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“The most beautiful experience we can have is the mysterious - the fundamental emotion

which stands at the cradle of true art and true science.”

— Albert Einstein



ZUSAMMENFASSUNG I

Zusammenfassung

Die Energiedichte von Lithium-lonen Batteriezellen (Li-lonen) ist von entscheidender Bedeu-
tung fur die Leistungsfahigkeit und Reichweite von elektrischen und hybridischen Fahrzeu-
gen sowie fur Gerate der Unterhaltungselektronik und der stationaren Energiespeicherung.
Zur signifikanten Erhéhung der Energiedichte sind neue Aktivmaterialien flr die positive
(Kathode) und negative (Anode) Elektrode in Li-lonen Batterien unabdingbar. Ein erfolgver-
sprechender Kandidat als neues Aktivmaterial fir die Anode ist Silicium (Si), da dieses eine
deutlich hohere theoretische spezifische Kapazitat besitzt als Graphit (C) (3578 mAh g™ vs.
372 mAh g”), das derzeit in kommerziellen Li-lonen Batteriezellen verwendet wird. Ein
Hauptgrund fur die Schwierigkeiten Si-basierte Anoden in kommerzielle Li-lonen Batterien zu
integrieren, liegt in der groflen Volumenanderung, die das Si wahrend der Lithiierung und
Delithiierung vollzieht. Ein moglicher Weg zur gleichzeitigen Steigerung der Kapazitat und
der Minimierung des Einflusses der Volumenanderung ist die Verwendung von Si/C Materia-
lien bzw. Kompositen.

Das Ziel dieser Arbeit besteht darin, neue Erkenntnisse und mdgliche Lésungswege zur
Verbesserung von Si/C-Anoden zu entwickeln und deren Effekte auf die Degradation zu
untersuchen. Es werden zunachst die elektrochemischen Grundlagen des Themengebiets
erlautert. AnschlieRend wird eine kurze Einordnung zu den Zielen der folgenden experimen-
tellen Arbeiten und Resultate durchgefuhrt. Weiterhin werden die Ergebnisse einer neuen
Elektrolytzusammensetzung und deren Auswirkung auf die Zyklenstabilitadt, den Kapazitats-
verlauf und die Grenzflacheneigenschaften analysiert. Die erhaltenen Ergebnisse fihren zu
dem Schluss, dass der neu entwickelte Elektrolyt zu einer stabileren SEI (Solid Electrolyte
Interphase) fuhrt, welches wiederum die Performance der Anode positiv beeinflusst.

Daruber hinaus wird eine neue elektrochemische Vorbehandlungsmethode fir Si/C-Anoden
vorgestellt und deren Einfluss auf die Performance und Grenzflacheneigenschaften charak-
terisiert. Die Methode fuhrt zu einer geringeren irreversiblen Kapazitat in den ersten Batte-
riezyklen und wird elektrochemisch in einer Lésung bestehend aus Fluoroethylencarbonat
(FEC), Lithium(bis)oxalatoborat (LiIBOB) und Lithiumnitrat (LiINO3) durchgefuhrt. Die Ergeb-
nisse zeigen eine deutlich verbesserte Kapazitat und Zyklenstabilitdt im Vergleich zu unbe-
handelten Anoden. Die analytischen Untersuchungen deuten weiterhin auf eine stabilere
Grenzflache Anode/Elektrolyt hin und unterstreichen deren entscheidenden Einfluss auf die

Leistungsfahigkeit der Batteriezelle.



ABSTRACT Il

Abstract

Increasing the energy density of Li-lon batteries is crucial to improve the performance of
electric vehicles, hybrid electric vehicles as well as consumer electronics and energy storage
devices. To achieve significantly higher energy densities new active materials for the positive
and negative electrodes of Li-lon batteries are needed. One promising candidate as an ac-
tive material for anodes in future Li-lon batteries is silicon (Si), due to its higher theoretical
capacity compared to graphite (C), which is currently used as the anode material in commer-
cial Li-lon battery cells. However the performance of Si-based anode materials is still unsatis-
factory for commercial applications. The low cycling stability is believed to be a consequence
of the high volume expansion of Si and its detrimental effects on the electrode framework.
One possible way to increase the capacity and limit the detrimental effects of the volume

expansion is the incorporation of Si/C-based anodes in Li-lon batteries.

The aim of this thesis is to provide new insights and possible solutions for Si/C-based an-
odes in Li-lon batteries. Therefore, the theoretical background needed to follow this thesis is
provided. At the beginning, important electrochemical relationships and battery specific pa-
rameters are discussed. Subsequently, the characteristics and differences of C and Si as
anode active materials are described as well as different approaches to improve the cycling
stability of Si-based anodes. A new electrolyte formulation and its effect on the cycling stabil-
ity, capacity retention, and interface properties is described and the obtained results led to
the conclusion of a more stable SEI (Solid Electrolyte Interphase) with the new electrolyte,

which positively influences the performance of Si/C-anodes.

Moreover, a new pretreatment method to increase the cycling stability and capacity retention
for Si/C-based anodes is introduced. This method leads to a decreased irreversible capacity
during the first battery cycles. The pretreatment of Si/C-based anodes is conducted electro-
chemically in a solution containing fluoroethylene carbonate (FEC), lithium(bis)oxalate borate
(LiBOB), and lithium nitrate (LiINO3). The results display significantly increased performances
for the pretreated anodes compared to non-pretreated anodes and the analytical results of
the samples reveal that a more stable electrode/electrolyte interface is formed, which proved
to be crucial for an improved battery performance. Moreover, this method could be a possible

way to increase the stability of Si/C-based anodes in the future.
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INTRODUCTION 1

1 Introduction

Reducing the dependency on fossil fuels to decrease the amount of greenhouse gases is a
key aspect to create a healthier and environmentally friendly society and minimizes the ac-
celerated global warming which is believed to be in part a direct consequence of the in-
creased emission of greenhouse gases like carbon dioxide (CO,). Moreover, reducing the
consumption of fossil fuels or natural gases are urgently needed due to the finite availability
of e.g. oil and gas which could be consumed till the end of the century [1]. One important
pathway to tackle the above mentioned problems is to electrify a vehicle’s powertrain. To
achieve this goal, one has to develop proper energy storage devices which are capable to
reversibly store enough energy to power the vehicle for a certain time and distance. Energy
storage devices such as rechargeable batteries are a key device to replace the common
combustion engine by a fully or partly electrified powertrain. In particular, the Li-lon battery
gained much attention in recent years since it exhibits higher gravimetric and volumetric
energy densities as well as cycle life than conventional battery technologies such as Ni-MH
(Nickel-Metal Hydride) or Ni-Cd (Nickel-Cadmium) [2]. The Li-lon battery is currently the state
of the art energy storage device for portable electronic technologies and more and more
dominates the market of electric and hybrid vehicles. However, the achievable energy densi-
ties are significantly lower compared to the energy densities of e.g. gasoline. To reduce this
gap, a lot of research is dedicated to the investigation and characterization of new low cost,
safe, and high performing rechargeable battery technologies. One way to achieve higher
energy densities of Li-lon batteries is the development of new materials exhibiting a higher

voltage and lithium storage capability.

Basically, a Li-lon battery cell is an electrochemical galvanostatic cell consisting of four main
parts: the negative electrode (anode), the positive electrode (cathode), the separator, and the
electrolyte. The electrolyte should be Li (lithium) conductive, electronically insulating, and
connects the positive and negative electrodes. The two electrodes are capable of reversibly
store Li* during the charging and discharging process. The positive electrode in current Li-lon
batteries typically consists of Lithium-Metal-Oxides as active material. In most cases, the
applied electrolyte is a Li-salt dissolved in nonaqueous, aprotic, carbonate-based solvents.
On the anode side, most Li-lon battery cells use carbonaceous or graphite-based active
materials. In recent years, the interest in the research and development of new active mate-
rials for the anode and cathode in Li-lon battery cells has been increased significantly. Inter-
esting candidates as new active materials on the anode are typically metals or semimetals
which are able to electrochemically and reversibly form alloys with Li (lithium). These materi-

als exhibit very high theoretical rechargeable capacities due to the higher amount of Li which



INTRODUCTION 2

can be reversibly stored in alloys compared to the carbonaceous or graphite-like carbons
which exhibit an intercalation based storage mechanism (graphite is the active material in
anodes of state of the art Li-lon battery cells). For example, silicon (Si) is able to store 3.75 Li
atoms per atom of Si (in the form of the following composition: LisSis). The higher amount of
Li that can be reversibly stored leads to a significantly increased theoretical gravimetric ca-

pacity of Si with ~3578 mAh g™ compared to ~372 mAh g™ for graphite.

In the literature, it is assumed that the main drawback of Si-based anode materials is the
high volume expansion taking place during the lithiation and delithiation process which can
be up to ~280 % compared to the original volume [3]. These volumetric changes can lead to
several degradation processes e.g. strong mechanical strains, pulverization, loss of electrical
contact between the different anode components, and to the current collector [3]. However,
the effects of the volume changes on the stability and structure of the anode/electrolyte
interface as well as the cycling stability in Li-lon batteries are not fully understood. To tackle
the above mentioned difficulties several research strategies have been reported to reduce
the effects of the volume changes during the charge and discharge operation. Possible ways
are the application of nanosized Si particles, new polymeric binder systems, special cycling
conditions, and the use of different electrolyte compositions and additives to alter the inter-
face properties. Yet, the reported results are still unsatisfactory and do not fulfill the require-
ments of an anode material in commercial Li-lon batteries. Recent findings suggest that the
main degradation mechanisms take place at the anode/electrolyte interface. During the
operation of a Li-lon battery the formation of a so called Solid Electrolyte Interphase (SEI)
can be observed. The SEI usually results from decomposition products of the unstable elec-
trolyte at low potentials which precipitate at the surface of the anode and subsequently pas-
sivate the negative electrode from the electrolyte. The SEI is necessary to prevent the con-
tinuous electrolyte decomposition during the cycling process. Nevertheless, it has the disad-
vantage that Li is irreversibly consumed during the formation process. Until today, only little
is known about the SEI's influence in Si-based anodes on the electrochemical performance

of a Li-lon battery.

The aim of the present thesis is to gain more knowledge on how certain changes in the bat-
tery cell system influence the overall performance of Si/C-anodes and to find new ways to
improve the cycling stability and capacity retention of these electrodes. In the first chapter,
the specific electrochemical characteristics needed to understand battery operations are
described. Moreover, the properties of graphitic carbon (C) and Si as possible anode materi-
als are discussed and approaches that are described in the literature in order to increase the

performance of Si-based anodes are introduced. One way to influence the SEI properties in
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Li-lon batteries is to alter the electrolyte solution because the SEI mainly consists of the
decomposition products of the electrolyte. Therefore, a new electrolyte formulation has been
developed which leads to a significant increase in cycling stability and capacity. These re-
sults are presented in chapter 4. Another approach that has been analyzed is the effect of a
new electrochemical pretreatment procedure in a solution which only contains substances
leading to a more stable anode/electrolyte interface. The results and effects of this approach
on the performance and understanding of Si/C-anodes and its interface characteristics are

described in chapter 5.

The obtained results in this thesis underline the strong influence of the interface properties
on the cycling performance in Si-based anodes for Li-lon batteries and present two possible
pathways how the cycling performance and capacity retention could be increased

for future Si/C-based anodes in commercial Li-lon batteries.
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2 Theoretical Concepts

2.1 Fundamental thermodynamics

To provide a theoretical foundation for the understanding of the present work, this chapter
will describe the fundamental thermodynamic and electrochemical relationships which are
important to discuss Si/C-based anodes and Li-lon batteries. This chapter aims at demon-
strating how electrochemical parameters of Li-lon batteries like cell voltage or energy density

depend on and are influenced by thermodynamics and electrochemistry.

2.1.1 Cell Voltage

In a typical Li-lon battery cell consisting of graphite and LiCoO, as anode and cathode active

material the electrochemical reactions during the charging process can be written as follows:
Anode: Li" + 6C + e < LiCq (2.1)
Cathode: LiCoO, & CoO, +Li* +e° (2.2)

The driving force in this electrochemical reaction is the difference of the electrochemical
potential of the Li" (lithium ions) in the two electrodes. The difference in the chemical poten-
tial Ap can also be described as the difference in the GIBBS FREE ENERGY (AG) of the for-

mation of the products and reactants which can be written as:
AP = AG (2.3)

The electrostatic energy of the charged species is given by -z-F-U where z is the charge
number of the ionic species (z=1 in case of Li*), F is the FARADAY-CONSTANT (96485 C mol™),
and U is the voltage or potential difference between the anode and the cathode [4, 5]. Under
equilibrium or open circuit conditions, the chemical driving force equals the electrostatic

driving force and no net current is flowing:
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AG =-z-F-U (2.4)
U= Bu_ae (25)
z’F zF

Equation (2.5) displays that the equilibrium cell voltage is given by the differences in the
chemical potentials of Li* in the anode and cathode. For a standard Li-lon battery cell with
LiCoO,/LiCg, the reduction potentials are 0.7 V and -2.9 V in reference to the standard hy-

drogen electrode (H./H"). The resulting overall equilibrium cell voltage can be calculated:

U=-(-29V-0.7V)=3.6V (2.6)
Apart from its influence on the equilibrium cell voltage, the chemical potential is also related
to the activity of the ionic species in a Li-lon battery cell where R is the gas constant (8.314 J
mol™ K™), a the activity of the ionic species, and o the standard chemical potential:

M=Wy*RTIna (2.7)

From this equation, the differences in the chemical potential of the two electrodes can also

be related to the activity of the ionic species:

acathode) (2.8)

U =RT |n(

cathode Manode Aanode
With help of equation (2.8) and balancing with the electrostatic energy it becomes obvious
that the equilibrium cell voltage is related to the activity of the Li* in the cathode and anode
through the NERNST EQUATION:

U=- (z;-) n (acathode) (2.9)

QAanode

Moreover, it results that the equilibrium cell voltage is also influenced by the temperature due
to entropy changes at different temperatures. This relation is generally described by the
GIBBS-HELMHOLTZ EQUATION [6]:

AG = AH-T-AS (2.10)
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du i(dAG) 1 agy= 8 (2.11)

The above presented equation describes the cell voltage under equilibrium conditions when
there is no current flow and limits the maximum theoretical energy of a Li-lon battery cell.
Nevertheless, the situation changes if a current starts to flow. A flowing current leads to
losses in the cell due to polarization effects accompanied by overpotentials which can mainly

be divided in four different mechanisms [6]:

e Ohmic drop due to the internal resistance of the cell which is given by the sum of the
internal resistances of the electrolyte, the electrodes, the resistances (R) at the elec-
trode/electrolyte interfaces, and the contact resistances at the current collectors. The
Ohmic drop is therefore proportional to the applied current and is described by I-R.

Additionally, the I-R drop leads to Joule heating of the cell.
e Charge transfer polarization which mainly occurs at the electrode/electrolyte interface

e Concentration polarization arising from the mass transport or diffusion limitation in the
bulk electrolyte and electrodes. This leads to concentration differences between the

reactants and products.

o Finally, the real cell voltage has to consider the different overpotentials at both elec-
trodes arising due to mass transport limitations, charge transfer limitations, and ohmic
drop. Therefore, the real cell voltage differentiates from the maximum theoretical cell

voltage Ug by:

U= UO'(r]cathode+r]anode)_(r]cathode-l-r]anode)maSS transport_l.R (2.12)

In the following, the basic relationships between current and voltage in electrochemical sys-

tems will be described:

A simplified redox reaction always involves oxidized (O) and reduced (R) species.
The current-voltage relationship can be described by the TAFEL EQUATION where a and b are

constants and n is the resulting overpotential:
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- : - a n (2.13)
n=at+blogiandi=exp ( b) exp (b)
In this equation, the current of the forward and backward reactions of the following redox
reaction can be related to the concentration of the electroactive species through a geometric
factor (A is the surface area of the given electrode) and rate constant for both reaction path-

ways (k; and ky):

O+n-e=R (2.14)
if = n'F'A'kf'CO (215)
ib = n'F'A'kb'CR (216)

Moreover the different rate constants can be written in the ARRHENIUS form as follows:

_a.n.F.
= k?-exp( il n) (2.17)
(1-a)-n-Fn (2.18)
kb = kg-exp (T

The rate constants include the overpotential n that is relative to a general reference point.
This means that ks and k, are rate constants that are related to the activation barrier for the
oxidation and reduction process respectively. The factor a symbolizes the transfer coefficient
which is between 0 and 1 and is directly related to asymmetries in the activation barrier of the
standard free energies for electrochemical oxidation and reduction [6].

To estimate the rate constants, one can look at the equilibrium conditions with n = 0 and no
net current flow (I = I,). Moreover, the concentrations of the oxidized (Cox) and reduced (Cieq)

species at equilibrium can be considered as equal. These boundary conditions lead to the

following relationship for the rate constant and the standard rate constant (k°):

k9-Cox = kb-Cioq O k¥ = K = K° (2.19)
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The situation changes under non-equilibrium conditions and the net current can be calculat-
ed by the BUTLER-VOLLMER EQUATION which is given by:

i = iy (2.20)

i = nFAKS [ Co,-ex (-G'n'F-n)_C oo [N (2.21)
Ox p RT red p RT

In the non-equilibrium case, the concentrations C,, and C,.q depend on the mass transport
which is given by migration, convection, and diffusion due to concentration gradients. In the
case of Li-lon batteries with liquid electrolytes, the most important mass transport phenome-
non is diffusion (with the diffusion coefficient D). It can therefore be described by FICK'S

SECOND LAW [6]:

5C 5°C (2.22)

2.1.2 Capacity

The theoretical molar capacity of a Li-lon battery and every other battery type is given by the
quantity of electricity involved in the electrochemical reaction, where x is the number of
moles of the electroactive species, n is the number of electrons transferred per mole during
the reaction, and F is the FARADAY-CONSTANT (96485 C mol™):

Qcharge =xnF (2.23)
The capacity is usually expressed by the specific weight or mass of the electroactive compo-
nent (gravimetric capacity). In case of the gravimetric capacity, the mass of the electroactive

component can be calculated and is given by the following equation

M = x-M, (2.24)
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M denotes to the mass of the electroactive species in the cell and M, to the molecular mass
of the same species. The unities of the gravimetric capacity are normally given by Ah kg™ or

mAh g™ and are often called the specific capacity [4, 6]:

_nF (2.25)
Cspecific = 3600 M.
]

The denoted mass may refer to the final Li-lon battery mass including all inactive compo-
nents as e.g. packaging, electrolyte, binder, current collectors etc. Nevertheless, in this work
the specific capacities will always refer only to the mass of the electroactive species alone.
By multiplying the specific capacity with the actual mass of the electroactive component, the
so called “rated capacity” of a given Li-lon battery cell is obtained. In a real Li-lon battery cell,
it is impossible to realize the theoretical full capacity due to the mass contributions of the
before mentioned inactive components. Moreover, the electrochemical reactions taking place
in the Li-lon battery cell are always accompanied by losses due to unavailability of some
active material, side reactions especially at the electrode/electrolyte interface, and losses
along the electron conduction pathways.

Finally, it is worth mentioning that the capacity can strongly depend on the current rate ap-
plied for charging and discharging the Li-lon battery cell due to the before mentioned overpo-

tentials and ohmic losses which become more severe at higher current rates.

2.1.3 Energy density in Li-lon batteries

In case of energy storage devices the term energy density refers to the energy per weight
(gravimetric energy density) or energy per volume (volumetric energy density). The volumet-
ric energy density is the energy that can be obtained per unit volume of the cell and is mostly
given in Wh L™, The energy density strongly depends on the density of the components
inside a Li-lon battery cell as well as the design by which the different components and mate-
rials are assembled. The goal especially in consumer electronics or electric vehicles is an
optimized energy density for a given volume and geometry while keeping the weight of the
battery as low as possible. Another way to define the term energy density is through the so
called “specific energy density” which is mostly denoted by Wh kg™. It can be described as
the energy that can be achieved per unit mass of a cell. The “specific energy density” is the

product of the operating cell voltage and the specific capacity and can be calculated by inte-
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grating the product of the current | and voltage U over time:

2.26
Espeitc = | Ut (226)

The discharge time t is related to the maximum and minimum voltage threshold and strongly
depends on these specific parameters: characteristics of the materials, the mixing properties,
side reactions, irreversible processes, and availability of the active materials inside the elec-
trode [6].

2.1.4 Power density in Li-lon batteries

Besides the energy density another very important parameter of a battery cell, especially for
automotive applications is the power density, which can also refer to the specific weight or
volume. The gravimetric power density is the power that can be obtained per unit mass of the
cell and is mostly presented in W kg”'. The power of a battery itself can be calculated by

integrating the cell voltage over current [6]:

Power= f U-dl (2.27)

2.1.5 Current rate

The current rate (also known as C-rate) is defined as the current needed to fully charge or
discharge a battery’s nominal capacity in a certain amount of time. For example, in a battery
with 1 Ah a current of 0.1 A is defined as C/10, because the battery needs ten hours to be
fully charged or discharged. Higher C-rates are usually needed to achieve high power densi-
ties but at the same time the specific energy density is decreasing rapidly due to smaller
capacities at higher C-rates. Mathematically, the C-rate can be described by the following
equation [6]:

C _ Full capacity (Ah) (2.28)

X hours

= current (A)



THEORATICAL CONCEPTS 11

2.1.6 Efficiency in Li-lon batteries

In Li-lon batteries, two different types of efficiencies can be defined: the energy efficiency
and the coulombic efficiency (CE) [4, 6]. The energy efficiency is given by the fact that the
energy needed to charge a Li-lon battery can never be smaller than the amount of energy
released by the battery during the discharge process which is a direct consequence of the
second law of thermodynamics. The reason can be found in the presence of different overpo-
tentials and side reactions (e.g. the formation of passivation layers like the SEI (Solid Electro-

lyte Interphase) on the electrode surface). The energy efficiency is defined as follows:

Ugisdq 2.29
Energy Efficiency= J Yais 4y (2.29)
fUCh quh
The second important efficiency in Li-lon batteries is the coulombic efficiency (CE) which is
defined by the proportion of the charge Q transferred during the charge (Q.,) and discharge
(Qgis) process. The CE is in most cases much closer to 100 % compared to the energy effi-

ciency because it does not take the cell voltage and possible overpotentials into account:

Qgis (2.30)
Qch

Coulombic efficiency=

The CE is an important parameter in the evaluation of new battery components like active
materials, binders, or electrolytes since it displays the efficiency of a battery cell to reversibly
store Li* and, in addition, it effectively shows the consequences of side reactions or other

irreversible processes [6].

2.2 Graphite, the state of the art anode material

Today’s commercial Li-lon batteries often vary in the choice of the cathode active material
e.g. there are companies which prefer LFP (Lithium-lron-Phosphate), NMC (Lithium-Nickel-
Manganese-Cobalt-Oxide), NCA (Lithium-Nickel-Cobalt-Aluminum-Oxide), or LiCoO, (Lithi-
um-Cobalt-Oxide), depending on the area of application [7]. In contrast almost all suppliers
choose graphite or graphitic carbon as the anode active material for secondary Li-lon batter-

ies. In the following, | will describe the reasons why graphite is commonly used as anode
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material. Moreover, an insight in its chemical lithiation behavior is provided. Prior to the de-
scription, | will shortly point out the three main requirements a material should possess to be

considered as a good candidate as an anode material in Li-lon batteries:

e The potential of the lithiation and delithiation should be very low against Li/Li* to
achieve a high cell voltage

e The number of Li* that can be reversibly stored should be high in order to achieve a
high gravimetric and volumetric capacity

e The material should be structurally stable for a large number of lithiation and delithia-

tion cycles in order to assure a long-lasting battery cell.

Until today, graphite is the material which properties and characteristics show the best
agreement with the above mentioned requirements. There are hundreds of known carbon
modifications like natural and synthetic graphite’s, active carbons, glassy carbons, or cokes.
Dahn et al. have distinguished different classes of carbons which can be used in Li-lon bat-
teries. Moreover, a description of the advantages of graphitic carbon as the anode active
material is given [8]. In short, the main reason for graphite to be the anode material of choice
can be found in its structure: Graphite crystallizes in a layered lattice consisting of sp? hybrid-
ized C atoms which form a planar network with hexagonal symmetry [9]. A schematic graph-

ite structure can be seen in Figure 1.

A oS5 % A Hg;;‘?.?;‘*ja,

Figure 1: Comparison between the hexagonal (ABA) and rhomboedric (ABC) modification of graphite with

the respective stacking order of the graphene layers (adapted and modified from [9]).

Under and above the planar layers, delocalized p_-orbitals have a maximized charge density
which leads to a three dimensional configuration of interacting T-electrons and VAN-DER-

WAALS interactions [10]. Figure 1 additionally depicts the two naturally abundant graphite
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modifications. Especially the hexagonal modification is strongly used as the active material in
anodes for Li-lon batteries. The differences between the two modifications can be found in
the stacking order of the different graphene layers. In addition to the before mentioned hex-
agonal modification in which the different graphene layers following an alternating ABA
stacking order, one can also find graphite with a rhomboedric structure. This modification has
an additional C layer that is shifted from A and B and leads to an ABC stacking order [11,
12]. Both structures enable graphite to reversibly store Li* between the different graphene
layers which is often described as ROCKING-CHAIR mechanism in the literature [13].

During the electrochemical intercalation of Li* between the different graphene layers differ-
ent, specific LiC,-compounds are formed, with the highest lithiated phase being LiCs. Simul-
taneously, the layer distance between the different graphene layers increases during the
lithiation process about ~10 %. The lithiation and delithiation process only takes place via the
prismatic plane (arm-chair and zig-zag faces) and leads to changes in the stacking sequence
from ABA to AAA which means that in the case of the lithiated graphite the different gra-
phene layers are not shifted against each other, which can be seen schematically in Figure 2
[14].

Hexagonal Graphite LiC,

e Li

Figure 2: Change of the ABA stacking order in hexagonal graphite to an AAA stacking order due to the
intercalation of Li* [14].

A significant phenomenon during the electrochemical Li* intercalation in graphite is the step-
wise formation of periodic alignments of unoccupied graphene layers. In the literature, this
phenomenon is described as stage formation [15]. The stage formation is a thermodynamic
process which depends on the energy required to expand the VAN-DER-WAALS-GAPS and to

overcome the repulsive interaction of the different Li,Cs-layers [14].The stage formation can
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be observed during the electrochemical reduction of graphite in a Li-lon containing electro-
lyte. Figure 3 shows the relationship between the electrochemical potential and the formation
of the different intercalation steps (compounds) during the galvanostatic reduction of graphite
to LiCe.
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Figure 3: Schematic representation of the different intercalation steps of Li* into graphite depending on

the potential U vs. Li/Li* and the molar fraction x of Li in LixCs (adapted and modified from [14]).

The different plateaus describe two coexisting LixCs phases which resemble the different
intercalation steps and Li,Cs compounds. During the electrochemical intercalation of Li* into
graphite, four different steps are known which are labeled as s= I, Il, lll, and IV. The first step
starts at a potential of ~0.21 V vs. Li/Li" until the complete transformation to Liy»,Cs has
occurred. In the following, three different steps with different Li,Ce composition can be ob-
served until the final LiCs compound is formed at potentials of <0.1 V vs. Li/Li*. The phenom-
enon can be experimentally observed during galvanostatic and potentiostatic measurements
of the Li" intercalation into graphite electrodes. However, one should mention, that usually no
sharp boundary between the different stages can be observed, because the packing densi-
ties of the different Li,Cs compounds are slightly different. Experimentally, the complete
lithiation of graphite will not be reached at potentials <01 V vs. Li/Li* which is due to side
reactions that increase the resistance of the anode e.g. the SEI formation [16, 17].

One of the main reasons for the stability of the graphite anodes over thousands of
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charge/discharge cycles is the relatively small volume expansion of only ~10 %, which ena-
bles the graphite to be mechanically stable during the repeating cycling steps. Furthermore,
the low Li" intercalation potential leads to the formation of a SEI on the graphite surface. In
the following cycles, the SEI protects the graphite from solvent cointercalation which can lead
to the exfoliation of graphite [18-20]. Moreover, a stable SEI slows down the proceeding
decomposition of the electrolyte due to reduction reactions at the graphite surface at low

potentials [21].

2.3 Silicon: the new anode material of choice?

In order to increase the capacity and energy density of future Li-lon batteries, there is a great
demand of new anode and cathode materials that are able to store more Li* reversibly and
have a good cycling stability at the same time. One material that shows promising character-
istics to replace graphite as the anode material in Li-lon batteries is Si. The comparison of

the main parameters of different possible anode materials is summarized in Table 1.

Table 1: Comparison of the different characteristics between different possible active materials in anodes

for Li-lon batteries (adapted from [22]).

Material Li Si C Sn Ge Al Sb Bi Mg
Density 053 233 225 7.29 5.32 2.7 6.7 9.78 1.3
Lithiated phase
- 3.75 0167 44 4.4 1 3 3 3
(Li,M)
Volumetric capacity
3 2047 8336 837 9786 8639 2681 7246 3765 4355
(mAh cm™)
Specific capacity
4 3862 3578 372 994 1624 993 660 385 3350
(mAh g7)
Potential
. 0.4 0.05 0.6 0.3 0.3 0.9 0.8 0.1
(U vs. Li/Li’)
Volume Change (%) 100 280 12 260 300 96 200 215 100

Abundance in Earth

crust

34th 2th 1 Oth 47th 51 th 3th 62th 68th 7th
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Si is the second most abundant element in the earth crust with a portion of ~26 wt. %. The
high availability together with its exceptional volumetric and specific capacity as well as its
relatively low insertion and deinsertion potential vs. Li/Li* make Si a promising candidate in
replacing graphitic carbon as a future anode material in rechargeable Li-lon batteries [22-26].
The replacement of graphitic carbon or at least the addition of a certain percentage of high
capacity Si materials to obtain Si/C-anodes would considerably increase the capacity of
future Li-lon batteries [23]. Moreover, the low working potential would lead to an increase in
gravimetric and volumetric energy density which is needed to increase the driving range of
electric vehicles or the run duration of consumer electronics (laptops, selfphones, etc.). In
this PhD thesis, the focus lies on the investigation of Si/C-based anodes for Li-lon batteries.
In the following chapters, the electrochemical alloying and dealloying process of Si with Li as
well as the drawbacks and problems that have to be overcome to incorporate Si/C-based

anodes into Li-lon batteries for commercial applications will be described.

2.3.1 Electrochemical formation of lithium-silicon alloys

The reaction of Li to form various Li/metal alloys is a well-known process and has been
reported for several different elements. However, only five of them have been intensively
studied: Si, Sn, Sb, Al, and Mg. The main reasons for the focus on these materials are their
low cost, abundance, and environmental compatibility (compare Table 1) [22, 27, 28].

In 1976, Sharma et al. demonstrated for the first time that Si can electrochemically form
alloys with Li at higher temperatures [22]. In later works, Huggins and Wen showed that
during this lithiation process several crystalline lithium silicides (Li1»Si, LizSis, Li13Sis, and
Li»,Sis) are formed. These compounds follow a distinctive Li-Si (lithium-silicon) equilibrium
phase diagram. According to the phase diagram and coulometric titration experiments at
415 °C, Li»»Sis is the highest lithiated phase, with a calculated theoretical capacity of ~4200
mAh g'1 [29, 30]. However, several studies have revealed that the formation of Li-Si alloys at
room temperature show different results compared to the results obtained at higher tempera-
tures and it is an open debate, if Li1sSiy is the highest lithiated phase with a specific capacity
of 3578 mAh g™ [31-33].
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2.3.2 Lithiation and delithiation process of silicon at room temperature

Generally the reaction of Li with a metal like Si is divided into two different groups which
differ in their reaction mechanism: a.) solid-solution reactions and b.) addition reactions [34-
36]. In both types of chemical reactions, the reaction equation can be generally expressed

as:

Li + M, sLiM, (2.31)

In the case of a solid-solution reaction, no phase or structural change of the reacting metal
framework occurs during the reaction with Li. In an addition reaction, the phase structure of
the lithiated metal is different from the phase structure of the unreacted metal. This means
that the reaction includes a phase change from M to LiM,.

The lithiation and delithiation process of crystalline Si or other metals such as crystalline Sn,
Al, or Sb can be considered as an addition reaction [37, 38]. In the case of crystalline Si the
electrochemically induced lithiation takes place via a two-phase mechanism in which pure
crystalline Si is consumed to form amorphous lithitated Si. Both phases are separated by a
reaction front of a few nanometers [37-39]. This two-phase reaction mechanism is due to the
high activation energy needed to break the very stable Si framework. To weaken the strong
Si-Si bonds, a high concentration of Li at the reaction front is needed which additionally leads
to an enhanced reaction kinetic [40]. The described amorphous LiSi,-phase has a very high
lithium content with x=3.4 £ 0.2 Li atoms per Si atom. This leads to very high capacities but is
also the main reason for the high volume expansion of the material during the electrochemi-
cal reaction. An additional effect of the massive volume changes is a high gradient and trans-
formation strain of the material which weakens the structural integrity of the Si [41].

At room temperature the first electrochemical lithiation of crystalline Si follows a two-phase
reaction. This behavior can also be observed in the voltage profile of a Si/Li half-cell in Figure
4 (solid line). The voltage profile shows a relatively flat and long plateau starting around ~0.1
V vs. Li/Li* which results from the long coexistence of the amorphous lithiated Si-phase (a-
Li,Si,) and the still unlithiated crystalline Si-phase. This behavior differs strongly from the
voltage profile which can be observed at higher temperatures. Figure 4 displays that signifi-
cant Li,Si-phases are present which result in different sharp steps in the voltage profile
(dashed line). The reason for the different voltage profiles lies in the electrochemically in-
duced solid-state amorphitization of the crystalline Si which results in metastable a-LiSi,-
phases instead of the distinctive equilibrium Li,Si,-phases which are kinetically hindered to

form at room temperature due to a higher GIBBS FREE ENERGY [29, 30, 38].
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Figure 4: Voltage profile vs. Li/Li* for the first electrochemical lithiation and delithiation of crystalline Si at
room temperature and its influence on the formation of different LixSi compounds (solid line). For com-
parison reason the dashed line indicates the formation of the different LixSi compounds at 415 °C (sharp

steps indicating the phase transitions) [38].

From the equilibrium phase diagram proposed by Wen and Huggins, Li»»Sis should be the
highest lithiated phase. However, as mentioned above until today it is not fully clarified if this
phase can be formed during an electrochemically induced lithiation process at room tem-
perature. For example, Weydanz et al. found by X-ray diffraction (XRD) experiments at room
temperature Li,;Sis to be the highest lithiated phase which corresponds to ~4020 mAh g
[42]. These findings are inconsistent with results of Obravac et al. who also studied the struc-
tural changes during the lithiation process of crystalline Si by ex-situ XRD and Hatchard et al.
who conducted in-situ XRD measurements [31, 43]. They found that at potentials below
50 mV vs. Li/Li* the highly lithiated a-Li,Si, phase suddenly crystallizes to a crystalline LissSi,
phase and no higher lithiated phases like Li»»Sis or Li»;Sis could be observed. Furthermore,
they found that this phase was formed even if they use amorphous Si as the anode active
material. It is important to mention that this crystallization could only be observed for micro-
metric particles and films >2 ym and is not reported for thin films or Si nanoparticles which
have been used in this work [43, 44].

Different Solid-State-NMR studies of Key et al. helped to gain more insight into the structural
modifications of the Si during the lithiation and delithiation process [40, 41]. By analyzing the

changes of the "Li-NMR shifts at different potentials vs. Li/Li*, they were able to draw conclu-
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sions concerning the chemical environment of the Li* in the vicinity of different Si atoms.
They proposed that the beginning of the lithiation process occurs at around ~0.11 V vs. Li/Li*
and as the lithiation process proceeds, different Si-clusters, Si-chains, Si-rings, and Si-

dumbbells form (details shown in Figure 5)

Si dumbbells -
Li5F; I8, LSl

Figure 5: The different phases and structures proposed during the lithiation of Si. The structures were

concluded from “Li-NMR measurements and include Si-clusters, chains, rings, and dumbbells [41].

As mentioned in chapter 2.3.2, during the lithiation process of Si the tetrahedral Si-network is
destroyed and Si-bond breaking occurs. Density functional theory (DFT) calculations of Kim
et al. explain the destruction of the originally intact diamond structure of Si by an energetical-
ly more favorable negative mixing enthalpy for Li,Si, alloys. They additionally calculated a Li-
Si alloy with ~70 atm. % Li to be the most stable. Moreover, they found that the state of
charge of the Li-atoms during the whole lithiation process is almost constant (+0.8) while the
state of charge of the Si-atoms strongly varies during the lithiation process (between -0.5 and
-3.3) [45]. These theoretical results are an explanation for the formation of different amor-
phous Li.Si, phases during the lithiation and delithiation process with ZINTL-character which
have been observed and reported by several research groups [46, 47].

In addition, Wan et al. performed first-principles-calculations which showed that higher lithi-
ated Si (x>0.1875 in Li,Si) lead to the permanent breaking of several Si-bonds. Consequent-
ly, the permanently broken Si-bonds are responsible for the amorphitization of the Si during

the first lithiation process [48]. Furthermore, it has been reported that during the delithiation
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process from Li,Si to pure Si no reconversion to crystalline Si occurs which means that the Si
remains amorphous after the first lithiation. Figure 6 schematically shows the different struc-
tural changes that occur during the first and second lithiation and delithiation of micrometric

Si [49].
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Figure 6: Schematic representation of the structural changes and existing and co-existing phases that

occur during the lithiation of micrometric Si (adapted from [49]).

2.3.3 Volume changes of silicon

In the literature, it is assumed that the main problem in using Si-based active materials in
anodes for Li-lon batteries is the enormous volume change of the Si during the lithiation and
delithiation. This volume change can be up to 280 % and may result in the pulverization of
the electrode, electrical insulation of certain electrode areas, and contact loss to the current
collector [26, 50-53]. The continuous volume changes of the Si do not only have an influence
on the stability of the electrode framework but also have an influence on the stability of the
before mentioned SEI on the surface of the anode. Li is taking part in the formation of the
SEI which means that during this process some of the Li is irreversibly consumed [32, 54].
Furthermore, the continuous volume change of Si can cause the formation of new uncovered
surface area due to cracks, pulverization, or morphology change of the Si accompanied by

additional SEI formation leading to an increased irreversible capacity of the battery [55].
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2.3.4 Approaches to improve silicon containing active materials

It is expected that the high volume change of Si during the lithiation and delithiation is the
main reason for the strong capacity decay and low cycling stability of pure Si. In the follow-
ing, different approaches that have been reported in the literature to address this problem will
be presented:

The positive effect of Si nanoparticles with particle sizes <100 nm have been reported by Li
et al. in the late 1990s [44]. The improved results for nanoparticles on the cycling perfor-
mance and capacity retention, compared to micrometric particles may be explained by two

major reasons:

a.) The diffusion length of Li* is much shorter in Si nanoparticles which leads to a faster

lithiation and delithiation and also to a better charge transport [22, 54].

b.) Nanoparticles can mitigate effects of the volume expansion more effectively compared to
bulk materials because they can sustain higher stress and strain and do not crack as
easily as micrometric particles. Liu et al. described a critical size of <150 nm under which

no fracture of the particles could be observed [56].

Kim et al. made experiments on the optimized particle size for Si nanoparticles. They found
that the reversible specific capacity of Si nanoparticles with an average particle size of
~10 nm showed the best results compared to Si particles with 5 nm and 20 nm average
particle sizes. However, the highest coulombic efficiency (CE) was found for the 20 nm Si
nanoparticles. One explanation for the results is that nanoparticles < 5 nm have a stronger
tendency to form agglomerates. The reason for the better CE of the 20 nm particles com-
pared to the 10 nm particles could be explained by the smaller specific surface area of the
20 nm particles [57]. The smaller surface area leads to less SE| formation on the surface of
the Si during the cycling process.

Another improvement could be achieved by using amorphous Si nanoparticles instead of
crystalline Si particles because amorphous Si materials do not undergo the irreversible
phase transition during the first lithiation and delithiation cycle. Additionally, amorphous Si
nanoparticles show an isotropic volume expansion compared to the anisotropic volume
changes in crystalline Si materials which is also believed to have a positive effect on the
morphological stability of Si during the lithiation and delithiation process [58, 59].

Excellent results for Si-containing anodes have been reported by using Si thin films which

can be produced by e.g. Chemical Vapor Deposition (CVD) or RF-magnetron sputtering.
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Takamura et al. were able to deposit a 50 nm Si thin film on Ni-foil that retained a specific
capacity of ~2000 mAh g for more than 1000 cycles. However, they also found that an
increase in the film thickness leads to a rapid decay in the cycling stability (Si films with
1.8 um thickness could retain 2000 mAh g™ only for 50 cycles) [60]. The poor performance of
thicker Si films can be explained by longer Li*-diffusion path length, an increased electrical
resistance, and an increased mechanical strain during cycling.

Moreover, it is reported that also the roughness of the current collector has a big influence on
the performance of thin films. Lee et al. reported that rough Cu-foil show better results com-
pared to flat and smooth Cu-foil due to a better adhesion between the thin films or active
particles and the current collector [61].

Another successful approach to improve the performance of Si materials is to nanostructure
the morphology. For example, Cui et al. investigated the effects of Si nanowires and nano-
fibers. These materials allow a fast Li*-transport and an anisotropic volume change due to its
one-dimensional morphology [52, 62, 63].

The same group reported results of hollow Si nanofibers which have been prepared by elec-
trospinning of a Polyacrylnitril solution (PAN) followed by a carbonization step of the PAN
and subsequently CVD deposition of Si. After this procedure, the inner C-core was removed
due to another annealing step. This procedure leads to an additional formation of SiO, on the
Si outer surface which afterwards forces the volume expansion into the hollow space of the
nanofibers leading to an excellent cycling performance of 6000 cycles [64]. Unfortunately,
one-dimensional materials are usually very expensive to manufacture and additionally show
only a moderate volumetric energy density.

Another promising material design has been reported by Yao et al. who synthesized hollow
interconnected Si nanospheres which show a good performance of 700 cycles with a high
capacity of 1387 mAh g™ and a high CE. The good results have been explained by a better
compensation of the volume expansion of the Si due to the hollow structure of the material
[65].

In summary, all the described Si nanostructures still show a volume expansion which affects
the overall performance of the battery. However, it is proposed that due to the different
nanostructures the volume changes can be better controlled and active pulverization and
contact loss can be slowed down. Nevertheless, the drawbacks in nanostructuring active
materials are that they are usually expensive to manufacture and that they exhibit a high
overall surface area which leads to the formation of more SEI and consequently to higher
irreversible capacity especially in the first few battery cycles. Moreover, the volumetric ener-
gy density is reduced because only a small portion of the given volume is filled out with ac-

tive material and a lot of space is empty to compensate the volume changes [66].
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Another approach to enhance the performance and cycling stability of Si containing anodes
is to use matrix materials in which Si is dispersed. The role of the matrix material is to mini-
mize or to buffer the volume change during the electrochemical reaction of Si with Li. A posi-
tive effect could be a decreased agglomeration of the active material, especially when nano-
particles are used [67]. Essential properties of the matrix material should be a fast transport
of electrons and Li* as well as a stabilizing effect on the electrode framework. Matrix materi-
als can be divided between inactive and active materials which differ in the ability to addi-
tionally store Li* reversibly during the charging and discharging process.

Anodes containing inactive matrix materials usually consist of active particles (e.g. Si parti-
cles) and electrochemical inert matrix materials like metals (e.g. Fe, Cu, and Ni), metal ox-
ides (e.g. Al,O3 and Co30,), or ceramics (e.g. TiC) [67-75]. The application of matrix materi-
als shows a positive effect on the volume expansion and a more stable cycling performance
due to the buffer effect. Additionally, an increased electronic conductivity of the anodes can
be achieved depending on the matrix materials applied. The main disadvantages are usually
the decreased gravimetric as well as volumetric specific capacity which leads to a minor
energy density of the battery. Therefore, it is very important to use an inactive matrix material
which is light, mechanically stable, and ionically and electronically conductive, to increase the
kinetics of the electrochemical processes [67, 68].

In anodes containing active matrix materials, both, the active material (e.g. Si particles) and
the matrix material can reversibly store Li* during the charging and discharging process of
the anode. The basic idea of this concept is to minimize the effects of the volume changes
during the lithiation and delithiation process while maintaining as much gravimetric and vol-
umetric capacity as possible. Practically, this can be achieved by using a material combina-
tion with different lithiation and delithiation potentials. For example, Yan et al. report that a
Mg,Si-system has a positive effect on the cycling performance due to a lithiation and delithia-
tion at different potentials vs. Li/Li* [76]. Nevertheless, most investigations focus on active
materials containing Sb and Sn as the primary component [77-81].

An approach that has often been described is the incorporation of C into the electrode. In the
literature, a variety of different Si/C materials are presented that range from C coated with Si,
Si coated with C, and mechanically mixed Si and C powders [44, 82-85]. To obtain the differ-
ent Si/C materials, different techniques have been applied as e.g. CVD with SiH,, carboniza-
tion of different organic precursors, ball-milling, and the mixing of pure powders to obtain the
electrode slurry [86-90].

The development of the discussed anode materials targets an increased electrochemical
performance, an enhanced electronic conductivity of the total electrode composite, and a

positive effect on the stability of the electrodes due to an effective compensation of
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the volume changes during charging and discharging.

A different approach to increase the cycling stability of Si-based anodes that goes without a
change to the different components in the electrode is to control the charge and discharge
potential range in which the Si-based anodes are cycled. By controlling the charge and dis-
charge cut-off voltages, one has the ability to control the depth of lithiation and delithiation.

In the case of Si-based anodes this method has the advantage that the degree of volume
changes and particle agglomeration can be controlled simultaneously by adjusting the cut-off
voltage [44, 91]. The positive effect of a higher cut-off voltage during the lithiation of Si on the
anode cycling stability has been reported by several research groups. Results by Obravac et
al. lead to the conclusion, that cut-off voltages <50 mV vs. Li/Li" result in a spontaneous
transformation of the amorphous Li,Si-phase to a crystalline LisSis-phase. This transfor-
mation leads to a strong increase of the internal stress inside the material which consequent-
ly results in a decreased cycling stability [51]. Nevertheless, recent studies suggest that this
transformation only occurs in micrometric particles and not in nanoparticles with particle
sizes <150 nm [56].

Moreover, Li et al. could show a strong improvement of their Si-based anodes by lowering
the delithiation cut-off voltage from 2 V to 0.8 V vs. Li/Li*. The drawback of this approach is
that lowering of the cut-off voltage decreases the specific capacity of the used active material
because the depth of lithiation and delithiation is significantly reduced [49]. For example Jung
et al. reported a decrease of the specific capacity of the Si-based anode from 3000 mAh g™
to 400 mAh g by changing the lithiation cut-off voltage from 0 V to 0.2 V vs. Li/Li* [58].
Nevertheless, the approach seems to be promising especially for materials like Si which
exhibit a high specific capacity going hand in hand with a high volume expansion. The rea-
son for this is that only a fraction of the theoretically available capacity can still lead to a
significant increase of the overall capacity of the battery cell (see Figure 7 [26]). However, it
is important to emphasize that the restriction of the cut-off voltages will lead to a smaller
overall cell voltage of the battery which results in a smaller energy density. This makes clear,
that adjustments of the cut-off voltages have to been done carefully to find a good compro-

mise between increased cycling stability and decreased energy density.
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Figure 7: Relationship of the total specific capacity of a Li-lon battery cell with a constant cathode specif-
ic capacity as a function of the specific anode capacity [26].

2.4 Electrolyte

The electrolyte is the connecting component between the anode and the cathode in a Li-lon
battery. Most electrolytes used in commercial Li-lon battery cells are liquid in the temperature
range of operation. In this work, liquid electrolytes are used exclusively. Therefore, the fol-
lowing specifications are mainly valid for liquid electrolytes. However, it is worth mentioning
that also polymer or solid-state Li*-conductors exist.

The main task of the electrolyte is to ensure the conduction of Li* between both electrodes.
Moreover, the electrolyte provides the separation between the negative and positive elec-
trode (together with the separator). The chemical and physical properties of the electrolyte
have a strong influence on the battery performance and, in particular, on the elec-
trode/electrolyte interface characteristics. Most electrolytes that are currently in use are
liquids and consisting mainly of two parts: the solvents and the solved Li-salt. An ideal sol-

vent should possess the following properties [92, 93]:
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The ability to dissolve the Li-salt in high concentrations (high dielectric constant €)

e A low melting point (T,,) and a high boiling point (T,), to be liquid in a wide tempera-

ture range

e A low viscosity which enables a faster Li*-transport

¢ Nontoxic, economically friendly, and a high flash point (T;) for a safe and nonflamma-

ble battery cell

Until today, the solvents, which meet the requirements to a large extent, are cyclic or linear
carbonates like propylene carbonate (PC), ethylene carbonate (EC), diethyl carbonate
(DEC), dimethyl carbonate (DMC), or ethylmethyl carbonate (EMC). The different specific
physical and chemical characteristics of the most commonly used solvents for battery elec-

trolytes are given in Table 2.

Table 2: Structure and physical and chemical properties of typical solvents in liquid electrolytes for Li-lon
batteries [92].

n (cP) £ . . . P
Solvent Structure . Tn(°C) To(°C) T;:(°C) 3
(25°C) (Fm?) (g cm™)
(@)
)iy
PC 0" © 2.53 64.92 -55 240 132 1.200
R
@)
I 1.9
EC 89.78 37 248 160 1.321
Q ? (40 °C)
O
EMC N /LR . 0.65 2.958 -14.5 107 23 1.006
07 07 >
/O‘-\ 'O\
DMC il 059  3.107 2-4 90 18 1.063
O
@]
DEC N P 0.75 2.805 -43 126 31 0.969
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The characteristic properties of the solvents clarify that one solvent alone cannot fulfill all the
requirements needed such as high conductivity, low viscosity, and acceptable T, T,, and T.
Therefore, battery manufactures and electrolyte producers prefer mixtures of different sol-
vents. These mixtures mainly consist of a cyclic carbonate (e.g. EC) and one or more linear
carbonates (e.g. DEC, DMC, or EMC) to combine the high dielectric constant of cyclic car-
bonates with the low viscosity of linear carbonates [92].

The other important component of a battery electrolyte is the dissolved Li-salt. The Li-salt
should have a high solubility and a high mobility of the solvated ions in the solvents. The
most commonly used Li-salts for Li-lon batteries are aprotic compounds such
as Lithiumhexafluorophosphate (LiPFg), Lithiumtetrafluoroborate (LiBF,), Lithiumhexafluoroar
senate (LiAsFg), or Lithiumperchlorate (LiClIO,4). From these salts, LiPFg is the most common-
ly used salt in commercialized Li-lon batteries. The reason for this does not lie in its out-
standing conductivity or thermal stability but in the best combination of the above mentioned
properties [94, 95]. The most important physical and chemical characteristics of typical Li-

salts are presented in Table 3.

Table 3: Physical and chemical properties of certain Li-salts for application in electrolytes for Li-lon
batteries [92].

P
Salt M (g mol™) Tm (°C) (mS cm™) in Teecom. (°C)
EC/DMC
LiPFg 151.9 200 10.7 65-80
LiBF, 93.9 293 4.9 >100
LiAsFg 195.9 340 11.7 >100
LiClO, 106.4 236 84 >100

The mixture of the Li-salt with the solvent(s) forms the actual electrolyte being responsible for
the transport of Li* between the electrodes. An important requirement of such an electrolyte
solution is a wide electrochemical window which can be understood by an energy diagram of
a Li-lon battery cell. In Figure 8 the schematic energy diagram of a Li-lon battery cell is
shown. The chemical potential of the Li* in the cathode and anode are given by Mcwiy and
WA respectively and are noted against the Li/Li* reference potential. E¢ and E, are the redox
potentials of the electroactive species in the cathode and anode and AE is the energetic
bandgap between the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest

Unoccupied Molecular Orbital) of the electrolyte. To avoid a continuous decomposition of the
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electrolyte during the operation, ideally the redox potential of the anode (EA) and the cathode
(Ec) fall in the window or bandgap between the HOMO and LUMO of the electrolyte. On the
anode side, the chemical redox potential (E,) is typically very close to the reference energy
level of Li/Li* which is necessary to obtain a high overall cell voltage. On the cathode side,
the chemical redox potential is strongly dependent on the applied cathode material. An ideal
electrolyte should have its LUMO level at ~0 V vs. Li/Li* and its HOMO level higher than the
chemical redox potential of the cathode material in order to provide a high stability through-
out a wide potential range of the Li-lon cell [92]. This relationship for an ideal electrolyte can

be described by the following equation:

OCV = pgyHay < AE (2.32)

In real batteries, the HOMO requirements are most often fulfilled since the cathodic limit is
generally around 4.5 V vs. Li/Li*. Only for new high voltage materials, the electrolytes can be
oxidized at potentials >4.5 V vs. Li/Li" [96].

The situation differs at the anode where the LUMO of the electrolyte is mostly around 1.4-
0.8 V vs. Li/Li* [92]. From this it follows that E, is lower in energy or higher in potential then
the LUMO of the electrolyte which results in the reductive decomposition of the electrolyte at
the interface between the anode and the electrolyte [92, 97]. This process and its conse-

quences will be discussed in more detail in chapter 2.5.

Energy (eV)
A

A LUMO
- MA(L) | e
A

— ocCv

v
HOMO

\ 4
Potential (V) Cathode Electrolyte Anode

Figure 8: Energy and potential diagram of the electronic HOMO and LUMO states in the cathode, electro-

lyte, and anode of a schematic Li-lon battery cell (adapted from [93]).
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In addition to the thermodynamic requirements, a good electrolyte should have low toxicity,
low cost, almost no electronic conductivity, a high Li*-conductivity, stability at extreme condi-
tions (thermal abuse, mechanical, and electrical stability), and the feature of being chemically
inert towards other cell components like current collectors, separators, or the packaging
material. Ideally, the reaction products of the electrolyte components are not flammable to

increase the safety of a Li-lon battery cell [98, 99].

2.5 The electrode/electrolyte interface

In the previous chapter 2.4, the characteristics and requirements for electrolyte solutions in
Li-lon batteries were discussed and, moreover, the possible decomposition of the electrolyte
was described with respect to the working potential of the electrodes being either higher or
lower than the HOMO or LUMO of the electrolyte. Nevertheless, even though the Li-lon cell
is thermodynamically not stable at certain conditions, a standard Li-lon cell still achieves
several years of service life. This leads to the conclusion that the electrodes possess a cer-
tain kinetic stability towards the electrolyte solution. The main reason for the kinetic stability
in Li-lon batteries is the formation of a solid layer at the surface of both electrodes (anode
and cathode).lts formation normally takes place during the first few charging and discharging
cycles of the Li-lon cell due to the decomposition of the electrolyte. It is believed that some
products of these reactions are not soluble in the electrolyte and precipitate at the surface of
the respective electrode. The formed layer was first described by Peled et al. in 1979 and is
called the Solid Electrolyte Interphase (SEI). It is believed to be electronically insulating and
ionically conducting which leads to a slowdown of the electrolyte decomposition in the follow-
ing cycles [100]. Furthermore, the charge and discharge processes are not significantly
inhibited because Li* can still diffuse through the layer into the respective electrode. The
formation of such a stable interface layer proved to be crucial in Li-lon battery cells for the
proper operation over several years.

The SEI on graphite-based anodes gained much attention in recent years and has been
intensively studied. The research mainly focused on the formation mechanism, the morphol-
ogy, and composition [101-103]. The analytical investigation proved to be difficult as its sen-
sitivity towards air and water make it difficult to handle the samples properly. Nevertheless, it
was tried to analyze the SEI by several analytical tools such as X-ray Photoelectron Spec-
troscopy (XPS), Fourier Transformation Infrared Spectroscopy (FTIR), Secondary Electron

Microscopy (SEM), Energy Dispersive X-ray Diffraction (EDX), Transmission Electron Mi-



THEORATICAL CONCEPTS 30

croscopy (TEM), Solid-State-NMR, Raman Spectroscopy, or Mass Spectroscopy (SIMS,
TOF-SIMS). Based on these analyses, the SEI is mainly composed of carbonates, lithium
salts, lithium oxides, polymeric compounds, and litiumalkoxides [104-107]. Generally, the SEI
formation process at the Clelectrolyte interface starts during the first Li*-insertion into the
anode host. As mentioned above, during this first charging process, the anode reacts with
the electrolyte which subsequently decomposes and thereby forms the solid passivation
layer on the surface of the C-based electrode. The instability of the electrolyte results from
the very low operating voltage of the C-based anode in Li-lon cells and it is generally report-
ed that the formation process starts at potentials <1.4-0.8 V vs. Li/Li* [92].

For C-based anodes it is reported, that the SEI covers the electrode completely and, gradual-
ly, it reaches a certain critical thickness during the first few battery cycles that leads to a good
electronic insulation between the electrode and the electrolyte resulting in an improved elec-
trolyte stability in the following cycling. The continuous dissolution/deposition of the SEI
especially during the charge and discharge step has often been reported [104, 105]. In case
of anodes containing graphite or graphitic carbon, the SEI is a crucial component since it
prevents the cointercalation of solvent molecules as well as solvated Li* between the graph-
ite sheets. The solvation shell is stripped off at the SEI during the Li*-intercalation. The coin-
tercalation of solvent molecules and solvated Li* has to be prevented because it can lead to
the exfoliation of graphite [108, 109].

The composition of the SEI on the surface of the C-based anodes result from three different
reaction categories: reduction of the solvents, reaction of the Li-salt, and side reaction with
impurities of the electrode and electrolyte. As described above, the composition of the SEI
has been characterized by a variety of different analytic techniques. Yet, the difficulties in the
sample preparation as well as the difficulties in studying the SEI formation in-situ lead to a
great uncertainty in the exact composition of the SEI. Furthermore, the composition strongly
depends on parameters like temperature, storage time, cycling parameters, formation pro-
cess, electrolyte composition, type of C, type of conductive additive, the binder used in the
electrodes, and the impurity concentrations [104, 106]. Hence, the observed deposition and
dissolution as well as the reported changes in the SEI thickness and composition after a
different number of cycles or storage time state that the SEI is a very complex and dynamic
system, which need further investigation.

In chapter 2.4, it was described that the main solvents in electrolytes for Li-lon batteries are
either cyclic or linear carbonates. The following Table 4 displays examples for possible pro-
posed reaction schemes for EC and DMC as an example for cyclic and linear carbonates
and possible reactions for the Li-salt LiPFs [105, 107, 110, 111]. These components are used

in commercially available Li-lon batteries and give an overview on the variety of proposed
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SEIl products and were also applied in the electrolytes of the PhD thesis.

Table 4: Possible reactions taking place for EC, DMC, and LiPF¢ during the SEI formation process at the
anode/electrolyte interface [105, 107, 110, 111].

? (CH,0),CO + 2e” + 2Li" — Li,CO; + C,H,
o o
o 2(CH,0),CO + 2¢” + 2Li* — (CH,0CO,Li), + C,H,
EC
0 0O CH3;0CO,CH; + €™ + Li* — CH;0CO.,Li + CH3*
e W g
O CH;0CO,CHj; + e + Li* — CH3O0Li + CH;CO,¢
DMC
- LiPFs — LiF + PF
F
.EE:' F _ | ./ F
Li P LiPFs + ne” + nLi* — LiF + Li,PF,
E F
LiPFg LiPFg + Li,CO3; — 3LiF + POF; + CO,

The reactions displayed in Table 4 show only a small portion of possible and reported reac-
tions forming the SEI and do not include secondary reactions or side reaction with impurities.
The most common and influential impurities in Li-lon batteries are hydrofluoric acid (HF)
which is a byproduct of the LiPFg-synthesis process and a byproduct of certain primary reac-
tions taking place with LiPFg, and water (H,O). The impurities can induce a variety of possi-
ble reactions with either the original electrolyte components or with the SElI components
formed during primary reactions. Table 5 displays a few examples of proposed reactions
taking place with the impurities HF and H,O [21, 104, 112]. Note that the proposed reaction
table and the resulting SEI components are not complete. Table 5 provides an overview

about the possible reaction types and resulting SEI components.
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Table 5: Possible reactions of HO and HF in Li-lon battery cells which could contribute to the SEI for-

mation on the anode surface [21, 104, 112].

LiPFe + H,O — LiF + POF; + 2HF

HQO + L|+ +e — L|20 + H2

/O\
H™H
H,O
H,O + Li" + € — LiOH + %2 H,
ROCO,Li + H,O — Li,CO;
LigCOg + HF — 2LiF + H2C03
HE ROCO,Li + HF — LiF + ROCO,H

Li,O + HF — 2LiF + H,O

2.6 SEl in silicon-based anodes

In the previous chapters, the possible problems and challenges resulting from the huge
volume changes during the alloying and dealloying of Si with Li were described. The volume
changes do not only increase the requirements for the material stability but they also affect
the SEI stability formed at the Si/electrolyte interface. As described in chapter 2.5, the elec-
trolyte is continuously reduced if the SEI has not grown to a certain thickness or the SEI is
not dense enough. The continuous electrolyte decomposition can lead to a growth of the SEI
which in turn could result in slower Li*-diffusion. It can be noted that a mechanically stable
SEl is favorable for a good cycling performance of Si-based anodes. Yet, it is believed that
the large volume changes drastically raise the stability requirements of the SEI formed at the

Si/electrolyte interface. However, despite the huge impact of the interface in Si-based an-
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odes on the cycling performance, the investigations of the formation process, composition,
and morphology of the SEI are rare. Most studies concerning the SEI in Li-lon batteries are
conducted on either C or Li surfaces.

The difficulties in characterizing the SEI are comparable to those described in chapter 2.5.
Consequently, the analytic methods to gain more insights into the SEI on Si are basically the
same (FTIR, XPS, TOF-SIMS, NMR, SEM, and EIS) [113, 114]. These characterization
techniques do not give the exact composition of the SEI which leads to the conclusion that
the SEI formation, morphology, and composition are even less understood than the SEl on C
or Li. The SEI compounds reported at the Si/electrolyte interface are Li,COj, Li,O, LiF,
Phosphates, Alkoxides (ROLi), lithium alkyl-carbonates (ROCO.,Li), Poly(ethylene oxides)
(PEO), Oxalates and, Fluorophosphates (LixPF,) [115-117]. It should be emphasized that this
list only provides an overview of the reported species of the SEI in Si-based anodes and is
not a general and conclusive list.

The results of these studies show similar SEI compositions on Si compared to the SEI com-
positions on pure C or Li. Nevertheless, Chan et al. and Kasavaijjula et al. suggest that the
SEIl on Si-anodes should be significantly different from the SEI formed on graphite negative

electrodes. They describe two main reasons for the proposed differences [26, 116]:

e The Si surface is believed to be more reactive than graphite resulting in a dif-

ferent SEI composition including hydrocarbons or Li-silicates

e The huge volume change of Si during alloying and dealloying with Li causes
crack formation in the SEI which results in the exposure of uncovered Si sur-
face to the electrolyte. This process is again accompanied by further unde-

sired electrolyte degradation and side reactions.

The existing results led to a proposed model of the SEI which depicts an inner inorganic and
an outer organic layer, which is schematically shown in Figure 9 [112, 114]. Additionally, it
was reported that the SEI on Si strongly depends on the applied voltage with an increased
SEI growth at lower potentials [114]. In general, the SEI composition will be influenced by the
same factors described in chapter 2.5. It is important to note that the effects of the huge
volume expansion on the morphology of the SEI or possible side reactions are so far not fully

understood.
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Si anode

more inorganic SEI  more organic SEI

Figure 9: Schematic representation of the proposed SEl model in Si-based anodes, consisting of an inner

part which is more inorganic and an outer part which is more organic [116, 118].

Another aspect that is still under debate in the description of the SEI on Si-based anode
systems is the role of the SiO, or SiO, native layer on the surface of the Si materials and the
effect of surface functional groups (e.g. Si-OH) on the reactions and formation of the SEI on
Si surfaces. The reaction of SiO, with Li during the first lithiation step has been described
and investigated in several studies but it is not clear how these reactions influence the SEI or
if these reactions can be described as part of the SEI formation process on Si surfaces. The
following reaction equations give an overview about the reported reactions taking place

between SiO, and Li during the first lithiation process [119-121]:

2Si0,+4Li" +4e"—Li,SiO4+ Si (2.33)

SiO,+4Li" +4e"—2Li,0 + Si (2.34)

The above mentioned aspects can be crucial for a profound understanding of Li-lon batteries

with Si or Si/C-based anodes and need further investigation.
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2.7 Electrolyte additives

Electrolyte additives are chemical compounds added to the electrolyte solution. The amounts
are typically in the range of 0 to 20 wt. %. The aims of electrolyte additives in a battery cell
are usually improved cycling performance, enhanced lifetime, reduced impedance as well as
higher safety. Broussely et al. investigated the long-term stability of Li-lon cells that were
tested over several years [122]. Their findings reveal that detrimental reactions at the anode
due to an unstable and growing SEI lead to an increased impedance followed by a severe
ageing of the cells. Moreover, the results display that the use of certain additives (in this case
vinylene carbonate (VC)) can drastically improve the cycling performance of the cell. Fur-
thermore, Zhang reviewed the different functionalities of electrolyte additives and classified

the additives in the following categories [123]:

SEI forming additives should facilitate the formation of the SEI on the surface of the

negative electrode

o LiPFg¢-salt stabilizer should enhance the thermal stability of LiPFg against the organic

electrolyte solvent

e Cathode protection agents should effectively passivate the surface of the positive

electrode to inhibit oxidative electrolyte decomposition and active material dissolution

e Safety protection agents should lower the flammability of organic electrolytes and
provide overcharge protection, and terminate the battery operation in abuse condi-

tions

e Li-deposition improver should reduce the Li-plating especially on the anode surface

e Other not classified additives can also have the aim to enhance the ionic solvation,
reduce the Al-corrosion of the cathode current collector, or act as wetting agent and

viscosity diluter for the electrolyte

In chapter 2.5 and 2.6, the needs for a stable SEI have been explained in detail. One way to
influence the stability of the SEI is the addition of certain chemical compounds to the electro-

lyte solution which influence the SEI formation at the anode/electrolyte interface.
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Generally, these additives can be described as compounds producing either a polymeric film
or insoluble byproducts during their decomposition which finally can precipitate at the anode
surface. It is assumed that one requirement for a good SEI forming additive is a higher re-
duction potential compared to the solvents reduction potential used in the electrolyte since
this will lead to an increased reactivity of the additives at the anode surface [92, 123].

In the literature, a variety of chemical compounds have been proposed as SE| forming addi-
tives [124, 125]. In case of Si-based anodes the most prominent are vinylene carbonate (VC)
and fluoroethylene carbonate (FEC). In case of VC, several studies reported improvements
of the cycling performance of graphite systems and suggested that the decomposition of VC
can lead to the formation of polymeric chains by a radical polymerization process which
involves its double bond [126]. The resulting SEI is assumed to have a better mechanical
stability and a more effective protection of the electrolyte from the electrode. Moreover, Dala-
vi et al. stated that the amount of LiF (lithium fluoride) on the anode surface is decreased if
VC is used as an additive [124]. Finally, Chen et al. described the resulting SEI to be more
uniform [127].

Another prominent film forming agent for Si-based anodes is FEC. The resulting SEl is re-
ported to be thinner, smoother, and mechanically and chemically more stable compared to
the SEI formed without FEC. Moreover, it was confirmed that a thinner SEI with a high
amount of LiF is formed which contradicts the before mentioned results from Dalavi et al.,
who proposed a more stable SEI if less LiF is present [125, 128, 129]. Etacheri et al. de-
scribe a strong formation of polycarbonates in the presence of FEC formed by HF elimination
and polymerization [115]. The contradictory results point out that the exact functionalities of
the additives are not fully understood. Nevertheless, Figure 10 presents the two most com-
monly accepted decomposition reaction pathways for FEC.

Finally, both, VC and FEC, have shown to form a more stable SEI which directly leads to an
increased cycling performance for Si-based anodes in Li-lon batteries. In the literature, a
variety of chemical compounds have been investigated as SEI forming additives [124, 130].
However, since the variety of possible compounds is almost endless, this chapter focuses on

the most prominent and effective additives described in the literature.



THEORATICAL CONCEPTS 37

O BOU ’O“fﬁa ROH + LiF
F— * #Li
N0 Elimination HF Q\Q/O
(a) o0 1
O~ e 0 o =
£ _— . _—
\:\‘L, O ,\\/ O O \\H/ O
- o)
,Oa/"o Li*, e /,O \T/;'O Li*, e
F <‘/O F=—% - = \F + Li2C03
@
(b) Li l

L T
1 _HF “a
F
lutg
LiF + 0.5 H

Figure 10: Proposed decomposition reaction of FEC in Li-lon battery cells, during the SEIl formation

process [128].

Besides using VC and FEC as film forming additives another way to improve the SEI for-
mation is to use a different Li-salt or a mixture of two different Li-salts. Lithium(bis)oxalate
borate was proposed by Choi et al. and Dalavi et al. to improve the capacity retention and
cycling performance of Si-based anodes [124, 131]. The resulting SEI is reported to be less
porous and has a higher content of semi-carbonates which should lead to an improved pas-
sivation of the anode surface. Figure 11 displays the proposed reductive reaction pathway by

Xu et al. of LiBOB to form more stable SEI on anodes in Li-lon batteries [92]
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Figure 11: Proposed decomposition process of LiBOB during the SEIl formation process on the surface of

the anode in Li-lon batteries [92].

2.8 Binder

Another important parameter which can influence the performance of Si-based anodes is the
type of binder used in the electrode framework. Results from the literature lead to the as-
sumption that the requirements for a binder in Si-based anodes are dramatically raised due
to the high volume changes of the Si-active material during charging and discharging. The
repeating volume changes of the Si can cause the binder to fail, resulting in a loss of elec-
tronic contact and a drastic increase in impedance and decrease in capacity retention [132,
133]. In graphite anodes, usually polyvinylidene fluoride (PVDF) is the binder of choice.
However, a first study by Liu et al. in 2005 showed the failure of the conventional PVDF

binder in Si-based anodes. In this study, they introduced a mixture of styrene butadiene
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rubber (SBR) and sodium carboxyl methyl cellulose (CMC) as a binder system which
demonstrated significantly superior results compared to the PVDF binder [134]. Choi et al.
proposed polyamide imide as a new binder for Si-based anodes and demonstrated an im-
proved cycling stability and coulombic efficiency compared to PVDF [135]. In the literature,
the superior performance of these binders is often explained by increased mechanical and
thermal properties as well as a stronger interaction between the binder and the Si-OH groups
on the native SiO, surfaces of the Si materials.

Two different mechanisms for the interaction between the binder and the Si material are

mentioned:

o Hochgatterer et al. describe the binding process as a condensation reaction between
the binder and the Si particles by esterification [136].

o Birdel et al. display results which lead to a different interaction model explained by
hydrogen bonding between the Si-OH groups on the Si surfaces and the carboxyl
functional group of CMC [137].

It is assumed that these processes strongly depend on the pH-value of the solution and an
increased reaction rate will take place in a more acidic pH. The latter process implies a self-
healing binding process in which the broken hydrogen bonds can reform at a different place
of the Si surface. The proposed interaction between the Si surface and the binder functional
group could explain the enhanced ability of these binders to withstand the strong volume
changes of Si much better than PVDF binders [137-139].

The assumption that a chemical bonding between the active material and the binder has a
positive influence on the cycling stability, cycle life, and the specific capacity of an electrode
led to the development of new binder materials such as Polyacrylicacid (PAA) [140]. It is
assumed that the above described binding to the active material is also valid in the case of
PAA-based binders. The results support this assumption and the PAA increased the perfor-
mance of Si or Si/C-anodes.

Another work by Kovalenko et al. underlined the positive effect of a higher concentration of
carboxyl functional groups. In this study, the authors were able to extract sodium-alginate
and use this compound as a binder in Si-based anodes. The prepared electrodes showed an
excellent cycling stability of ~2000 mAh g™ for 100 cycles [141].

A different approach that was described in the literature is the development of electronically
conductive binder materials in order to reduce the necessary amount of conductive additives
inside the electrode which would result in lower weight and higher gravimetric capacity and

energy density of the cells [142]. Liu et al. developed three polymers which were electronical-
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ly conductive even at very low potentials <1 V vs. Li/Li*. The goal of this work was to control
the LUMO-energy of the polymer by the addition of certain functional groups. The presented
binders were based on a fluoropolymer and the developed structures were PFFO (poly-9,9-
dioctylfluorene) and PFFOMB (poly-(9,9-dioctylfluorene-co-fluorene-co-methylbenzoic-acid)).
The two functional groups influencing the electronic LUMO-states of the polymers
are C=0 and methylbenzylester-PhCOOCH;-groups. The presented results showed an
increased performance, especially for Si/PFFOMB composite electrodes with a specific
capacity of 2000 mAh g™ after 650 cycles at a low charge and discharge current of C/10
[142].

In conclusion, the reported results from the literature show a strong influence of an adequate
binder system in Si-based anode materials on the overall performance of the battery cell.
The application of PVDF, which is the standard binder system in graphite electrodes, failed to
be suitable for Si-based anodes. Binders with carboxylic functional groups seem to stabilize
the performance by a direct interaction between the Si surface and the binder functional
groups. Hence, in this work all the presented results are based on Si/C-anodes using a PAA-

binder.
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3 Aim of the current work

The aim of this thesis is to provide new insights on the improvement of the cycling stability
and capacity retention in Si/C-anodes for Li-lon batteries and to gain a better understanding
of the main degradation processes. Moreover, this thesis tries to present new approaches to
influence the anode/electrolyte interface and to increase the performance of Si/C-based
anodes. The following chapters will describe the experimental measurements and results to

reach the above mentioned goals.

Chapter 4 describes the systematic creation of a new electrolyte formulation for Si/C-based
anodes with higher specific capacity, better capacity retention, and higher cycling stability.
The new electrolyte shows an impeded SEI growth throughout cycling compared to the SEI
formed in a standard electrolyte solution which is assumed to be a key parameter in obtain-

ing higher performances in Si/C-anodes. Other aspects that are analyzed in this chapter are:

o The comparison of the cycling stability of various electrolyte compositions with a ref-
erence electrolyte solution and development of a new electrolyte formulation with
enhanced cycling stability and specific capacity

e Microstructural characterization of the interface morphology and composition by a de-
tailed SEM- and EDX-analysis on the Si/C-anode surfaces cycled in the new and the
reference electrolyte after a different number of cycles as well as the correlation of

these results with the electrochemical performance

Chapter 5 describes a new pretreatment method for Si/C-based anodes prior to the actual
cycling process to form a primary SEI on the Si/C-anode surface upon the actual cycling
procedure. This chapter displays the importance and positive effect of a stable SEI on the
long term cycling stability of Si/C-based anodes. It investigates the effects of this method on
the SEI growth, cycling stability, and the capacity retention. Finally, this chapter deals with

the following aspects:

o Differences in the charge/discharge performance for long-term cycling in the same
electrolyte solution for pretreated and non-pretreated Si/C-anodes

e Analysis of the effects of the pretreatment procedure on the SEI growth and composi-
tion by SEM, EDX, and FTIR measurements.
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Chapter 6 discusses the obtained results and gives an outlook for possible future research

topics to improve the performance of Si/C-based anodes in Li-lon batteries.
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4 A new LINO3 based electrolyte formulation for Si/C-

anodes with enhanced performance in Li-lon batteries

Authors: Janis Doélle, Mirko Herrmann, Gisela Weinberg, Nicole Giliard, Julian Tornow, Rob-
ert Schlégl

Abstract

We present a new electrolyte formulation for lithium-ion batteries (Li-lon) which leads to a
significantly improved cycling stability of silicon/carbon-based (Si/C) anodes. The electrolyte
consists of Lithiumhexafluorophosphate (LiPF;), ethylene carbonate (EC), diethyl carbonate
(DEC), dimethyl carbonate (DMC), fluoroethylene carbonate (FEC), and lithium nitrate (Li-
NO3). We compared the electrochemical results to a commercial reference electrolyte (LP
71) and found a significant increase in both, specific capacity and cycling stability. The initial
capacity of the Si/C-anodes cycled in the new electrolyte is ~1100 mAh g” and after 900
cycles still ~585 mAh g™ remain which is 36% higher than the theoretical capacity of conven-
tional graphite based anodes in Li-lon batteries (~372 mAh g™'). We investigated the morpho-
logical and electrochemical properties of the anodes cycled in the new and reference electro-
lyte by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX),
cyclic voltammetry, and charge/discharge measurements. The obtained results show that the
new electrolyte forms a rather stable electrode while a continuously growing Solid Electrolyte

Interphase (SEI) forms on the electrode cycled in the standard electrolyte

4.1 . Introduction

In recent years one could observe an increased interest in new Li-lon battery technologies
which are used in microelectronics, transportation, and electric grid. The applications drasti-
cally raised the requirements especially in volumetric and gravimetric energy density (Wh I’
and Wh kg™). To improve the energy density of Li-lon battery cells, new anode, cathode and,
electrolyte materials are needed. As a potential anode material, silicon (Si) stands out due to
its high theoretical specific capacity of ~3578 mAh g™ which is nearly ten times higher than

the theoretical capacity of graphite (~372 mAh g) currently used as state of the art anode
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material in Li-lon batteries [22, 26, 27, 143]. However, the Si-based anodes suffer from poor
cycling stability that is assumed to be related to the high volume changes of up to ~280 %
(for the LiysSi, phase) during lithiation and delithiation compared to ~10 % in conventional
graphite electrodes [26]. These volume changes may lead to several degradation processes
e.g. pulverization, electrical insulation of Si in the electrode framework, and contact loss from
the current collector [49, 50]. To solve these problems, nanosized Si materials are more and
more investigated because recent studies assume that a small particle size of nanostruc-
tured Si slows down the degradation of Si and Si/C-based anodes induced by the detrimental
effects of the volume changes [22, 56]. Besides the particle size, also the electrolyte compo-
sition strongly influences the cycling stability of Si-based anodes in Li-lon batteries [113-115].
The electrolyte usually consists of one or more Li-salts dissolved in a mixture of carbonate-
based solvents [92-94]. These electrolytes are usually electrochemically reduced at poten-
tials <0.8 V vs. Li/Li* which means that they are not stable in the operating voltage regime of
C, Si, and Si/C-based anodes [124]. The decomposition products of the electrolyte can pre-
cipitate on the surface of the anode and form a passivating layer at the anode/electrolyte
interface called Solid Electrolyte Interphase (SEI) [100]. In graphite-based electrode systems
the SEI protects the electrolyte from the direct contact with the anode surface which slows
down the continuous decomposition of the electrolyte in the following cycles and moreover,
prevents the intercalation of solvated Li* into the graphite. This could lead to its exfoliation
and the destruction of the anode active material [101]. An ideal SEI should allow a fast Li*-
transport from the electrolyte through the SEI into the Li-storage material and at the same
time should exhibit a negligible electronic conductivity to prevent the electrolyte from further
decomposition and the SEI from continuous growth [117, 118]. In Si-based anode materials it
is believed that the requirements on a stable SEI are significantly increased due to the high
volume expansion of Si during charging and discharging. The continuous volume changes
could lead to cracks inside the SEI layer accompanied by an irreversible Li consumption due
to continuous electrolyte decomposition resulting in a low cycling stability [64, 116, 129]. The
composition and structure of the SEI strongly influences the performance of the anode and
mainly depends on the electrolyte formulation. One way to influence the SEI formation and
composition is to add film forming additives to the electrolyte which alter the SEI characteris-
tics due to different decomposition products. For example the addition of fluoroethylene
carbonate (FEC) or vinylene carbonate (VC) proved to have a positive effect on the cycling
stability of Si-based anodes [123, 127, 128]. Another interesting additive for electrolytes in Li-
lon batteries is lithium nitrate (LINO3) which is well known to have a positive effect in sulfur-
based electrode systems where non carbonate-based electrolytes are used [144]. Therefore,

this work presents for the first time a new electrolyte formulation using LINO; as an additional
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additive in carbonate based electrolyte solutions.

We systematically studied the effects of the two additives FEC and LiNO3; on the cycling
stability of Si/C-anodes and compared the results to the cycling stability in a conventional
and commercially available reference electrolyte. Furthermore, we systematically developed
an enhanced electrolyte formulation using both FEC and LiNO; as additives resulting in a
significantly increased cycling stability and capacity retention. Moreover, we investigated the
effects of the new electrolyte on the electrochemical properties of the Si/C-anodes by
charge/discharge measurements and cycling voltammetry (CV) measurements. Finally, the
differences in the morphology and surface composition of the Si/C-anodes cycled in the new
electrolyte formulation and the reference electrolyte were studied by scanning electron mi-
croscopy (SEM) and energy dispersive X-ray spectroscopy (EDX). All the measurements

were compared to the reference electrolyte.

4.2 . Experimental

The Si/C-based anodes were conventionally prepared by mixing 20 wt. % Si (MK Nano, ~60
nm), 60 wt. % graphite (Timcal, SFG-6), 12 wt. % conducting carbon additive (Timcal, C 65),
and 8 wt. % PAA-binder (Polyacrylic acid, M,, ~450.000, Sigma Aldrich) in ethanol (Sigma
Aldrich, 99 %) for 1 hour using a dissolver at 600 rpm. Afterwards, the obtained slurry was
casted on 9 ym Cu-foil which served as the current collector. The whole process was carried
out in an Ar-filled glovebox (MBraun, H,O < 0.1 ppm, O, < 0.1 ppm) to exclude any contami-
nation during the preparation process. Subsequently, the casted electrode was predried at
80 °C overnight inside the glovebox. Afterwards several anodes (J 12 mm; material load ~2
mAh cm™) were cut out and dried for 5 hours at 120 °C under vacuum without being exposed
to air.

To develop a new electrolyte formulation we used the commercially available electrolyte LP
71 (1 M LiPF¢ in EC/DEC/DMC; 1:1:1 wt. %, BASF) as the reference electrolyte solution. We
prepared different electrolyte formulations by adding 1 wt. %, 5 wt. %, 10 wt. %, and 20 wt. %
FEC (Sigma Aldrich) to the standard electrolyte to measure the effects of the FEC concentra-
tion on the cycling stability in Si/C-anodes. In the next step, we investigated the effects of
LiNO; as an additive by adding 0.1 wt. %, 0.3 wt. %, and 0.5 wt. % LiNO; (Sigma Aldrich) to
the reference electrolyte. Finally, we investigated the synergetic effects of the additives FEC
and LiNOj; by preparing electrolytes with 10 wt. % FEC as well as 0.1 wt. %, 0.3 wt. %, and
0.5 wt. % LiNOj respectively.
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After the electrode and electrolyte preparation several customized half cells for electrochemi-
cal charge/discharge experiments were assembled, using pure Li metal (Alfa Aesar) as the
counter electrode and the prepared Si/C-based anodes as the working electrode. Between
the electrodes two sheets of a Celgard 2500 separator were placed and the cells were filled
by 300 uL of the respective electrolyte.

Charge/discharge experiments were carried out in a conventional CC-CV-mode (constant
current constant voltage) at a Basytec CTS battery cycler. The first two cycles were conduct-
ed with a C/10 rate between 0.01 V and 0.9 V. After reaching the respective potential limits
the voltage was held constant for 1 h. For the following cycles a 1C charge/discharge current
was applied and the potential limits were changed to 0.04 V and 0.9 V. To investigate the
effects of the different electrolytes on the rate capability we cycled the anodes with different
C-rates (C/10, C/2, 1C, 5C, and C/10) for ten cycles respectively. Moreover, we conducted
cyclic voltammetry measurements (CV) in a 3-electrode setup. Therefore, several Swagelok
cells were assembled using Li metal as both, the counter and the reference electrode. The
CV measurements were performed after a different number of charge/discharge cycles (1, 2,
15, and 100 cycles) using 0.1 mV s™ as scan rate and potential limits of 0.01 VV and 1.25 V in
order to study the effects of the different electrolytes on the reversible redox processes of the
Si/C-anodes.

The morphological properties of the pristine Si nanomaterial were characterized by transmis-
sion electron microscopy (TEM) measurements. The TEM measurements were conducted at
a Philips CM 200 TEM with LaBg cathode and an acceleration voltage of 150 kV. The Si
nanopowder was transferred into the TEM without air contact in a vacuum transfer holder.
The morphology and composition of the prepared anodes cycled in the new and reference
electrolyte for a different number of cycles (before cycling, after 1, 15, and 100 cycles) were
analyzed by SEM and EDX (Hitachi S-4800 and EDAX Genesis 4000). SEM images were
recorded from a mixed signal of secondary and backscattered electrons. For the EDX meas-
urements 5 kV and 15 kV were used as accelerating voltages. To exclude the effects of air,
the battery cells were disassembled in the glovebox and the Si/C-anodes were thoroughly
washed with DMC and afterwards transferred to the SEM by an air tight sample holder. Note

that for each analytical investigation new Si/C-anodes were cycled and prepared.
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4.3 . Results

Figure 12a shows the specific charging capacities of three different Si/C-based anodes all
cycled in the reference electrolyte LP 71. The results display the reproducibility of the inves-
tigated reference system. The characteristic cycling behavior of the Si/C-anodes cycled in LP
71 display a relatively stable capacity for the first ~15-20 cycles followed by a rapid capacity
decrease in the following cycles. The specific charging capacity at 1C from the 3™ to the 20"
cycle is around ~850-900 mAh g’ and only reaches ~280 mAh g™ after 100 cycles. The
charging current was 1C except for the first two cycles which were performed at a current of
C/10. This SEI formation step is conducted to form a more robust SEI. Note that the lower
charging rate and the pronounced SEI| formation at the beginning of the cycling procedure
results in significantly higher charge capacities for the first two formation cycles.

To characterize the effects of FEC as an electrolyte additive on the cycling stability as well as
the capacity retention of Si/C-anodes we prepared electrolytes with different FEC additive
concentrations. The results for the Si/C-anodes are shown in Figure 12b. We measured the
best cycling stability and highest specific capacity for the electrolyte with 10 wt. % FEC. The
cycling stability and specific capacity increases stepwise with the addition of 1 wt. %, 5 wt. %,
and 10 wt. % FEC. A higher concentration of FEC results in a decreasing cycling perfor-
mance that can be observed for the results of the electrolyte with 20 wt. % FEC shown in
Figure 12b. Hence, we conclude that ~10 wt. % FEC is an optimum concentration for this
additive at these experimental conditions. The specific capacity at the beginning of the 1C
cycling procedure is ~990 mAh g™ which is significantly higher compared to the results for
the anodes cycled in LP 71. Moreover, the specific capacity after 100 cycles is drastically
increased with ~817 mAh g compared to ~280 mAh g™. To study the effects of LINO; as an
additive in carbonate-based electrolyte solutions we characterized three different additive
concentrations. The results for the addition of LINO3 are presented in Figure 12c. Note that it
was only possible to solve up to 0.5 wt. % due to the low saturation limit of LiNO; in the
respective solvents. The results for the addition of LINO; display improved cycling stability
and a higher specific capacity compared to the anodes cycled in LP 71 especially for the
highest concentration of LiINO;. However, the performance increase due to the addition of
LiNO; is lower compared to the addition of FEC.

To investigate possible synergetic effects of both additives on the performance of the Si/C-
anodes we developed new electrolyte formulations by systematically adding 10 wt. % FEC
and 0.1 wt. %, 0.3 wt. %, and 0.5 wt. % LiNO; to the LP 71 electrolyte solution. The results
on the Si/C-anodes are shown in Figure 12d. We find that the addition of 10 wt. % FEC and
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0.5 wt. % LiNOj3 leads to the best cycling stability and capacity retention with ~1042 mAh g™
at the beginning of the 1C cycling procedure and ~922 mAh g™ after 100 cycles which is ~70
% higher compared to the results obtained for the Si/C-anodes cycled in LP 71 and ~12 %
higher compared to the electrolyte with only 10 wt. % FEC. For a better comparison the
results obtained for the different electrolyte formulations are shown in Figure 13a. The com-
parison displays the stepwise increase in cycling stability and specific capacity due to the

addition of the different additives. Moreover, the positive effect of the new electrolyte formula-
tion is clearly visible.
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Figure 12: Charging capacities with different electrolytes to optimize the cycling stability of Si/C-anodes:
a.) reference electrolyte LP 71 b.) 1 wt. %, 5 wt. %, 10 wt. %, and 20 wt. % FEC additive c.) 0.1 wt. %, 0.3 wt.
%, and 0.5 wt. % LiNO; additive d.) new electrolyte formulation with 10 wt. % FEC and 0.5 wt. % LiNO; as
well as LP 71 + 10 wt. % FEC + 0.1 wt. % LiNO3; and LP 71 + 10 wt. % FEC + 0.3 wt. % LiNOs.

To analyze the effect of this new electrolyte on the long term cycling performance we con-
ducted charge/discharge measurements at 1C for 900 cycles. Figure 13b displays that even
after 900 cycles the specific capacity of the anode is still ~585 mAh g™ which is about ~36 %
higher than the theoretical specific capacity of graphite (372 mAh g™'). Moreover, we obtained

a very low average capacity loss of only ~0.05 % per cycle and a high coulombic efficiency
(CE) of ~99.5 %.
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Figure 13: a.) Charging capacities to compare the cycling stability of Si/C-anodes cycled in the different
electrolyte solutions b.) Long term cycling stability of a Si/C-anode cycled in the new electrolyte formula-
tion

Differences in the charge/discharge process for the different electrolytes should also become
visible for the reversible redox processes of the Si/C-anodes in the different electrolytes. For
the following, a more detailed analysis of the influence of electrolytes on Si/C-anodes, we
compare an electrolyte showing the most stable cycling stability with one having a low cy-
cling stability. Hence, we analyze the anode using the new and the LP 71 electrolyte.

In Figure 14, cycling voltammograms show the influence of the different electrolytes to the
reversible redox processes. These experiments were performed at one electrode after a
different number of charge/discharge cycles between 0.01 V and 1.25 V vs. Li/Li*. The re-
spective redox peaks are indicated according to the literature [20, 145]. The CV’s for the LP
71 electrolyte in Figure 14a show the highest redox activities for Li*-insertion and -deinsertion
into C and Si after 15 cycles. This correlates well with the charge/discharge curves in Figure
12, showing an initial increase of the charging capacity up to about the 15" cycle. While the
CV after the second cycle shows the same redox peaks after 15 cycles, but with lower inten-
sities, there is no Li*-insertion/deinsertion peak into C visible after only one cycle. This is
generally correlated to the formation of a SEI in the first cycles which usually stabilizes the
electrode against further formation. However, the strong dependency of the redox activity
with cycling indicates that no stable SEI forms on the Si/C-anodes. Hence, the anode is in a
dynamic formation state with continuously changing electrode properties leading to the com-
plete absence of activity for Li* insertion/deinsertion after 100 cycles. In contrast with the new
electrolyte formulation, the CV after the first cycle exhibits already similarities to the one after
15 cycles in its deinsertion behavior. Besides slight deviations in the activities of the redox

processes the general activities and shapes of the CV’s after 2, 15, and 100 cycles are pretty
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similar. Hence, with the new electrolyte the electrode formation is predominantly performed

in the first cycle which results in a relatively stable performance for the succeeding cycles.

Si LP 71 LP 71+ 10% FEC + 0.5 % LiNO3
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Figure 14: a.) Cyclic voltammetry measurements of Si/C-based anode between 0.01 V and 1.25 V in the
standard reference electrolyte (LP 71) using a scan rate of 0.1 mV s™ b.) Cyclic voltammetry measure-

ments using the new electrolyte formulation.

A similar trend of the electrode formation is observed from cycle dependent charging and
discharging measurements. The results shown in Figure 15 are correlated to the charging
and discharging of the Si/C-anodes. The experiment in Figure 15a is performed with a con-
stant C-rate (except for the two initial cycles) while the measurement in Figure 15b differs
from this by applying different C-rates. To understand Figure 15a, it is important to note that
the charge/discharge experiment shown in Figure 12 is performed for each cycle by initially
applying a constant current (CC) until a voltage of 0.04 V and 0.9 V is reached for charging
and discharging respectively. Subsequently, the potential is kept at these constant voltages
(CV) to compensate for any non-equilibrium effects. The higher the ratio of the capacity
obtained in this subsequent CV-step to the total capacity the lower is the ratio of the capacity
which can be exhibited during the CC-process. This can be explained by a higher ratio be-
tween side reactions e.g. due to electrolyte decomposition to the overall capacity of the Si/C-
anode. This ratio is plotted in Figure 15a for the charging and discharging of the two electro-
lytes. For both electrolytes, the first two cycles were measured with a C-rate of C/10 while
the following cycles were conducted with 1C. The ratio of the CV-capacity during the first two
cycles is significantly smaller because the system is given more time during the CC-step to
reach nearly full lithiation/delithiation. The results for the succeeding cycles shown in Figure
15a generally display that for the charging process of Si/C-anodes, the CV-ratio is significant-

ly higher compared to the discharging process. This can be understood because during the
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charging process the Si/C-anodes are kept at a very reductive potential of 0.04 V, which
results in a continuous reduction of the respective electrolyte solution. Contrarily, during the
discharge process the anodes are kept at 0.9 V which is a much less reducing potential
resulting in a lower CV-ratio to the overall CC-CV capacity due to less electrolyte decomposi-
tion. Another effect could be that enhanced electrolyte decomposition could lead to a thicker
SEI or to SEI components allowing only slower Li*-transport through the SEI into the anode
resulting in lower capacities.

Furthermore Figure 15a shows the differences between the standard electrolyte solution and
the new electrolyte formulation. Using the new electrolyte results in a relatively constant ratio
for the CV-step during the charge and discharge process, indicating only little electrolyte
decomposition throughout the cycling process. The behavior with the LP 71 standard electro-
lyte is significantly changed and the ratio for the CV-capacity is only stable for about the first
20 cycles correlating well with the stable cycling behavior of the anodes for about the first 20
cycles in Figure 12. Subsequently, the CV-ratio during the charge and discharge process
increases drastically and reaches roughly 95 % of the total capacity after 100 cycles for the
charging step, indicating a continuous decomposition of the reference electrolyte or an im-

peded Li*-transport into the anode throughout the whole cycling process.
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Figure 15: a) Ratio of the constant voltage step (CV-step) capacity compared to the total capacity (CC-CV-
step) b) Rate capability and specific capacities at C/10, C/2, 1C, 5C, and again C/10 for 10 cycles respec-
tively.

Further, a significant dependency of the charging velocity to the applied charging rate is
observed in Figure 15b for the two different electrolytes. Cycling experiments were conduct-
ed at C/10, C/2, 1C, and 5C. At the beginning of the measurements, a low C-rate of C/10
was applied resulting in a slightly higher specific capacity for the Si/C-anodes cycled with LP
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71. However, the degradation over cycling and the capacity loss per cycle is already more
severe compared to the new electrolyte. With higher C-rates the Si/C-anodes cycled in the
new electrolyte formulation clearly outperform the anodes in the standard electrolyte and only
at high currents of 5C (~5,3 A g™') and already ~30-40 cycles we could observe a considera-
ble capacity decay. Finally, the C-rate was again reduced to C/10 to investigate the capacity
retention at low currents. The results display that the specific capacities are considerably
higher for the Si/C-anodes cycled with the new electrolyte and show that the addition of the
two additives FEC and LiNOj not only influence the long term cycling performance but also
has a positive impact on the performance at different C-rates.

The above described electrochemical measurement methods indicate a dynamic electrode
formation with the LP 71 electrolyte which could be stabilized with the addition of FEC and
LiNO3;. Hence, we will analyze if these findings from the electrochemical data can be ob-
served and related to the microstructure of the electrode. We investigate the electrode mor-
phology and composition by a SEM- and EDX-analysis. Before discussing the cycled elec-
trodes, the morphology and composition of the pristine Si/C-anode are displayed in Figure
16. In the SEM images (Figure 16a+b) one can clearly identify the micrometer sized graphite-
particles by their flake-like morphology while the Si and the conductive C (carbon) are both
round shaped nanoparticles and can only be distinguished by the material contrast. The Si
nanoparticles appear significantly brighter compared to the conductive C nanoparticles which
is visible in such a high resolution due to the mixed SEM signal of secondary and backscat-
tered electrons. This procedure is validated by the EDX-analysis on the related spots shown
in Figure 16¢. From the material contrast a generally broad dispersion of Si particles over the
electrode is seen in Figure 16a however, the particles do not cover the electrode homogene-

ously but agglomerate (Figure 16a+b) instead.
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Figure 16: a) Overview SEM image of the fresh, uncylced anode surface b.) Higher magnification SEM
image of the fresh and uncycled Si/C-anode indicating the different anode components: conductive C

(spot a), Si (spot b), and graphite (spot c) c.) EDX-spectra’s of the spots in Figure 16b.
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The results of the EDX measurements in Figure 16¢c show that the pristine Si/C-anode con-
sists predominantly of C and Si with traces of oxygen (O). The O probably originates from the
binder as well as the native oxide layer on the Si-nanoparticles which was found by TEM
measurements on the Si raw material shown in Figure 17. The TEM measurements reveal
that the Si-nanoparticles consist of a crystalline Si-core and a very thin amorphous SiO,-shell

of about 1-2 nm.

crystaline Si-core

Figure 17: TEM image of the pristine Si nanoparticles. The image displays the characteristic crystalline Si-

core of the Si nanoparticles which is surrounded with a ~1-2 nm thin amorphous SiOx-shell

The Si/C-anode morphology and composition significantly changes after cycling in the LP 71
electrolyte. Figure 18 shows SEM images representing the anode morphology after a differ-
ent numbers of cycles. After the first cycle a new structure has formed which can be ob-
served as the fluffy agglomerated component in Figure 18d. After 15 cycles (Figure 18b+e)
further changes in the electrodes surface morphology are visible by the strong contrast

change in the SEM images.
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Figure 18: a-c.) Overview SEM images of the anodes cycled in the standard electrolyte after 1 (a.), 15 (b.),
and 100 cylces (c.) d-f) Higher magnification SEM images of the anode surfaces after 1 (d.), 15 (e.), and
100 cycles (f.).

A magnified SEM image of the Si/C surface morphology after 15 cycles in Figure 19 shows
that a formation of fiberlike or netlike structures begins. After 100 cycles the formation of the
fiberlike and netlike morphology of the Si/C-anode becomes even more enhanced (Figure
18f). Yet, with cycling in the LP 71 electrolyte the Si/C-anode is subject to a continuous

change of the electrode structure.

Figure 19: Magnified SEM image of the Si/C-anodes after 15 cycles cycled in the LP 71 reference electro-
lyte, showing the beginning formation of fiberlike and netlike structures due to enhanced SEI growth.
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The cycle dependent morphology evolution for the Si/C-anodes with the new electrolyte
formulation is significantly stabilized compared to the results for the Si/C-anodes cycled in
the LP 71 electrolyte and is shown in Figure 20a-f. In Figure 20a we already find a contrast
change of the anode after 1 cycle compared to the uncycled Si/C-anode (compare Figure
16a). The Si appears less bright compared to the Si after 1 cycle with the LP 71 electrolyte
(compared to Figure 18a) indicating that the microstructure of the Si has changed already
after one cycle. Moreover, a new structure has formed consisting of different elements C, O,
N (nitrogen), and the main component F (fluorine) which is indicated as spot a in the higher
magnification image in Figure 20d and the EDX measurement in Figure 21b. The new struc-

ture is visible in all samples and already forms during the 1% cycle.

Figure 20: a-c.) Overview SEM images of the anodes cycled in the new electrolyte after 1 (a.), 15 (b.), and
100 cycles (c.) d-f) higher magnification SEM images of the anode surfaces after 1 (d.), 15 (e.), and 100
cycles (f.).

The high F and small N content leads to the conclusion that the structure is formed due to
the additives FEC and LiNO; and may be related to the SEI formed on the anodes with the
new electrolyte formulation (details shown in Figure 21a+b). However the effects and nature
of the newly formed structure need further investigation.
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Figure 21: a.) In-detail SEM image of the new structure formed during cycling in the new electrolyte
indicated as spot a (framed) in Figure 20d b.) EDX-spectra of the new formed structure shown in Figure
21a.

Besides the formation of a new structure the SEM images in Figure 20 display slight changes
in contrast and morphology with increased cycle number indicating a slight change in the
electrodes microstructure. However, compared to the anodes cycled in the LP 71 electrolyte
the effect appears much less severe with the new electrolyte. In Figure 20e and f the differ-
ent Si particles can still be distinguished. Furthermore, the fiberlike or netlike morphology,
visible after 15 and 100 cycles for the anodes cycled in the LP 71 electrolyte, seems to be
absent. These findings lead to the assumption that the new electrolyte formulation effectively

stabilizes the formed anode which results in an enhanced cycling stability of the Si/C-anodes.

To further characterize the differences in the surface composition we conducted cycle-
dependent EDX measurements for the Si/C-anodes in the two different electrolyte solutions.
The results shown in Figure 22a+b indicates that the electrode formation starts during the
first few cycles. Compared to the EDX results for the pristine electrode in Figure 16¢c we
observe an increase of the O and F content for the anodes cycled in both electrolytes which
can be assigned to the electrode formation induced by the decomposition of the electrolyte
during the cycling process. With the LP 71 electrolyte we observe a continuous decrease of
the C and Si signal but a continuous increase of the O signal upon cycling. This supports
again the dynamic formation process of the Si/C-based anode in the LP 71 electrolyte. Fur-
thermore, the EDX measurements also allow to identify the location of the electrode for-
mation by applying a higher acceleration voltage of the incident electron beam and hence, a
deeper information depth. Figure 23 shows the EDX-spectra of a Si/C-anode after 100 cycles
in the standard electrolyte with 15 kV instead of 5 kV used for Figure 22a. Figure 23 shows

that the Si signal strongly increases with higher accelerating voltage while the O to C ratio
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stays rather unaffected. Yet, the O to C ratio does not depend strongly on the depth of infor-
mation while Si is obviously located in a deeper distance from the electrodes surface. This
leads to the conclusion that Si is buried under a layer containing C, O, F, and P (phosphate).
Such a layer growing on top of the electrodes surface is known as the Solid Electrolyte Inter-
phase (SEl). Therefore, from the electrochemical and microscopic study we can conclude

that the SEI on a Si/C-based anode is continuously growing using the LP 71 electrolyte.
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Figure 22: a.) Overview EDX-spectra of the anodes cycled in the new electrolyte for 1, 15, and 100 cylces

b.) Overview EDX-spectra of the anodes cycled in the standard electrolyte for 1, 15, and 100 cylces.

The EDX measurements with the new electrolyte are shown in Figure 22b for different cy-
cles. Compared to the pristine electrode, the O and F components are increased already
after the first cycle and a slight P signal is detected. In contrast to the LP 71 electrolyte the
succeeding changes with cycling are much less pronounced. Especially the Si signal is not
decreasing with higher cycle numbers. Hence, also the EDX measurements show the stabili-
zation of the electrode formation process. From the electrochemical and microstructural
investigations we cannot clearly separate if the electrode formation is just the growth of a
stable and very thin SEI on the electrode surface or if the formation builds up the active

phase for the Li*-insertion/deinsertion.
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Figure 23: EDX measurement of a Si/C-based anode after 100 cycles in LP 71 standard electrolyte and an
increased accelerating voltage of 15 kV. The increased Si signal indicates that the Si is not dissolved

during the cycling process but rather buried under a thick SEI layer.

4.4 Discussion

The results in this work display that the addition of certain additives and the combination of
different electrolyte components can lead to an increased performance of Si/C-anodes in Li-
lon batteries. The LP 71 electrolyte has an inferior battery performance and from electro-
chemical methods a continuous change of the electrodes redox processes is observed.
Hence, with the LP 71 electrolyte no stable Si/C-anode forms. These dynamic variations of
the electrochemical electrode properties correlate well with a continuous growth of a SEI on
the electrodes surface which is observed by the microstructural analysis. A reasonable ex-
planation for the degradation of the battery performance with cycling is the continuous growth
of the SEI which buries the active phase for Li*-insertion/deinsertion and hence electronically
insulates the Si-active material from the electronically conducting carbon framework if the
SEI growth to a certain thickness. An enhanced SEI growth is a result of a continuous elec-
trolyte decomposition which could be observed in the increasing ratio of the CV-capacity to
the overall capacity in the CC-CV cycling procedure throughout cycling. Furthermore a grow-
ing SEI could also lead to an impeded Li* transport throughout the SEI into the anode, result-

ing in less capacity. Moreover, the results of the cycle dependent SEM and EDX measure-
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ments additionally point out the importance of controlling the interface chemistry in Si/C-
anodes to impede the continuous electrolyte decomposition and SEI growth. However, it is
important to note that this is only one possible degradation mechanism and that the results of
the electrochemical and microstructural measurements are a summation of a various number
of sub-steps taking place in the respective Li-lon battery cell and are until now not completely
understood or even faultlessly defined. There are a various number of sub-steps which could
all significantly change the performance of a Si/C-anode e.g. the formation of the SEI, the
transport of Li* in the electrolyte solution, the transport of Li* through the formed SEI layer,
the absorption of Li at the anode surface, the diffusion of Li* in the different anode compo-
nents, or consecutive reactions which can take place due to the continuous growth of the SEI
layer. All these sub-steps could be influenced and changed due to the application of the new
electrolyte formulation and therefore it is still not very well understood how to systematically
influence the performance of an anode by certain changes in the electrolyte formulation.
Furthermore, the above mentioned mechanisms might be partly correct but do not fully de-
scribe the battery performance. Interestingly, for the LP 71 electrolyte one observes an im-
provement of the battery performance within about the first 15 cycles. Hence, the continuous
electrolyte decomposition and growth of a SEI cannot explain this effect completely. Obvi-
ously the pristine electrode requires a certain activation to gain its full activity. One could also
say that the really active electrode is not the pristine one but needs to be formed during the
first cycles. This formation requires only one cycle with the new electrolyte. Moreover, with
the new electrolyte only slight dependencies on the cycle number are observed by electro-
chemical as well as microstructural measurements. We observed an improved cycling per-
formance going hand in hand with only a slight modification of the microstructure especially
for higher cycles. Unlike for the LP 71 electrolyte, with the new electrolyte it could not be
distinguished between an active phase and a SEI. Hence, it cannot be excluded that the real
active phase for Si-based battery anodes is not Si alone but a composite containing Si, F,
and O. However, the selected system for this work contains too many initial components like
Si, SiOy, binder, conductive C, and graphite-flakes and therefore it is too complex to elucidate
the phase responsible for charge storage.

This argumentation should point out that the addition of certain additives is not simply a
change of the electrolyte composition but it is more importantly a change of the complete
“reaction network” possibly resulting into a completely new material and reaction system, or
in other words to a new active electrode. In this case the term “reaction network” can be
defined as the combination of different single reactions like electrolyte decomposition, sec-
ondary reactions of these decomposition products, or possible reactions with the binder or C

materials. The possible single reactions form a complex “reaction network” which itself can
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be strongly influenced by other parameters like e.g. temperature, voltage, or applied current
and its different dependencies are until now not completely understood.

To further investigate the effects of additives we think it will be essential to separate the
different components of the system and additionally try to isolate the different sub-steps
taking place in a Li-lon battery system and thoroughly investigate the elemental steps. These
experiments are necessary to gain a more fundamental understanding about how the differ-
ent components influence the different sub-steps during the battery operation and the “reac-
tion network” of the system. Furthermore we think it should increase the ability to systemati-

cally raise the performance of a Li-lon battery in the future.

4.5 Conclusion

We demonstrated the enhancing effect of the new electrolyte composition 1 M LiPFg in
EC/DEC/DMC (LP 71) + 10 wt. % FEC + 0.5 wt. % LiNO3 on the cycling performance and
capacity retention of Si/C-based anodes by comparing the results with the reference electro-
lyte solution LP 71. Si/C-based anodes cycled with the new electrolyte show an exceptional
cycling performance and still exhibit more than 585 mAh-g™' after 900 cycles which is signifi-
cantly higher than the theoretical capacity of conventional graphite anodes. We compared
the new electrolyte composition with electrodes cycled in a standard reference electrolyte
(LP 71). Electrochemical and microstructural measurements for anodes cycled in the two
electrolytes for a different number of cycles lead to the conclusion that the SEI continuously
grows in case of the reference electrolyte LP 71. Furthermore, the charging/discharging
performance decreases with higher cycle numbers which can be linked to enhanced electro-
lyte decomposition with the standard electrolyte resulting in a continuous SEI growth.

Finally, we observed that the SEI formation is significantly slowed down in the new electro-
lyte going hand in hand with a more stable long time cycle performance. The thick SEI is
obviously inferior for the battery performance so we assume that a denser and more stable

SEI forms on Si/C-anodes with the new electrolyte formulation.
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Abstract

This work presents the results of a new pretreatment method for the direct formation of a
Solid Electrolyte Interphase (SEI) layer on silicon/carbon-based anodes (Si/C) in Li-lon bat-
teries. The pretreatment in a solution containing fluoroethylene carbonate (FEC), lithium
nitrate (LINO3), and lithiumbis(oxalate) borate (LiBOB) at 0.6 V for ~30 min is conducted
inside a beaker and is easily applicable to all kinds of film forming additives. To proof the
effect of the preformed SEI layer, the following cycling was conducted using a conventional
Lithiumhexafluorophosphate (LiPF¢) and ethylene carbonate-based electrolyte (EC). The
pretreatment leads to an improved cycling stability without any additional additives needed.
The results display the influence of a more stable SEI at the electrode/electrolyte interface on
the cycling behavior. The pretreated Si/C-anodes display a stable cycling behavior for 250
cycles with still ~705 mAh g™ residual specific capacity and an initial 1C capacity of ~1050
mAh g™'. Moreover, the initial coulombic efficiency (CE) of the pretreated electrodes is signifi-
cantly improved (~85 %) as well as the CE during the cycling process (~99.5 %). Microstruc-
tural characterization by SEM and EDX displays that the good performance is likely due to a
stable SEI which forms during the pretreatment procedure. The pretreatment effectively
slows down the continuous electrolyte decomposition due to the formation of a more stable

SEl resulting in impeded SEI growth throughout cycling.

5.1 . Introduction

Since the early 1990’s Li-lon batteries have been widely used as power sources and energy

storage devices for various applications and commodities like portable electronic, electrical
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grid, or electric (or hybrid) vehicles [146-148]. The demand for new anode, cathode, and
electrolyte materials is still high because the energy and power density is essentially deter-
mined by the materials used. In commercialized Li-lon batteries, the active material of the
negative electrode (anode) is usually pure graphite or graphitic carbon (C) which has a rela-
tively low specific capacity of ~372 mAh g™ [26]. However, the growing demand on advanced
Li-lon batteries with high power and high energy densities especially for electric vehicles
needs new materials with higher capacities [149]. One promising anode material for Li-lon
batteries is silicon (Si) due to its high specific capacity of ~3580 mAh g™ and relatively low
working potential of <0.5 V vs. Li/Li" allowing for large cell voltages. However, a strong vol-
ume expansion during lithiation and delithiation of up to 280 % leads to severe stress which
forms cracks in the bulk Si and results into a fairly low cycling stability. Nanostructuring Si
reduces the crack formation but increases the interface area between Si and the electrolyte;
hence the interface properties become more severe for the battery performance. A low work-
ing potential leads to the decomposition of the liquid electrolytes commonly used in commer-
cialized Li-lon batteries which are not stable at potentials <0.8 V vs. Li/Li* [50-52, 149]. The
decomposition products of the electrolyte form the strongly investigated Solid Electrolyte
Interphase (SEI) on the negative electrode. It has been reported that the composition and
characteristics of the electrode/electrolyte interface strongly influences the performance and
stability of a Li-lon battery [22, 106, 116, 150-152]. The surface films mainly consist of the
electrochemical decomposition products of the solvents, salts, and additives of the electro-
lyte. In the case of carbonate-based solvents with LiPF¢ as Li-salt several studies suggest
that the SEI mainly consists of insoluble reduction products such as lithium carbonate, lithium
alkyl carbonates, lithium alkoxide, polycarbonates, and ethers [104, 107, 114, 115].

For conventional graphite electrodes these surface films grow to a certain thickness because
they are electronically insulating and hence self-passivate a further severe decomposition
which leads to a stable cycling [153].

In the case of Si-based anodes the SEI formation is not self passivating, this can either be
due to a non-electronically insulating character of the SEI or due to the strong volume ex-
pansion of Si [27, 46, 52, 153-155]. In the latter case, the SEI has to withstand large volume
changes which can lead to cracks inside the SEI resulting in a continuous electrolyte decom-
position and new SEI formation [27]. To tackle the problem of the low SEI stability several
approaches have been reported in the literature like mixing the Si particles with conventional
graphite powder, coating Si with C, or nanostructuring the Si [31, 140, 156, 157]. A different
approach to increase the cycling stability of Si-based anodes is to alter the electrolyte com-
position to generate a more stable SEI. The most common way is to add certain film forming

additives to a standard electrolyte solution e.g. FEC (fluoroethylene carbonate), VC (vinylene
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carbonate), or succinic anhydride [127, 130, 158]. Another approach is to replace the com-
monly used Li-salt LiPFg by LIBOB (lithium bis(oxalate)borate) in order to form a more stable
SEl on Si-based anodes which afterwards leads to an enhanced cycling stability [124]. Nev-
ertheless, the drawbacks of the addition of certain additives can be a decreased stability at
high potentials which are necessary for new high voltage cathode materials like
LiNigsMn4 504 and 0.5-Li,Co003-0.5 LiNig44C0025Mng3102. Another drawback could be safety
problems due to a higher flammability of certain additives [159, 160]. Furthermore, it is well
known that LiBOB is less conductive in typical carbonate-based solvents and has a lower
solubility especially in solvents with low dielectric constants [92].

To overcome these limitations of additives by exploiting their advantages, we report in this
work a pretreatment method in order to form a stable SEIl. This SEIl is electrochemically
formed inside a beaker in a solution composed of FEC, LiNO; (lithium nitrate), and LiBOB,
while the following battery cycling is conducted in a conventional electrolyte solution. The
major advantage is an improved cycling stability, while additionally a preformed SEI can also

reduce the irreversible Li consumption which is of strong interest for a full battery cell.

5.2 . Experimental

The Si/C-based anodes were prepared by mixing 20 wt. % Si (MK Nano, ~60 nm), 60 wt. %
graphite (Timcal, SFG-6), 12 wt. % conducting carbon additive (Timcal, C 65), and 8 wt. %
PAA-binder (Polyacrylic acid, M,,~450.000, Sigma Aldrich) in ethanol (>99 %, Sigma Aldrich)
for 1 hour using a dissolver at 1500 rpm. Afterwards, the obtained slurry was casted on 9 ym
Cu-foil which served as the current collector. The whole process was carried out in an Ar-
filled glovebox (MBraun, H,O < 0.1 ppm, O, < 0.1 ppm). Subsequently, the casted electrodes
were dried inside a glovebox at 80 °C overnight. Afterwards several anode pieces (~3.38
cm?) were cut out and dried for 5 hours at 120 °C under vacuum without being exposed to
air. The following pretreatment was also conducted inside an Ar-filled glovebox by placing
the Si/C-anode as the working electrode and a piece of Li-foil as the counter electrode into a
beaker filled with the pretreatment solution consisting of 0.5 wt. % LiINOzand 1 wt. % LiBOB
dissolved in 20 mL FEC (before the experiment the solution was stirred for ~1 h). A schemat-
ic illustration of the experiment is shown in Figure 24a. After placing the two electrodes into
the solution a current of C/10 was applied till the Si/C-working electrode reached a potential
of 0.6 V vs. Li/Li* which subsequently was held constant for 30 min (Biologic VMP 3). After
the pretreatment, the Si/C-anode was thoroughly washed with DEC (diethyl carbonate
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(DEC), Sigma Aldrich) and dried at room temperature inside the glovebox for several hours.
After the drying process several anodes (@ 12 mm; material load ~2 mg cm™) were cut out
and assembled in customized half cells for electrochemical charge/discharge experiments
using pure Li metal (Alfa Aesar) as the counter electrode and the pretreated Si/C-based
anodes as the working electrode. Between the two electrodes two sheets of a Celgard 2500
separator (PP) were placed which subsequently were wetted by 300 puL of a conventional
LiPFs and carbonate-based electrolyte (BASF LP 71: 1M LiPFg in EC/DEC/DMC 1:1:1). After
the assembling, the electrodes were galvanostatically cycled using a conventional CC-CV-
method (constant current constant voltage) at a Basytec CTS battery cycler. The first two
cycles were conducted with a C/10 rate between 0.01 V and 0.9 V. After reaching the re-
spective potential limit the voltage was held constant for 1 h. For the following cycles a 1C
charge/discharge current was applied and the potential limits were changed to 0.04 V and
0.9 V. To investigate the effect of the different electrolytes on the rate capability we cycled
the anodes with different C-rates (C/10, C/2, 1C, 5C, and C/10) for ten cycles respectively.
To analyze the effects of the pretreatment we additionally conducted measurements on non-
pretreated Si/C-anodes.

Moreover, we monitored the differentiated charge (dQ vs. V) during the pretreatment proce-
dure of the Si/C-anodes to investigate the electrochemical decomposition during the pre-
treatment process (C/10 from open circuit voltage (OCV) to 0.6 V). A microstructural charac-
terization of the pretreated and non-pretreated Si/C-anodes was conducted by SEM and
EDX measurements before cycling, after the pretreatment, and after 100 cycles (Hitachi S-
4800 and EDAX Genesis 4000). To exclude the effects of air, the cycled cells were opened
inside the glovebox and the Si/C-anodes were washed with DEC, dried, and afterwards
transferred to the SEM by an air tight sample holder. The SEM-analysis was performed using
a mixed signal of the secondary and backscattered electrons to have a good compromise in
structural and compositional information. Finally, the effects of the pretreatment method on
the composition of the SEI were analyzed by ATR-FTIR measurements (Shimadzu IRPres-
tige-21; using a Ge-crystal) between 500 cm™ and 3500 cm™ and a resolution of 2 cm™.
Therefore, a non-pretreated sample before cycling was used as a reference system and
compared to the ATR-FTIR spectra of the anodes measured directly after the pretreatment

procedure and after 100 cycles in the reference electrolyte.
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Figure 24: a.) Experimental setup for the pretreatment procedure b.) Potential vs. time plot during the

pretreatment process of the Si/C-anodes in the pretreatment solution containing FEC, LiBOB, and LiNOs.

5.3 . Results

In Figure 24b the potential vs. time behavior is shown for a typical electrochemical pretreat-
ment experiment of the Si/C-based anodes. The potential limit of 0.6 V is reached in ~1h by
applying a constant current of C/10. The potential was subsequently held constant for 30 min
to form a SEI on the surface of the electrode. The formation of the primary SEI due to the
decomposition of the pretreatment solution can be observed in the dQ vs. V plot in Figure 25.
The potential range of 2.2 V-1.6 V features three distinctive peaks which indicate the reduc-
tive decomposition of the three components FEC, LiBOB, and LiNOj of the pretreatment
solution. The decomposition of FEC starts at ~1.6 V vs. Li/Li* and the decomposition of
LiBOB is in the potential range of 1.7-1.8 V vs. Li/Li* [161, 162]. Therefore, we assume that
the small peak at ~2.2 V vs. Li/Li* can be assigned to the reductive decomposition of LiNOs.
Possible reductive decomposition products of LiNO; have been described by Aurbach et al.
to be Li,O and Li\NO, species which both act as good passivating agents that simultaneously
allow a fast Li*-transport [115, 163].
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Figure 25: Differential capacity (dQ) vs. potential behavior during the pretreatment process. The peaks
indicate the reductive decomposition of the pretreatment solution components

After the primary SEI formation the electrode is newly assembled using the standard electro-
lyte LP 71 for the succeeding cycles. This is indicated In Figure 24b as starting of the normal
cycling where the potential initially rises again to ~1 V by an applied current equivalent to
C/10. In case of a fully passivating SEI, Li*-insertion would start immediately and the poten-
tial would drop directly to 0.5 V. Since the potential drop is on a timescale of several minutes,
the preformed SEI is not fully passivating and additional electrolyte decomposition occurs.
However, the electrolyte decomposition is effectively impeded by the preformed SEI resulting
in a higher capacity retention, cycling stability, and coulombic efficiency (CE). As a reference
system non-pretreated Si/C-anodes in the same standard electrolyte solution (LP 71) are
used. In Figure 26, the non-pretreated anodes display a relatively low CE during the first
cycle with ~59 % which can be explained by the decomposition of the LP 71 electrolyte and
the formation of the SEI layer on the electrode surface. In comparison to the non-pretreated
anode the already pretreated anode exhibits a significantly higher first cycle CE of ~85 %
which is believed to be a direct consequence of the primary formed SEI layer during the
pretreatment procedure. However, it is important to notice that the CE after the pretreatment
is only improved but not reaches close to 100 % which, consistently to the discussion for
Figure 24b, indicates that there are still surface reactions taking place and that the SEI for-
mation process is not completed after the pretreatment procedure.

Moreover, Figure 26 displays an increased cycling stability, specific charging capacity, and
CE throughout 100 charge/discharge cycles for the pretreated compared to the non-

pretreated electrodes. After 100 cycles the non-pretreated anodes achieve only a specific
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charging capacity of ~281 mAh-g” compared to ~900 mAh-g™ for the pretreated electrodes.
Furthermore, the CE reaches ~99.5 % for the pretreated anodes compared to ~90-95 % in
case of the non-pretreated anodes. It is important to emphasize that all the cycling experi-
ments were conducted by using the same electrolyte (LP 71, without any additives) which
leads to the conclusion that the improved cycling performance can be attributed to the pre-

treatment in the specific pretreatment solution.
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Figure 26: Comparison of the capacity vs. cycling performance between the pretreated and non-

pretreated Si/C-anodes for 100 cycles.

To investigate the effect of the preformed SEI on the long term cycling stability we cycled the
Si/C-anodes for 250 cycles. The results in Figure 27 point out that the cycling behavior for
the charging as well as the discharging process only shows a slow decrease during the long
term cycling procedure. After 250 cycles the anodes still display ~705 mAh-g™ which is ~71
% of the initial 1C capacity. Moreover, the CE during the 250 cycles is very high with ~99.5 %
indicating a good reversibility of the Li*-insertion/deinsertion process. Without the pretreat-
ment it was not possible to cycle the cells for this high number of cycles which can be seen in
Figure 26.
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Figure 27: Long term cycling behavior of the pretreated Si/C-anodes using the LP 71 electrolyte without

any additives.

The preformed SEI also influences the rate performance of the Si/C-anode. Figure 28 shows
the differences between the pretreated and non-pretreated electrodes at different C-rates.
The non-pretreated Si/C-anode shows a stable cycling performance only in the first few
cycles and at relatively low charging rates of C/10 or C/2 respectively. In the following cycles
we observe a strong decrease of the specific capacity especially at higher C-rates of 1C and
5C. In contrast, the pretreated electrodes display only a slight capacity decay for charging
rates of C/10, C/2, and 1C and only at a very high rate of 5C (~5 A/g) one observes a signifi-
cant capacity drop associated with an increased capacity fading over cycling. Since the
capacity in the succeeding cycles at a slow charging rate of C/10 almost recovers the initial
values received at C/10, the high current do not irreversibly modify the chemical structure of
the electrode and the low capacities at high currents result from transport related polarization

effects.
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Figure 28: Performance of the pretreated and non-pretreated Si/C-anodes at different C-rates.

An alternative method to determine the rate performance would be to evaluate the remaining
charging or discharging current after one hour holding the voltage constant at the respective
potential limit. This constant voltage (CV) step allows for a better equilibration of the given
battery cell system.

If the remaining current during the CV-step approaches zero it indicates that a complete
lithiation/delithiation of the active material took place. On the other hand two possible mech-
anisms can appear if the current is significantly larger than zero. One possibility is a slow Li*-
transport which influences the rate performance of the battery. The other possibility is that
electrochemical side reactions like e.g. SEI formation due to the continuous decomposition of
the electrolyte solution take place. The latter of course does not give any information about
the rate performance of the battery cell. Figure 29 displays the current vs. time plot for 100
cycles with the pretreated (Figure 29a) and non-pretreated (Figure 29d) Si/C-anodes. En-
largements of a region at the beginning and one at the end of the cycling process are shown
in Figure 29b+c and Figure 29e+f. The remaining current after the CV step is indicated as the
blue dotted line for the discharge processes and as the red dotted line for the charge pro-
cesses. All discharge processes approach a remaining current close to zero after the CV-
step, hence the delithiation is completed and no side reactions occur. This is conclusive,

since at the 0.9 V vs Li/Li* potential of the discharge CV-step the electrolyte is known to be
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stable. Therefore, one learns that the Li*-transport is fast enough to occur within the given
time frame of 1 h. We do expect a similar transport behavior in the charging step and there-
fore assume that the lithiation of Si is also terminated after the 1 h CV-step. But the remain-
ing charging currents significantly differ from zero. Since the remaining charging current after
the CV-step does not origin from the Li" insertion, this current can be related to the electro-
lyte decomposition. The remaining charging current with the pretreated Si/C-electrode is
shown in Figure 29b+c for the initial cycles and cycles around the 100™, respectively. Initially
the absolute remaining current is 0.038 mA and quickly decreases to a constant value of
0.023 mA with higher cycle numbers. Hence, the electrolyte decomposition occurs each
cycle and the SEI is not self-blocking its growth. However, compared to the non-pretreated
Si/C-anodes, the pretreated ones are rather stable against electrolyte decomposition which is
indicated by the about one order of magnitude larger remaining current for the non-
pretreated electrodes. The non-pretreated samples exhibit an initial absolute remaining
current of 0.4 mA which decreases to a saturation value of 0.2 mA at around the 15" cycle.
This means that the electrolyte decomposition and therewith the continuous SEI growth
should occur at a higher rate before. This might explain the capacity increase up to the 15"

cycle, observed in Figure 26.
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Figure 29: a) Current vs. time plot for 100 cycles of the pretreated Si/C-anode; b) Magnified area for the
current vs. time behavior, indicated by the red square in Figure 29a; c) Magnified area for the current vs.
time behavior, indicated by the blue square in Figure 29a; d) Current vs. time plot for 100 cycles of the
non-pretreated Si/C-anode; e) Magnified area for the current vs. time behavior, indicated by the red
square in Figure 29c; f) Magnified area for the current vs. time behavior, indicated by the blue square in

Figure 29¢
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The stabilization of the SEI due to the effective pretreatment is also observed by a morpho-
logical analysis with SEM. Figure 30 displays the morphological evolution of the pristine Si/C-
anode (Figure 30a+d) and the results after 1 cycle (Figure 30b+e) and 100 cycles (Figure
30c+f) for the non-pretreated Si/C-anodes. The applied SEM mode, mixing signals of sec-
ondary and backscattered electrons, results in a good contrast between the Si particles
(brighter contrast) as well as the conductive C-nanoparticles (darker contrast). The graphite
flakes can be easily distinguished due to its flake-like structure and its dark contrast. After 1
cycle, we observe a slight contrast change for the non-pretreated anode that can be ex-
plained by the SEI formation; furthermore, we monitor a beginning coverage with SEI. More-
over, we observe that some particles lose their original shape and getting distorted (indicated
by the particles in the area of the black square in Figure 30e.). After 100 cycles the anode is
almost fully covered by a thick SEI layer and it is almost impossible to distinguish between
the different electrode components. These observations indicate that the SEI formed on the
non-pretreated Si/C-anodes still allow intensive electrolyte decomposition accompanied by a

continuous growth of the SEI throughout the cycling process.

Figure 30 a-f.): SEM images of the non-pretreated Si/C-anode before cycling (a+d), after 1 cycle (b+e), and
after 100 cycles (c+f).

The SEM-images for the pretreated electrodes are illustrated in Figure 31. The electrode
morphology directly after the pretreatment procedure is shown in Figure 31a+d. By compar-
ing Figure 30a and Figure 31a we find a slightly brighter contrast in case of the pretreated
electrode which can be assigned to the formation of a thin SEI layer. Nevertheless, the mor-
phological differences between the uncycled and pretreated electrode are negligible which
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can be verified by comparing the magnified SEM images shown in Figure 30d and Figure
31d. Our previous results indicate that the pretreatment strongly influences the growth of the
SEI film on the electrode surface which becomes visible due to a less severe coverage of the
electrode after 1 cycle (Figure 31b) compared to the results for the non-preformed electrode
(Figure 30b). In fact, after 1 cycle we observe that the surface of the electrode is less cov-
ered. After 100 cycles in Figure 31a+f one observes a significant change in the surface mor-
phology, since the surface is now covered with a SEI layer. However this coverage is far less

severe compared to the non-pretreated anodes sown in Figure 30 c+f.

Figure 31 a-f): SEM images of the pretreated Si/C-anodes directly after the pretreatment (a+d), after 1

cycle (b+e) and after 100 cycles (c+f).

Changes in the SEI composition and SEI growth characteristics throughout the cycling for the
non-pretreated and pretreated anodes are also visible in the EDX-overview spectra in Figure
32a+b. The results reveal that the Si-signal is strongly decreased throughout the 100 cycles
in case of the non-pretreated anode whereas the Si-signal for the pretreated anode only
shows a small decay. This result can be explained by a thicker SEI grown on the surface of
the non-pretreated electrodes. Moreover, Figure 32b shows that the composition of the SEI
still changes with continuous cycling. This is in good agreement with Figure 24, indicating
that the SEI formed after the pretreatment is not completely stable, but a different SEI grows
on it when cycled in the standard electrolyte. This additional SEI has a significant F (fluorine)
content as indicated by the increasing F signal with higher cycle numbers. Further the SEI
growing on the pretreated electrode also differs from the SEI growing on the non-pretreated
electrode, even though they are both cycled in the same electrolyte solution. As mentioned,
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the SEI on the pretreated electrode is strongly F containing, whereas the SEI of the non-
pretreated anodes seem to have a major O (oxygen) content. So the chemical composition of
the electrolyte strongly influences the electrode composition and therewith also the further
SEI growth.

a . b c
c non-pre. before cycling after pretreatment
——non-pre. after 1 Cy —— pre. after 1 Cy
——non-pre. after 100 Cy pre. after 100 Cy
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Figure 32: a.) EDX overview spectra’s before cycling, after 1 cycle, and 100 cycles for the non-pretreated
Si/C-anode b.) EDX overview spectra’s directly after the pretreatment, after 1 cycle, and after 100 cycles
for the pretreated Si/C-anode.

To investigate the fiberlike structures observed during the cycling procedure in the SEM
images we characterized the chemical composition of the white square area in Figure 33a by
EDX measurements. The SEM image is a close up of Figure 31f but in the secondary elec-
tron mode to better visualize the morphology of the anode components especially the fiber-
like structures. First, we performed EDX measurements with 5 kV accelerating voltage, the
results of these EDX measurements lead to a first assumption that the fiberlike structure may
does not contain Si (see Figure 33b (5 kV)). However, a second investigation with an in-
creased accelerating voltage of 15 kV reveals that the Si seems to be buried under a thick

SEI layer which mainly consists of F, O, and P (phosphate).
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Figure 33: a.) SEM image of the forming fiberlike structures of the pretreated Si/C-anode after 100 cycles
in the secondary electron mode to better visualize the morphology of the anode components b.) EDX

spectra’s of the area indicated with a white square in Figure 33a with 5 kV and 15 kV accelerating voltage

The difference in the chemistry of the SEI on pretreated and non-pretreated Si/C-anodes is
also verified by ATR-FTIR measurements. The FTIR-spectra of the pristine electrodes shown
in Figure 34a exhibit a broad peak around 900-1200 cm™ which can be attributed to the Si-O
bands of the Si active material of the electrodes. Moreover, a few smaller peaks could be
observed which indicate the presence of the PAA-binder with the characteristic COOH-
vibration at ~1700 cm™. The other bands are likely due to other vibrations of either the binder
or surface groups on the Si, graphite, or conductive carbon (e.g. C-H ~1380-1480 cm™"). After
the pretreatment we observe a drastic change of the FTIR-spectra due to the formation of the
preformed SEI. The new bands after the pretreatment procedure in the potential range of
3.3-0.6 V vs. Li/Li* can be assigned to the preformed SEI on the surface of the anodes which
is composed of the reduction products of FEC, LiBOB, and LiNOs. For example, the decom-
position of the LiINO; additive results in N containing groups, hence the characteristic N-O
bands at ~1515-1580 cm™ and ~1350 cm™ as well as the N-H band at ~1650-1680 cm™ are
related to it. Moreover, the bands at 1828 cm™ and 1150 cm™ are likely due to the formation
of PEO-like species (poly(ethyleneoxide)) with the characteristic (O-C-O)- and (C-O-C)-
vibrations. The formation of PEO-like species must originate from a C containing reactant
and is therefore related to the reductive decomposition of FEC. Furthermore, the decomposi-
tion of LIBOB and LiNOj result in the formation of certain Li containing components such as
Li,CO3; (OCOO" bending at ~859 cm™) and Li,O (~607 cm™). The other components in the
primary SEI are very difficult to clarify because of the variety of possible decomposition prod-
ucts with similar characteristic groups. Nevertheless, the FTIR results clearly indicate the
differences between the pretreated and the pristine Si/C-anodes. In Figure 34b the pre-

formed SEI is shown after 100 cycles in the standard electrolyte LP 71. Most of the above
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discussed FTIR-bands identified directly after the pretreatment are still visible after 100 cy-
cles in the standard electrolyte.

Further Figure 34b shows the FTIR-spectra of non-pretreated Si/C-anodes after 100 cycles
in the standard electrolyte. The results clearly show the differences in the SElI composition
between the pretreated and non-pretreated anodes after 100 cycles in the same electrolyte.
The bands of the non-pretreated electrode significantly differ from those of the pretreated
electrode. The different FTIR-bands lead to the conclusion that the pretreatment not only
influences the SEI composition of the primary SEI but also has an influence on the SEI com-
position after 100 cycles. The different SEI formation by cycling in the identical electrolyte
solution might either originate from the influence of surface groups formed during the pre-
treament or from different potential conditions due to a different voltage drop over the pre-
fomed SEI.
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Figure 34: a). ATR-FTIR spectra’s are of the pristine Si/C-anode (reference) and directly after the pre-
treatment process b.) Comparison of ATR-FTIR spectra’s of pretreated and non-pretreated Si/C-anodes

after 100 cycles in the LP 71 reference electrolyte.

5.4 . Discussion

The above presented study compares Si/C-anodes which were equally prepared except for
an additional SEI pretreatment step for one of the electrodes. The electrodes are cycled in
the same standard electrolyte after the pretreatment. Since the electrode morphology of the
pretreated and the non-pretreated electrode are almost identical, a difference in mechanical

stress induced by the large volume expansion of Si can be excluded as origin for the pro-
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longed stability of the pretreated anode. This agrees with findings from TEM investigations by
other groups, where Si nanoparticles stay mechanically intact if they are below a certain
threshold size [56]. But in contrast to the morphology, our spectroscopic analysis identifies
that the major changes due to the pretreatment affect the chemical interface of the anode to
the electrolyte. The primary SEI formed after the pretreatment of the anodes exhibits different
chemical species compared to the non-pretreated anode. This is not surprising, since it was
electrochemically pretreated in different initial species. Important is the succeeding cycling in
the same standard electrolyte. The CE (coulombic efficiency) in the first cycle of the pretreat-
ed anode in the standard electrolyte is with ~85 % too low for a pure reversible Li*-insertion
and deinsertion and indicates that the pretreatment does not form a completely stable SEI
yet. However, the results show that the growth velocity of the further SEI in the following
cycles, resulting from the decomposition of the standard electrolyte, is significantly deceler-
ated compared to the SEI growth rate on a non-pretreated electrode. Besides the growth
rate, the FTIR results indicate that also the composition of the SEI from the standard electro-
lyte is not identical for the two initially differently treated electrodes. Hence, the interface
chemistry of the electrode and electrolyte influence the growth rate and the composition of
the SEI. Overall the SEI formation is significantly dependent on the electrolyte and the elec-
trode surface and has to be taken into account in the discussion of the battery reaction.
Therefore, as discussed earlier in chapter 4 the battery electrode of importance is not the
pristine, but the electrode which forms under the operation conditions by the interfacial reac-
tions with the electrolyte.

We further observe that the SEI thickness exhibits a certain correlation to the overall battery
performance, meaning that for higher cycle numbers a thicker SEI results in lower retained
specific capacity. The time dependent measurements show that a transport limitation is
unlikely to explain this worse battery performance with a thicker SEI. A possible, but here not
completely proven explanation for the influence of the SEI thickness on the rapid capacity
decay could be that the SEI overgrows the Si particles and detaches them from the current
collecting carbon framework, if the SEI layer reaches a certain thickness. Thereby the active
Si material gets electronically insulated and cannot take part in the following lithiation and
delithiation processes. In case of the non-pretreated Si/C-anodes the critical thickness
seems to be reached after ~15-20 cycles because after this we observe a rapid decrease of
the specific capacity (compare Figure 26).The above discussed results allow for the conclu-
sion that the interfacial chemistry between the electrode and the electrolyte is the major
factor limiting the stability of Si/C-based anodes for Li-lon batteries. This finding becomes
especially relevant since the nanostructuring of Si, required for a better mechanical stability,

results in an enhanced interface area to the electrolyte and therefore induces stability prob-
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lems which require an especially stabilized electrode/electrolyte interface. Hence, an effec-
tive pretreatment and the formation of a more stable SEI on Si-based anodes significantly
helps to increase the cycling stability and capacity retention of future Si-based anodes in Li-
lon batteries.Moreover, a preformed SEI prior to the actual formation and cycling would
significantly improve the possible energy densities of a battery because the irreversible ca-
pacity during the first few cycles of a Li-lon battery is mainly due to the formation of the SEI
in which certain amounts of Li are irreversibly consumed. The new pretreatment procedure
does not prevent the SEI formation, but significantly reduces the SEI growth in the following
cycles as discussed above. This makes the procedure additionally attractive for full cells

where only a limited amount of Li is supplied by the battery cathode.

5.5. Conclusion

This work presents the results for a new pretreatment method of Si/C-anodes for Li-ion bat-
teries prior to the actual charge/discharge experiments in a standard electrolyte solution. The
pretreatment is conducted electrochemically inside a beaker using a pretreatment solution
containing FEC, LiNO3;, and LiBOB which are known to be good film forming agents. The
results of the electrochemical measurement reveal an increased specific capacity, cycling
stability, and coulombic efficiency (CE) for the pretreated anodes. To investigate the differ-
ences between the pretreated and non-pretreated Si/C-anodes we monitored the chemical
changes taking place at the surfaces during the pretreatment procedure and cycling process
by ATR-FTIR measurements. The obtained results reveal a drastic change in the surface
composition due to the formation of a thin primary SEI layer on the Si/C-anode. The different
effects of the pretreatment on the microstructural characteristics throughout cycling were
investigated by SEM and EDX measurements and compared to non-pretreated Si/C-anodes
cycled in the same electrolyte. The results illustrate that the SEI growth can be strongly
impeded due to the formation of a primary SEI by the pretreatment procedure in the specific
pretreatment solution. The irreversible capacity during the formation process is strongly
reduced which goes hand in hand with an increased CE during the Li-lon battery cell for-
mation process. In case of the non-pretreated Si/C-anodes we observe an enhanced SEI
growth resulting in rapid capacity decay. Our results display that the pretreatment procedure
slows down the degradation mechanisms in Si/C-anodes. Hence, we assume the interfacial
chemistry to be the dominant factor for the battery degradation and the formation of a stable

SEl is the key parameter to achieve a stable cycling performance with Si/C-anodes.
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6 Conclusion and outlook

6.1 Conclusion

Increasing the energy density in Li-lon batteries is crucial for the widespread of electric or
partly electrified vehicles, consumer electronics, or stationary energy storage systems. One
way to achieve this aim is to change the cell chemistry of a Li-lon battery cell by substituting
the existing anode and cathode active materials. One possible anode material that has the
capability to increase the energy densities in future Li-lon batteries is Si due to its high theo-
retical gravimetric capacity of ~3580 mAh g™ which is nearly ten times the theoretical capaci-
ty of graphite (~372 mAh g™).

This thesis deals with two different approaches to alter and improve the electrochemical and
interfacial properties of Si/C-based anodes to increase the specific capacity, the cycling
stability, and the capacity retention. Moreover, it should provide a better understanding of
possible degradation processes taking place in Si/C-based anodes.

In chapter 4 the first approach is presented and discussed which includes the development
and analysis of a new electrolyte formulation. The obtained results for the new electrolyte
composition were compared to a commercially available standard electrolyte consisting of
the Li-salt LiPFg and the solvents EC, DMC, and DEC (LP 71). In the new electrolyte solution
10 wt. % FEC and 0.5 wt. % LiNO3; were added as additives. The addition of these additives
proved to have a beneficial synergetic effect on the performance of Si/C-anodes and signifi-
cantly increase the specific capacity and cycle life.

To gain more insights into the differences between the reference electrolyte and the new
electrolyte a cycle dependent microstructural SEM- and EDX-analysis were conducted. The
obtained results lead to the conclusion that the SEI on the Si/C-anodes formed in the new
electrolyte is significantly thinner compared to the SEI formed on the Si/C-anodes cycled in
the reference electrolyte solution. Furthermore, in case of the LP 71 electrolyte the cycle
dependent SEM-analysis revealed that the SEI growth is significantly enhanced throughout
the cycling process whereas the SEI growth seems to be slowed down in case of the new
electrolyte solution. These results are supported by cycle dependent EDX measurements
showing a strongly decreasing Si and C signal with increasing cycle number in case of the
reference electrolyte. The obtained results during this study indicate that the Si active mate-
rials get likely buried under a thick layer of SEI during the continuous cycling procedure. We
assume that the increasing coverage of the Si active material during the cycling process can

lead to the electronic insulation from the electronically conducting framework and the cov-
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ered Si active material cannot take part in the following lithiation and delithiation processes.
In case of the new electrolyte solution, the EDX signals of C and Si are almost constant for
100 cycles which support the results of the SEM analysis indicating a thinner and less grow-
ing SEI. These findings can be one possible explanation for the more stable cycling perfor-
mance of the Si/C-anodes anodes in the new electrolyte.

A stable and thin SEI seems to be crucial for a good performing Si/C-anode. If the SEI is not
insulating or dense enough the electrolyte solution is continuously decomposed throughout
the cycling process resulting in a fast insulation of the Si-active material due to continuous
SEI growth. This process is additionally accompanied by a strong capacity decay and short
cycle life. The differences in the two electrolytes have been investigated by analyzing the
ratio of the specific capacity during the constant voltage step (CV-step) to the total capacity
in the constant current constant voltage cycling procedure (CC-CV). These measurements
showed that the CV-ratio is strongly increasing in case of the anodes cycled in the reference
electrolyte which can be explained by continuous electrolyte decomposition, due to a less
stable SEI formed in the LP 71 electrolyte. In case of the new electrolyte solution, the ratio of
the CV-capacity to the overall capacity of the Si/C-anode is almost constant throughout the
cycling procedure.

Some of the findings in chapter 4 could also be confirmed in chapter 5, where a new electro-
chemical pretreatment method for Si/C-anodes was introduced to form a stable, primary SEI
on the surface of the anodes prior to the actual cycling procedure. The results of the
charge/discharge measurements reveal a significant increase of the cycling stability and
specific capacity for the pretreated Si/C-anodes. The pretreatment was electrochemically
conducted inside a beaker containing a solution of FEC, LiBOB, and LiNO; which are all
known to be good film forming agents.

The study compared pretreated and non-pretreated Si/C-anodes in the same standard elec-
trolyte solution. The charge/discharge measurements display a significantly higher CE of
~85% during the formation process in the first cycle for the pretreated anodes compared to
the non-pretreated anodes (~59 %). This finding can be explained by the formation of a more
stable primary SEI due to the electrochemical pretreatment procedure. However, a value of
~85 % indicates that the primary SEI is not completely protecting the Si/C-anode and still
allows some electrolyte decomposition resulting in further SEI growth. Nevertheless, the SEI
growth in the following cycles could be significantly slowed down compared to the non-
pretreated electrodes which was found by cycle dependent SEM and EDX measurements.
These measurements additionally revealed that the SEI is continuously growing in case of
non-pretreated electrodes. One possible reason for this was found in the remaining current at

the end of the CV step of the CC-CV cycling procedure. This time dependent measurements
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showed that the remaining current at the end of the CV-step is about one order of magnitude
higher in case of the non-pretreated electrodes. A one order of magnitude higher remaining
current throughout the whole cycling process could be explained by enhanced electrolyte
decomposition due to a less stable SEI. Transport limitation factors, due to a growing SEI
could also add to the remaining current however, if the remaining current is dominated by
transport limitation factors it should be significantly smaller at the beginning of the cycling
procedure, when the SEl is still rather thin compared to its thickness at the end of the cycling
process.

The results in this thesis point out that the SEI growth rate and thickness correlates with the
declining overall cycle stability of the Si/C-anodes. A possible explanation for this observation
could be that the continuously growing SEI overgrows the Si active material, which was
already found in chapter 4. If the SEI is reaching a certain thickness the Si gets detached
from the electron conducting carbon framework and gets electronically insulated hence it
cannot take part in the following charge and discharge cycles resulting in small specific ca-
pacities.

Another result of this study revealed that the pretreatment procedure not only influences the
SEI growth characteristics but also the surface composition of the electrodes. This was ana-
lyzed by FTIR measurements. The FTIR measurements display that the pretreatment effec-
tively forms a primary SEI on the surface of the Si/C-anodes. Its composition can be linked to
the decomposition products of the components of the pretreatment solution. After 100 cycles
in the standard electrolyte the pretreated Si/C-anodes show only little differences in the FTIR
spectra’s. However, the differences to the FTIR spectra after 100 cycles for the non-
pretreated Si/C-anodes are significant. Therefore we can conclude that the interface chemis-
try at the electrode/electrolyte interface influences the growth rate and the composition of the
SEI. Hence, the SEI formation process depends on both the electrode surface characteristics
and the electrolyte composition and has to be considered in the discussion of the battery
reaction processes.

These findings display the importance of a stable SEI on the cycling performance and capac-
ity retention. Since the morphology of the pretreated and non-pretreated Si/C-anodes have
been almost identical, we can conclude that the performance differences are more likely
linked to differences in the interface chemistry than to differences in mechanical stress in-
duced by large volume expansions of the Si. Additionally the results of this thesis show that
the Si/C-anode of importance is not the pristine, but the anode which forms after the for-
mation under operation conditions due to interfacial reactions with the pretreatment solution
or the electrolyte solution.

Moreover, another positive aspect of the pretreatment method in general is that the pre-
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treatment leads to a significantly higher CE which could be very beneficial for the balancing
of the anode and cathode of a Li-lon battery full cell. In a Li-lon battery full cell, the Li needed
to form the SEI is incorporated into the cell by an excess of Li containing cathode active
material. The excess of the cathode material results in a decrease of gravimetric and volu-
metric energy density.

Finally, the obtained results of this work demonstrate that the performance of Si/C-anodes is
strongly linked to the electrolyte solution and the electrode surface chemistry at the elec-
trode/electrolyte interface. Moreover, it points out that the application of different electrolyte
compositions drastically influences the SEI formation process and that the SEI growth rate
strongly affects the overall performance of the Si/C-anode.

Changes in the electrolyte solution or defined changes in the electrode surface characteris-
tics are a possible way to improve the cycling stability and capacity retention however, the
obtained results also make clear that the different sub-steps taking place in a Li-lon battery
are still very little understood. Changing the electrolyte solution or having changes in the
anodes surface properties lead to changes in the complete “reaction network” of a Li-lon
battery and can affect not only the electrolyte or surface characteristics but also the SEI
formation and SEI growth. Moreover, the effects of different electrolyte compositions on
possible secondary reactions in the SEI formation process in Si/C-based anodes need fur-
ther investigation. The combination of all these sub steps forms a complex “reaction network”
which finally decides about the overall performance of the Si/C-anode and hence the Li-lon
battery. Therefore, the obtained results additionally reveal that it is important to gain a better
understanding of the different sub-steps taking place in a Li-lon battery cell and to learn how

these sub-steps can be positively influenced by changes of certain battery cell parameters.
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6.2 Outlook

The research and the results of this thesis could lead to a variety of future research topics:

It is suggested to separate the different components of a Si/C-based battery cell to
get a more detailed understanding of how different components influence the different
sub-steps and the “reaction network” of Si-based anodes. Therefore, it would be nec-
essary to design proper model systems and experiments. One possible research
pathway could be the deposition of Si and C thin films to study the effects of different
electrolyte solutions at different experimental conditions on the SEI formation pro-
cess. This could lead to new insights how the SEI affects the cycling stability and may
take part in the reversible charge/discharge process; a point which is not totally un-
derstood until today and should be addressed in the future to get a better understand-

ing of the actual charge storage mechanism in Si-based anodes.

The new pretreatment method opens a wide variety of possible research topics by
changing the composition of the pretreatment solution and the pretreatment experi-
mental parameters like voltage, current, composition of the pretreatment solution, or
the temperature. Moreover, this method is also an easily applicable procedure to
thoroughly investigate the influence of the different components and learn more about
the degradation processes and the “reaction network” of the given Li-lon battery cell.
Furthermore, by isolating the different components and sub-steps it could lead to a
better understanding of the SEI formation process in Si/C-anodes which proved to be

crucial for the anode performance.

In this thesis it was shown that the continuous growth of the SEI throughout the cy-
cling procedure can be considered as one major degradation process in Si/C-anodes.
Therefore, future research should concentrate on new solutions to control the inter-
face chemistry by either form a stable artificial SEI prior to the cycling process or by
techniques to impede the continuous SEI growth. This thesis pointed out that a feasi-
ble electrolyte composition and an effective electrochemical pretreatment, could slow
down the SEI growth resulting in a better cycling stability and higher specific capacity.
Hence, the investigation of effective coatings prior to the cycling process by thin film
techniques (e.g. CVD) could be a possible way to control the interface chemistry of

Si/C-anodes and to improve the performance of future Li-lon batteries.
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