
Fls -CF, 689.02| 1.78 | 8.6 |689.19 1.74 | 8.8 |689.2| 1.72 | 9.5 [689.21| 1.71 | 10.9 |688.99| 1.7 3.7 |685.06/ 1.74 | 10.0 |689.06| 1.73 | 12.6 |688.98| 1.74 | 11.7
LiF 684.75/ 1.42 0.5 |684.84| 1.5 0.2 |6849| 1.46 | 0.3 |684.99 135 | 0.3 |684.88| 1.58 0.5 |685.03] 1.44 | 0.9 |685.29| 1.48 | 18.6 |685.17 1.45 2.6
Lils Li-X 56.08 | 2.01 6.0 |56.18| 1.88 | 6.3 |56.04| 2.01 9.7 |56.02| 1.69 | 16,5 | 5544 | 1.59 | 27.6 |55.79| 1.71 | 159 |56.18 | 1.42 | 22.2 |56.08 | 1.7 21.1
Li-Y 54.81 2 3.2
N1s N-SO, |400.06| 1.46 1.1 |400.16/ 1.68 1.4 ]400.14| 1.61 1.6 |400.03| 1.57 1.8 |399.7| 1.94 0.7 |399.83| 1.46 1.5 |399.84| 1.55 2.1 |399.62| 1.77 2.6
Li;N 398.35 1 0.1 397.56/ 2 0.4 397.46/ 1.09 0.1
Ols -C=0 53192 1.6 8.8 [532.02| 1.5 8.2 |532.08| 1.6 12.1 |532.23| 1.6 19.9 | 531.8| 1.53 | 29.0 |531.99| 1.68 | 15.7 |532.08| 1.8 6.8 |532.09 1.46 | 175
-C-0 533.28/ 1.65 7.1 |533.33] 1.7 7.9 |533.4| 1.59 7.0 |533.56/ 1.57 | 8.4 |533.05| 1.6 3.8 |533.25/ 1.69 | 8.2 |533.35| 1.64 | 11.0 |533.28/ 1.53 9.9
S2p -50,2p3 |169.51| 1.4 1.8 |169.66| 1.31 | 2.0 |169.66| 1.26 | 2.1 |169.69  1.24 3.1 |169.39| 1.19 0.9 |169.52| 1.27 | 2.7 |169.53| 1.24 3.6 ]169.42| 1.35 3.9
-50,2p1 |170.62| 1.7 0 |170.89| 1.31 0 |170.87| 1.26 0 |170.87| 1.24 0 |170.59| 1.19 0 170.7 | 1.27 0 |170.72| 1.24 0 |170.58| 1.35 0
-S0O, 2p3 |165.79| 2.5 0.1 |1e6.62| 2 0.2 |166.34) 2 0.2 |1e6.76| 2 0.2 |167.26| 2 0.2 |167.3 2 0.6 |167.54| 1.97 | 0.7 |167.21| 14 0.9
-SO, 2p1 |167.09| 2.5 0 |167.92) 2 0 |167.64| 2 0 |168.06| 2 0 |168.56] 2 0 168.6 2 0 |168.84| 1.97 0 |168.31 1.4 0
sulfur deg. 1635 14 0.1 |164.1| 1.79 | 0.1 |1641| 14 0.2
sulfur deg. 1648 14 0 |165.21| 1.5 0 1654 14 0
sulfur deg. 161.62| 1.4 0.1 |162.2 | 1.5 0.7 |162.1| 14 0.1
sulfur deg. 162.72| 1.4 0 |163.38| 1.5 0 163.2| 14 0
Si2p Si0 2p3 99.73 | 0.84 0.9 ]99.73| 0.72 0.8 |99.35| 0.83 0.8 |99.21| 063 | 0.3 9842 | 194 | 03
Si®2pl1 |100.37| 0.84 0 ]100.34| 0.72 0 99.92 | 0.83 0 99.86 | 0.63 0 98.95| 194 0
Si0,2p3 |103.68 1.9 0.8 |103.66| 1.83 0.7 |103.33| 2.05 0.7 |102.78| 2 0.4 101.48, 2 0.2
Si0, 2p1 ]104.21| 1.9 0 ]104.19| 1.82 0 ]103.86| 2.05 0 ]103.51] 2 0 102.21] 2 0
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Table A8: Binding energies, full widths at half maximum, and atomic percentages of SEI components detected on electrodes cycled in L-E/D electrolyte at different

cycling stages.

LED LED 2.5V LED 1.3V LED 0.9V LED 05V LED 0.01V LED 1cyc deli LED 10cyc_deli LED 100cyc_deli
Peak FWHM|Atomic| Peak FWHM|Atomic| Peak [FWHM Atomic| Peak [FWHM Atomic| Peak [FWHM Atomic| Peak FWHM|Atomic| Peak [FWHM|Atomic| Peak FWHM|Atomic
Element|Component| BE eV % BE eV % BE eV % BE eV % BE eV % BE eV % BE eV % BE eV %
Cls graphite |284.4| 0.78 | 52.4 |284.39| 0.74 | 38.8 |284.09| 0.72 | 27.5 [283.87 0.72 | 15.7 283.09| 0.87 | 6.4 |[283.53| 0.8 1.9
-CH 285 1.2 8.8 285 14 | 20.2 | 285 14 | 256 | 285 | 1.38 | 26.1 | 285 | 1.13 | 244 | 285 | 1.23 | 27.9 |285.01| 135 | 11.2 | 285 | 1.29 | 7.6
-C-0 286.93| 1.6 3.4 |286.97| 1.52 | 4.7 |286.82| 1.38 | 5.1 |286.76| 1.48 | 5.8 |286.99] 1.5 5.6 [286.92| 1.51 | 10.6
-Co, 288.67, 1.5 3.7 |288.97| 15 4.4 1288.93] 1.5 5.1 |288.96| 1.5 5.0 |2859.07| 1.3 2.6 |289.02| 1.42 3.6 |289.06/ 1.5 2.0 [288.97 1.6 1.6
-CO, 290.7 | 1.58 | 1.4 |290.57| 1.27 | 1.9 (290.41| 1.21 | 4.9 |290.5| 1.16 | 3.7 (290.28| 1.29 | 4.6 |290.46/ 131 | 4.8
-CF, 292.88| 1.6 1.4 |293.38/ 1.16 | 1.1 [293.42| 1.36 | 1.3 |293.44] 1.22 1.5 |293.27) 1.1 0.8 |293.23) 1.1 0.7 (293.37| 1.2 1.2 |293.19) 115 | 1.6
Fls -CF, 688.95| 1.78 | 6.0 |689.23| 1.78 | 5.7 [689.19| 1.77 | 4.6 |689.17| 1.73 | 5.8 |[688.99 1.75 | 4.3 |689.05 1.76 | 4.1 |[689.05 1.83 | 6.1 |688.99 1.8 8.3
-CF, 687.08/ 1.55 | 0.6 |[687.1| 1.55 | 0.8 |687.41 1.86 | 1.0 [686.95 1.79 | 1.7
LiF 684.75| 1.68 0.5 |684.97| 1.64 0.5 [685.01|] 1.5 0.3 [684.91| 1.54 0.4 [684.99| 1.71 1.1 [684.98| 1.52 0.7 [685.17| 1.51 | 11.3 |685.08 1.53 | 11.4
Lils Li-X 5598 | 194 | 6.7 |56.11| 1.9 6.8 |55.96| 1.6 7.2 |5591| 1.84 | 11.0 | 554 | 19 | 24.6 | 5558 | 1.83 | 17.2 | 55,97 1.7 | 24.4 |55.85| 1.61 | 21.0
Li-Y
N1s N-SO, 399.98| 1.6 0.9 |400.18 1.83 1.1 |400.05/ 1.71 0.7 400 1.6 0.9 |399.74) 1.54 0.7 13998 1.5 0.6 |400.04 1.5 0.8 1399.7 1.5 1.2
Li,N 398.6 1.5 0.1
O1ls ROLi 530.87| 1.5 33
-C=0 531.84| 1.5 8.6 |[532.08| 1.52 | 10.3 (532.12| 1.75 | 13.4 |532.11| 1.78 | 15.6 |531.88| 1.85 | 23.9 |532.11 1.6 | 18.0 [532.07| 1.57 | 16.4 [532.29 1.74 | 17.2
-C-0 533.18/ 2 7.9 |533.4 2 7.7 |533.7 2 6.6 |533.59| 1.96 | 8.0 |533.46/ 1.75 | 5.7 |533.58 1.7 6.7 [533.47| 1.93 | 10.1 |533.69 1.6 9.6
S2p -50,2p3 (169.44| 1.36 | 1.4 |169.7 | 1.38 | 1.3 |169.59| 1.35 1.1 |169.6| 1.23 1.5 |169.42| 1.2 1.1 (1694 1.2 1.1 |[1689.62| 1.32 | 1.4 (169.31 1.26 | 2.1
-S0, 2pl1 [170.67| 1.36 0 (170.91f 1.38 0 |170.79| 1.35 0 |170.83] 1.23 0 |170.62| 1.2 0 ([170.56, 1.2 0 [170.79| 1.32 0 (170.45 1.27 0
-S0, 2p3 [166.16 2 0.2 |[166.16| 2 0.1 ([166.67| 2 0.2 |[166.36/ 2 0.2 [167.37| 1.97 | 0.1 |166.67| 2 0.1 (166.01) 2 0.02 (166.08 2 0.04
-S0, 2pl [167.46| 2 0 |[167.46) 2 0 |167.97] 2 0 |167.66] 2 0 |168.67| 1.97 0 |167.97] 2 0 |167.11] 2 0 |167.38 2 0
Si2p Si®2p3 |99.91| 0.87 | 0.8 |99.88| 0.76 | 0.9 |99.52| 0.8 0.7 [99.26| 0.72 | 0.8
Si®2pl1 (100.49( 0.87 0 100.5 | 0.76 0 |100.19| 0.79 0 99.89 | 0.72 0
Si0, 2p3 |103.65 2 0.7 |103.79 2 0.7 |103.36 2 0.5 |102.93 2 0.7
Si0, 2pl [104.38| 2 0 [104.32] 2 0 |103.98 2 0 |103.66] 2 0
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Table A9: Binding energies, full widths at half maximum, and atomic percentages of SEI components detected on electrodes cycled in LP30 electrolyte at different

cycling stages.
LP30 LP30 2.5V LP30 1.3V LP30 0.9V LP30 05V LP30 0.01V LP30 1cyc_deli LP30 10cyc_deli LP30_100cyc_deli
Peak |[FWHM|Atomic] Peak |FWHM Atomic] Peak |FWHM|Atomic] Peak |FWHM|Atomic] Peak [FWHM|Atomic] Peak |[FWHM Atomic] Peak |FWHMI|Atomic] Peak [FWHM)|Atomic
Element|Component| BE eV % BE eV % BE eV % BE eV % BE eV % BE eV % BE eV % BE eV %
Cls graphite |284.38| 0.73 | 58.7 |284.35| 0.75 | 48.9 [284.01 0.74 | 28.8 |283.67| 0.8 | 23.8 283.12| 0.86 | 5.0 |282.86| 0.93 | 1.3
-CH 285 1.4 9.4 285 1.4 8.6 285 1.4 18.1 285 1.4 19.1 285 1.14 | 20.8 285 1.5 10.4 285 1.5 8.6 285 1.22 | 18.7
-C-0 286.8| 1.6 3.2 |286.99| 1.4 3.9 |286.56| 1.57 | 3.6 |286.96| 1.57 | 9.8 |286.96/ 1.48 | 11.8 |286.76| 1.39 | 10.4
-CO, 290.88| 2 3.3 |288.87| 1.6 2.0 |288.8| 1.58 | 3.5 |288.86| 1.4 3.5 |288.96( 154 | 23 | 289 | 142 | 16 | 289 | 1.48 | 1.5 |288.93| 131 | 26
-CO, 290.85| 2 1.0 |290.42] 1.6 2.4 |290.51| 1.51 | 3.4 |290.1| 1.2 2.2 |2905| 1.5 6.2 |290.52| 1.38 | 6.9 |290.27| 1.29 | 6.9
Fls Li,PF,0, |687.96| 2 1.2 |687.91 2.3 2.4 |687.17) 2.11 | 49 |687.2| 1.86 | 7.7 |687.27| 1.71 | 0.7 |687.24| 1.71 | 11.8 |687.18| 1.7 | 129 |687.14| 1.74 | 7.0
LiF 685.72| 1.97 | 5.0 |685.51 1.75 | 8.8 |685.27| 1.6 5.7 |685.27| 1.53 | 3.0 |684.81 1.5 7.3 |685.26| 1.62 | 5.0 |685.19] 1.6 5.5 |685.09| 1.5 2.3
Lils Li-X 56.44 5.0 |56.35| 1.78 | 10.7 | 56.15| 1.75 | 12.6 |56.06 | 1.78 | 12.2 |55.26 | 1.65 | 33.1 | 55.82 | 1.98 | 19.9 |55.87| 1.86 | 20.0 |56.23 | 1.62 | 19.4
Li-¥ 54.68 2 0.7
O1ls ROLi 531.15| 1.5 | 17.4 |531.1| 1.78 | 3.5 |531.1| 16 1.5
-C=0 532.06| 1.75 | 6.9 |532.12| 1.68 | 7.0 |532.03| 1.53 | 11.0 |532.07| 1.6 | 13.7 |531.92| 1.5 8.4 |532.24| 1.64 | 16.3 |532.25 1.71 | 18.7 |532.24| 1.53 | 22.2
-C-0 533.39| 2 5.8 |533.61| 2 5.8 |533.45| 2 6.4 |533.61| 1.96 | 6.7 |533.28 1.5 2.1 |533.89| 1.68 | 83 |533.88 1.6 9.2 |533.82| 1.57 | 83
P2p LixPFv 2p3 |136.68| 2 0.4 |136.81| 2 0.3 |J137.16) 1.53 0.6 |137.21| 1.21 0.9 137.11) 1.22 1.6 |137.02| 1.25 1.9 |137.28 1.24 1.3
Li,PF, 2p1 [137.78| 2 0 |137.91] 2 0 |138.06] 1.53 0 |138.14| 1.21 0 138.01 1.22 0 |137.92] 1.25 0 |138.18| 1.24 0
LixPOFv 2p3| 1359 | 2 0.1 |134.85 2 0.9 |134.49| 2 0.7 |134.39| 2 0.4 |133.52 1.71 | 2.2 |134.59| 2 0.3 |134.73| 2 0.3 |134.53] 2 0.4
Li POF 2p1]|134.95 2 0 135.95 2 0 135.39 2 0 135.49 2 0 134.43| 1.71 0 135.69 2 0 135.83 2 0 135.51 2 0
Si2p Si2p3 |99.82| 0.74 | 1.1 |99.85| 0.88 ' 0.9 |99.44| 0.83 | 09 |99.09| 0.79 | 0.8 98.1 | 153 | 03
Si®2pl |100.47| 0.74 0 |100.48| 0.88 0 |100.09| 0.83 0 ]99.71| 0.79 0 98.63 | 1.53 0
Si0,2p3 [103.87| 2 0.1 |103.97| 2 0.8 |103.59| 2 0.8 |103.26| 2 0.7 101.02| 2 0.2
Si0, 2p1 [104.4| 2 0 104.7 | 2 0 |104.32] 2 0 ]103.98 2 0 101.75] 2 0
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Table A10: Binding energies, full widths at half maximum, and atomic percentages of SEI components detected on electrodes cycled in 30TEG:70PC electrolyte

at different cycling stages.

30TEG:70PC 0.8V 0. 01V lcyc 10cyc 100cyc
FWHM|Atomic| FWHM|Atomic FWHM Atomic| FWHM|Atomid| FWHM|Atomig]
Element|Component|Peak BE oV % Peak BE oV % Peak BE oV % Peak BE Y % Peak BE oV %
Cls graphite | 283.55| 0.76 4.9] 282.45 0.9 4.1 283.33) 0.76 4.4 283.39, 0.73 2.9
-CH 285 1.33) 244 285 1.27| 28.0 285/ 1.38 15.2 285 1.24| 22.8 285 1.37| 27.4

-C-0 286.54 1.6/ 5.5 286.47 1.5/ 5.5| 286.69] 1.38 5.5 286.6 1.6/ 7.2] 286.41 1.64) 12.2
-Co, 289.04 1.2 2.0] 288.95 1.26| 2.5| 288.98 1.38 2.2] 289.03| 1.56| 3.0 288.62 1.7, 3.0
-CO, 290.51 1.2 1.4 290.3 1.2 2.1} 290.25| 1.27| 4.4 290.33] 1.24 3.6, 290.1 1.57 2.6
-CF, 293.22 1.1 3.2 293.18 1 1.0 293.07] 1.14] 2.4] 293.19] 1.03 1.6] 293.14] 1.15 1.2

Fls -CF, 689.04) 1.71 13.6| 688.99 1.74] 6.4] 688.87| 1.74 11.1] 688.94| 1.75 7.4 688.98 1.97 6.4
LiF 684.8) 1.38| 0.3] 684.94] 1.27 0.4] 684.84 1.29 0.7] 684.95 1.54 2.1] 684.9 1.53 0.9

Lils Li-X 55.8/ 2.01] 12.2] 55.01 1.99| 18.3| 55.61 1.67] 17.4 55.65 1.75/ 17.9 55.52 2.02| 16.7
Li-Y 56.09 1.53 3.1

N1s N-SO, 399.84| 1.57 2.3] 399.76 1.6 1.2 399.63] 1.57 1.5 399.81 1.71 1.4 399.72| 1.82 1.3
Li,N 398.42 2 0.5] 396.83 2 0.3

O1s Li,O 528 1.6 0.8

ROLi 530.99 1.6, 4.7} 530.81 1.6 5.8 530.97 1.6/ 2.9] 531.01] 1.6/ 3.7
-C=0 532.26 1.6 8.9 532.01 1.6/ 12.6] 532.01 1.6 18.4] 532.09| 1.6/ 15.6| 531.74/ 1.94 13.7
-C-0 533.31 1.6/ 10.8] 533.29 1.6 6.4] 533.21 1.6/ 9.6] 533.33 1.6 8.4 533.05 1.97 12.6
S2p -50,2p3 | 169.49| 1.24| 4.2] 169.37] 1.25/ 1.8 169.31] 1.31] 2.8 169.3] 1.25| 2.2 169.35 1.6/ 2.1
-50, 2p3 | 166.72 1.7 0.3] 166.58 1.7  1.0] 167.22 1.7 0.8] 166.21 1.7 0.1
Si2p Si% 2p3 98.93 0.72) 0.9

Li Si 2p3 98.34 1.09 0.2
si0,2p3 | 102.85 2| 0.6 1012 2| 01
Si0, 2p3
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Table All: Binding energies, full widths at half maximum, and atomic percentages of SEI components detected on electrodes cycled in 30TEG:70PC-10FEC

electrolyte at different cycling stages.

30TEG:70PC-10FEC 0.8V 0. 01V 1cyc 10cyc 100cyc
Element|Component|Peak BE F\A;’\H,M Atc‘;)mlc Peak BE sz\H/M Atc:Amlc Peak BE FVZ\HIM At;’mlc Peak BE FVZCM At(;m'c Peak BE FV:CM At(z/umlc
Cls graphite 283.5 0.8 28.1 282.88 0.89 7.2] 283.27 0.83 3.2) 282,95 0.91 2.1
-CH 285 1.38 17.3 285 1.2/ 22.8 285/ 1.34| 22.2 285/ 1.36| 15.3 285 1.4/ 119
-C-0 286.8 1.2 2.5] 286.47 1.38 2.5|] 286.53 1.5 4.6| 286.53| 1.42 5.0] 286.55 1.49 6.6
C, 287.6/| 1.49 0.7] 287.6/ 1.49 1.5] 287.66 1.5 3.6
-CO, 288.66 1.4 3.2| 288.8 1.2 2.3] 288.75 1.31 2.5| 288.83 1.4 2.8] 288.88 1.4 2.4
-CO, 290.16 1.4 3.3] 290.06, 1.28 3.6] 290.02] 1.34 4.0 290 1.2 3.4 290 1.4 2.5
C, 290.8 1.2 0.1) 2%90.8 1.35 0.7] 291.06 1.2 0.9
-CF, 293.16 1.2 0.7] 293.17 1 0.1] 293.18 1 0.2 293.11 1.21 0.9] 293.02| 1.25 1.9
Fls LiF 685.04, 1.71 2.9] 685.26 1.7 2.7 685.4 1.94 5.1] 685.31 1.7 9.0] 685.43| 1.86 7.0
-CF, 688.99 1.77 3.5|] 688.97 1.87 1.2] 688.99) 1.84 2.1 689 1.81 4.4] 688.89] 1.93 9.3|
Lils Li-X 55.69| 1.68| 12.9] 54.85/ 1.35 21.2] 55.53 2.03] 23.6] 55.81 2.16/ 26.7| 55.79| 2.45 22.4
Li-Y 55.66 1.6, 11.8
N1s N-SO, 399.63 2 0.6] 399.83 1.6/ 0.2] 399.62 2 0.5 399.71 2 0.9] 399.65| 1.57 1.3
Li;N 397.58 1.97 0.1
01s -C=0 531.84, 1.68 15.9] 531.39 1.6/ 27.3] 531.64 1.8 20.2] 531.69| 1.68 14.9] 531.61 1.71 8.8
-C-0 533.26 1.8 6.3] 53291 1.79 3.8] 533.25 1.8 5.9] 532.78 1.64 6.6] 532.87 1.68| 12.0
0, 533.82 1.8 3.4} 534.15 1.75 5.0
S2p -50,2p3 | 169.32] 1.31 0.9] 169.26) 1.53 0.3] 169.18 1.5 0.6] 169.33| 1.46 1.2] 169.22| 1.35 2.4
-S0, 2p3 166.9 2 0.3] 166.95 2.01 0.1] 166.44 2 0.1] 165.37 2 0.1
Si2p Sio 2p3 98.88| 0.76 1.2
Li,Si 2p3 97.74) 1.72 0.3
Si0, 2p3 100.52 2 0.2
Si0, 2p3 | 102.82] 1.84 0.7,
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Table A12: Binding energies, full widths at half maximum, and atomic percentages of SEI components detected on electrodes cycled in 30TEG:70PC electrolyte

at different cycling stages.

10FEC:90LP30 0.8V 0. 01V 1cyc 10cyc 100cyc
Element| Component Peak BE [FWHM| Atomic |Peak BE [FWHM|Atomic|Peak BE| FWHM |Atomic|Peak BE|FWHM Atomic|Peak BE[FWHM)| Atomic
eV eV % eV eV % eV eV % eV eV % eV eV %
Cls graphite 283.17, 0.86 16.2] 282.25( 1.03 2.7 282.36/ 0.87 5.3] 282.98 0.79 3.3] 283.76/ 0.88 1.2
-CH 285 1.4 12.6) 285 1.5 12.8 285 146 15.9 285 1.5 8.0] 285.01 1.5 10.8
-C-0 286.43 1.6 4.8 286.37 1.6 4.1 286.71 1.49 5.9 286.56 1.6 6.6] 286.77 1.6 8.2
C,, C=0,0C0O| 287.6 1.31 1.1] 287.6 1.4 1.6] 287.8 1.4 2.4 287.76| 1.49 2.5| 287.96 1.4 1.9
-Co, 288.71 1.3 2.1 289 1.6 2.00 289.1 1.6 3.1] 288.9 1.6 1.4] 288.91 1.6 1.7
-CO, 290.06) 1.44 2.6 290.1 1.4 1.3] 290.2 1.4 3.2 289.9 1.4 1.1} 290.08 1.4 1.1
ROCO,R, C, | 291.13] 1.31 0.6] 291.02 1.4 0.8] 291.12 1.4 1.2] 291.02 1.2 0.3] 290.98 1.4 0.9
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Figure A22: Survey spectra of Si/Gr electrodes cycled in TMG to 2.5V, 1.3V, 0.9 V, 0.5V, and 0.01 V during the 1% lithiation and to 1.5 V after the 1%, 10*", and

100" cycle. As well as survey spectra of Si/Gr electrodes cycled in TEG to 2.5 V during the 1% lithiation.
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Figure A23: Survey spectra of Si/Gr electrodes cycled in TEG to 1.3V, 0.9 V, 0.5V, and 0.01 V during the 1% lithiation and to 1.5 V after the 1, 10", and 100"
cycle. As well as survey spectra of Si/Gr electrodes cycled in L-E/D to 2.5V, 1.3V, and 0.9 V during the 1* lithiation.

161



Appendix

L-E/D_0.5V s gof LP30_2.5V 01s Cls S g
FKL i FKL Bl 1
CKL OKL F QU(:‘-, CKL OKL Fls X}n-
» 80 M 8 30
L-E/D _0.01V LP30_1.3V
* et A
L
> L-E/D _lcyc LP30_0.9V
=
(7,)
c M__ﬁL
2 \ -l N
£
L-E/D _10cyc LP30_0.5V
L-E/D _100cyc LP30_0.01V
‘«/\/\—/A_J-—"\J———-ﬁA . J
| L DL DL L L | L DL L DL L
1200 1000 800 600 400 200 0 1200 1000 800 600 400 200 0

binding energy (eV) binding energy (eV)

Figure A24: Survey spectra of Si/Gr electrodes cycled in L-E/D to 0.5 V and 0.01 V during the 1% lithiation and to 1.5 V after the 1%, 10", and 100" cycle. As well
as survey spectra of Si/Gr electrodes cycled in LP30to 2.5V, 1.3V, 0.9V, 0.5V, and 0.01 V during the 1% lithiation.

162



Appendix

Intensity (a.u.)

LP30_1cyc Fls
CKL OKL FKL

IDESSY S S

LP30_10cyc

_\__,/J\_/MM%

LP30_100cyc

|

TEG:PC_0.8V

TEG:PC_0.01V

IV

=

| L DL DL L L
1200 1000 800 600 400 200
binding energy (eV)

0

TEG:PC_1cyc Fls
FKL
CKL OKL O1s Cls

TEG:PC_10cyc

]

[TEG:PC_100cyc

|

ITEG:PC-10FEC_0.8V

TEG:PC-10FEC_0.01V
B et Y [N J
I L] I L] I L] I L] r L] I L]
1200 1000 800 600 400 200 0

binding energy (eV)

Figure A25: Survey spectra of Si/Gr electrodes cycled in LP30 to 1.5 V after the 1%, 10", and 100" cycle. As well as survey spectra of Si/Gr electrodes cycled in
30TEG:70PC to 0.8 V, 0.01 V during the 1% lithiation and to 1.5 V after the 1%, 10", and 100" cycle. Survey of Si/Gr electrode cycled in 30TEG:70PC-10FEC to

0.8 V and 0.01 V during the 1* lithiation are also shown.
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Figure A26: Survey spectra of Si/Gr electrodes cycled in 30TEG:70PC-10FEC to 1.5 V after the 1%, 10", and 100" cycle. As well as survey spectra of Si/Gr
electrodes cycled in LP30-10 to 0.8 V, 0.01 V during the 1% lithiation and to 1.5 V after the 1%, 10", and 100" cycle.
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