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Abstract

One key factor for the breakthrough of electric mobility are high energy lithium ion
batteries. One approach to increase energy density is replacing the commonly used
active materials by alternatives. Silicon is seen as the most promising next-generation
anode material due to its high theoretical capacity, low discharge potential and abun-
dance. High periodic volume change and high irreversible lithium consumption make
the implementation of silicon very challenging. Prelithiation is inevitable to prevent
consumption of lithium and therewith waste of valuable cathode material in full cells.
So far, commercially available cells contain silicon as an additive in maximum amounts
of 5 wt.% and practically no safe and scalable prelithiation method exists.
This thesis presents and verifies a holistic concept addressing main difficulties for com-
mercialization of anodes with high silicon contents. The 3D-structured current collector
is a central element in this work, defining the innovative electrode design and paving
the way for a new lithium permeable cell concept. Scientific understanding of the lithi-
ation and aging mechanism of micrometric silicon materials is gained. By including a
prelithiation step, capacity losses are buffered and implementation of silicon anodes
into efficient high energy density full cells is enabled. With this, the overarching goal of
this thesis is the development of a scalable prelithiation method conducted on already
assembled cell stacks.
After technical development of lithium permeable silicon anodes, parameters and effects
of the prelithiation concept are studied. Characterization of silicon anodes and examina-
tion of stabilizing effects are performed by studying underlying lithiation mechanisms
with the help of model approaches, evaluation of electrochemical data and electron
microscopy. Simultaneous prelithiation of stacked silicon anodes in assembled cells is
verified and influences on lithium distribution are examined.
Applying the innovative electrode concept and prelithiation, cycling stability of full
cells with high Si-content anodes (60 wt.%) could be increased from <100 cycles to
up to 400 cycles before reaching end-of-life (80% capacity retention). The successful
transfer of the developed prelithiation method into stacked pouch cells is demonstrated.
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Part I.

Introduction and Background



1. Introduction

1.1. Placement of the thesis

This year’s Nobel Prize in chemistry was awarded to John B. Goodenough, Stanley M.
Wittingham and Akira Yoshino for pioneering work starting from the year 1975 in the
field of lithium ion batteries (LIBs).158,47,43 Today, these highly efficient energy storage
devices are not only advertised as an intrinsic part for the mobile electronics revolution
but also as a step towards a more sustainable and environmentally friendly future of
the planet.121

Browsing through news from the automobile industry, lithium ion batteries are a key
factor for stepping into a new century of electric mobility. Where previously the main
motivation was autonomy of fossil fuels, the whole "Diesel Gate" raised the awareness of
the public for locally emission-free driving.103 Large investments suggest the dream of
electric mobility fed by electricity from renewable energy has become an industrial and
political goal. Accordingly, not only for portable devices but now also for individual
transportation all eyes are on lithium ion batteries.

Why are lithium ion batteries so highly advertised in comparison to other secondary
battery systems?
In comparison to other rechargeable (secondary) battery systems, lithium ion systems
benefit from small diffusive charge carriers and stand out by promising high specific
and volumetric energy density, light weight and high efficiency. Latest with the market
introduction in 1991 by Sony, LIBs clearly won the commercial race for energy sto-
ring units in portable electronics against other secondary batteries like nickel cadmium
(Ni-Cd, 40 Wh/kg) and Ni metal hydride (Ni-MH, 55 Wh/kg) systems.109,154 During
the last 30 years of intense research, supported by industrial interest, already superior
specific energy could be elevated from 80 Wh/kg to values exceeding 250 Wh/kg. (see
figure 1.1)2,145

However, automobile industry aims for ever greater specific energy and vast amounts of
raw materials. Energy roadmaps set a maximum value to round about 350 Wh/kg.143,42



1.1. Placement of the thesis

Even if the lithium battery is only one piece of the puzzle enabling an electric vehicle
(EV) revolution, currently available battery technology is determining most limita-
tions like driving range, charging time, cost, raw material problematic and safety of an
EV.76,73

How much further can research push the limits to fulfill the vision of electric mobility
including higher energy density and on the same time lower cost, environmental friend-
liness and safer battery technology?
On system and cell engineering level not much potential for significant gain in energy
density is expected anymore.24 In order to meet needs of electric driving, further deve-
lopment of the electrochemistry inside the lithium ion battery cell is inevitable. Figure
1.1 shows possible anode and cathode active materials for lithium ion batteries. Cur-
rently in most commercially established full cells graphite anodes and layered oxide
cathodes are paired.
Having profited from years of development, the physical limits of this electrode pairing
seem to be reached.95 Only a replacement of these active components by alternative
materials with higher theoretical capacity seems to enable a larger step towards higher
energy densities.15 For increasing specific cell capacity the search for high capacity
electrodes along the x-axis of figure 1.1 obviously points to silicon (marked in pink).

Figure 1.1. top: development of rechargeable battery systems (specific energy). bottom: po-
tential and capacity of active materials for LIBs (adjusted from references6,161)
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In comparison to graphite, silicon in its highest electrochemically achievable state
of Li15Si4 shows significantly higher theoretical capacity at low discharge potential
(3579 Ah/kg vs. 372 Ah/kg (LiC6)).112 Moreover, silicon is abundant, environmentally
safe and available at low cost, which are advantages that cut out metallic lithium in
the competition for the next generation anode material.
All these key data sound very persuasive, but there is a reason why the implementation
of pure silicon anodes has not yet come to industrial standard. High volume changes
between silicon and lithiated silicon lead to severe stress on material, electrode and
cell. Furthermore, ongoing loss of active lithium leads to fading of cell capacity.
In order to buffer or rather minimize these effects, nano-sized silicon, tailored sili-
con/carbon composites and prelithiation techniques are proposed, but not sufficiently
matured for industrial breakthrough.139

Building on already tested technology is the favored strategy when implementing new
active materials. New processes are directly associated with high effort, risk and cost.
However, for lithium-consuming active materials like silicon a formation step including
prelithiation is inevitable before transferring to full cell configuration. Most revolutio-
nary ideas are born in laboratory scale but success in a flask is not a guarantee for the
transfer into cost-efficient practical application. New approaches and technologies from
both science and industry are required.20

To come back to the question of further potential for development in lithium ion battery
technology: research and industry believe and politics hope there might be a way of
pushing the limits towards higher energy for lithium ion battery systems. Still, electrifi-
cation of mobile transport is a mammoth task - not only for battery research. However,
the majority agrees that its success might contribute to a cleaner environment.
Developments of new concepts and technologies around promising active materials are
small but important steps - the thesis you will read in the following might be one of
them.

Scope of the thesis In this thesis an innovative electrode concept using 3D-structured
current collectors for silicon anodes is developed. Introducing this concept and combi-
ning it with a new prelithiation concept on cell level should enable the implementation
of high loaded and high silicon content electrodes in efficient full cells. In this con-
text, scientific understanding of stabilization effects of a new precharging approach
and silicon anode aging mechanisms will be analyzed on electrode, particle and cell
level.
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1.2. Summary

1.2. Summary

Along the evolution of an innovative silicon electrode concept which for the first time
allows prelithiation on cell level, the following approaches and results are discussed:
The introduction gives an overview about possibilities and challenges of the high-
capacity material silicon and current prelithiation methods. General approaches for
the holistic stabilization concept and the need for prelithiation, including a permeable
3D-current collector and a scalable prelithiation method, are explained (see chapter 3).
After outlining guiding questions of the methodical approach as well as electrode deve-
lopment, an electrode fabrication process and pouch cell set-ups for testing of proposed
concepts are introduced (section 4.2). Verification of the fundamental prerequisite of
electrode and multilayer stack permeability for lithium ion transport paves the way
for deeper understanding and the development of the sought prelithiation concept (see
chapter 5).
Different procedures for electrochemical prelithiation of silicon anodes are suggested
and investigated in tri-layer pouch cell set-ups in subsection 6.1.1. Successful transfer
into multilayer systems and influence of electrode positioning in the stack are studied
in depth. After prelithiation, variation in lithium distribution for individual anodes is
found depending on nature of electrode material, position in the stack relative to to the
lithium source, barrier electrodes, degree of charge, formation step and applied current.
For understanding of the experimental data, a model-like approach is chosen, which
allows to define and then analyze the main contributions separate from each other.

Limitations of silicon on the innovative current collector structure and the factors influ-
encing the electrochemical performance are investigated in LFP/Si full cells. Trends for
cycling stability for silicon utilization, loading and silicon content in the composite are
discussed (see section 7.1). The electrode and prelithiation concept is shown to stabilize
even extremely high loaded NMC/Si full cell systems (8 mAh/cm2, refer to section 9.1).
For a more detailed analysis, the effects of capacity utilization ranging from 800 mAh/gSi

to 2200 mAh/gSi and different prelithiation degrees are studied. Isolated anode poten-
tial characteristics and dQ/dV-plots of depicted cycling phases reveal differences in
the composition of lithiated species and mechanical integrity during the (de)lithiation
process.
Precharge of the silicon anode was shown to significantly stabilize capacity retention.
Increased values of precharge for the silicon anode first lead to a buffering function on
cell level ("lithium reservoir") up to a specific value. Further increase leads to signifi-
cant additional stabilization of the silicon anode reaching a limit at 40% SOC. Going
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beyond this limit leads to pronounced deterioration. State of charge (SOC)-related dif-
ferences are evaluated with regard to potential characteristics, varying LixSiy species,
and physical parameters of the anode composite.
From combination of literature, theoretical approaches, SEM-, EDX-study and indi-
cations from electrochemical data, a mechanistic insight into the lithium (de)alloying
process on composite and particle level is established (section 7.4). Variation in lithi-
ation degree among silicon particles, a continuous core-shell mechanism and silicon
particle degradation are discussed.

In chapter 8 the individual effects of the relevant aging phenomena (anode efficiency
loss, electrical disconnection and polarization) are studied using schematic drawings of
anode potential curves and dQ/dV-plots. Based on these distinctive features, experi-
mental data for each aging scenario are discussed in detail. The related dQ/dV-features
can be identified and correlations with particle degradation illustrated by morphology
change in SEM images of cross sections are suggested.
The discussion part closes with the demonstration of an up-scale for the electrochem-
ical prelithiation method to multilayer pouch cells (chapter 9). The prelithiation step
is integrated in the pouch cell assembly process and the formation step is performed
in the glovebox. Stable long-term cycling for prelithiated multilayer NMC/Si demon-
strator full cells >0.5 Ah is demonstrated.

The transfer to general approaches promises powerful applications for the developed
formation method on cell level. A permeable cell concept is believed to offer advantages
for future cell design by the possibility of internal lithium ion exchange which has not
been considered by literature so far (chapter 11).
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2. Theoretical Background

2.1. Lithium ion battery chemistry

In a battery a chemical reaction is connected with an electric current flow to generate
electrical energy. Generation of electrical energy is therein achieved by conversion of
chemical energy via reduction and oxidation (redox) reactions at the electrodes during
discharge.
In a battery system, two electrodes of different chemical potentials µ1 and µ2 are
brought into contact through an ionic conductor. Reactions occur in aqueous or or-
ganic solutions at the interface of a porous electrode, electron conductor (metal or
semi-conductor) and the ionic conductor (electrolyte), composed of a solvent and a
salt. Electron transfer to or from an electrochemically active material or species (elec-
trode material) leads to reduction or oxidation (change of the oxidation state) of the
active species.
Schematically shown in figure 2.1 during discharge, an oxidation reaction occurs, in
which Li+ ions are formed and electrons (e-) are released into the electric circuit at the
negative electrode, which defines it as anode (Li0 → Li+ + e-). These small and diffu-
sive charge carriers (Li+) are solvated by the solvent molecules in the electrolyte and
migrate through the electrolyte filled pores of the separator. Lithium ions are inserted
or intercalated into the anode (lithiation) in a reduction reaction at the cathode.
Via application of an external voltage the current flow is reversed, the battery is charged
(delithiated), and the electrochemical reactions are inverted. Therefore during charge,
the negative electrode serves as cathode and the positive electrode serves as anode.
The electrodes are connected via an external electric circuit which transports electrons
from the redox reactions between both electrodes. The resulting voltage U is the dri-
ving force that generates a faradaic current i through an external circuit, which results
in usable electrical power P.



Figure 2.1. Basic RedOx reaction in lithium ion battery full cells and schematic construction.

Potentials can only be determined in relation to a reference electrode. Potentials of
Li-ion batteries are commonly reported as values relative to the Li+/Li0 potential
(E0 = -3.05 VSHE) in V vs. Li+/Li0 or VLi.
While thermodynamics describe the battery in the equilibrium state, kinetics describe
the system when a current is flowing.17

2.1.1. Battery thermodynamics

In addition to pressure and temperature, the electrode potential is the main driving
force of an electrochemical reaction. The dependence of the electrode potential on the
chemical activity at equilibrium, referred to as reversible potential Erev, is given by the
Nernst equation (see equation 2.1):

Erev = E0 + R · T
z · F

· ln aOx

aRed

(2.1)

E0 represents the half-cell potential at standard conditions, R the universal gas con-
stant (8.314 JK-1mol-1), T the temperature denoted in K, z the number of electrons
transferred and F the Faraday constant (96485 Cmol-1).
The electrical potential measured in absence of an external current (showing the po-
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2.1. Lithium ion battery chemistry

tential difference between anode and cathode) is known as open circuit voltage, OCV.
The OCV potential should be identical to the cell voltage (U = Erev), also referred to
as electromotive force and calculated from the Gibbs free energy (∆Greaction) regarding
the proceeding spontaneous electrochemical reaction (see equation 2.2).

U = Ecathode − Eanode = −∆Greaction

z · F
≈ OCV (2.2)

In a practical system, the OCV deviates from the thermodynamically estimated po-
tential Erev due to influences of parasitic processes and surface effects like electrolyte
solution corrosion.

2.1.2. Battery kinetics

Several kinds of voltage losses lead to deviation between the equilibrium voltage OCV
and either the cell voltage obtained when a current i is flowing during discharge and
charge (polarization) or the voltage which is needed to recharge the battery. This
difference is defined as overpotential or polarization η:

ηdis/ch = Udis/ch −OCV (2.3)

Overpotentials occur because of kinetic limitations of reactions which must occur to
maintain the current set in the common galvanostatic cycling procedure. Regarding cell
overpotentials for electrochemical devices like fuel cells and batteries three main contri-
butions can be distinguished: overpotential due to ohmic loss ηohm, kinetic overpotential
ηkin and overpotential due to resistance to mass transport (Li+ diffusion/migration) ηtr.

ηdis/ch = ηohm + ηkin + ηtr (2.4)

The ohmic drop ηohm derives from the internal ohmic resistance Rint of the cell com-
ponents including electric contacts, ionic conductivity of the electrolyte and electric
conductivity of the electrode material:

ηohm = Rint · I (2.5)

As performance and durability of lithium ion batteries are highly influenced by the
internal resistance, it should be maintained as low as possible. This can be achieved
by optimizing the geometry of the battery, by applying highly porous electrodes and
by increasing the ionic conductivity of the electrolyte.
The kinetic overpotential (ηkin) is related to charge-transfer reaction kinetics at the

9



electrode/electrolyte interface and is described by the Butler-Volmer Equation (see
2.6).

i = i0(T, aox, ared) ·
[
exp

(
αzFη

RT

)
− exp

(
−(1− α)zFη

RT

)]
(2.6)

i being the current density in mA/cm2, i0 the exchange current density, T the tempera-
ture in K, n the number of transferred electrons, F the Faraday constant in C/mol and
R the gas constant in J/molK, α a symmetric factor and η the kinetic overpotential.

2.2. State of the art LIBs

A typical lithium ion battery is composed of a graphite negative electrode (anode)
and a transition-metal oxide positive electrode (cathode), which are electronically iso-
lated from each other by means of a porous polyethylene or a polypropylene thin film
separator and filled with a Li ion-conducting organic liquid electrolyte, as depicted in
figure 2.1. The commonly used electrolyte is a solution of LiPF6 dissolved in an organic
carbonate solvent mixture.
The very basic requirements for electrode materials are: a high specific charge (in
Ah/kg) and charge density (in Ah/L) and a high (positive electrode) and low (nega-
tive electrode) standard redox potential of the respective electrode redox reaction. The
optimal combination leads to a high cell voltage. Of course a high reversibility of the
reactions is beneficial.157

In order to reach higher energy densities in lithium ion batteries, the implementation
of materials with higher specific capacities is one approach which seems promising in
order to make significant progress. The key factor for evaluating practical application
is the energy density which is defined as product of capacity and voltage.20 As already
shortly presented in figure 1.1, possible cathode materials seem rather limited in ca-
pacity but the trend goes to higher voltage. On the anode side, there are candidates
which promise both low voltage and high capacity.
In the following review, the main focus is on the future generation of anode materials.
However, the second part summing up prelithiation methods is also of high value con-
cerning the cathode side. Avoiding lithium consumption from the cathode in a full cell
is a decisive contribution since cathode material is the more expensive compound and,
if cobalt and nickel-containing, also environmentally and ethically critical.154,110
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2.3. Literature review: silicon as next generation anode material

2.3. Literature review: silicon as next generation anode material

2.3.1. Basic facts and comparison

Using metallic lithium as negative electrode showing a high theoretical capacity of
3860 mAh/g is still hindered. Risks of short-circuiting by Li dendrite formation and
poor rate capability because of its small surface area due to the flatness of the massive
and non-porous foil or thin film electrode are the major problematic factors.49,117

Intercalation compounds were already suggested to be beneficial electrode materials
in 1980.5 Turning to carbon based anodes, for decades, the standard anode mate-
rial in commercial cells has been graphite with its theoretical gravimetric capacity
of 372 mAh/g, of which up to 360 mAh/g can be used reversibly, dependent on the
type of graphite. Graphite combines a set of positive characteristics for the optimal
anode material and is frequently evaluated to deserve its unchallenged position in
literature.111 Years of optimization of manufacturing process and properties like low
structural change,118 high electric conductivity, high reversibility of de/lithiation76 and
low discharge potential contribute to its acceptance. A very recent publication supports
the opinion graphite might still be the anode material delivering benchmark results on
cell level like recently shown by Dahn et al.48

Negative electrode materials like Sn, Ge and Si form alloys and are referred to as in-
sertion electrodes. On the one hand, the insertion process is less limited in lithium
sites, on the other hand bonds have to be broken, which is linked to drastic structural
changes.71,60

Because of its high specific capacity, low discharge potential (0.4 V vs. Li/Li+), abun-
dancy and already established material processing chain, silicon is one of the most
discussed next generation anode material in literature.7 Many reviews summarize the
progress for lithium insertion anode materials with special focus on silicon.157,94,144,181

The Li-Si alloy was discovered in 196530 and introduced as possible anode material
in 1976.70 But even if several lithium/silicon alloys were studied to form at elevated
temperature, a lithium ion battery needs to be operable at room temperatures. So it is
only since 1995 that the first silicon containing carbon anode for lithium ion batteries
was described by Dahn et al.156,155

In contrast to electrochemical lithiation at elevated temperatures where various crys-
talline LiSi phases are proven, electrochemical lithiation of silicon at room temperature
leads to amorphous Li-Si alloys.120 This phenomenon is referred to as electrochemically
driven solid-state amorphization.80
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electrochemical lithiation(RT ) : Si(c) + x · Li+ + x · e− → LixSi(a) (2.7)

< 50mV, suddenly : 4 ·LixSi(a) + (15− 4x) ·Li+ + (15− 4x) · e− → Li15Si4(c) (2.8)

However, the formation of a crystalline phase Li15Si4 below 50 mV vs. Li/Li+ with a
gravimetric capacity of 3579 mAh/g could be proven as state with the maximal value
of alloyed lithium at room temperature.112,51 This value is exemplarily calculated using
the following equation:

Qs = zF

M
=

15e− · 96485.3339 As
mol·e− · 1000 mA

A

4 · 28.0855 g
mol
· 3600 s

h

= 3579 mAh
gSi

(2.9)

The often published value of 4200 mAh/g is attributed to the crystalline Li22Si5 phase
and can not be achieved via electrochemical lithiation at room temperature to current
understanding.7

The characteristic discharge potential of the very first lithiation of pristine silicon shows
a plateau-like course. This is due to the transformation from (poly)crystalline bulk sil-
icon to amorphous silicon, which will never transfer back to this state.93 (De)alloying
of amorphous compounds leads to the non-defined sloping potential course of silicon
anodes. Cycling of amorphous silicon is also classified to guarantee higher cycling sta-
bility.60

2.3.2. Challenges and strategies for implementation of silicon

Despite 25 years of research, implementation of silicon in commercial cells is still rated
to be difficult.95 Up to now there is also not only one dominating silicon (composite)
material but silicon is rather used as additive in low amounts. Both, low conductivity
and structural change upon lithium (de)alloying were found to be problematic.
Compared to graphite, silicon shows low electronic conductivity due to low bulk con-
ductivity (6.7 · 10-4 mS) and the presence of an oxide layer on its surface.11 Offering
a conductive matrix or directly coating silicon particles with conductive carbon films
were suggested for this issue.172 Moreover, doping silicon with impurities like phosphor
leads to enhanced electrical conductivity.65

In this section main challenges for reversible cycling of silicon as active material are
grouped under two umbrella terms: volume expansion and loss of active lithium. Al-
ready existing strategies for suppressing issues mostly originating from physically ma-
nifested characteristics are presented and an overview is sketched in figure 2.2. Sum-
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2.3. Literature review: silicon as next generation anode material

ming up strategies concerning implementation of silicon anodes, reviews were pub-
lished.101,139

Figure 2.2. Scheme as overview for challenges and connected strategies for the implementa-
tion of silicon active material in lithium ion battery full cells.

Silicon based anodes: volume changes

Upon lithiation silicon undergoes an alloying reaction basically leading to a new com-
pound with different size of (crystal) unit cell.16 The volume (V) increase is linear to the
amount of alloyed lithium. Between crystalline silicon and the highest lithiated LixSiy-
phase which is electrochemically achievable at room temperature, a volume expansion
of >300% can be expected.7 The major part of this volume expansion is reversible upon
delithiation and found to lead to crack formation on electrode film level.11

On particle level this induced mechanical force can even lead to particle fracture and
exposure of active surface to the electrolyte. This effect was found to be particle size-
dependent.90 On de-alloying, the shrinkage can lead to loosening of particles from the
electric network accompanied by loss of active silicon and lithium since without elec-
trical contact these materials can not be re-lithiated in the next step.
Transferred to larger system scale, materials with high volume changes demand tai-
lored solutions from battery scientists and engineers. An electrode and a cell stack in a
housing represent room restricted systems, usually not designed for volume variation.
In contrast, electrodes are calandered to such an extent that porosity allows soaking of
electrolyte but guarantees high particle to particle contact for optimal electrical con-
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ductivity.
Battery module manufacturers only permit a free space of 5% for swelling.27 Not being
able to control or buffer volume changes would definitely disqualify silicon as future a-
node material and moreover decrease the win in energy density. There are several points
of attack to reduce the impact of volume changes, categorized for greater clarity.

V-change: approach on particle level Pure micrometric silicon powder was evalu-
ated as critical anode active material, suffering from fast capacity fade.124 For larger
particles, particle fracture and disconnection from the composite is a main factor for
capacity loss. Particle cracking and fracturing was found to be size-dependent whereas
the critical size was defined around 150 nm.91 McDowell et al. strategically investigated
the fracturing behavior of 450 nm silicon particles.102

However, it is not surprising that one of the intuitively promising ways to minimize
effects of volume expansion was the introduction of nano-sized silicon particles.156,74

General advantages of smaller particle sizes were already described in literature.164,141

On the one hand cyclability and rate capability of silicon anodes are enhanced by the
increase of active surface area, in comparison to silicon of larger scales.126 The me-
chanical stress is diluted and lithium diffusion paths are shorter. On the other hand,
large surface area leads to a high degree of electrolyte decomposition, low coulombic
efficiency and insulation due to excessive SEI formation.62 Strategies for maintaining
sufficient electrical contact between nano-particles must be considered for each ap-
proach.139

Various concepts for nano-silicon materials were presented in literature. Among them
are silicon nanowires,21 hollow particle structures167 and porous structures.56 Also other
particle design approaches were suggested to buffer volume expansion. Introduction of
"pomegranate-like" structures,87 graphene cages79 or "egg-like" structures81 was sug-
gested to cage silicon and buffer volume expansion.
Even though great success was achieved in laboratory scale, practical use of nano-
technology in regard of commercialization is evaluated to be very complex.137,92 Fur-
thermore, regarding problems for up-scaling and high costs for manufacturing processes,
most other tailored particle approaches must be disqualified for industrial application
in direct comparison to graphite.
Trying to enable usage of micrometric sized low-cost silicon particles is still not fully
shelved if also rated as difficult.112,8 Applying micrometric silicon particles produced
by a simple milling process as pure active material is also the approach followed in this
thesis.

14



2.3. Literature review: silicon as next generation anode material

V-change: composite approach Pure silicon electrodes are claimed to only achieve
acceptable cycling stability in very thin films.174 For higher film thickness silicon as a
poor electrical conductor with high volume change upon lithium (de)alloying mostly
needs to be embedded in a matrix forming the electrode composite.
The main requirement an electrode composite matrix has to fulfill is mechanical strength,
flexibility to buffer mechanical impact and maintenance of electrical wiring.
Not only because silicon is a poor electronic conductor, especially during lithium de-
alloying process from silicon, linked to particle shrinkage, loss of electrical contact
within the electrode composite is highly probable. Therefore, the (in)active matrix
plays a central role in the design of stable silicon electrodes.105 There are various
attempts to disperse silicon active material either in an electrochemically active or in-
active matrix presented in literature.
In the following tabular exemplary composite approaches for stabilizing silicon as active
material are listed:

Table 2.1. Composite approaches for stabilizing silicon anode materials.
Composite Idea Capacity

[mAh/g]
inactive matrix

Porous Si/Ag173 voids for swelling+ 1163
electrical conductivity

Si NPs/TiO2147 electrical conductivity+ 1300
suppression of continuous SEI formation

Si/ZnO61 volume buffer 1500
ionically+electronically conductive

Si/ Al2O3131 formation of protective layer 1671
active matrix

Si/graphite/hard carbon55 hard carbon: electronic network 769
Si NPs/graphene96 volume buffer 668

flexibility, electrical conductivity

The inactive matrix is mostly designed to buffer volume effects and improve conduc-
tivity. It should be emphasized that even very hard metals (M) in Si-M composites
were found to not sustain the high volume change. Besides their high conductivity, the
softness of carbon derivates makes Si-C composites favorable.
Note: each composite approach must not only exceed the specific capacity of graphite
anodes but fulfill a long list of criteria, including scalability and cost-factor, to be a
candidate for industrial application

Binder optimization Design of suitable binders withstanding the volume change of
silicon anodes has attracted much attention. The binder plays a pivotal role since it is
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supposed to reduce isolation of particles and serves as flexible network around silicon
active material for reversibility of cycling.18 Binder concepts for silicon anodes were
reviewed systematically in many publications.39,84,142,108 One approach for laboratory
scale characterization is to simply use very high amounts of binder, since it was sug-
gested that at least 20wt.-% are necessary to buffer mechanical stress.72

The majority of suggested binder species is based on aqueous solutions since aqueous
preparation is favored over working with organic solvents like NMP. Anyway, PVDF
was found to show inadequate properties and lead to poor cell performance but poly-
imide based binders are one of the rarely suggested binder species in organic based
solvents.72

Using carboxymethyl cellulose (Na-CMC) in aqueous solution as polymeric binder
species showed to improve performance of silicon anodes89,52 whereas the addition
of SBR has been discussed controversially.130,89

Publications claiming suitable aqueous binder species as solution cover the whole range
from already established species over development in high performance polymers up to
bio-polymers like Na- or Ca-alginate67,83 or gum arabic.123

The list of functional polymers as binder species which do not only act as inactive
"adhesive cement" is steadily extended facing the "silicon challenge". To enable reco-
very of mechanical destruction from volume change, like crack formation or contact
loss within the coating, polymer species with self-healing characteristics have drawn
a lot of attention.148,160,13,23,138 This thought was even combined with a Li+ conduc-
tive polymer matrix and highly stretchable films.22,19 Combining characteristics of a
conductive additive and a binder also drives the search for suitable conductive poly-
mers.159,82 Moreover, new binder concepts, which adapt do dynamic volume change are
proposed by dynamic cross linking by supra-molecular host-guest interactions.69

In contrast to specially tailored species, the quite simple polyacrylic acid in its neu-
tralized form (LiPAA) is up to now suggested to be the best compromise as binder
for silicon based anodes. PAA, first suggested by Magasinski et al.,98 shows a high
amount of carboxyl groups and is commercially available in acceptable purity. How-
ever, there are also attempts to enable industrial relevant anodes with Na-CMC, the
standard binder for aqueous graphite anodes as preferred binder species.106 Moreover,
cross linked polymers from PAA with CMC66 or PAA with PAI171 are suggested to
combine best properties of each species and increase cycling stability.
Note: especially for transferring inactive components to large scale costs, availability,
toxicity and processability play a decisive role.98 This means, polymers which need an
extra synthesis step are initially met with refusal by industry, the same accounts for
bio-polymers with low purity and reproducibility of results.
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2.3. Literature review: silicon as next generation anode material

V-change: approach on electrode level Another approach to offer space for the in-
evitable volume expansion of lithiated silicon are concepts which introduce an external
scaffold. These concepts can be summed up as electrode structuring and should only
allow volume change within restricted borders.
Zhang et al. introduce a 3D porous metal framework to serve as external scaffold and
buffer volume expansion on electrode level.175 Hollow nano-channels using crab shells
as natural template are a comparable strategy presented in literature.165 A synthe-
sized mesoporous silicon sponge also offers a 3-D geometry to buffer volume changes.77

Rather "lawn-like" electrode structures are suggested by grafting silicon nano-wires25

or sandwich structured C-Si nano-tubes.85

V-change: cycling procedure and capacity limitation Since the volumetric expan-
sion is linear to the degree of lithiation, limiting the maximal lithiation degree of the
anode, is a strategy for lowering volume increase. The idea of narrowing the cycling
window to improve cycling stability is found throughout literature. Especially large
silicon particles can not withstand the enormous volume expansion near full lithiation
without particle fracture and electrochemical milling. Additionally, sudden crystalliza-
tion at very high lithiation degrees to Li15Si4 should be avoided by limiting the cycled
capacity or keeping the cutoff voltage above 50 mV vs. Li/Li+.112

Calculations published by of Kasavajjula et al. suggest to choose cutoff criteria for
achieving 1200 mAh/gSi which is about 33% SOC for the anode.58 This value is seen
as a good compromise regarding sufficiently high anode composite capacities and less
stressful volumetric expansion. Oumellal et al. report more than 800 cycles when using
high amounts of nm-Si with a capacity limitation in half cells.115 However, Beattie et al.
claim this strategy as possibility to mask the true aging behavior of silicon based mate-
rial only shifting the actual degradation.9 In combination with several other strategies
Domi et al. reported to significantly suppress volume expansion on electrode level for
a capacity limitation of 1000 mAh/gSi.32,31,33

These outcomes confirm capacity limitation as an effective control mechanism of me-
chanical aging on the electrode composite induced by volume change. Of course capacity
limitation should always be set with the aim to still exceed anode composite capacity
in comparison to pure graphite anodes.
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Silicon based anodes: loss of active lithium

Initial capacity loss Next to volume changes, high initial capacity loss is an issue
especially hindering market introduction for nano-sized silicon materials. The initial
capacity loss might be tolerable in laboratory half-cells with endless amount of lithium,
but in usual full cell configuration all active lithium is provided by the cathode. Lithium
is lost irreversibly if it is not redistributed to the cathode. Lee et a. divide the loss of
active lithium into four contributions: SEI (solid electrolyte interphase) formation,
lithium intake in carbon and binder, lithium trapping in Si active material, and capa-
city loss associated with particle cracking and isolation.72

At low potential vs. Li/Li+ electrolyte decomposition takes place leading to the for-
mation of a film on the active surface area composed of inorganic and organic bypro-
ducts.162 This passivating layer, referred to as SEI, protects the anode surface from fur-
ther electrolyte decomposition in subsequent cycles and should be diffusive for lithium
ions. Formation of a protective surface film on carbonaceous anodes was found to sub-
stantially contribute to stable cycling.122,168 Lithium is consumed in the byproducts,
the scale of the related initial capacity loss is known to be surface dependent and to
scale with the BET surface area.
Formation of a film consisting of degradation products of carbonate-based electrolytes
on active surface area, is also observed for silicon based anodes. Composition, thick-
ness and morphology of the SEI is strongly dependent on parameters like electrolyte
composition and formation settings and has intensively been studied and reviewed for
graphite electrodes.37,116

Continuous capacity loss: electrolyte, SEI tuning and additives As already in-
dicated with the listed contributions to loss of active lithium, again, the mechanical
stress due to high volume changes plays a central role for aging of silicon containing
full cells. Particle fracture due to volume expansion can reveal active surface, causing
further SEI formation linked to continuous electrolyte consumption and lithium loss
after each expansion. In this case, SEI formation is not only referred to as a positive
effect anymore. In contrast to practical battery cells, batteries in laboratory scale are
mostly prepared with an excess of electrolyte. It should be considered that the per-
manent consumption of electrolyte can sooner or later lead to drying out of the cell.
Next to permanent lithium consumption, the SEI can grow into a thick and electrically
insulating film which increases the internal resistance of the cell.115,153

To control this permanent revelation of active surface, volume expansion should be
buffered but also stabilization approaches of interfaces and the initially formed SEI
can be found throughout literature.
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2.4. Prelithiation techniques for buffering anode-related ICL

Since volume variation between Si and LixSiy cannot be abolished, formation of a fle-
xible SEI is considered as a crucial factor for enhanced cycling stability.176 Using silicon
particles as an active core, surrounded or shelled by a layer in order to tune the inter-
face compatibility was suggested by Du et al.35

Fluoroethylene carbonate (FEC) is reported as vital electrolyte additive for stabilizing
electrochemical performance of silicon based electrodes.26,38,54 Effects and reactions
when adding FEC to the electrolyte were studied closely.127,132

Even if high cycling stability in half cells is reported in literature (800 cycles for
1200 mAh/gSi), these results are only of practical application if they can be trans-
ferred into full cell systems. This is where continuous capacity loss comes into account,
which is indicated by low coulombic efficiency values of 98% and, if no endless lithium
source is present, leads to much faster capacity fade.100

If silicon anodes should be applied in full cells, they must be stabilized in a way to
push this value as near to 100% as possible.10 However, low initial coulombic efficiency
(=high initial capacity loss) might be buffered by a prelithiation step. An overview for
prelithiation strategies is presented in the following chapter.

2.4. Prelithiation techniques for buffering anode-related ICL

Prelithiation is one strategy to buffer the first irreversible capacity loss. Basically also
cathode materials show irreversible losses but this overview concentrates on concepts
for buffering the irreversible capacity loss deriving from lithium consumption by the
anode material.
The most obvious strategy to compensate initial lithium consumption by the anode,
is to introduce a surplus of cathode material. As commonly applied cathode materials
show relatively low specific capacity (<200 mAh/g), large amount of additional load-
ing is needed, when combined with high capacity anodes like silicon with huge amount
of Li consumption. This reduces the specific energy and energy density of the entire
battery and raises the cost factor. Moreover, to prevent lithium deposition the anode
should even be capacitively oversized, so a surplus of cathode material must forecast
the loss of active lithium quite exactly.
However, more elaborated techniques must be consulted to prevent unwanted initial
consumption of lithium contributing to cell capacity in a full cell system. Figure 2.3
presents an overview of prelithiation concepts differentiated with reference to the pro-
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cess step in which they are applied. Besides, examples for the the actual lithium source
and underlying reaction types for these methods are listed.

Figure 2.3. Scheme as overview for prelithiation methods described in literature. Division in
addressed electrode, an exemplary lithium source and possible reactions types.

Electrochemically active species and sacrificial additives Pre-inserting lithium in
materials and using these as anode material is one attempt to buffer initial capacity loss
presented in literature. Chemical lithiation, mostly by using n-butyl lithium in hexane
or LiI in acetonitrile, is a common laboratory scale process.29 After stirring carbon and
n-butyl lithium and therewith triggering SEI formation, complete compensation was
proposed to buffer the irreversible capacity loss.128

Components like LixSiy compounds are even commercially available as anode materials.
Moreover, chemical pre-insertion of lithium into silicon via a hydrogen driven reaction
was shown to result in amorphous Li7Si22 which was directly applied as active material
after a ball-milling step.97

In the early 1990s, using overlithiated manganese oxide spinel as cathode (Li1+xMn2O4)
was proposed as an extra lithium reservoir to exploit by the anode.140

Adding compounds with operation potential near or at the operation potential of
lithium to the anode is another strategy for mitigating irreversible capacity loss.
Use of a stabilized lithium metal powder (SLMP) as sacrificial anode additive was
demonstrated and proven to compensate for the anode irreversible capacity.53 These
materials consist of 97% pure lithium, show a high surface area and are usually pro-
tected by a thin layer of Li2CO3. Therewith these can be manufactured under dry-air
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2.4. Prelithiation techniques for buffering anode-related ICL

conditions and with organic solvents.78 SLMP was shown to be a suitable lithiation
agent applying anode materials such as graphite,149,151 silicon oxide (SiO)177,3 and
Si/C composites.99

Mixing LixSi–Li2O core–shell nano particles as prelithiation reagent with various an-
ode materials in the slurry process was presented as strategy to achieve high first-cycle
coulombic efficiency.178 Moreover, a one-pot metallurgical process for preparing pre-
lithiation reagents like LixZ or LixZ-Li2O (Z = Si, Sn, Ge) was suggested.179

Instead of adding larger amount of cathode material, the strategy of introducing speci-
fically designed prelithiation additives as high-specific-capacity Li donors to compen-
sate for initial Li loss, is suggested. These cathode additives should generally contribute
to the first cycle capacity by releasing lithium into the system.
Main requests for these compounds are significantly higher specific capacities compared
to the cathode material and a release of lithium at convenient voltage, without taking
any lithium back (large hysteresis). Moreover, stability of the battery system should
not be harmed and ideally processability is not complicated, including this material.135

Among possible candidates there are also (former) candidates for cathode materials
as for example M/Li2O,135 Li2S,169 Li2MoO2, Li5FeO4, Li6CoO4,104 Me/LiF136 and
Li2O2.14

As examples for sacrificial lithium salts with an oxidizable anion to mix into the posi-
tive electrode Li3N,170 LiN3, Li2C2O4 and Li2C4O4 are mentioned.129

Introducing lithium salts to the electrolyte which deliver sufficient lithium for buffering
the capacity loss is another attempt.28 In contrast to most sacrificial additives, which
remain as inactive material in the cathode composite after releasing lithium, sacrificial
salts decompose into lithium and a gaseous product. A patent about possible lithium
salts in solutions delivering lithium ions for electrochemical prelithiation of anodes was
filed by Amprius.134 In the same year GM Global Technology Operation filed a patent
suggesting prelithiation of silicon anodes by making use of dissolved lithium salts.57

Prelithiation of already manufactured electrodes In laboratory scale, prelithiation
of already coated anodes is mostly performed via direct electrical contacting to metallic
lithium in the presence of electrolyte.50 Silicon nano-wires were shown to be electro-
chemically lithiated by electrical shorting with Li metal.86 The amount of pre-doped
lithium is suggested to be controlled via contacting time of lithium and the substrate.114

Also SLMP might be distributed on the surface of an already manufactured electrode.
An activation was proposed based on applying pressure and cracking the protective
surface film.41 The prelithiation mechanism itself is not very different from incorporat-
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ing lithium powder into the anode composite, which is later (upon electrolyte contact
or pressing) also electrically short circuited.
On larger electrode level Koksbang et al. hold a patent describing a roll-to-roll process
for manufacturing prelithiated carbonaceous anodes.64

Sacrificial cell approach Assembly of half cells for performing an electrochemical
prelithiation step is an approach often applied in laboratory scale.4 Therein already
fabricated anodes as well as cathodes can be conditioned prior to cycling. For study-
ing effects of a monitored pre-treatment step for each electrode on full cell level, the
preconditioned electrode is extracted and finally balanced in a full cell configuration.
Saito et al. compared the direct prelithiation (DP) method (electrical short circuiting)
with the electrochemical prelithiation method by testing the obtained anodes in se-
parate cells.125 Even if the electrochemical prelithiation seems to be the more sensitive
process, cells with DP showed higher cycling stability. This was suggested to be linked
to a deeper lithiation through DP by particle milling which for this material seemed
to lead to more beneficial cycling characteristics.
This outcome suggests that a prelithiation process must be tailored on the applied
active material.
An interesting approach on small scale cell level was proposed by a patent application
of Varta Microbattery GmbH.40 A metallic lithium alloy is coated inside the cell hous-
ing of a coin cell whereas prelithiation is happening spontaneusly on electrolyte filling.

For industrial application of prelithiation methods a low impact on current battery cell
production and equipment, low price and low safety risk must be ensured. A comparison
between listed principles and the prelithiation method to develop will be presented in
section 3.1.1.
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3. Concept Approach

This chapter can be read as an introduction to the fundamental ideas the thesis is based
on. It serves as accession to the results and discussion part. This work is originally fo-
cusing the development of an innovative prelithiation method on cell level, using an
innovative anode material approach and current collector geometry. Preparation of a
strategy for design and evaluation of the system as well as tailor-made characterization
approaches of the (in)active materials were essential work performed previous to the
application.
In the first part the concept of prelithiation on cell level is presented and guiding
questions of (stack) permeability are formulated. This is followed by schematic expla-
nations of elaborated comprehension regarding the material concept to later facilitate
traceability of interpretation for measured data.

3.1. Prelithiation concept for permeable multilayer systems

Within this thesis a concept for prelithiation of electrodes in already assembled battery
stacks is developed and tested. This method is not limited to lithium based systems
but can basically be adapted to systems with variable electrochemically active species
(f.e. sodium (Na)) or other kinds of conditioning procedures.

3.1.1. Differentiation from current prelithiation methods

For several systems a prelithiation step is indispensable for reaching economically rele-
vant energy density and stability for full cell application. The purpose of prelithiation
is to prevent initial consumption of mobile lithium provided by the cathode. Thereby
loss of capacity contributing cathode mass, directly translated into reduction of initial
cell capacity, is prohibited. Several methods were listed in the literature review section
2.4. In the following an overview schedule is presented, comparing concrete examples of
already existing prelithiation methods to the approach to be developed in this thesis:



Figure 3.1. Comparison of different prelithiation methods regarding selected criteria includ-
ing handling, safety, reproducability and scalability.

From this overview, the majority of existing approaches fails in at least one point
in terms of controllability (safety), adjustability, up-scaling, commercial value (costs)
or reproducibility. Our proposed electrochemical prelithiation on cell level (stack pre-
lithiation) theoretically fulfills all desired criteria and is worth being developed and
evaluated.
The target is to form the lithium consuming passivating layer (SEI) or precharge several
externally connected anodes in an electrode stack or jelly roll before electrochemical
cycling. The procedure is meant to be carried out under inert gas atmosphere which is
also standard for electrolyte filling.
For electrochemical prelithiation anodes are brought to low potential vs. Li/Li+ where
SEI formation is triggered. This is why this step can partly replace formation of the
anodes after filling and is planned to be performed before cycling versus the electrode
possessing the cell capacity limiting active lithium. Applying this method no additional
time and cost consuming step has to be added to the electrode or cell manufacturing
process.
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3.1. Prelithiation concept for permeable multilayer systems

Figure 3.2. Placement of different prelithiation methods along the process chain of battery
manufacturing.

Already preconditioned and lithiated silicon electrodes, (stabilized) lithium powder
(SLMP) or pre-alloyed LixSiy materials are sensitive to atmosphere, mechanical im-
pact and highly pyrophoric. For the presented electrochemical prelithiation method on
cell stack level, no lithiated anode material has to be handled or transported outside
the glovebox. Thereby safety risks, contamination and exposure of the oxygen and wa-
ter sensitive material to atmosphere are avoided.
Electrode prelithiation by mixing lithium containing materials into the electrode for-
mulation is usually performed using passivated lithium metal which is activated by
electrolyte contact or mechanical pressure. Short circuiting results in heat dissipation,
which is diluted if distributed over large areas, though the quality of the formed SEI
layer can still be unsatisfactory.
Adjustment of the exact amount of lithiation as well as controllability of the rate for
the lithiation process can be achieved via electrochemical prelithiation. This method
is therefore applied in the desired concept. Connecting lithium source and anodes via
an external electrical circuit allows control and monitoring of the process.
Moreover, prelithiated silicon electrodes tend to be mechanically unstable after initial
volume expansion without external limitation and have a sensitive surface to mechani-
cal impact. Under these circumstances processing and handling which includes winding
and grabbing of electrodes can be classified as highly critical and questions the feasi-
bility of prelithiation on electrode level in large scale.
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Taking this direct confrontation into account makes prelithiation on cell level much
more feasible in comparison to material or electrode level prelithiation. For a one step
prelithiation of several anodes in a stack the complete active surface area of all elec-
trodes to be prelithiated has to be accessible. Lithium ions are mobilized by applying a
controlled current between the lithium source and connected anodes. As schematically
shown in figure 3.3, linear lithium transport through the stack is assumed to be blocked
by closed foil current collectors.

Figure 3.3. Schematic comparison of a standard closed foil cell stack vs. cell stack with
electrodes on permeable current collectors.

3.1.2. Model experiments for prelithiation concepts

The challenge of this project is not only development of a prelithiation concept and
implementation of an innovative current collector geometry but also the introduction
of an up to this point less studied anode active material into full cell configuration.

Pre-evaluation of method As can be concluded from the literature review, even after
decades of intensive research silicon can not yet be classified as a standardized active
material for LIBs. In this thesis a pure micrometric silicon active material with 60wt.-%
share of electrode formulation is employed. Especially when using pure silicon active
materials, many effects are expected to be less diluted in comparison to designed Si-C
composites.
Two strategies are selected to gain scientific knowledge approaching the sought tech-
nological maturity: First, electrodes on expanded metal are prepared using the elec-
trochemically closer characterized anode active material graphite. Among others, one
advantage of graphite is high conductivity which is rated to be a benefit for the high
open area current collector. High distances between the metallic bars have to be bridged
for adequate electrical cross conductance. The introduction of silicon as low electrically
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3.1. Prelithiation concept for permeable multilayer systems

conductive material is expected to be more critical in comparison to graphite.
Moreover, the production of expanded metal electrodes and the development as well
as testing of the prelithiation method should first be performed under realistic but
better defined conditions. Therewith isolation of possible disruptive effects is expected
to be easier. So the second strategy makes the counter electrode for characterization
of silicon a subject of discussion and is explained in subsection 3.2.1.

Guiding questions: prelithiation concept As a first step very basic questions should
be examined to validate feasibility and limits of the concept. This is important before
turning to realistic cell systems since the amount of influences will increase drasti-
cally. Results supported by electrochemical measurements are presented in chapter 5.
Decisive questions are:

• Are electrodes on expanded metal permeable for lithium ion transport?

• Can an efficient lithium transport be guaranteed?

• Is permeability also given for multilayer systems?

Permeability of electrodes for lithium ion transport has to be ensured and will be
examined in detail in part II. First the possibility of lithiating the full active surface area
of electrodes located behind electrode coatings on expanded metal current collectors
will be studied.

After positive feedback of the above mentioned central questions, one can concentrate
on a more detailed evaluation of the method on multilayer level. For the stack pre-
lithiation concept not only an areal homogeneity of lithiation is a determining factor.
Additionally the questions if and how the position of the anode within the stack af-
fects the resulting SOC of this specific anode and if and how parameter settings in the
prelithiation process can influence the result is of high importance.
Four considerations are derived and expressed in questions to be answered within this
thesis.

• Is the influence of distance to the lithium source significant?

• Do different lithiation degrees among the anodes occur in practice after prelithi-
ation?
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• How to affect or even avoid a possible inhomogeneity?

• What is the effect of inhomogeneous SOC distribution within the anodes of the
stack on the full cell behavior?

Model cell stacks are designed and evaluated for achieving experimental support and
will be presented in section 6.2. Finally an evaluation for application in multilayer
electrode stacks will conclude the study. Parameters for the prelithiation step itself in
real cell application and cycling stabilities of prelithiated electrodes and stacks will be
presented and discussed within chapter 6.

3.2. Characterization and stabilization approach for silicon anodes

This thesis presents a holistic stabilization concept addressing major failure mechanisms
of silicon active materials. Besides gaining knowledge about the specially designed sili-
con material the herein developed system enabled to take the new factor of controlled
precharging for capacity limited materials into account.
Original thoughts and special conditions set by the used anode active material are
presented in the following to make considerations and approaches more transparent.
Strategies which were undertaken are explained and hypotheses are proposed. Substan-
tiation and if possible empirical support will be discussed in part II.

3.2.1. Suitable electrode pairing for anode characterization

The electrode pairing was primarily chosen with the aim of gaining detailed insight
into electrochemical characteristics of the silicon active material. This is important
since facing a full cell system means being confronted with the sum of anode and ca-
thode characteristics. In order to distinguish these phenomena usually separate half
cell measurements vs. metallic lithium are performed for anode and cathode materials.
In our case lithium half cells were classified as critical because of the highly reactive
and alterable lithium surface. Additionally, up-scaling metallic lithium electrodes to
pouch cell scale for testing the silicon anodes on expanded metal current collectors is
not feasible.
As characterization set-up for the silicon anodes a pouch cell set-up with lithium iron
phosphate (LFP) as counter electrode and an implemented lithium reference was se-
lected. The reference electrode enabled tracking of isolated half cell potential profiles.
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3.2. Characterization and stabilization approach for silicon anodes

Moreover, LFP shows plateau-like charge/discharge characteristics and can serve as
indicator if the reference measurement is working without artifacts. The plateau-like
characteristics and sharp charge and discharge cutoff behavior at full (de)lithiation
supported the choice of LFP as counter cathode instead of directly using NMC. Intro-
ducing LFP as counter electrode for silicon anodes where LFP was used as oversized
lithium source to mimic a so called "pseudo half cell" was already exploited in litera-
ture.152,34

The counter electrode material for the herein aimed high energy full cell configuration
Nickel Manganese Cobalt Oxide (NMC) shows a sloping plateau during charge and
discharge process. As usually only 2/3 of lithium occupancies are supposed to be de-
and re-lithiated, the material can react on possible shifts of the silicon potential by
exploiting higher delithiation degrees at higher voltages. This rise in cathode potential
- which can remain unnoticed as the full cell potential cutoffs remain constant - might
lead to electrolyte decomposition and possible irreversible structural changes of the
cathode material. In each way this masks or influences the anode behavior in the full
cell. Since anode characteristics should first be studied and then preferably be opti-
mized, the described sloping potential characteristics are not suitable for fulfilling the
role of a "spectator" counter electrode.
To better understand the suitability of LFP as counter electrode for isolating anode
effects, it is helpful to consider the following schemes in figure 3.4. Therein the influence
of anode efficiency loss and inaccurate balancing versus a NMC (=LCMNO) electrode
or an oversized LFP-electrode is shown.

Figure 3.4. Schematic drawing of isolated approaches to demonstrate the differences in using
lithium iron phosphate (LFP) or (LCMNO) as counter electrode for a silicon
anode.
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Note: oversizing the cathode was only applied for initial characterization of the silicon
anode, for later electrochemical cycling experiments shown in this thesis, LFP was set
as capacity limiting electrode in the LFP/Si full cell set-up.

3.2.2. Current collector geometry

As a necessary condition for the presented prelithiation concept, electrodes are pre-
pared using permeable current collector systems. Therefore anode as well as cathode
active material formulations have to be coated on permeable and conductive carriers.
Using metal grids as current collectors was already patented in 2003.44 Specially de-
signed geometries for expanded metal current collectors used in this thesis are shown
in figure 4.1 an 4.2.
Several facets and advantages of using structured 3D metallic framework were already
presented in literature ranging from lowering of internal resistance68,166,163 , mitigation
of shortcuts150 and role as external scaffold.175,88

When working with silicon materials a mechanical benefit is expected by using three
dimensional high open area current collector geometries. The metallic 3D network is de-
signed to offer room for volume expansion and avoid large-area delamination of coated
composite, additionally guaranteeing an electronic network throughout the complete
composite thickness. So the 3D-network could also serve as possible external constraint
system for the dimensional change of the silicon anode.
For cathode materials a three dimensional network could support cross conductivity in
thick layers which is a central issue for high loaded cathodes.1 Even if the main focus
of this thesis lies on anode preparation, the cathode is still a decisive factor for full cell
application. Desired effects of 3D and open area current collectors (expanded metals)
are sketched and compared to metallic foils in figure 3.5.

Figure 3.5. Comparison of suggested advantages vs. metallic foil achieved by using expanded
metal as current collectors.
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3.2. Characterization and stabilization approach for silicon anodes

3.2.3. Systems with capacity limitation

A typical approach when applying high contents of silicon active material is limiting
gravimetric capacity to a certain value. Publications suggest a limitation to 1200 mAh/gSi

instead of aiming for theoretical 3579 mAh/gSi.58,115 Even though limiting usage of
maximal achievable gravimetric capacity seems rather simple, interesting effects and
possibilities are investigated in section 7.4.

Influence on balancing of full cells Even perfectly prepared electrodes do not guar-
antee for full cells with high stabilities if the balancing is not accurate. Wrong balancing
leads either to waste of expensive material and lower practical cell capacity or accele-
rated degradation and safety risk. Especially for this new electrode design and by using
a custom-developed coating technique, control of exact mass loading and knowledge of
the practical electrode capacity for both anodes and cathodes on expanded metal is a
difficult task.
Since the anode material is only utilized to one third of its actual capacity, the risk of
metallic lithium deposition when underestimating the cathode capacity is vanishingly
low. It is expected that also variation to higher practical values of cathode capacity -
for example in the first cycle or at lower current rates - can be buffered by the silicon
anode to a certain range of SOC.
In order to specify the cyclable range of capacity for the specific silicon material it is
examined which exploited anode capacities (>1200 mAh/gSi) begin to lead to critical
aging effects and how lower usage (<1200 mAh/gSi) affects cell performance. Results
of these variations are discussed in chapter 7.

Adjustment of SOC region and lithium reservoir The schematic approach in figure
3.6 supports understanding benefits of precharging the anode (A) which is then cycled
versus a cathode (C) with an areal capacity balancing of 3.0 (Cap(A):Cap(C)). During
charge process versus the cathode, about 33% SOC of the silicon active material is
lithiated. By making use of the electrochemical prelithiation method these 33% of
capacity usage can basically be shifted along the whole 100% SOC range of the silicon
potential curve as schematically shown in figure 3.6.
Therewith it should theoretically be possible to establish a lithium reservoir in the
silicon anode by precharging and thereby shifting the area of cycled SOC. This can be
illustrated by a x-axis shift of the complete anode potential curve to the left. Delivering
lithium from the reservoir (= anode efficiency loss) should lead to a right-shift and only
affect the cell capacity as soon as the anode is overtaking the cathode potential curve.
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Figure 3.6. Scheme for adjustment of the cycled SOC region on the charge potential curve
of silicon by different prelithiation degrees.

Comparing the situation to anode composites which are used close to 100% SOC em-
phasizes the difference between these material approaches. Establishing a lithium reser-
voir by precharging, the maximal charge capacity of a capacitively fully exploited anode
(f.e. graphite) would be lowered as lithium storage capacities are already occupied even
before lithium was provided by the counter cathode. By high precharging of narrowly
capacitively oversized anodes in standard balanced cells (1.1 - 1.2 (Cap(A):Cap(C))),
the full cell balance would be shifted near or even to <1 which might result in metallic
lithium deposition.

Anode precharge as stabilizing factor Prelithiation can anticipate the lithium con-
sumption in the first cycle of silicon containing cells. Irreversible capacity loss is known
to be caused by SEI formation and irreversible lithium trapping. In this thesis dif-
ferent scenarios are examined. Dependent on the amount of delivered lithium via
electrochemical prelithiation this step can either only compensate the irreversible loss
or precharge anodes resulting in an above described lithium excess in the silicon an-
ode(s).
One question concerning prelithiation degrees to be studied is, if an additional effect,
which is not only related to inserted lithium amount and in this way delay of ca-
pacity loss, can be found. In theory precharging results in lower anode voltages for
subsequent charge operations which could change the lithiated phase composition or
the nature of SEI products. A higher SOC region can also change the cutoff situation
during discharge and avoid high anode cutoff potentials with possible SEI dissolution.
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3.2. Characterization and stabilization approach for silicon anodes

Moreover, a higher prelithiation degree theoretically leads to a higher conductivity of
the electrode composite and to higher initial particle expansion and potentially better
particle to particle contact within the coating before cycling versus the counter elec-
trode of interest. If a certain amount of precharge really stabilizes the anode material
and how the lithiation process might be affected is evaluated in a set of experiments
and discussed in section 7.2.1.

Distribution of lithium Another interesting factor concerning limited capacity cy-
cling is distribution of stored lithium in the anode composite. This is especially the
case for a combination of a heterogeneous particle size distribution and a non-flat elec-
trode area.
Remind: graphite is usually lithiated up to 100% SOC. This basically means all lithium
vacancies are occupied and all graphite particles reach the final LiC6 stage at full charge.
Inhomogeneous distribution of the possible 100% of charge due to lower and/or higher
lithiated parts leads to lower overall capacity (not all graphite particles at highest lithi-
ation state) or metallic lithium deposition on the surface of the anode. Usually metallic
lithium deposition is fatal as it leads to further decomposition of electrolyte or short
circuiting of the cell.146

If one considers anodes consisting of active materials cycled with capacity limitation,
the situation is presumably quite different. As in the herein used anode concept only
33% of the lithium vacancies in silicon are meant to be occupied, several lithiation
scenarios could be imagined. Four basic points dealing with lithium distribution are
addressed in the thesis, not yet knowing the underlying lithiation mechanism and in-
fluence of the innovative current collector structure:

• distribution of lithium within the electrode volume

• distribution of lithium among the silicon particles

• distribution of lithium within the silicon particles

• possible graphite contribution besides electric conductivity
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4. Experimental

4.1. Material and preparation

Electrode components An overview for all used active and inactive electrode slurry
and electrolyte components for which electrochemical data is presented, are listed in
tabular 4.1.

Table 4.1. Electrode composite materials, electrolyte and slurry components used in this
work.

Purpose Component Specifications Supplier
active material lithium 0.75 mm thickness Alfa AesarTM

µm-silicon NDA material Wacker AG
graphite SMG-A3, flake Hitachi Chemical
LFP nano-agglom. Clariant
NMC622 HED NMC622 BASF Toda

conductive additive graphite C-NERGYTM KS-6L Imerys
graphite C-NERGYTM SFG-6L Imerys
carbon black Super-P Imerys
CNT suspension Rhenofit, LANXESS

binder species PAA average MW: 250.000 g/mol Sigma-Aldrich, Inc.
Na-CMC MAC series Nippon
SBR Co-binder JSR Corporation
PVDF Solef 5130 PVDF Solvay

electrolyte LP1 1M LiPF6 in EC:DMC(3:7) BASF SE
electrolyte solvent EMC battery grade BASF SE
electrolyte "additive" FEC battery grade BASF SE
electrolyte additive VC battery grade BASF SE
electrolyte salt LiPF6 battery grade BASF SE

slurry solvent NMP >99.9% purity Honeywell
slurry solvent H2O demin. H2O Mili-Q®

Electrode slurry preparation When working with less studied active materials a lot
of parameters have to be considered such as choice of conductive additive, binder, ratio



4.1. Material and preparation

of components, rheological parameters, solid content, mixing device and mixing param-
eters. This is important for yielding a suitable recipe for preparation of the electrode
composite.
Within this thesis a row of recipes was developed and optimized for the coating on
large open area current collector geometries. For anode preparation exclusively aque-
ous binder species were tested. The final choice of binder species was a poly acrylic acid
(PAA) solution in water neutralized with lithium hydroxide (LiOH) to pH 5 (LiPAA).
For fast preparation also for small amounts of slurries and slurry recipe development,
a di-asymmetric centrifuge mixer (SpeedMixerTM) was purchased. Since the mixing
principle is based on shearing, no additional mixing tool is needed and contamination
is avoided.
For preparation of larger amounts of cathode slurries which need a dispersing step be-
cause ogf the addition of nano-sized SuperP and the preparation of the binder solution
(PVDF in NMP) a disperser mixer is applied.
For anode as well as cathode slurries the binder solution is prepared separately and
added as binder solution to the powder components. The mixing procedures and chosen
shear rates (controlled by set rpm) are adapted to the components, amount of slurry
and solid content. Usually powders are premixed at low shear rates and the binder
solution is added step by step. In the SpeedmixerTM, a highly viscous mass can be
produced, the solid content and rheology are adjusted by addition of solvent. Rather
shear sensitive components like graphite and even more critical, SBR, are added in the
end.
In tabular 4.2 the final chosen recipes for anode and cathode preparation are listed.

Table 4.2. Final slurry recipes applied in this work.

wt.% in composite (material)
Slurry active material conductive additive binder

silicon anode 60 (µm-Si) 29.9 (KS-6L)/0.1 CNT 10 (LiPAA)
graphite anode 95 (SMG-A3) 2.5/2.5 (CMC/SBR)
LFP cathode 89 (LFP) 2 (SFG-6L)/5 (Super P) 4 (PVDF)
NMC cathode 93 (NMC622) 1 (SFG-6L)/2 (Super P) 4 (PVDF)

Electrolyte The electrolyte used in all silicon-containing cells is prepared in an argon
filled glovebox and consists of a 1 M LiPF6 salt solution in FEC:EMC (3:7, ratio defined
by wt.%). Subsequently, 2wt.% VC is added as SEI forming agent. To achieve a well
mixed electrolyte all components are stirred over night at 35 °C. Cells with graphite
anodes are filled with standard electrolyte LP1 (1 M LiPF6 salt solution in EC:DMC
(3:7, ratio defined by wt.%)). Trilayer pouch-cells are filled with 1.5 mL of electrolyte.
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4.2. Electrodes on expanded metal current collectors

Current collector design Commercially available expanded metal sheets were the
starting point for testing the application of permeable current collectors in lithium
ion batteries. Due to close collaboration with the BMBF project partner Benmetal
- Bender GmbH further development regarding current collector geometry could be
achieved.
Since the (3D-)structured current collector plays an important role, the design was
carefully chosen and adapted to the coating process as well as the electrode. Expanded
metal sheets were manufactured and provided by Benmetal - Bender GmbH.
In figure 4.1 possible geometries of aluminum expanded metals for the cathode current
collector are shown and the chosen geometry in highlighted in yellow. The aluminum
(cathode) geometry was designed with huge open area to guarantee large filling space
with a cross-linked electrically conductive network.

Figure 4.1. SEM images of expanded metal aluminum current collectors for cathodes.

In figure 4.2 evaluated copper current collector geometries for the anode are presented.
The final geometry was chosen with regard to the silicon anode to guarantee high degree
of cross linking and rather limited filling space to avoid too high capacity loadings.

Figure 4.2. SEM images of expanded metal copper current collectors for anodes.
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4.2. Electrodes on expanded metal current collectors

It must be mentioned that the areal mass of selected expanded metal geometries sig-
nificantly exceeds the mass of conventional metallic foils. This work serves to examine
and verify the principle of permeable current collectors and prefers mechanical stability
over weight optimization.

Vertical coating process For preparation of permeable electrodes, the electrode
slurry composed of active material powder, conductive additive, a binder species and
a solvent has to be cast on the metallic 3D framework. For graphite and silicon anodes
copper grids are used, for the preparation of LFP and NMC cathodes aluminum grids.
In the context of this work a commercially available screen printer for textile printing
was modified into a double-sided vertical coating machine. A coating process for large
electrode areas with expanded metal current collectors was worked out on this device.
The expanded metal was cut to pieces for fitting the designed frames. The length of
the frame was limited to 80 cm by the height of printing distance of the machine.
The coating devices which are in this case two shovels finally decided the width of the
coating, adjusted in a way to ensure measurements of pouch electrodes.
After placing the prepared frame and filling the shovels with the slurry, the automatic
process was started and the coated electrodes were put aside for drying. Aqueously
prepared anode sheets were dried at room temperature, cathode sheets were removed
from the frame at put in a vacuum oven at 60 °C for further removal of NMP before
calandaring.

Figure 4.3. Schematic illustration of vertical coating process on screen coater from Gabler
GmbH. Format and process adapted on expanded metals and desired coating
format.
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Electrode fabrication Fabricating electrodes in pouch cell format from electrode lay-
ers on expanded metal, follows the typical steps for standard electrodes on metallic
foil. As illustrated in figure 4.4, the electrode sheets are calandered (5 N/mm for sili-
con anodes) before punching into the desired format. All electrodes are pre-dried in a
vacuum oven at 120 °C (PINK oven)

Figure 4.4. Schematic illustration of pouch cell electrode manufacturing from coating on
expanded metal.

For full cell application, the anode area is designed with a certain overlap compared
to the cathode area in order to avoid marginal lithium deposition. The electropositive
electrode shows an active area of 6.3 cm x 3.8 cm (= 23.95 cm2) whereas the area of
the electronegative electrode is set to 6.5 cm x 4.5 cm (= 26 cm2)

4.3. Measurement set-up and cell concept

Adaption to pouch cell concept Standard laboratory scale battery cell testing sys-
tems such as the two electrode set-up coin cells and the three electrodes set-up T-cells
are designed for electrodes on metallic foil current collectors. One side of the metallic
foil is usually not coated with active material and thus shows a plane metallic surface
which ensures homogeneous current conduction.
Since this flat and active material-free backside is missing for expanded metal electrodes
these cell systems can not be applied for characterization of electrodes on expanded
metal. Various small test cell set-ups and electrode shapes with connected non-coated
expanded metal pieces for current collection were developed. The development of the
vertical double sided coating technique and therewith enlarging achievable electrode
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4.3. Measurement set-up and cell concept

area enabled the transfer to pouch cell scale.
In this thesis only data for expanded metal electrodes obtained in pouch-cell scale
are presented and discussed as these are rated to deliver reproducible and thereby
comparable electrochemical results.

Sacrificial lithium source For the prelithiation step a lithium source which does not
affect the cell system when brought into the same environment (electrolyte) is needed.
Therefore no non-removable side products should be formed during lithiation step.
As possible candidates for a sacrificial lithium source (= sacrificial electrode) metallic
lithium and LFP (lithium iron phosphate) were selected. These materials both have
stable charge/discharge plateaus and lithium delivery is easy and safe to control via
upper and lower voltage cutoffs.
For the in situ cell test set-ups, lithium iron phosphate was favored as sacrificial elec-
trode material since the electrode was intended to stay in the cell after prelithiation.
LFP is expected to be less reactive in comparison to metallic lithium.

Tri-layer pouch cell The smallest unit of the prelithiation concept for a permeable
electrode using a sacrificial electrode consists of one anode/cathode pair. This set-up
was used for generation and characterization of prelithiated anodes. Tracking of the
anode half cell potential even in case of full cell voltage control was made possible by
including a reference electrode (metallic lithium).
The principle is to first electrochemically prelithiate the anode by connecting the sac-
rificial electrode and the anode via an external electric circuit. By applying constant
current, the anode was preconditioned and/or precharged to the desired state using
the lithium delivered by the sacrificial electrode. Limited by the chosen active material
loading or the cutoff, the amount of lithium delivery to the anode can be adjusted.

Figure 4.5. Set-up for electrochemical prelithiation in single layer pouch cells with sacrificial
electrode.
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Multilayer pouch cell test set-ups As multilayer test set-up a LFP electrode is
winded to the stack as terminating electrode and used as sacrificial electrode for in situ
prelithiation. The adjacent electrode is a cathode on expanded metal, followed by A1,
another dummy cathode, A2, another dummy cathode, A3 and finishes with a dummy
cathode again to mimic a real stack situation.

Figure 4.6. Set-ups for verification of electrochemical prelithiation through multilayer pouch
cells.

The cell set-up is designed in a manner to enable external electrical disconnection of
the stacked anodes after prelithiation. This is necessary to perform separate discharge
cycles vs. the counter LFP electrode and to determine a possible difference in lithiation
degree. Additionally, the separate full cell cycles vs. the implemented lithium source
might reveal shifts of the full cell potential curves dependent on the anode position.
Technical details for the cell configuration of the up-scaled prelithiation method are
presented in chapter 9.

Pouch cell assembly procedure Cell assembly for pouch cells took place in a dry
room (dew point <-60 °C). Prior to assembly, all electrodes (anodes as well as cathodes)
were dried in a vacuum oven at 120 °C for 16 h and electrode tabs were welded to the
blank metal of the electrodes. If due to the chosen cell designs several electrode tabs
which should not be in electrical contact are on one side, additional isolation with
Kapton® tape was performed.
Subsequently, anodes and cathodes were winded in an alternating order with a double
layer of separator to a cell stack, sacrificial electrode(s) were added as terminal electrode
if necessary. The stack was finally sealed with a Kapton® stripe.
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4.4. Electrochemical methods

The reference electrode was prepared by slitting the lower piece of an electrode tab
and isolating it with Kapton®, leaving blank a small piece of metal. Metallic lithium
was pressed on this part. The prepared reference electrode was inserted between two
layers of Celgard® between anode and cathode, showing a separate tab for connecting
to the potentiostat.
The stack was positioned in a trimmed and folded piece of pouch foil, which was
thermally sealed on two sides, resulting in a pouch cell with one open side. External
current collector tabs of these cells were isolated and the cell was transferred into an
argon filled glovebox. Before electrolyte filling, the complete stack was again dried in
a vacuum oven for 16 hours at 80 °C.
Electrolyte was filled into the cell and therewith activated. After application of vacuum
to remove gas bubbles, the cell was thermally sealed and ready to be transferred out
of the glovebox.

4.4. Electrochemical methods

Cell cycling control and balancing Usually the full cell voltage, which is the cathode
potential minus the anode potential is controlled via upper and lower cell voltage cutoff.
Implementing a lithium reference electrode it could be decided to connect the cathode
or anode as working electrode and to control half cell potentials, measured vs. lithium.
Another attempt is to apply a current for a certain time without any voltage cutoff,
which is referred to as time or capacity control. This method can help if due to unknown
materials or expected high overpotential, cutoff voltage can not exactly be determined
of when working with cathodes, oversized in capacity. Applying an oversized cathode,
the charge cutoff is not defined and when the anode is fully occupied there is risk of
metallic lithium deposition in case anode materials with low operation potentials like
graphite or silicon.
For standard full cell electrode pairing the areal capacity of the anode is gradually
oversized compared to the cathode. The balancing factor between areal capacities of
cathode vs. anode determines the exploited specific capacity of silicon. For the micro-
metric silicon material concept applied in this thesis, the suggested balancing is 1:3
(C:A) and results in capacity usage of approximately one third of theoretical gravimet-
ric capacity of silicon (ca. 1200 mAh/gSi).59

Galvanostatic discharge cycles For testing cycling stability of assembled lithium ion
cells, after a soaking time at OCV (open circuit voltage), galvanostatic charge/discharge
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cycles were performed at a BaSyTec CT. Studying a working electrode for which the
active material is known, C is the charge corresponding to the total expected reduc-
tion/oxidation of that electrode. Usually a C-rate of C/3 is applied, sometimes cycles
with lower current (C/10) are set before cycling.
In galvanostatic mode, a constant current (CC) is applied until a cutoff criterion is
triggered, then the sign of the current is inverted. One charge/discharge combination
resembles a full cycle.
Potential limitations for LFP/Si full cells were 1.5 V as lower cutoff voltage and 3.95 V
as upper cutoff voltage.
For NMC/Si full cells, 2.5 V was set as lower cutoff voltage and 4.2 V as upper cutoff
voltage. Moreover, the applied procedure is extended by a constant voltage step at
4.2 V in the charge step (CC-CV in charge).
Time limitations were calculated for each case with the theoretical capacities presumed
as 100% and the desired percentage of silicon capacity utilization.

Tracked full cell potential courses represent the sum of electrode and cell characteristics.
Information can be conclusive if one electrode has a well known or plateau-like trend
or if there are comparison data and experience for this specific full cell system.
Using a reference electrode, isolated half cell potential profiles offer the advantage that
direct statements about electrochemical processes of the respective electrode can be
derived.

Capacity retention and coulombic efficiency Capacity retention is a dimension for
regained cyclic capacity referred to the maximal achieved charge or discharge capacity.
Usually and within this thesis, discharge capacity retention of a full cell system is
indicated.
The determined value of coulombic efficiency gives information about the reversibility
within one charge/discharge process. It tells to which extent the amount of delivered
lithium ions from the cathode can be taken in by and finally re-achieved from the anode
within one specific cycle. An absolutely efficient process where all lithium is reversibly
re-obtained from the anode would lead to a 100% value of coulombic efficiency. A value
<100% indicates lithium loss before or during the anode delithiation process.
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4.5. Instrumentation and characterization methods

Scanning electron microscopy (SEM) (preparation) and energy dispersive X-ray
spectroscopy (EDX) For preparation of cross sectioned electrodes with artifact free
surfaces for SEM studies, an ion beam milling device was used (Hitachi, IM4000). The
ion beam milling method uses high-energy argon ion bombardment to remove material,
not protected by the sample mask (Ti).
Accurate positioning of the sample in the respective holder is therefore highly impor-
tant. Depending on the nature of the electrode composite material and the thickness of
the sample, different parameters might be controlled. Soft and heat sensitive samples
need lower energy input and might be cooled during preparation. Hard materials and
high thickness need longer preparation time and higher energy input.
For example silicon and graphite electrodes on copper current collectors were milled
for 30-60 min, whereas NMC electrodes on aluminum were milled for 120 min at 5 keV.
With the combination of an ion beam milling attachement for inert gas preparation
and an air tight transfer chamber, cycled cross sectioned electrodes could be transferred
without contact to ambient air into the SEM device.
SEM images of electrode material and cross sections were a valuable tool for charac-
terization in the following work. Images were mostly collected at acceleration voltage
of 5 kV and working distance of 8 mm. EDX mappings were collected at 10 kV and
8.5 mm working distance.
In the following table, relevant devices for the applied analytical or preparation tech-
niques are listed:

Table 4.3. List of analytical devices and work techniques.
Analysis Device Supplier

SEM LEO 1530 VP Zeiss
EDX 50 X MaxN Oxford Instruments
CT phoenix v|tome|x m GE

Purpose Device Supplier

slurry mixing SpeedMixerTM DAC 600.2 VAC-P Hauschild & Co. KG
foil coating doctor blade Erichsen GmbH & Co. KG
vertical coating UNI Coat Gabler GmbH (M&R)
preparation of cross sections IM4000 Hitachi
transfer inert atm. transfer chamber Kammrath&Weiss GmbH
inert working atmosphere UniLab Glovebox MBRAUN UniLab
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Results and Discussion



5. Evaluation of Concept Approaches

5.1. Permeability of expanded metal electrodes

5.1.1. Foil electrodes as blocking barriers

To emphasize the necessity of a different current collector strategy for the implemen-
tation of the prelithiation concept, it is first demonstrated that this concept is not
applicable for systems with electrodes on standard metallic foil current collectors. A
closed metallic is expected to be not permeable for lithium transport.
For demonstration of non-permeability for lithium ions, a lithium iron phosphate (LFP)
electrode should be operated vs. a silicon anode, divided by foil electrodes. A set of
three foil electrodes was placed in between the cathode and anode layer (blocking elec-
trodes) to mimic separation of the anode by electrodes from the prelithiation source
comparable to a stacked cell. Blocking electrodes of different areas were used (24 cm2

and 26 cm2).
The blocking set-ups are sketched in figure 5.1. As reference, a typical LFP/Si full cell
potential curve of a bilayer pouch cell is plotted with the test results.

Figure 5.1. Cell set-ups to demonstrate non-permeability of lithium ions through foil based
electrodes.



For the LFP electrode in the bilayer cell (no blocking electrode) a charge capacity of
156.3 mAh/gLFP which is very close to the theoretical value can be achieved. The set-up
with presumably non-permeable electrodes only allowed very low amount of lithium ion
transfer from the lithium source (LFP) to the counter electrode (Si). This is expressed
by significantly lower charge capacities of 18.8 mAh/gLFP for the 24 cm2 block and
15.8 mAh/gLFP for the 26 cm2 block.
When an external current is applied, lithium ions are forced to migrate along the short-
est pathway. Considering the low amount of achieved cell capacity and the shift of the
potential curves, an areal lithiation of the anode behind the foil blocks seems to be
hindered.
The amount of transported charge is higher for the smaller area blocking foil referred
to the practical charge capacity of the used lithium source (10% vs. 12%). About 8%
could be ascribed to lithiation of the areal anode overlap in the set-up with only smaller
electrode blocks (24 cm2).
Presumed that the complete foil block area is blocking the Li-transport, only the
electrolyte-soaked separator overlap provides a path for lithium ion transport. This
path is loaded with a high overpotential indicated by the high potential shift and prob-
ably only possible for lithium originating from the outer cathode area resulting in the
lithiation of the supernatant margin of the anode. Moreover, only the long side areas
of the anode changed color indicating different usage. (see yellow marks figure 5.2).

Figure 5.2. Cell opening after foil blocking experiments. Derived suggestion of preferred
lithium path in case of solid foil blocks for winded pouch cell stacks based on the
visual discoloration of the electrode.

Considering the geometry of a winded cell stack, the margins on the long edge of a
stack are more pressed than the short edges open to the top and bottom. This leads to
a smaller distance between the blocked electrodes in this regions which suggests this
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5.1. Permeability of expanded metal electrodes

pathway to be favored for lithium ion transport.
These findings confirm a shielding effect for lithium transport by solid metal foils. No
full area lithiation in larger multilayer cell types can be expected.

5.1.2. Expanded metal electrodes as permeable medium

In order to prove and examine permeability for lithium ion transport through electrodes
prepared on expanded metal (grid) current collectors, the experiment was repeated with
grid electrodes replacing the blocking foil electrodes between the active cathode/anode
couple. For studying the influence of the number of electrode layers which concurrently
increases the length of the transport path, the experiment was conducted with one,
two or three identical cathodes on expanded metal in between the electrode pair to be
cycled. The results were then compared to a standard bilayer pouch cell including LFP
and silicon electrodes on expanded metal without any electrode barrier.
In contrast to the foil blocked experiment, the full cell potential curves show a typical
plateau shape in the first cycle. Specific capacity values close to the theoretical value
of LFP are achieved: 153.9 mAh/gLFP for the electrode pair separated by two grids,
154.5 mAh/gLFP for separation with one grid and 156.5 mAh/gLFP for no grid sepa-
ration. Only the electrode pair separated by 3 grids shows a smaller value within the
given voltage cutoffs (143.3 mAh/gLFP). Increasing the amount of electrodes results in
a significantly higher hysteresis. This indicates a high overpotential which leads to a
premature reaching of the upper cell voltage cutoff.

Figure 5.3. Cell set-ups to prove and examine influences on permeability for lithium ion
transport through electrodes with expanded metal current collectors.
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For the chosen conditions (current rate, electrolyte, electrode pairing), dividing the
active electrode pair by one or two electrodes shows a minor effect on electrochemical
behavior. In this case the path length for lithium ion migration does not seem to be
the most restrictive influence. Taking the set-up with three electrodes into account, a
limit seems to be surpassed and the conditions have to be altered for achieving fully
efficient transport.
These outcomes indicate the high importance of considering the parameters of the
chosen system for the estimation which settings are required for a successful stack
prelithiation.

5.2. Verification of multilayer permeability

The prelithiation method is intended for application in multilayer cell systems with
permeable electrodes. This implies large lithium transport distances and several electri-
cally connected electrodes to undergo formation simultaneously. To prove permeability
for multilayer systems, an electrode pair was cycled, separated by an inactive porous
electrode stack.
Therefore, stacks with a sacrificial LFP cathode as lithium source and stacked graphite
anodes were assembled. The model stacks consist of six or ten grid graphite anodes,
all separated by inactive expanded metal electrodes (in complete 13 or 21 electrode
layers). The anode with the greatest distance from the lithium source (A6 or A10) was
electrically isolated from the residual anodes (see schematic drawing in figure 5.3).

Figure 5.4. Comparison of 13 and 21-multilayer test stacks with graphite anodes.
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5.2. Verification of multilayer permeability

This set-up enabled separate testing, if charging the very last anode in the stack is pos-
sible and not hindered by the presence of expanded metal electrode layers in between.
The different electrical wirings are indicated with numbers for both cell set-ups.
In both set-ups situation 1 included connecting the internally isolated last electrode as
counter and LFP as working electrode. Conducting a full charge/discharge cycle with
the most distant electrode to the lithium source should deliver the answer if the stack
can be classified as permeable for lithium ion transport on larger cell level.
In total 153/155 mAh/gLFP charge capacity and 140/142 mAh/gLFP discharge capacity
could be conducted for both electrode pairs in the respective multilayer stack systems.
The high value of specific capacity and typical ICL for the used graphite anodes prove
complete cyclability of the electrode with the highest distance through the multilayer-
stack. Comparing the full cell potential curves, a larger hysteresis dependent on the
length of the transport route can be observed.
In step 2 more information about the simultaneous electrochemical prelithiation of sev-
eral electrically connected electrodes should be gained. LFP was connected as working
electrode and all anodes in the stack (6 or 10 anodes) were electrically connected and
summed up as the counter electrode.
Comparing the potential shape for charging the LFP/graphite electrode pair with one
graphite anode as counter electrode (step 1) or several graphite anodes connected as
counter electrodes (step 2), reveals significant differences. Knowing the plateau-like
half cell potential characteristics of LFP and graphite, a flat course would be expected.
This is only achieved when connecting solely the last graphite anode. The following
subsection will discuss this in detail.

It can be concluded that diffusion of lithium ions is basically also possible over larger
distances and through several electrodes. A closer look on lithium transport, which
is not only dependent on the barrier thickness will be evaluated comparing silicon
and graphite anode systems in chapter 6. Another discussed influence on the full cell
potential shape are overpotentials which should lead to enlarged hysteresis of the full
cell potential course.
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6. Study of Prelithiation Concept

6.1. Prelithiation process in single layer systems

Basic effects of prelithiation on silicon anodes was studied in bilayer systems using LFP
as sacrificial electrode. The cell set-up is described in section 4.3. Besides for generating
a prelithiated silicon anode it was also used for studying influences of parameters set
for the prelithiation process itself.
Applied current rate, loading of the sacrificial electrode (=maximum charge which
could potentially be prelithiated), prelithiation degree (%SOC anode) and formulation
of the anode have been varied.

6.1.1. Design of prelithiation step in single layers

Before starting with validation of parameters, different procedures for the prelithiation
step were evaluated. Direct prelithiation including only one direct lithiation step of
the anode and procedures with different number of charge/discharge precycles of the
anode vs. the sacrificial electrode before prelithiation, were compared. The underlying
thoughts are presented in the following.
The first approach was to set a galvanostatic single charge (lithiation of silicon) pro-
cedure without previous charge/discharge process. In this case desired SEI formation
should be triggered by exposure to low potential vs. Li/Li+.
Due to lack of knowledge how much lithium is initially consumed, the direct prelithi-
ation method does not deliver an exact value of mobile lithium which is finally stored
in the anode. Furthermore SEI film formation is a very sensitive event. It influences
anode stability dependent on its uniformity, composition and further characteristics
like flexibility.116

Since some experimental sets in this thesis are based on evaluating the influences of the
exact amount of pre-alloyed mobile lithium in the anode, the formation step was ex-
tended by at least one precycle. Therein the anode was preconditioned vs. the sacrificial
electrode, so initial irreversible capacity loss of the anode is fully buffered. Subsequently



6.1. Prelithiation process in single layer systems

a defined amount of lithium is alloyed into the silicon anode. The precharged anode is
then cycled vs. a counter cathode. Note: loading of the cathode defines the capacity
usage of the capacitively oversized silicon anode.
Figure 6.1 shows different anode potential courses of the prelithiation step for the two
formation procedures (left) as well as typical dQ/dV-plots for the direct prelithiation
method (right).

Figure 6.1. left: anode potential courses for direct prelithiation step (orange, violet) and pre-
lithiation step after precycling (green). right: dQ/dV -plot for direct prelithiation
step.

The direct prelithiation procedure was investigated for two silicon anode formulations
(left plot: 50 wt.-% (violet) or 60 wt.-% (orange)). For both formulations, direct pre-
lithiation of silicon induces a steep potential decline followed by a flat course of the
anode half cell potential between 125 to 150 mV vs. Li/Li+. The potential curve shapes
of anodes with 50 wt.-% vs. 60 wt.-% silicon significantly differ in the area below 250 mV
before merging into the plateau-like trend.
This difference is assumed to originate from the higher amount of graphite (40 wt.-%)
in the 50 wt.-% silicon content anode. As also exemplary shown in figure 6.5 (b), a more
pronounced shoulder in this potential region is achieved by intensified decomposition
of electrolyte on the negative graphite surface.
The dQ/dV-plots of the plateau-like course, exemplarily shown for the direct prelithi-
ation of four 60 wt.-% electrodes to 20 or 25% SOC, show a steep decreasing line.

The potential courses for prelithiation of anodes (60 wt.-% (green)), which beforehand
underwent three precycles, have a quite different appearance. The charge potential
shows a sloping trend already beginning at potentials below 350 mV vs. Li/Li+.
This difference accounts for the fact that before the plotted charge step pristine (crys-
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talline) silicon material already underwent amorphization by preconditioning the an-
ode vs. the sacrificial electrode. It is obvious that the sloping charge curves show more
pronounced scattering compared to the direct prelithiation step. To elucidate the un-
derlying factors leading to these differences, the set with a 20% SOC prelithiation is
magnified and described more closely in figure 6.2.

Figure 6.2. left: magnification of potential course for prelithiation after precycling for
1200 mAh/gSi vs. 2000 mAh/gSi; right: corresponding dQ/dV-plots.

Silicon loading and electrode formulation, potentially leading to differences in over-
potential, are all equal within the set of cells depicted in figure 6.2. Though indexed
next to the charge curves, three electrodes were precycled to a higher silicon capacity
utilization of 2000 mAh/gSi (blue) compared to 1200 mAh/gSi (green). All electrodes
cycled to higher silicon utilization before prelithiation to the same value of 20% SOC,
show a potential course shifted to higher potential values compared to the lower ca-
pacity rate electrodes. This is assumed to be linked to a lower overpotential barrier for
the lithiation process.
Higher utilization of silicon capacity is associated with a higher volume expansion
since the volume expansion is linear to the lithiation degree. On the one hand the
electrode porosity and therefore electrolyte distribution is expected to be enhanced for
the 2000 mAh/gSi cycled electrodes. On the other hand, higher mechanical impact can
lead to particle milling. In case of particle cracking the electrode cycled with higher
silicon utilization presumably has a larger silicon active surface for lithium uptake.
Both hypotheses suggest lower resistance (overpotential).
The second trend within this data set can be understood when taking the electrode
geometry into account. Both charge processes of each the 1200 mAh/gSi and the
2000 mAh/gSi utilization show more pronounced potential downshift for the anode
coatings on copper foil in contrast to reproducible potential courses for the electrodes
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6.1. Prelithiation process in single layer systems

on expanded metal. The metallic 3D framework of the expanded metal current collector
seems to be beneficial for the resistance of the silicon electrode.
This could on the one hand originate from a more homogeneous soaking step as the
electrolyte can enter the electrode composite from both sides of the electrode. On the
other hand the respective area of copper surface is larger for the 3D expanded metal
current collector compared to a solid foil.
Regarding the dQ/dV-plots for the charge process after initial precycling for different
values of %SOC, deviations in lithiation process (see figure 6.2 (right)) can be ob-
served. Two main features reveal information about the underlying lithiation process:
the potential shift of the signal and the shape of the signal. Thereby the potential shift
of a dQ/dV-signal can be interpreted in two different ways: it might indicate different
overpotential for the same process (lithiation of same LixSiy state) or lithiation of a
different LixSiy state.
In the presented case, the onset of all shown signals suggest the lithiation of the same
amorphous LixSiy state. Small deviations can be explained by different overpotential
values. Declining lines without maximum indicate incomplete lithiation of this state
due to overall low alloyed amount of lithium. This is in accordance with the low lithia-
tion degrees of 5%-15% SOC. From 20% SOC on the course suggests approaching a full
lithiation of the LixSiy state by change in slope. The 30% and 40% SOC prelithiation
nearly completely occupies the LixSiy state since these signals show local maxima.
All in all, studying dQ/dV-signals of the prelithiation step can already deliver impor-
tant information about the lithiation process and the silicon electrode.

6.1.2. Influence of counter electrode without prelithiation

Before evaluating the influence of prelithiation on a full cell pairing, electrochemical
behavior without this step should be clarified. The choice of the counter electrode has
significant influence. The typical full cell scenario, requiring a prelithiation step, would
consist of an anode showing a higher irreversible loss leading to lithium consumption
from the cathode.
Exactly this scenario can be observed when comparing non-prelithiated half cell po-
tentials of the very first cycle and a following cycle for the LFP vs. silicon pairing. In
the first cycle a capacity loss on the anode side can be observed (figure 6.3 left: black
curve). In the second charge step only this amount of lithium (=capacity) is provided
to the anode (red curve). For each following cycle the anode potential rise triggers the
discharge cutoff potential.
Surprisingly, the situation looks quite different for the NMC vs. silicon electrode pair-
ing, using the low surface area silicon material. At this point it should be mentioned
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that the used micrometric silicon material is designed to show very low irreversible
loss. From electrochemical measurements in this thesis the initial loss ranges between
5-9% of initial capacity. This value is even lower compared to the detected values for
the NMC622 material with about 11% of capacity loss between the first charge and
discharge.
This leads to the situation that NMC triggers the discharge cutoff voltage before silicon
is even fully delithiated again. The anode is therefore left in a not completely delithi-
ated state and does not determine the initial capacity loss of the cell. Strictly speaking
the first cycle is converted into an in situ prelithiation step. Switching to faster current
rates compared to the formation step even reveals a second capacity loss of the cathode
and further prelithiation of the anode. In the following cycle it can be observed that
no capacity loss is happening and the cathode still triggers the lower discharge voltage
cutoff. Ongoing aging and related lithium consumption tends to transfer this picture
in the one presented for LFP wherein the fully delithiated anode triggers the discharge
cutoff potential.

Figure 6.3. Different influence of the counter electrodes LFP and NMC vs. the silicon mate-
rial without prelithiation step.

For evaluation of the prelithiation step, considerations like these are important since
this changes the precharged lithium content depending on the counter electrode of the
studied system.
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6.2. Prelithiation process in multilayer systems

In chapter 5 lithium ion transport permeability of stacked electrodes on expanded
metal current collectors was evaluated. This section focuses on studying isolated effects
on individual electrodes in a multilayer cell set-up upon prelithiation. In our case
each layered anode has the same physical composition (conductivity, porosity) though
different position, distance and shielding from the lithium source.
The position within the stack and the thickness of the barriers determine the distance
of each electrode to the stationary lithium source. Nevertheless, taking the micro-
structure of the electrodes into account, the transfer path for lithium ions can even be
much longer than the thicknesses of the barriers (electrodes and separators) suggest.
Next to the metal wires of the current collectors, porous electrodes consist of solid
particles which prolong the path for ion migration. The term to describe this path
length, always being higher than the thickness of the electrode, is defined as tortuosity.
The ohmic resistance for the ionic mobility increases with path length for the lithium ion
transport which leads to a higher overpotential for the process. The ionic conductivity
should be the same for all anodes situated in the same electrolyte while prelithiation.
The following section presents a more detailed study of the prelithiation system in
operation. To gain necessary information about singular electrodes and positions in
the stack, specially designed cell set-ups were used. In these multilayer pouch cells
the stacked electrodes of interest are electrically isolated within the cell and can be
electrically connected externally. The respective set-up is schematically added to the
figures shown in the following.

6.2.1. Stacked graphite anodes

For first multilayer tests the more unraveled anode material graphite was chosen to
lower the amount of influences suggested in the concept part. First question is: does
the SOC vary between individual electrodes in a stack and if it does, to which extent?

Experimental approach: lithium distribution in graphite multilayers A cell stack
with three double sided anodes and four cathodes was assembled as shown in figure
6.4. All anodes were externally connected as counter electrodes and lithiated in an
electrochemically controlled way against a LFP working electrode (step 1). After that,
the anodes were instantly disconnected electrically in order to avoid possible adjust-
ment of SOCs. Subsequently, individual anodes were separately delithiated in order
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to determine the amount of intercalated lithium. Reversibility of the cycling process
through permeable electrodes was tested by a following re-lithiation step (step 2).
Comparing the discharge values of the prelithiated triplet A1, A2 and A3, the distribu-
tion of charge after prelithiation can not be classified as homogeneous. A1 has a higher
discharge capacity (= lithiation degree) compared to A2 which itself shows a higher
but more similar value to A3. Additionally full cell potential shapes of A2 vs. LFP and
A3 vs. LFP are shifted to lower potential compared to A1 vs. LFP.

Figure 6.4. Cell set-up and cycling data to examine homogeneity of prelithiation for stacked
graphite anodes on expanded metal.

The first charge typically induces formation of a solid electrolyte interface. The experi-
ment is repeated in the same cell with three now already conditioned graphite anodes.
Comparing the charge curve of LFP vs. graphite with SEI to the very first prelithiation
reveals a change in the first sector (see figure 6.4, cyan curve). Comparing the third
experiment which starts with a prelithiation step of lowered C-Rate (C/30 instead of
C/10) exactly overlaps with the course of the second charge process which is expected
for the LFP vs. graphite paring and simply supports the reproducibility of the designed
flexible cell set-up.
The distribution of the delivered lithium from the sacrificial LFP electrode is presented
in three separate sketches for the respective anodes A1, A2 and A3. For each experi-
ment A1 achieves the highest capacity. However, the gap between determined lithium
content of A1 to A2 and A3 becomes smaller with parameter changes.
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6.2. Prelithiation process in multilayer systems

Figure 6.5. Several prelithiation settings applied to one stack for testing influences on homo-
geneity of stack prelithiation.

The slight deviation from the full cell potential profile shape (LFP vs. graphite) com-
paring the prelithiation procedures can be explained as follows: in one case prelithiation
represents the first charge process where SEI formation takes place (cyan curve) in con-
trast to the prelithiation step performed after formation (pink curve).
The potential shift can be traced back to the formation of electrolyte decomposition
products at the first low voltage contact influencing the full cell potential course. Com-
paring potential courses of a first charge to a second charge of graphite in a half cell,
confirms a shoulder below 1 V vs. Li/Li+ in the first cycle (plot (b) figure 6.5). This
partly higher course of anode voltage influences the full cell potential vs. LFP by shift-
ing it to lower potential which is the case for the cyan curve in figure 6.5.

Approaches for observed variation in lithiation degree The reason for observed
variation in lithium distribution between physically similar electrodes within the stack
is discussed using a stepwise model-like approach. If several lithium-accepting anodes
are electrically connected in a permeable stack system and a lithiation step via delithi-
ating a lithium source is induced, several scenarios for lithium distribution could be
imagined. It is to clarify how this depends on the settings and physics of the system.
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In our experimental set-up, the lithium source has an areal loading corresponding to
a full lithiation of one out of the three graphite anodes. Limit cases are shortly ad-
dressed before going into deeper study: One extreme scenario, based on the shortest
pathway, results in the first anode charged to 100 % SOC, the other two to 0% SOC.
In a competing system, the first anode offers the shortest lithium transport way and is
expected to be favored. In our cell configuration where lithium transport through the
stack was shown to be possible, the scenario of 0 % SOC for any other anodes can be
widely excluded. Already the potential difference between one electrically connected
electrode at 100 % SOC (near 0 V vs. Li/Li+) and electrodes at 0 % SOC (about 3 V
vs. Li/Li+), would provoke a drive for charge balancing.
Heading to the ideal case: all electrodes are equally charged to 33 % share of overall
distributed lithium. Regarding shown experiments we have to admit a certain variation
for lithium distribution among the three electrodes.
The closest anode to the lithium source reaches higher SOC compared to the second
nearest and finally the last anode. This outcome is a mixture of the two extreme cases.
However, it also suggests that the distance from the lithium source is not the only
adjustment screw for this prelithiation method. The following part tries to isolate and
discuss these parameters.
Basically every single anode position among A1, A2 and A3 could potentially be fully
lithiated. This was already shown in stack experiments with an even larger number
of layers (see section 5.2). Free lithium ion transport between the lithium source and
all electrically connected anodes as a prerequisite for the prelithiation technique was
therein verified. The Li+ transport is triggered by current flow until the cutoff criterion
is reached which in our case is an upper cell voltage cutoff, usually triggered by full
delithiation from LFP to FP.

Potential influences are discussed as determining factors for the lithium distribution:

• distance from lithium source

• potential curve characteristic of lithium achieving anode

• conductivity, porosity, permeability of lithium achieving and separating elec-
trodes

• applied current for lithium transport
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6.2. Prelithiation process in multilayer systems

On the way to understanding the competition rules for lithium uptake, it is useful
considering the isolated potential profiles of each single anode vs. the LFP cathode.
The potential for a graphite anode is in conjunction with the amount of intercalated
lithium ions. The shape of potential course is characteristic for the electrochemically
active material: graphite shows a stepwise plateau course at low potential vs. Li/Li+

with different LixCy stages.
Electrically connected anodes with equivalent loadings and material composition should
ideally show the same amount of intercalated lithium at the same potential vs. Li/Li+.
However, when current is flowing and lithium diffusion has started the "practical" po-
tential location (y-shift) of the electrode is influenced by overpotential build-up.
Overpotential build-up complicates the lithiation process dependent on its pronounce-
ment and thereby each anode potential curve is shifted to lower values compared to the
theoretical location. Different lithium transport distances lead to a shift in y-position
location of each anode profile. The higher the overpotential, the more pronounced the
potential downshift for the respective anode lithiation process. This is why for the
lithiation of A3 with the highest distance to the lithium source (LFP) lower potential
values are expected compared to A2 and especially A1.
In other words: lithiation of A2 and A3 to the same % SOC is expected to happen at
lower potential compared to A1. This might lead to delayed or even no lithiation of A2
and A3 at certain potentials.

Illustration of shifted stack anode potentials In order to illustrate the approach,
two cases for potential shifts between potential profiles of three anodes are schemat-
ically shown in figure 6.6. The two cases differ in maximal overall lithium which is
distributed by the LFP sacrificial electrode.
Each anode vs. LFP must be mentally separated in an independent electrode pair-
ing. Barrier electrodes and higher distance for lithium diffusion change the conditions
for lithiation of each single anode resulting in shifted potential in the sequence of
U(A3=green)<U(A2=blue)<U(A1=red) vs. Li/Li+. A certain cell voltage V1 at end
of prelithiation leads to a different SOC value in each anode. This difference in resulting
SOC per anode is expected to become even more pronounced for cell voltage V2 for an
ongoing lithiation process.
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Figure 6.6. Influence of different overpotential values on distribution of lithium between sev-
eral electrically connected graphite anodes during charge process.

In our experiments these potential shifts are assumed to be the reason why the first
anode with the smallest distance and overpotential is lithiated to a higher degree com-
pared to A2 and finally A3. There are several factors which are expected to influence
the scale of overpotential and therewith the gap in charge between the electrodes di-
rectly after the prelithiation step. One is, as also experimentally shown, the current,
another is expected to be set temperature which influences kinetics.

The next question which arouses from these findings is what will happen if the charge
process is stopped and no current is applied. No current means no forced lithium flow
and therefore no build-up of overpotential between respective electrode pairs. The elec-
trode materials are left to their actual potential value determined by lithium content.
In a realistic cell stack all anodes remain (internally) electrically connected after the
prelithiation step. In our model set-up the anodes are directly electrically disconnected
after the prelithiation step. As the single anodes show identical active material and
loading the potential curves should show the exact same potential profile and y-shift if
no current is applied.
Modeling this situation for the two cases of different final values of SOC, electrically
connected anodes would clearly reveal potential differences (see figure 6.7). The herein
suggested potential difference is expected to provoke a driving force for adjustment of
potentials between all electrically connected anodes. Current flow and lithium diffu-
sion between the electrodes are expected, until a balance in potential and therewith
connected SOC of all electrodes is reached.
At this point it should be mentioned again that this adjustment is suggested to pro-
bably happen because of both the possibility of electron flow and lithium exchange
through the permeable stack system. Further parameters and influences on this cross
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talk will be collected in the next section and finally an attempt of deriving a general
model is discussed in chapter 11.

Figure 6.7. Suggested SOC balancing driven by potential difference of electrically connected
graphite anodes A1/A2/A3.

6.2.2. Stacked silicon anodes

Higher SOC variation for silicon based systems After pretesting the measurement
set-up using graphite anodes, similar experiments are conducted for stacked silicon
electrodes. After prelithiation with a current rate of C/30 the three silicon anodes are
again directly electrically disconnected and discharged. Obviously the discharge process
of the closest anode (A1) to the lithium source is not stopped by the potential criterion
but by the safety time cutoff. With regard to expected 33% a much larger amount
of lithium was re-achieved from the first anode (A1: 41%). A2 and A3 show very low
discharge capacities around 10% of inserted charge.
Additionally the full cell discharge potential course of A2 vs. LFP and A3 vs. LFP shows
high deviation to the A1 vs LFP potential curve and is shifted to lower potential values.
Lower full cell potential values in a discharge process indicate a higher overpotential
(hysteresis) of the A2/LFP and the A3/LFP electrode pairing compared to the A1/LFP
electrode pairing.
One factor for this significant variation is probably again the lower distance for A1 -
though for silicon anodes this is not expected to be the main and only contribution. The
fact that the major part of charge was inserted into the first anode and the positions
A2 and A3 seem to be significantly unfavored, suggests different conditions for a silicon
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system compared to a graphite system. Herein the same prelithiation parameters lead
to much higher variation in lithium distribution between the stacked silicon anodes.

Figure 6.8. Testing homogeneity for stack prelithiation with silicon anodes using separable
cell concept and C/30.

To retrace the difference between a graphite and a silicon based multilayer system,
questions on both electrode composite and material level were examined. Basic know-
ledge about physical material characteristics, hints from designed experiment set-ups
and theoretical approaches helped revealing main contributors.

Influence of charged silicon electrodes Silicon anodes are assumed to represent a
more complex system during the competing charge process since electrode properties
are a dynamic factor upon lithiation. Electric conductivity of the electrode is increased
by alloying of lithium. Also tortuosity and electrolyte availability change upon charg-
ing, associated to volume expansion upon lithium insertion.
These factors are expected to affect transport conditions for the lithium ions delivered
by the lithium source to the anode situated behind a lithiated (=expanded) silicon an-
ode. For electrodes situated behind another insertion electrode (in our case A2 and A3)
these changes do not only affect individual prerequisites for favored lithiation. More-
over, characteristics like porosity of the electrodes through which lithium diffusion has
to take place, are changed. All these factors again influence the overpotential for each
electrode pairing (A1/LFP vs. A2/LFP vs. A3/LFP) in the competitive process for
lithium uptake.
The question examined in the next set-up is how and why an already lithiated silicon
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electrode influences lithium transport to a silicon electrode which is situated behind an
expanded LixSiy anode without direct competition for lithium insertion. For that pur-
pose, only two silicon anodes in an already preconditioned stack set-up were regarded
(see figure 6.9). First, both anodes A1 and A2 were connected as counter electrodes
and simultaneously charged by delithiating the sacrificial electrode (LFP). Likewise
the three anode stack at separate delithiation, the major amount of lithium could be
verified to have been inserted into A1 (step 1, 2 and 3). More than 82 % of prelithiated
charge could be discharged from A1 and only about 14 % from A2.
In order to conduct a separate charging test, only the closer located anode A1 was
connected as counter electrode and half of the available lithium from LFP was inserted
into A1. Subsequently only A2 was externally connected to the sacrificial LFP and a
charge process through the lithiated anode A1 was induced (step 4 and 5).
Since the full capacity could be inserted into A2, we can at least exclude the assump-
tion of a charged and thereby swollen silicon anode to act as a barrier comparable
to a solid foil electrode. However, comparing the large potential offset of the charge
process between LFP vs. A1 (red line) and LFP vs. A2 (blue line) in figure 6.9 reveals
disadvantages for A2 in a competing process. Much higher charge potentials have to
be addressed to lithiate A2 in comparison to A1.

Figure 6.9. Study of the influence of a lithiated (expanded) silicon anode on lithium transport
characteristics in a two anode stack.

To verify the suggested barrier effect of a changed electrode porosity and thickness
induced by prelithiation, A2 is completely charged by the sacrificial LFP electrode
through a discharged and not connected electrode A1. Indeed the full cell potential of
this process is downshifted towards the LFP vs. A1 potential (dashed blue line, figure
6.9). This experiment demonstrates lowered overpotential and easier lithium diffusion
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if the barrier electrode is not in a lithiated state.

These experiments with silicon-containing electrodes support interdependence between
the prelithiation process and changes concerning the lithium transport path to the
respective anode. Again the value of respective overpotential build-up is assumed to be
a key factor. Nevertheless these outcomes demonstrate means to influence the system by
parameter adjustment. The next section shows and explains two strategies to improve
prelithiation homogeneity among stacked silicon anodes.

Explanation approach for variation in SOC for stacked silicon anodes A pivotal
point for lithium distribution is expected to be based on the difference in potential
profiles of silicon and graphite. Identifying the overpotential value of stacked electrodes
as a very important factor for lithium distribution, the scheme based on potential
shifted anode curves is also applied for the silicon containing system.
Crystalline silicon materials typically show a potential plateau course during the very
first lithiation. As sketched in figure 6.10, isolated electrode potentials are model-like
shifted to lower potential vs. Li/Li+. This shift is induced by different overpotential
build-up due to higher distance of A2 and finally A3 to LFP. In the first example
voltage, overall SOC (=prelithiation degree) of A1 is quite low and the gap to A2 and A3
is relatively small (marked in blue). However, assuming no change in overpotential shifts
between the electrodes, for higher prelithiation degrees (V2, yellow case) the charge
process would rather keep lithiating A1 to higher SOC. For A2 and A3, the lithiation
potential for comparable SOC values is significantly lower. As long as potential is not
significantly dropping, A2 and A3 are expected to remain at low SOC.

Figure 6.10. model half cell potential courses for three stacked silicon anodes in a prelithia-
tion process at very first charge of silicon electrodes. Flat potential course limit
the charge of potential shifted anodes A2 and A3.
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This approach serves as a possible explanation for the very high resulting differences
in prelithiation degree for crystalline silicon anodes.
Also for silicon based systems the question of how different anode SOCs in multilayer
systems are evolving during relaxation is studied. The situation when no current flow
is forced but electrical connection is guaranteed and lithium diffusion can freely take
place, is schematically drawn in figure 6.11. In this state all potential curves overlap
since no overpotential is present. The now different potential values (SOCs) are ex-
pected to induce potential balancing and therewith lithium diffusion between anodes.
However, due to the lithiation potential shape of crystalline silicon, which ends up in
a plateau already for very low %SOC, only small effect on connected SOC balance
between electrodes is expected.

Figure 6.11. Suggested model for potential adjustment in silicon containing multilayers with
different SOC values after first cycle prelithiation.

These results suggest a barrier that hinders homogeneous lithiation for crystalline sili-
con based systems if no further development is conducted. Two factors which are con-
sidered as the main anchor points, namely lowering of overpotential and characteristics
of potential profiles, are addressed in the following section.

Approaches for influencing lithium distribution in silicon stacks

The repeatedly mentioned potential gap between stacked anodes is planned to be re-
duced for achieving a more homogeneous lithium distribution. The first strategy is
reducing the current of the prelithiation step to lower the overpotential difference be-
tween the electrode pairs LFP/A1, LFP/A2 and LFP/A3. The corresponding experi-
ment was conducted in the already described cell set-up with a sacrificial electrode on
one side of the stack.
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In the following example case a lower current with a rate of C/60 is applied. Subsequent
separate discharging of every anode shows a much more equal lithium distribution (see
figure 6.12) compared to the C/30 prelithiation process in figure 6.9. Lowering the
current in the graphite system did not show a significant effect on lithium distribution
among A1, A2 and A3. In contrary the overpotential differences (situation of potential
curve) in the discussed silicon-containing system seem to be highly dependent on the
applied current value. Considering our model, it is expected that the charge plateaus
of A2 and A3 were shifted to higher lithiation potential.
A second contributing factor, related to the interdependency of lithiation degree and
conductivity increase of silicon anodes, is assumed. As soon as A2 and A3 are lithiated
to higher degree, conductivity increases, which should also contribute to a reduction
in overpotential and an easier access for lithium insertion.

Figure 6.12. Influence of applied current for prelithiation process on lithium distribution
among silicon anodes in the stack.

The second approach for making impact on the homogeneity of lithium distribution
among stacked silicon electrodes targets the dependency of the charge process on po-
tential curve shape. Silicon electrodes show the above described lithiation plateau only
in the very first cycle. The following charge and discharge potential courses show a slo-
ping behavior. The conducted experiment should examine if the influence of a changed
potential shape can be exploited for designing an appropriate prelithiation process.
For this purpose a second sacrificial lithium source (LFP) is implemented into the stack
set-up. The least favored position in the stack (A3) is precycled vs. this sacrificial elec-
trode before connecting all three electrodes for prelithiation as shown in figure 6.13. The
same prelithiation procedure as in the experiment described above is conducted with
the lower current value corresponding to C/60. Resulting separate discharge courses
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definitely show a different picture compared to a prelithiation process without precy-
cling anode A3. The discharge value of A3 is still lower compared to A1 but higher
compared to A2, which has lower distance to the lithium source. The reason for the
favored lithiation of A3 over A2 can be assumed observing the different discharge full
cell potential shape of A3 vs. LFP. The shape change is supposed to derive from the
expected change in silicon potential course, since the LFP potential shape cannot differ
from its plateau course.

Figure 6.13. Study of the influence of preconditioning (orange) a silicon anode within the
stack. Simultaneous prelithiation and separate discharge of each anode.

Considering our presented model, precycling of all silicon anodes is assumed to have
a significant impact on lithiation homogeneity. In this case silicon active material has
already been transformed to the amorphous state. As demonstrated in figure 6.14, the
sloping potential shapes of amorphous silicon electrodes enable a better distribution as
potentials for different SOCs are more likely to overlap.
Additionally, during relaxation and therewith alignment of potential shifts a higher
potential difference is expected. The higher the potential difference, the higher the
induced force for lithium and electron exchange between electrically connected anodes
in the stack.
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Figure 6.14. Model-like approach to explain the influence on lithium distribution among
anodes after preconditioning silicon anodes before application of a simultaneous
prelithiation step.
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7. Characterization of Silicon Anodes on Expanded
Metal

Experimental sets were designed for characterization of the silicon active material on
permeable current collectors under the influence of prelithiation. Electrochemical data
are presented and subsequently discussed. Central aspects illuminated in this part are
influences of procedure and electrode parameter settings on cyclic stability of prelithi-
ated silicon electrodes and study of underlying lithium (de)alloying mechanisms.

7.1. Cycling stability of silicon electrodes on expanded metal

As suitable full cell electrode pairing for silicon anode characterization, lithium iron
phosphate (LFP) vs. silicon was selected. The concept for applying the indirect route
to LFP/Si pairing is described in the concept part 3.2.1.
Findings from data evaluation can directly be related to characteristics and limits of
the developed silicon anode and applied to design of electrodes, electrochemical settings
and prelithiation procedure.

7.1.1. Recipe and electrode parameters

In order to develop the formulation for a reliable silicon anode on expanded metal,
binder and composite pre-evaluation on foil electrodes was conducted. This section
mainly presents data concerning prelithiated silicon anodes on expanded metal and
exclusively shows selected data leading to fundamental decisions concerning parameter
settings.

Silicon content in composite Electrode recipes with varying silicon contents in the
composite formulation were examined for application in expanded metal electrode
preparation. Even if a reference formulation with 70wt.-% of silicon was suggested



by the material supplier, this recipe was only confirmed for low areal loadings on metal
foil current collectors in half cells or vs. NMC. Using high open area metallic frame-
works as current collector system and the choice of LFP as cathode were expected to
change conditions for electrochemical cycling.
Cycling stabilities of cells with similar areal capacity loadings and pre-treatment are
plotted in figure 7.1. To generate comparable and realistic values for finally desired
electrode settings, rather high areal loadings were chosen.

Figure 7.1. Comparison of cycling stability for different silicon contents without and with
25% prelithiation. left: no prelithiation: 60 wt.-% and 70 wt.-% of silicon in com-
posite. right: prelithiation of the silicon anode to 25% SOC. Tabular: gravimetric
capacity related to electrode mass.

Cycling prepared silicon anodes without precharge (0% SOC) vs. LFP cathodes re-
vealed low cycling stabilities as already hypothesized and shown with the left plot in
figure 3.4. For both representative formulations (60 wt.-%, 70 wt.-%), rapid capacity
decay reaching 80% capacity retention at cycle 70 or 55 can be observed.
When precharging the silicon anode to 25% SOC before cycling vs. the counter LFP,
much higher cycling stabilities could be achieved in each case - 50 wt.-%, 60 wt.-% as
well as 70 wt.-%.
Cells with 70 wt.-% silicon show a comparatively less stable course of capacity reten-
tion with higher variation of capacity values. The lowest number of cycles until 80 %
capacity retention is reached. Capacity retention for cells with 50 wt.-% and 60 wt.-%
silicon in composite shows a long stable plateau-like course. For 20% SOC prelithiation
higher cycle number before reaching EoL (80% of capacity retention) in the order of:
50 wt.-% > 60 wt.-% > 70 wt.-%. All in all, long-term cycling stability decreases with
increasing silicon content in composite.
Several factors connected to high-Si-contents in composite could contribute to lower
long-term cycling stabilities. In contrast to graphite, silicon itself is not electrocon-
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7.1. Cycling stability of silicon electrodes on expanded metal

ductive. Therefore, higher graphite contents automatically lead to higher electric con-
ductivity in the electrode composite. As with decreasing Si content graphite content
increases electric conductivity of the composite can be expected to decreases according
to 50 wt.-% Si > 60 wt.-% Si > 70 wt.-% Si. Electron transport is directly connected to
lithium diffusion and can evolve into a determining factor for capacity loss by build-up
of overpotential.
Another consequence of higher silicon content, is higher volume expansion and con-
traction. On the one hand this expansion is directly related to the amount of alloyed
lithium in silicon. It should altogether be the same when comparing equal areal ca-
pacity loadings for electrodes with different silicon contents. However, electrodes with
lower silicon content include a higher amount of matrix material around the wider dis-
tributed silicon particles to buffer volume expansion and contraction.
Additionally, volume changes may lead to disconnection which are less pronounced for
more diluted volume effects. For high and recurrent mechanical impact, assumed for
high silicon contents, most binder species are supposed to meet their limit concern-
ing flexibility. (Reversible) contact loss is assumed to serve as explanation for jumping
capacity values in case of 70 wt.-% silicon content electrodes. Herein, volume and con-
ductivity effects are expected to be most striking.
As a compromise between reliable cycling stability also for higher loadings and overall
higher gravimetric composite capacities, the silicon content for further electrochemical
studies was set to 60 wt.-% silicon in composite.

Areal anode loading In general, higher areal capacity loadings per electrode are
required to achieve higher energy density of a cell but differences in cycling stability
are expected.
In experiments shown in the following, no parameters were adapted in favor for higher
electrode thickness. The amount and composition of electrolyte was kept constant and
C-rates were applied.
For discussed cells, the anode was precycled and prelithiated vs. a sacrificial LFP
electrode before cycling vs. the cathode (LFP). This attempt was chosen over a non-
preformed anode, as for this case the main capacity loss would be initially caused by a
balance shift as schematized in figure 6.3.
Capacity retention and coulombic efficiencies vs. cycle number are plotted for a 0% SOC
as well as a 40% SOC prelithiation case for a "low" (<2.5 mAh/cm2) and a "high"
(>4.0 mAh/cm2) loaded LFP/Si pair.
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Figure 7.2. Comparison of cycling stability and coulombic efficiencies for two different pre-
lithiation scenarios and silicon anode loadings.

For both prelithiation degrees, cycling stability for higher loaded electrode pairs is
significantly deceased in comparison to lower loadings. Again, the higher prelithiation
degree leads to higher cycling stability for both areal loadings.
Capacity retention and coulombic efficiency for the lower loaded electrodes (green)
follows a flat course with little variation for 0% and 40% prelithiation. In contrast,
capacity retention for the >4.0 mAh/cm2 loadings shows a more irregular course of
capacity retention as well as variation of values for coulombic efficiency. Also literature
reports capacity irregularities for highly loaded silicon anodes to be typical.107

As a result for examining general trends, areal loadings are fixed between 2-3 mAh/cm2.
However, for the up-scaling approach, anode loadings will exceed 4.0 mAh/cm2 which
is evaluated in more detail in section 9.1.

7.1.2. Utilization of gravimetric silicon capacity

It is possible to individually adjust silicon capacity utilization in a full cell by changing
the balance of anode to cathode capacity (see section 4.4).
For competing gravimetric capacities of graphite electrodes on the composite level, low
utilization of silicon as well as low silicon content is most likely not sufficient. Note:
since this thesis is the first step for the introduction of an innovative current collector
geometry, so far gravimetric capacities on electrode composite level are the measure.
In order to examine influence and limits of specific capacity utilization rate, cycling
stabilities of cells with different areal capacity balancing (LFP:Si) are compared in
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7.1. Cycling stability of silicon electrodes on expanded metal

figure 7.3. Suspecting additional stabilizing effects of prelithiation, prelithiation degrees
were hold constant within one set.

Figure 7.3. Comparison of cycling stability for different silicon capacity utilization rates in
for cells with equal prelithiation degrees

Figure 7.3 shows, that generally higher capacity utilization leads to lower long-term
cycling stability. Cells with 60wt.-% silicon electrodes show less cycles before falling be-
low 80% of capacity retention in the order of 2200 mAh/gSi (green plot) < 1800 mAh/gSi

(black plot) <1300 mAh/gSi (red plot). Higher cycling stability is achieved for 1200 mAh/gSi

(red plot) compared to 2200 mAh/gSi (green plot). The bottom graph shows cells with
50wt.-% silicon in composite. A silicon capacity utilization rate of 1500 mAh/gSi (blue
plot) reaches 241 cycles, the usage rate of 1200 mAh/gSi (red plot) is even stable up to
333 cycles. At very low silicon usage rate of only 700 mAh/gSi (orange plot), cycling
stability >80% for up to 714 cycles could be achieved.
The table in figure 7.3 presents calculated electrode composite capacities with different
silicon contents and usage rates vs. common graphite electrodes (95 wt.-% graphite
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content, practical 332.5 mAh/gcomposite). On electrode composite level, even the low-
est usage rate of only 700 mAh/gSi beats gravimetric capacity of standard graphite
electrodes.

7.1.3. Prelithiation degree

As indicated by previously presented data and proposed by the theoretical approach in
section 3, precharge of the silicon anode is assumed to enhance cycling stability. Silicon
anodes in LFP/Si set-up with moderate areal loadings (max. 2.7 mAh/cm2) and with
higher areal loadings (>4 mAh/cm2) were prelithiated to different SOCs and cycling
courses are compared in figure 7.4.

Figure 7.4. Comparison of cycling stabilities for silicon anodes with different degrees of pre-
lithiation.left: moderate areal loadings. right: high areal loadings

Without prelithiation of the anode (0% SOC, grey plot) capacity retention <80% is
already undercut before 100 cycles. Prelithiating the silicon anode to 5%, 10% or 15%
SOC stabilizes the cell for up to 150-100 cycles (cyan, violet and orange plot) (figure 7.4,
left). Increasing prelithiation degree to exemplarily 40% SOC shows cycling stabilities
of more than 400 cycles before dropping below 80% capacity retention (magenta plot).
In contrast, 55% SOC prelithiation (green plot) of the anode leads to even lower cycling
stabilities compared to the full cell with a non-prelithiated (0% SOC) silicon anode.
The trend for enhanced cycling stability holds also true for high areal loadings (right
graph). The cell with a non-prelithiated anode does not even complete 50 cycles before
falling below 80% capacity retention (grey plot). Prelithiation of the anode to 20%
SOC stabilizes the cell for up to 200 cycles before reaching values <80% capacity
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7.2. Effect of prelithiating silicon anodes

retention. Cells with high loaded silicon electrodes, precharged to 30% SOC or 40%
SOC, show more than 300 cycles before falling below 80% capacity retention. The
courses of capacity retention vs. cycle number highly deviate from the flat courses for
moderately loaded silicon anodes. They also shows different trends for the 20% SOC
and the 30% SOC case in comparison to 40% SOC prelithiation.
Aging phenomena of LFP/Si full cells will be discussed separately in chapter 8.2.
The discussion about origin of observed differences in cycling stability dependent on
prelithiation degree will be presented in the following section (7.2.1).

7.2. Effect of prelithiating silicon anodes

As already stated in the concept part and introduced above, pre-charging of the silicon
anode before cycling causes a stabilizing effect on cell capacity retention. In order to
gain deeper understanding of the major effects contributing to this benefit, an experi-
mental series was set up and possible stabilization effects are discussed.

7.2.1. Test series: prelithiation degree

In the following test series electrode characteristics and cell parameters were kept con-
stant, only the prelithiation step was varied to different values of precharged SOC in
the silicon anode. Subsequently, all cells were charged and discharged at the same C-
Rate in a cell set-up including a lithium reference for tracking of the anode potential
course.
In the following, electrochemical results are shown and discussed in detail exceeding
simple comparison of cycling stability (capacity retention in figure 7.4). Focusing on
more indirect parameters like close potential shape analysis is expected to reveal major
effects linked to prelithiation degree.
For easier study, potential profiles are all normalized to 100 % SOC referred to the
maximum cell capacity achieved in the very first cycle, corresponding to a capacity
utilization of 1200 mAh/gSi.
Figure 7.5 shows the cell set-up used in this experimental series. Additionally, an
overview of capacity retention for all prelithiation degrees in this study is pictured.
Capacity retention follows the order of: 60% SOC < 0% SOC < 5% SOC < 15% SOC
= 10% SOC < 40% SOC prelithiation.

75



Figure 7.5. Set-up for precycled and prelithiated LFP/Si pouch cells. Comparison of capacity
retention for 0%, 5%, 10%, 15%, 40% and 60% SOC prelithiation.

In figure 7.6, capacity retention, coulombic efficiencies as well as selected anode po-
tential profiles of representative cells for prelithiation degrees of 0%, 5% and 10% are
shown.
In the case of 0% SOC the anode was only preformed vs. the LFP sacrificial electrode to
buffer first cycle capacity losses. Capacity retention of this cell shows 5 cycles of increas-
ing capacity course and coulombic efficiency >99.8% (right plots). Subsequently, both
capacity retention and coulombic efficiency drop. Coulombic efficiency values show a
constant value of 99.7% until about cycle 40 and then constantly decrease with cycle
number.
Lithiation and delithiation potential curves show comparable shapes after the very first
cycle, reduced in x-length because of capacity decay. There is a significant difference
for the anode potential course at the end of discharge for cycle 5 (stable cycling) and
10 (capacity decrease). For both cases, the anode reaches potentials below 1.2 V vs.
Li/Li+ whereas following cycles show 1.8 V vs. Li/Li+ at end of discharge and reduced
capacity.
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7.2. Effect of prelithiating silicon anodes

Figure 7.6. Comparison of capacity retention, coulombic efficiency and potential courses for
selected cycles in case of a 0%, 5% or 10% SOC prelithiation.

Each course of capacity retention shows an increase in the first section, marked in
yellow. The number of cycles with increasing capacity until the global maximum is
reached shows an increasing trend with increasing prelithiation degree.
For 5% SOC prelithiation, this section is followed by two phases showing slow capacity
decay, finishing with accelerated capacity decrease. The 10% SOC cell shows a stable
discharge capacity course after capacity increase, finally followed by a short region of
slow capacity decay, also finishing with a fast capacity decaying region.
The dQ/dV-signals for all three cases show comparable trends of increasing end of
discharge potentials with onset in the row of: 0% to 5% to 10% SOC.
More pronounced for 5% and 10% SOC prelithiated cells than for 0% SOC, the very
first cycle (dashed grey line) shows two sloping plateaus, shifted to lower voltages
compared to (de)-lithiation processes in subsequent cycles. Following cycles show an
up-shift in potential for the lithiation as well as the delithiation process.
On the one hand, up-shift of lithiation potential can imply decrease in overpotential
and up-shift delithiation potential, increase of overpotential for the delithiation pro-
cess. On the other hand, changes in potential location can also be linked to lithiation
of different LixSiy states. Both cases will be discussed in the following subsection 7.2.2.
The cells with precharged anodes (>0% SOC) show so far unexplained coulombic ef-
ficiency values higher than 100%. The sum of apparently "gained" capacity is lower
compared to the overall additional amount of lithium inserted in the anode. Still, due
to the coupling of electron and lithium transfer, coulombic efficiencies >100% are a
questionable point to discuss (see section 7.2.2).
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Figure 7.7 presents capacity retention, coulombic efficiency and anode potential profiles
for significantly higher prelithiation degrees of 40% and 60% SOC. The full cell with
40% SOC prelithiation shows exceptionally high cycling stability, undercutting 80% of
capacity retention only around cycle 400. For the first 100 cycles a capacity increase
can be observed, coulombic efficiencies show values above 100%. This is followed by
a long stable capacity plateau without any apparent capacity loss. Capacity decline
is separated into three phases with increasing acceleration of aging. Potential profiles
show an up-shift of the complete charge/discharge curve over cycles. Moreover the dis-
charge cutoff potential of the anode is still <1 V vs. Li/Li+ after 350 cycles.
In contrast, cycling stability of a 60% SOC prelithiated anode is even lower compared
to 0% SOC prelithiation and shows a steep capacity decrease. The potential profiles
indicate highly different shape, in comparison to the other prelithiation scenarios. It is
assumed and discussed in the following that different lithiation processes take place at
these degrees of anode precharge.

Figure 7.7. Comparison of capacity retention, coulombic efficiency and selected potential
courses for 40% and 60% SOC prelithiation.

Comparing cycling stabilities, an approximately linear stabilizing trend from 0% SOC
over 5% SOC to 10%SOC is noted. However, there is no benefit when increasing pre-
lithiation amount from 10% to 15% SOC. Increasing anode prelithiation to 40% SOC
leads to peculiarly stable cycling behavior. The stable cycling course and observed
changed potential location suggest additional stabilization effects in case of a 40% SOC
prelithiation. As also shown in this thesis, values of around 25% SOC and 30% SOC
prelithiation achieve high stabilization effects and selected data is given consideration
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in the following discussion.
Applying 60% SOC prelithiation shows unexpectedly low cycling stabilities and strongly
deviating potential curve characteristics. Note that silicon electrodes are hereby cycled
between 60% SOC and 90% SOC, which approaches the margin of full silicon capacity
usage. A summary of phenomena leading to capacity decay will be discussed in the
separate section 8.2 involving presented cell data.

7.2.2. Discussion: stabilization factors induced by precharge

Establishment of a lithium reservoir

The results indicate a so called "lithium reservoir" which helps buffering continuous
anode efficiency loss. Precharging is assumed to postpone the cell cutoff situation, in
which anode efficiency loss leads to complete exhaustion of the lithium stored in the
anode composite. Meeting this limit and with progressive anode efficiency loss, the
capacity limiting factor will become the re-lithiation of the cathode.
A graphic representation for model-like anode efficiency loss is shown in figure 8.1.
Thereby a higher % SOC can be understood as a more pronounced shift to negative
x-direction (=larger lithium reservoir) before cycling.
As observed in the plots of anode potential curves in figure 7.6 and figure 7.7, the
anode potential at end of discharge is initially significantly lower than 0.8 V vs. Li/Li+.
Incomplete delithiation of the anode is assumed, whereby implied by the steep decline
of cathode potential, complete re-filling of the cathode is enhanced.
Due to the trend of more cycles with lower discharge cutoff values and a longer phase
of capacity increase, a "lithium reservoir" is believed to be a main contributor to extend
cycling stability from 0% SOC to 10% SOC.
Exemplarily for the prelithiation case of 5% SOC, figure 7.8 tries to trace influences of a
shifting potential cutoff situation with ongoing cycling. The cycling course is model-like
divided in different regions to highlight the differences if the supposed lithium reservoir
is still contributing or already exceeded (= capacity decrease).
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Figure 7.8. Verification and evaluation approach for effects of a "lithium" reservoir on the
example of a 5% SOC prelithiated LFP/Si cell.

Li-reservoir study: CE>100% and capacity increase In the first phase, increase of
discharge capacity retention and coulombic efficiencies higher than 100% are observed
when anode precharging was conducted.
From anode potential analysis, cell voltage cutoffs are suggested to be controlled by full
delithiation (charge) and re-lithiation (discharge) of the LFP cathode. This is unusual,
since for full cells without precharged anodes, discharge cutoff is usually triggered by
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full delithiation of the anode material.
As long as extra-lithium is stored in the electronically wired anode composite, the an-
ode remains in a lithiated state after discharge - even at full re-lithiation of LFP. This
situation is illustrated by plotting both anode and cathode potential courses of cycles
assigned to this region (blue frame). Until cycle 50, one of the last cycles with coulom-
bic efficiency value >100%, the anode cutoff is so low (<1.3 V vs. Li/Li+) that the
cathode potential decrease triggers the full cell cutoff on discharge. Comparing cycle
20 and 50, the anode is still fully charged at end of charging step, so no capacity loss
is observed for this region.
Rise of cell capacity can be explained if lithium vacancies in LFP, which where not
fully re-lithiated in the previous cycle, are subsequently re-lithiated in the next cycle.
This is only possible if mobile lithium is not irreversibly lost in the cell system, but
accessibly stored in the anode.
In case of a precharged anode, potentially active lithium not provided by the cathode
is part of the system. Presumed additional lithium availability in the anode and condi-
tions are sketched in figure 8.7. In our example case lithium corresponding to 8.8 mAh
was precharged into the anode, which is lower compared to the cumulative "gained"
capacity. Still, if Li+ ions are set free upon de-lithiation of the anode, the cathode has
to provide free vacancies to take the ion in. It is vital that all charge is balanced to
maintain charge neutrality.
Coulombic efficiencies >100% theoretically indicate that more charge-carriers are trans-
ferred in the full cell discharge process compared to the charge process. This is quite
surprising as usually the cathode is the limiting factor for the lithium exchange bal-
ance. Due to steep potential decrease of the cathode, full re-lithiation on discharge was
assumed for every cycle. So the question is if there are still lithium vacancies in the
LFP cathode or if other processes balance apparently delivered charge carriers from
the anode.
The cumulative value of "gained" capacity (CE>100%: 2.97 mAh) is lower than the
"lost" capacity upon re-lithiation of LFP in the very first cycle (black potential curves:
loss: 3.07 mAh). It could be assumed that the LFP cathode potentially offers the de-
sired amount of free lithium vacancies. The amount of lithium obtained from LFP in
charge processes would be smaller compared to the amount which can be re-lithiated
into LFP during discharge processes.
Exploitation of the lithium reservoir is assumed to be connected to coulombic effi-
ciencies higher 100% (green areas). With this, re-filling of LFP with stored lithium
from the anode composite upon discharge is assumed. Moreover, this explanation is
in accordance with increasing values of capacity retention, reaching 100% at cycle 44.
This supports the theory of a slow re-lithiation of LFP to its true full occupation by
emptying party of the lithium reservoir.
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A second possible explanation for values of coulombic efficiencies >100%, is a so far
not identified chemical reaction balancing positive charge. A parasitic reaction at the
anode might be connected to a corresponding redox-reaction at the cathode, leading
to detected current flow.

Li-reservoir study: capacity decrease After this shifted maximum of capacity reten-
tion, a short section with slow capacity decrease is differentiated. Decrease of capacity
is probably owed to incomplete lithiation of the silicon anode. Up to this point, dis-
charge cell cutoff is assumed to be still triggered by complete delithiation of LFP areas
lithiated in the previous charge step.
Ensuing, a section with slightly accelerated capacity decline is marked (red with blue
stripes). Therein lithiation of the silicon anode is incomplete, the anode is fully delithi-
ated (empty Li-reservoir) and the LFP cathode is still fully re-lithiated. This is sup-
ported by comparing electrode potential profiles for decreasing maximal capacity from
cycle 70 to 80 (dashed blue frame). Considering the discharge process, the anode po-
tential now increases to more than 1.5 V vs. Li/Li+, but the cathode potential still
shows typical decrease for full re-lithiation.
Finally, a phase of accelerated capacity decline is defined (dark red). In this region,
both lithiation of the silicon anode and re-lithiation of the LFP cathode are incom-
plete (light red and pink areas). This is verified by plotting potential curves of cycle
90, 110 and 120 (red frame). The maximal charge capacity value is decreasing and the
discharge cutoff is solely triggered by complete delithiation of residual electrochemi-
cally active anode material. Incomplete re-lithiation of LFP is obvious regarding the
flat potential course upon discharge, which implies that LFP re-lithiation was inter-
rupted incompletely on the discharge plateau. This finding is additionally supported
by dQ/dV-plots of the discharge process for LFP (pink frame). From cycle 85 (olive
curve) a shape change can be observed, which suggests incompleteness of the discharge
process when compared to the complete process in cycle 81 (light green).

Deviating LixSiy compositions

Comparing lithiation and delithiation processes of cells with lower prelithiation degrees
(0%, 5%, 10% and 15% SOC) to cells with higher prelithiation degrees (30% and
40% SOC), significant differences in anode potential location could be observed. This
is exemplarily shown by plotting anode potentials of cycle 20 for each prelithiation case
in figure 7.9 (left graph).
Between 0%, 5%, 10% and 15% SOC the lithiation course is nearly identical. In contrast,
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the lithiation process after anode pre-charge of 30% SOC and 40% SOC is significantly
shifted to lower potential. The same applies to the delithiation processes which are also
shifted to lower potentials vs. Li/Li+ in both cases. Delithiation potential courses for
pre-charging cases of 0%, 5%, 10% and 15% SOC mainly differ in the rise of potential
course at end of delithiation which was already discussed before.

Figure 7.9. left: anode potential courses for different prelithiation degrees: 0% SOC (grey),
5% SOC (yellow), 10% SOC (orange), 15% SOC (pink) and 40% (violet). cen-
ter+right: comparison of dQ/dV-plots of depicted cycles for 15% SOC and 40%
SOC prelithiation.

In general, potential shifts could also originate from different values of overpoten-
tial. However, comparing dQ/dV-plots of lithiation and delithiation process for the
15% SOC and 40% SOC prelithiation, it becomes obvious that lithiation of different
amorphous states influence potential locations (7.9 (center+right plot)).
In the 15% SOC prelithiation case the second amorphous LixSiy state with higher
lithium content and a lower lithiation potential (marked in orange) is not formed any-
more after cycle 5. Subsequently, only the amorphous state with lower lithium content
contributes to cycled capacity (marked in yellow).
For the 40% SOC prelithiation case (violet frame) the higher lithiated amorphous
LixSiy alloy is still present for cycle 20 and at least partly contributing to capacity up
to cycle 60. After cycle 120 and more pronounced in cycle 250, even a characteristic
dQ/dV-signal, indicating delithiation of the crystalline Li15Si4 phase, appears (marked
in blue).
Note: despite many changes in lithiation process, the 40% SOC prelithiated cell showed
a plateau-like cycling stability course for over 300 cycles. It is therefore hypothesized
that including the higher lithiated LixSiy at lower potential contributes to longer cy-
cling stability. Moreover, the anode undergoes several changes in LixSiy composition
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without any effect on capacity retention. This flexibility of charge distribution in the
anode composite might also positively influence cycling stability.

Influence of prelithiation degree on initial cycling In the following an evaluation
if dQ/dV-plots already reveal specific features at initial charge/discharge is presented.
Typical indications could help predicting cycling stability of an anode. Influence of
different prelithiation degrees on the lithium alloying process is evaluated by comparing
shift and intensity of dQ/dV-signals for the first cycle after prelithiation in figure 7.10.

Figure 7.10. Comparison of dQ/dV-signals for the very first cycle after prelithiation for: a)
0% SOC (grey), 5% SOC (yellow), 10% SOC (orange) and 15% SOC (pink) and
b) 40% (violet) and 60% (blue).

Anodes with prelithiation degrees of 0% SOC (grey), 5% SOC (yellow), 10% SOC (or-
ange) and 15% SOC (pink) all show a doublet signal for lithiation and delithiation vs.
the LFP cathode during the very first cycle (see figure 7.10, graph a.)). The location
of peak maxima is equivalent for 0% SOC prelithiation and 5% SOC prelithiation but
shifted for all four signal maxima in case of 10% SOC and partially for 15% SOC.
Consulting data of the first cycle for a reproduced cell with 10% SOC prelithiation
also shows potential shifted maxima. This suggests that peak shift is not solely linked
to prelithiation degree. Rather quality of electrical wiring inside the anode composite
enhances lithiation or delithiation process. Lower conductivity leads to higher resis-
tance and a shift of silicon lithiation processes to lower potentials and shift of silicon
delithiation processes to higher potentials vs. Li/Li+.
The first cycles for cells with high degrees of prelithiation (40% SOC (violet) and
60% SOC (blue)) show rather sharp signals: 114 mV for the first cycle after 40% SOC
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prelithiation and 56 mV vs. Li/Li+ for the first cycle after 60% SOC prelithiation. The
first lithiation of the 40% SOC prelithiated anode is assumed to directly alloy lithium
into the amorphous LixSiy state with higher lithium content (violet graph, marked in
orange).
With only 56 mV vs. Li/Li+, the location of the lithiation signal for the first cycle after
a 60% SOC prelithiation does not fit to the two typical lithiation signals of amorphous
silicon states. A simple shift due to higher overpotentials resulting from high stress of
volume expansion after a 60% SOC lithiation of silicon can be one reason for the offset
of >50 mV vs. Li/Li+.
Then again, a different process could be assumed. Taking the delithiation potential pro-
file into account, which shows a plateau-like course, formation of the crystalline phase
Li15Si4 is proposed. Despite cycling with capacity limitation this cannot be eliminated,
since this electrode is cycled between SOC 60% - SOC 90%. Further information and
discussion concerning this crystalline phase formation is pursued in section 8.2.4.
Throughout collected data, the above described single dQ/dV-signal for the first lithi-
ation process can be retrieved for several cells with high cycling stability. It is therefore
assumed to be linked to a stabilizing effect. Prelithiation degrees for these cells are
all exceeding 20% SOC but not surpassing 40% SOC. Exemplary cells and associated
dQ/dV-signals of the first cycle are shown in figure 7.11.

Figure 7.11. Exemplary cells and associated dQ/dV-signals carrying a feature which might
indicate a stabilized silicon anode after prelithiation.

85



Overall amount of active amorphous silicon

Obrovac et al. suggest that higher amounts of initially formed amorphous silicon are
beneficial for cycling stability.113 It should be avoided to lithiate additional pristine
(=crystalline) silicon during cycling since this is accompanied by high volume expan-
sion and mechanical stress.
After precycling the anode in the usual limits of 30% capacity usage, at least 30% of
pristine (=crystalline) silicon is expected to have transformed to amorphous silicon
(LixSiy (a)). In contrast to no additional precharge, an additional lithiation step before
cycling leads to a higher LixSiy (a) amount at the end of the first full cell charge step.
This corresponds to 35% amorphous silicon for a 5% SOC prelithiation and 40% SOC
amorphous silicon for a 10% SOC prelithiation. Again, particularly the 40% SOC pre-
lithiation situation could profit from this theory. After the first charge already 70% of
the silicon in the anode has transformed to the amorphous state.
If silicon already transformed to te amorphous state loses electrical contact, there is
a higher chance to lithiate excess amorphous silicon in the next cycle. If this is not
possible, capacity loss or lithiation of pristine silicon will result.
Lithiation of pristine silicon can be distinguished from that of amorphous silicon, which
will be explained in detail in section 7.4. For exploiting this knowledge for this discus-
sion: lithiation of pristine silicon shows a plateau at lower potential, resulting in a
linearly decreasing line in the dQ/dV-plot. However, figure 8.5 demonstrates the diffi-
culty of differentiating incomplete lithiation of potential shifted amorphous silicon from
lithiation of pristine silicon with complete certainty.
The test series 0% SOC, 5% SOC and 10% SOC prelithiation support a relation be-
tween earlier onset of changed lithiation or aging (see chapter 8) process for lower
amount of maximal formed LixSiy (a) (see figure 7.12).

Figure 7.12. Comparison of dQ/dV-signal development for 0% SOC, 5% SOC and 10% SOC
prelithiation. Association to the amount of previously formed LixSiy (a).
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7.2. Effect of prelithiating silicon anodes

For the non-precharged anode (0% SOC), a change in shape for the lithiation dQ/dV-
signal is already observed in cycle 60, whereas cycle 120 shows a steeply decreasing
line. Cycle 60 of the 5% and 10% SOC prelithiation case still shows the typical signal
for lithiation of the lower lithium content amorphous LixSiy species. Only the dQ/dV-
lithiation signal of cycle 120 for the 5% SOC prelithiation cell resembles a decreasing
line. As for the 10% SOC prelithiation case the dQ/dV-signal of cycle 120 still pleads
for lithiation of amorphous silicon.

Physical parameters of lithiated silicon

Several physical conditions are changed when a silicon electrode is prelithiated to a
certain SOC in comparison to a pristine silicon electrode. The conductivity of lithiated
silicon is significantly higher compared to pristine silicon. This is likely to lead to a
reduction of ohmic resistance in the electrode composite. The higher the degree of
prelithiation, the higher the share of lithiated silicon within the anode composite and
the higher the overall conductivity.
Additionally, the structure of the anode composite is altered, since lithiated silicon
shows a significant (linear) increase in volume compared to pristine silicon. A better
particle-particle contact but also lower porosity is expected in an overall higher lithiated
state (SOC). The question is, whether the contraction behavior of an initially stronger
swollen particle might be changed to a beneficial extent. To answer this question model
simplified by using two spherical particles with different initial sizes due to different
precharge-values is presented:

Figure 7.13. Influence of equivalent volume increase linear to lithiation degree on different
particle sizes.
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With these particle schematics and a small calculation for the relation between radius
and volume, the radius (rexp) growth for larger particles reveals to be much smaller for
larger initial particles.

7.3. Effect of silicon capacity utilization rate

The aim of this evaluation is to examine if different processes occur during charge
and discharge dependent on higher or lower silicon usage. For studying how usage rate
of gravimetric silicon capacity influences cycling, three cells with comparable silicon
loading but different usage rate are compared. The highest silicon capacity usage is
achieved by balancing with the counter electrode of the largest areal loading.
Knowing about significant influence of prelithiation degree, only cells with the same
amount of prelithiation are compared (here: 15% SOC). Transferred to gravimetric
capacity, precharged 15% SOC correspond to additional 537 mAh/gSi in each cell.
If solely silicon is acting as electrochemically active material, maximal lithiation of
>1800 mAh/gSi, >2300 mAh/gSi and >2700 mAh/gSi are expected to be reached at
full charge.
Potential profiles and dQ/dV-plots for the formation cycles and prelithiation to 15% SOC
of all three cells are presented in figure 7.14. For all cases the very first lithiation shows
a typical plateau-like course, developing in a sloping course. This difference between
first transition from pristine (crystalline) silicon to amorphous silicon is typical and
repeatedly described in literature.113 Lithiation mechanism and differences in dQ/dV-
plots will be discussed more detailed in the following section.
Regarding figure 7.14, after formation and subsequent cycling with a C-rate of C/3,
capacity retention is falling below 80% in the row of 1300 mAh/gSi > 1800 mAh/gSi

> 2200 mAh/gSi. Higher silicon usage clearly leads to earlier onset of capacity de-
cline. Still, the courses of cycling stability show comparable sections and are divided
into three phases. The initial phase is followed by a flat and stable capacity course,
finishing in an approximately linear capacity decay.
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7.3. Effect of silicon capacity utilization rate

Figure 7.14. Potential profile courses and dQ/dV-plots for the formation step and subsequent
prelithiation to 15% SOC. Comparison of cycling stabilities for silicon capacity
usage of 1300 mAh/gSi (grey), 1800 mAh/gSi (red), 2200 mAh/gSi (blue) for
the first and fifth cycle.

For comparison independent from maximal cycling stability for each cell, cycle 1 and
5 (see figure 7.15), cycles from a stable cycling region and from the region in which
capacity decreases (see figure 7.16), are depicted for potential profile analysis.

Silicon capacity utilization test: initial cycling Regarding anode potential plots for
the first cycle after prelithiation the course of lithiation seems quite similar for the se-
lected cells (see figure 7.15). The lengths of the typical two sloping lithiation plateaus
of amorphous silicon are different depending on the overall usage of capacity. Addi-
tionally, the cutoff behavior for every electrode at maximal lithiation is quite different.
The 1300 mAh/gSi usage shows a sharp sudden decrease, whereas the lithiation cutoff,
for 1800 mAh/gSi and even more pronounced for 2200 mAh/gSi, show a more delayed
decrease of voltage.
In all cases potentials fall below 0 V vs. Li/Li+. These cutoff characteristics are rather
related to different resistance build-up in the cell, provoked by full conversion of LFP to
FP. In contrast, the course of delithiation potential is slightly shifted to higher poten-
tials for the 1800 mAh/gSi cell and significantly for a silicon usage of 2200 mAh/gSi in
comparison to 1300 mAh/gSi. Moreover, the delithiation process shows a plateau-like
section at about 0.45 V vs. Li/Li+ for the 2200 mAh/gSi case.
Corresponding dQ/dV-plots confirm the suggested analogy in lithiation process and
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show a double signal at about 220 mV and 80 mV vs. Li/Li+ with comparable inten-
sities for all cases. The delithiation signals reveal a double peak as well, with maxima
between 300 mV and 450 mV vs. Li/Li+. The ratio between these maxima is different,
the delithiation peak at 450 mV vs. Li/Li+ is significantly scaled up for 2200 mAh/gSi.
Sharpness as well as location of the delithiation dQ/dV-peak at 450 mV vs. Li/Li+

together with the occurrence of a plateau in the delithiation potential curve indicate
delithiation of the crystalline silicon phase Li15Si4. These indications are supported by
data evaluation from Obrovac et al.113

Figure 7.15. Potential profiles and dQ/dV-plots for initial cycling of cells with silicon capac-
ity usage of 1300 mAh/gSi (grey), 1800 mAh/gSi (red), 2200 mAh/gSi (blue) for
the first and fifth cycle.

Comparison of potential curves of the fifth cycle for each cell reveals similar out-
comes with some minor changes. Still the lithiation trend in case of 1800 mAh/gSi

and 2200 mAh/gSi is quite analogous. The course for 1300 mAh/gSi deviates by the
region marked in green. The discharge potential course again shows significant shift to
higher voltages from low to high silicon usage rate. Also the plateau-like region now
shifted to 550 mV vs. Li/Li+ for the 2200 mAh/gSi is still visible but shorter.
Corresponding dQ/dV-plots support the difference in lithiation process for 1300 mAh/gSi

since the second lithiation peak at lower potential has nearly vanished. For the higher
silicon usage rates, the two dQ/dV-peaks are still present, but the signal intensity at
lower potential is decreased.
According to literature, the signal at lower potential is connected to amorphous silicon
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7.3. Effect of silicon capacity utilization rate

states LixSiy with higher lithium content.113,105,107 The decrease in intensity does not
suggest necessity for formation of these phases for achieving overall silicon usage of
1300 mAh/gSi.
The delithiation process shows a double signal for the 1300 mAh/gSi and 1800 mAh/gSi

cells. In comparison to the first cycle the delithiation signal is shifted to higher po-
tential vs. Li/Li+ and intensified. The delithiation signals of the 2200 mAh/gSi case
shows comparable peak situation to the other cases but an additional sharp shoulder
at 550 mV vs. Li/Li+. This peak is assumed to correspond to the same delithiation
process indicated as delithiation of a crystalline phase as suggested for the first cycle.
The offset of delithiation potential with higher silicon usage suggests a significantly
higher overpotential for the delithiation step. Probably the electrical contact within
the electrode composite is declined after more pronounced volume change in case of
higher silicon capacity utilization. Since during delithiation the silicon particles are
shrinking, sustaining electric contact is assumed to become a critical factor.

The development of potential curve shape and dQ/dV-signal evolution for subsequent
cycling is presented in figure 7.16. As marked in figure 7.14, cycles from a stable region
and the capacity decaying region are selected and compared.

Silicon capacity utilization test: stable cycling area Comparison of cycles depicted
from stable cycling sections (see figure 7.16) reveals high accordance between the gen-
eral potential shapes for different silicon usages. Still only the delithiation process is
shifted to higher potentials, expected to derive from less electrical contact within the
electrode composite.
The plateau feature in the delithiation process of the anode with high usage rate has
vanished. The anode potential at the end of discharge shows values sufficiently low for
the full re-lithiation of LFP controlling the cell discharge voltage cutoff.
Corresponding dQ/dV-plots reveal differences between the 1300 mAh/gSi and the
higher silicon capacity utilization cases.
As the main lithiation signal in the two lower usage cases a single signal around 220-
250 mV vs. Li/Li+ appears. The delithiation signal has its maximum at 480 mV vs.
Li/Li+ for all cases. In contrary to cycling of 1300 mAh/gSi, the higher usage rates of
silicon still reveal a doublet signal. Moreover, small additional shoulders at delithiation
potentials of 250 mV and around 700 mV vs. Li/Li+ can be observed.
The single (de)lithiation peak at higher potential in case of 1300 mAh/gSi suggests that
all capacity can be achieved from the amorphous LixSiy state with low lithium content.
In contrast, for higher exchanged amount of lithium, LixSiy states with higher lithium
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content, typically formed at lower potential, must be consulted. The small shoulder
for 1800 mAh/gSi suggests very low contribution of these phases. The lower potential
signals for the 2200 mAh/gSi usage rate are more pronounced.

Figure 7.16. Comparison of dQ/dV-plots for a silicon capacity usage of 1300 mAh/gSi (grey),
1800 mAh/gSi (red), 2200 mAh/gSi (blue). Evaluation of influence of usage rate
of gravimetric capacity on cycles in a stable cycling area (green) and at capacity
decrease (red).

Silicon capacity utilization test: capacity decrease Indicated by high anode dis-
charge potential, the buffer provided by the lithium reservoir seems to be exceeded in
all cases. The lithiation mechanism of the lowest silicon usage rate case differs in the
capacity decaying region. It shows a decelerated aging process suggested by a lower
gradient of capacity decay in figure 7.14.
Isolated cycles from the respective regions of capacity decrease show a comparable trend
of potential curve characteristics. The lithiation courses show a perfect overlap until
the very last section. Instead of potential decrease, for 1300 mAh/gSi lithiation shows
a plateau-like behavior. This difference in shape is more obvious in the corresponding
dQ/dV-plot which shows a straight declining line instead of a peak. The dQ/dV-plots
of the higher silicon usage cases now only show the peak for lower lithium content
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7.4. Lithiation mechanism and particle aging

phases, for both lithiation and delithiation. The location of the declining line for the
lithiation process of the lowest silicon usage rate suggests the lithiated LixSiy state to
be still the same.
Still the course of delithiation potential is shifted to higher potentials with higher sili-
con usage rate. Moreover, all final potentials reached at the end of discharge are higher
than 1.6 V vs. Li/Li+. This indicates full delithiation of the electrochemically wired
part of the silicon anode triggering the full cell discharge cutoff. From this point on, the
lithium reservoir is empty and incomplete re-lithiation of LFP after discharge directly
results in accelerated loss of lithium and capacity of the system.
Further discussion about the influence of silicon capacity usage rate is pursued in the
following section 7.4. A more detailed study of aging phenomena also studying forma-
tion of crystalline Li15Si4 is demonstrated in chapter 8.

7.4. Lithiation mechanism and particle aging

To pick up questions related to lithium alloying mechanism from the concept part,
in this section analytical as well as electrochemical data are evaluated. Presented data
concerning this specific active material are not collected in a standard measurement set-
up. Cross influences from special treatment, current collector or electrode pairing used
in this thesis cannot be excluded. This is why outcomes concerning lithium alloying
mechanism are not specifically linked to certain cell parameter settings but presented
as general approaches.
Differentiating lithiation mechanism of silicon and aging of the cell is a challenging
task. Still, silicon materials generally suffer from continuous change during cycling,
related to physical phenomena triggered by the lithium alloying process. We suggest to
discuss both lithiation mechanism, simply inseparable from continuous volume change
and cell aging which ends up in cell failure.

7.4.1. Theoretical approach on lithiation mechanism

First, general considerations about the material concept differing from anode materi-
als like graphite or nano-silicon (composite) materials are described. This section is
opened with a discussion not based on measured data, since for mechanistic questions
it is helpful to first know which pattern to expect.
For the lithiation scenario alone, several limit cases can be taken into account before
even starting the first measurements. To begin with the case closest to full capacity
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use cycling: a homogeneous lithium distribution throughout all particles is assumed.
In our case this implies lithiation leading to 1200 mAh/gSi usage for all present sili-
con particles. In this scenario, all areas and particles of the electrode composite are
expected to show similar appearance on SEM imaged cross sections (first sketch with
light blue particles in figure 7.17). Since potential profile shape is characteristic for
the electrochemical lithiation process, cycling this material would lead to consistent
potential profile shapes throughout cycling duration.
In a realistic electrode system, different electrical connection, easier accessible diffusion
paths and different particle sizes could lead to particles less favored to be lithiated and
remaining un- or less lithiated. To still fulfill desired capacity request, other particles
have to buffer this capacity elimination and have to be lithiated to higher SOCs. This
directly results in inhomogeneous lithium distribution between certain areas or parti-
cles. Inhomogeneous lithiation of silicon particles, including core-shell structures, was
already reported in literature.105

A schematic approach of exemplary capacity distribution scenarios is presented in fig-
ure 7.17. To simplify, the model assumes equal particle sizes. In our applied system,
different particle sizes are expected to additionally contribute to different conditions
concerning lithiation preference.

Figure 7.17. Model for possible distribution of charge (SOC) in micrometric heterogeneous
particle mixture.

Finally, it should be mentioned that the process can also be of dynamic nature. Volume
expansion and contraction might lead to contact loss or re-connection and therewith
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7.4. Lithiation mechanism and particle aging

change in charge distribution between particles. Furthermore, different LixSiy compo-
sitions might be formed upon subsequent charge/discharge cycles. These aspects em-
phasize to not exclusively look at snapshots of SEM images or potential curve data but
to depict and compare the trend depending on cycling course and other parameters.

7.4.2. Initial lithiation of silicon

As already consulted for the previous part, changes in potential profile shape and
dQ/dV-plots reveal important information about the underlying lithiation process.
With the help of literature and half cell studies, typically occurring signals for (de)alloying
processes of silicon and lithium are summarized and exemplary shown in the following.

Excursus: formation cycles without capacity limitation For comprehensive anal-
ysis of electrochemically accessible lithiated silicon species, the herein applied silicon
electrode recipe is also validated in half cells without capacity limitation.
Note that one reason for limitation of silicon capacity is avoiding formation of the crys-
talline phase Li15Si4. This phase is linked to high volume expansion and is claimed to
trigger accelerated aging of the electrode.113 Literature suggests a cutoff corresponding
to 50 mV vs. Li/Li+ to avoid formation of Li15Si4.113

For the experiments shown figure 7.18, low C-rates and different cutoff limits were
chosen for otherwise analogue coin cells. The cutoff of 5 mV vs. Li/Li+ was chosen
to deliberately allow formation of Li15Si4 while avoiding lithium deposition, likely to
happen for values around 0 V vs. Li/Li+. The procedure without any voltage cutoff
was introduced since formation of Li15Si4 should not be prevented by a down-shift of
lithiation potential caused by expected overpotential build-up. The voltage cutoff for
silicon delithiation was in each case set at 1 V vs. Li/Li+.
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Figure 7.18. Comparison of half cell studies for silicon material with three different dis-
charge cutoff limits.left: 5 mV vs. Li/Li+, center: 50 mV vs. Li/Li+, right: only
time/capacity limitation calculated for 3579 mAh/gSi .

Full lithiation (values >3500 mAh/gSi) of pristine silicon in the first cycle could be
achieved with 5 mV vs. Li/Li+ and without voltage cutoff. All potential courses show a
flat plateau and dQ/dV-signals a steep declining line. The Li15Si4 delithiation plateau
is comparable for all settings. Corresponding dQ/dV-signals reveal the typically sharp
delithiation signal at around 420 mV vs. Li/Li+. Only the not fully lithiated case (5 mV
vs. Li/Li+) additionally shows a shoulder at lower delithiation potential. (cycle 1, black
lines)
After conducting a second cycle it becomes obvious that for 5 mV and 50 mV vs.
Li/Li+ cutoff criteria around 10% less lithium was taken in by the silicon electrode.
Since these data derive from half cells, this loss is not associated to lithium loss due to
limited lithium availability.
Allowing further lithiation even if the potential is dropping below 0 V vs. Li/Li+ might
reduce this observed loss for the second charge cycle. It must be mentioned that in
this case a full charge could also be achieved by lithium deposition. The time cutoff
forces lithium transport for a time corresponding to 3579 mAh/gSi. Being aware of
this fact, the very last step of lithiation is indeed ascribed to lithium deposition, also
confirmed by the lithium stripping peak at delithiation (right picture). However, the
plateau before this process is a clear indicator that, again, Li15Si4 is formed and also
contributes to lithiation capacity in the second cycle.
Two fundamental findings must be emphasized: On the one hand, formation of Li15Si4
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7.4. Lithiation mechanism and particle aging

in the second cycle of the experiments with potential cutoff is assumed to be mainly
hindered due to overpotential build-up. Higher resistance pushes the lithiation poten-
tial of this crystalline phase below 0 V vs. Li/Li+. Avoiding the formation of Li15Si4
is accompanied by a capacity loss of 10%. This value exactly matches the amount of
lithium trapped during the transformation from crystalline to amorphous silicon re-
ported by of Lee et al.72

However, the forced formation of Li15Si4 or rather the amount of lithium deposition
during the second charge, suggests that only 3% of lithium vacancies were irreversibly
occupied in the silicon anode structure. If potential limits were more flexible, the used
silicon could be almost fully re-lithiated (97% instead of only 90%).

Corresponding dQ/dV-plots of the second cycles (cyan curves) reveal that in the po-
tential cutoff cases only the two typical amorphous LixSiy states are (de)lithiated. For
the case of no voltage cutoff lithiation signals look similar. However, the very sharp
signal of Li15Si4 can still be observed at the same delithiation potential shift.

Typical formation cycles with capacity limitation Three charge/discharge cycles
of a 60wt.% silicon electrode with a usage rate of 1200 mAh/gSi at moderate current
rates are presented in figure 7.19 and figure 7.20. In the most common scenario for this
thesis, silicon is previously cycled vs. the sacrificial LFP electrode and subsequently
charged to a certain SOC before cycled vs. the real counter electrode.

Figure 7.19. Initial formation cycles of silicon in full cell configuration vs. LFP. left: Full cell
potential of the first 3 cycles. right: Half cell potentials of the first three cycles
for the LFP cathode and the silicon anode.

On the left of figure 7.19 charge/discharge voltage curves of the LFP/Si full cell are
plotted. The first charge (grey plot) shows higher capacity and irreversible cell capa-
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city loss after the first discharge. Subsequent cycles both show lower capacity without
further capacity loss. A noticeable deviation in shape concerning the full cell charge
voltage course can be detected comparing the very first charge to subsequent charge
courses.
Plotting tracked LFP and silicon half cell potential data, collected via lithium refe-
rence electrode of both, reveals the origin of this deviation (see figure 7.19, right). The
very first lithiation of the silicon anode (charge) shows a plateau-like course, whereas
subsequent lithiation follows a sloping course.
The shape of the anode potential curve is determined by the lithiation process including
lithiated phases, depth of charge and additional factors like overpotentials. As already
described above and frequently reported, initial lithiation of crystalline silicon must be
differentiated from lithiation of amorphous silicon.

To easier refer the lithiation process to electrochemically formed species, dQ/dV-plots
of the anode potential curves are generated. These plots of each charge and discharge
process enable detailed interpretation of changes in lithiation mechanism.

Figure 7.20. left: anode potential curves. center: dQ/dV-plots of the anode potential curves
for the first three cycles. right: zoom in of dQ/dV-plots of the anode potential
curves for the first three cycles

Regarding figure 7.20, the courses of lithiation and delithiation processes are changing
from the first formation cycle towards the third formation cycle. Whereas a difference
between cycle two and cycle three is not directly obvious from potential curve shape,
it is more pronounced in the associated dQ/dV-presentation.
The second lithiation (red) of silicon shows a clear peak signal, but still indications
for plateau-like characteristics in the potential curve leading to a decreasing line (high-
lighted in yellow). The subsequent second delithiation process shows reduction of the
peak at lower potential. The plot of the third lithiation (blue) exclusively shows a single
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peak. For the corresponding delithiation process, the second delithiation peak at lower
potential has nearly vanished.
These findings support the development from the first lithiation of crystalline silicon to
subsequent lithiation of amorphous silicon material. Nonetheless, taking the dQ/dV-
plot of the second charge into account, a certain amount of pristine silicon is assumed
to be lithiated in the second anode lithiation. For the third charge (blue), the active
silicon is expected to have fully transformed to amorphous state.

7.4.3. Lithiation mechanism and capacity utilization

In order to gain deeper insight into the lithiation mechanism of prelithiated silicon
electrodes, a measurement row was set up. Pouch cells were assembled in which silicon
electrodes were cycled for 3 cycles or prelithiated (20% SOC) and cycled for 20 cycles,
60 cycles or 100 cycles and then, under inert conditions, opened at discharged state.
Preparation of the cross section, SEM as well as EDX measurements of the electrodes
were performed under inert conditions.

Mechanistic study supported by SEM and EDX

For studying the lithiation mechanism dependent on different silicon capacity utiliza-
tion (initial cycles and 20 cycles), silicon anodes on copper foil were used. Artifacts and
aging phenomena due to the until that point quite unknown current collector geometry
are excluded. Furthermore, the same counter electrode loading was applied for both
cases. This leads to different cutoff strategies, explained in 4.4.

Cell opening after formation: 1200 mAh/gSi vs. 2000 mAh/gSi Initial lithiation
(cycle 1) of (non-prelithiated) crystalline silicon shows the typical plateau-like course
upon cycling for both cell settings. The following delithiation (cell discharge step)
and subsequent lithiation and delithiation steps show a sloping behavior, indicating a
(de)lithiation process of amorphous silicon (see figure 7.21, top).
The initial capacity losses for both capacity usage settings are in the same range. Initial
capacity loss of about 7% is very low for silicon materials. This is related to the low
active surface area of the micrometric silicon material. For the applied settings, ICL is
not significantly influenced by a higher silicon capacity usage rate.
The SEM cross section of an electrode which was cycled three times to 1200 mAh/gSi
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reveals slight optical deviations to the electrode cycled three times for 2000 mAh/gSi

(see figure 7.21). Differences in electrode thickness are not observed.

Figure 7.21. SEM images and electrochemical data of cell openings after three formation
cycles for 1200 mAh/gSi and 2000 mAh/gSi.

The electrode cycled to 2000 mAh/gSi shows several disintegrated electrode chunks
over the whole area of the cross section. No comparable effect is noticed for the elec-
trode with lower silicon utilization. Also the copper foil of the higher lithiated silicon
electrode seems to be deformed in direct comparison to the 1200 mAh/gSi electrode.
Due to in-depth experience with this cross section preparation method, solely artifacts
leading to this disintegration can be widely excluded. However, location of these coat-
ing parts on the surface of the electrode can be influenced by ion beam sputtering.
Nevertheless, internal disintegration from the composite is suggested to be induced by
cycling and before preparation for SEM imaging.
These findings support the assumption that the electrode with a usage of 2000 mAh/gSi

(higher amount of inserted Li) experiences a higher mechanical stress by stronger vol-
ume expansion.

On the particle level, both cases present large and intact silicon particles after initial
cycling (see figure 7.21). Comparing morphological appearance to a pristine (not cycled)
cross section suggests the large particles to consist of pristine crystalline silicon. EDX
mapping supports this assumption since no other chemical element is found inside the
particle. This would be the case if electrolyte contact and lithiation would have taken
place.
This finding supports the suggestion of inhomogeneous lithium alloying between silicon
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particles of different measure. It is still quite surprising that even in the case of maximal
charge, referring to 2000 mAh/gSi, a large mass share of silicon does apparently not
contribute to gravimetric anode capacity. Having a closer look on the surface of the large
particles, one can at least notice different surface morphology. For the 2000 mAh/gSi

case higher roughness can be observed. This suggests at least an initiated lithiation
process at the outer areas of large silicon particles for the higher gravimetric capacity
usage.

Figure 7.22. SEM images of silicon particle cross sections after three formation cycles for
1200 mAh/gSi and 2000 mAh/gSi.

Summing up these data for initial cycling, both cases suggest that large micrometric
particles are not initially lithiated to the core. Taking this into account and recalling
the mechanistic study in figure 7.17 an initial homogeneous lithiation and therewith
amorphization of all silicon particles can be excluded.

Cell opening after 20 cycles: 1200 mAh/gSi vs. 2000 mAh/gSi Both electrodes
for which SEM cross sections are shown in figure 7.23 underwent two formation cycles,
prelithiation to 20% SOC and subsequent cycling for 20 cycles. It is to remind that due
to the prelithiation step, the anode used for 1200 mAh/gSi cycles in the region between
700-1900 mAh/gSi. Accordingly, for the cell in which silicon is cycled for 2000 mAh/gSi

the SOC range is 700-2700 mAh/gSi.
The important information to draw from the potential curve plots is that for all 20
cycles a lithiation and delithiation of the desired amount of lithium could be achieved
(1200 mAh/gSi vs. 2000 mAh/gSi).
For capacity usage of 1200 mAh/gSi the anode constantly reached 0.5 V vs. Li/Li+ at
the end of discharge. For the case of repeated cycling of 2000 mAh/gSi a significant
increase of end of anode discharge potential to finally 1.1 V vs. Li/Li+ at cycle 20 is
observed. This rise suggests onset of aging of the cell cycled with 2000 mAh/gSi.
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Figure 7.23. SEM images and electrochemical data of cell openings after 20 cycles for
1200 mAh/gSi and 2000 mAh/gSi.

Comparison of the electrode cross sections reveals noticeable differences in cohesion of
the anode composites. For 1200 mAh/gSi, the anode coating shows no severe particle
disintegration, still comparable to the picture of the electrode after three initial cycles.
In contrast, the electrode cycled for 20 cycles at 2000 mAh/gSi reveals a different
picture. Strong roughening of the surface and loose particles within the coating are
observed as well as deformation of the current collector already presumed after three
cycles. Additionally, a difference in thickness of the now delithiated silicon electrodes,
corresponding to +23% higher thickness for 2000 mAh/gSi, is observed.

Comparing SEM images for only three precycles to 20 precycles, it becomes obvious
that in both cases particles now show a core shell structure. Most particle centers still
seem to consist of pristine silicon. This will be supported by later EDX mappings. The
outer shell presumably embodies amorphous silicon as the electrochemically active part
of the particle.
For 1200 mAh/gSi silicon usage, the border between core and shell of the particle is
still quite plane and the inner part is intact. The structure of the core is comparable to
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the appearance of the particles after 3 cycles and 1200 mAh/gSi usage. After 20 cycles
of capacity usage for 2000 mAh/gSi, the surface of the core particles shows an even
more corroded nature compared to the large silicon particles after three cycles. On
the bottom right SEM picture, clear cracks of the large presumably crystalline silicon
particles can be observed as well as pulverized particles.
Since the electrodes are shown in the delithiated state, the particles all have free space
around in which they are likely to expand on lithiation and therewith volume expansion.

Cell concept and borderline contemplation of mechanistic study

This section extends and transfers the merely mechanistic study to the studied LFP/Si
full cell system on permeable current collectors. Prelithiated silicon electrodes on ex-
panded metal were examined after 60 cycles and/or cell death (capacity <80% SOC)
for each 1200 mAh/gSi and 2000 mAh/gSi.

Cell opening after 60 cycles for 1200 mAh/gSi The example electrode discussed
in figure 7.24 underwent two formation cycles, followed by prelithiation to 20% SOC
and 60 cycles with 1200 mAh/gSi usage. Considering data on cell level, the plot of
specific capacity vs. cycle number shows that 1200 mAh/gSi can repeatedly be alloyed
and de-alloyed from silicon without any apparent capacity loss. Determined values for
coulombic efficiency are very high with values around 100%.
The first cycles at moderate current rate show typical plateau-like behavior at low
lithiation values. Following cycles demonstrate a sloping charge and discharge behav-
ior. Anode potential at end of discharge is slightly increasing with subsequent cycling,
though still very low with 0.6 V vs. Li/Li+ at cycle 60. dQ/dV-plots of the potential pro-
files reveal low lithiation potential for the first lithiation and distinct dQ/dV-features
already discussed in figure 7.10. The change from a doublet signal into a single peak
at lithiation and delithiation of silicon is also typical and discussed elsewhere.
From the flat course of capacity retention, a homogeneous picture for the electrode cross
section would be expected. Though on cell opening and SEM study a contrary picture
with huge inhomogeneities in electrode usage was found. An exemplary comparison of
a fully delaminated coating area neighboring an area which is still in electrical contact
is presented in the second level (=electrode level) of 7.24.
In order to examine if delamination was induced by cycling or must be related to cell
opening, SEM images on particle level of these specific areas were compared. Different
electrical connection would provoke different conditions for lithiation and inhomoge-
neous current distribution. In our expectation this leads to divergent silicon particle
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appearances.
In fact, particle morphology at the delaminated electrode coating areas resembles pris-
tine silicon particles. In contrast, larger particles of the non-delaminated area (=better
electrical connection) show particle fracture. Particle fracture is usually provoked by
high mechanical strain due to high current rates or high degrees of lithiation.
The explanation why capacity retention is not at all affected by these tremendous inho-
mogenities in lithiation must be connected with the assumed flexible lithiation mech-
anism of the anode. Capacity limitation and continuous lithiation mechanism offers a
certain freedom in distribution of lithium among present silicon particles. The features
at low lithiation potential starting from cycle 40 (yellow dashed box) are supposed to
be linked to a lithiation of beforehand still crystalline and massive silicon cores. The
theory of new lithiation of crystalline silicon on subsequent charge/discharge cycles as
well as limits of the mentioned lithiation freedom will be addressed in the following
section.

Figure 7.24. SEM images and electrochemical data of cell opening for an expanded metal
electrode after 60 cycles. Revelation of large inhomogeneities.

This case study clearly shows no indications on cell level but obvious issues on elec-
trode level. Disruptive effects can be retrieved on particle level. Presented differences
in morphology tell a lot about possibilities offered by a certain freedom for lithium
distribution.
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7.4. Lithiation mechanism and particle aging

Cell opening after cell failure for 1200 and 2000 mAh/gSi In contrast to the stable
course of specific capacity for 60 cycles with a usage of 1200 mAh/gSi, the cell planned
for 60 cycles with a usage of 2000 mAh/gSi, already experiences sudden capacity drop
after 15 cycles. This fast capacity drop shows reproducibility in a second cell. In case
of lower gravimetric silicon capacity usage, the cell capacity drops only as late as cycle
135. The course of coulombic efficiency is comparable for both settings as it coinci-
dences with decline of capacity retention.
Cell opening as well as SEM cross sections of these cells reveal mechanically disinte-
grated anode coatings after cell failure (see figure 7.25). In case of partially delaminated
coating sections it can be assumed that particles in the electrode experience different
current densities depending on their location.

Figure 7.25. Cell failure scenario for silicon usages of 1200 2000 mAh/gSi vs. 2000 mAh/gSi
in expanded metal cells.

For the cell cycled with 1200 mAh/gSi, regions with fully mechnaically milled and
presumably still crystalline silicon particles can be identified. Cross sectioned regions
of the anode cycled with 2000 mAh/gSi usage opens even more points to be discussed.
They reveal areas in which hardly any typical silicon particle morphology and from
EDX mapping also almost no trace of silicon can be detected any more. It is assumed
that the mechanical impact on residual electrically connected silicon particles by forced
lithiation was so high that the particle milling came to its extremes and particles were
disintegrated. The structures appearing in these cross sections will be discussed in
combination with aging phenomena in more detail in section 8.2.
A general statement about mechanistic behavior on particle level is virtually impossible.
However, it can be clearly stated from these experiments that areas in which silicon
was lithiated now show a high degree of particle fracture and milling. Observed particle
appearances again support the assumption of continuous lithiation of pristine silicon
material over cycling.
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7.4.4. SEM/EDX support of mechanistic theories

In literature, initial amorphization and later coexistence of crystalline and electrochem-
ically active amorphous silicon is suggested as most beneficial.113 This means that ide-
ally no more crystalline silicon should be lithiated after the initial step.
If the alloying mechanism would have followed this presumably ideal trend until cell
opening, no change in morphology should be traceable for silicon particles after the
first cycles. This is definitely not the case comparing SEM images after the third cycle
to SEM pictures after the 20th cycle.
However, presented cell openings after prolonged cycling rather revealed extreme aging
phenomena and low cycling stabilities due to mechanical disintegration of the electrode
layer and do not serve as validation for mechanistic discussions on particle level.
In this discussion, the observed phenomena are put together and if possible supple-
mented by measurement data to at least present general trends. Following points are
therefore addressed and studied presenting SEM and EDX data:

• inhomogeneity in lithiation degree among silicon particles

• continuous core shell lithiation as preferred stable cycling

• particle degradation (f.e. particle milling)

Variation in lithium distribution SEM images of after the very first cycles for two
different silicon usages already suggest a preference of lithiation for small sized particles.
Larger particles seem to stay in the pristine state after initial cycles. With this finding,
the theoretical model suggested for 6 particles of the same size (see figure 7.17), must
be significantly extended if a scenario with a practical orientation is of interest.
On subsequent cycling further exploitation of the larger particles can be observed.
Considering presented SEM images recorded after cycling, many different morphologies
suggesting different lithiation degree and usage rate can be found. We assume that it
is even possible to relate appearance of the particle to lithiation degree influenced by
factors like integration in the electrode composite. This was already exemplarily shown
for electrically disconnected areas in figure 7.24.

Theory of core shell lithiation A core-shell mechanism upon lithiation of silicon
particles was frequently reported and verified in literature.35 A pristine silicon core
could even be observed for particles <80 nm.90
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7.4. Lithiation mechanism and particle aging

In test series described above, mechanical degradation leads to superimposing effects,
hindering an isolated statement about development of the core shell structure during
long-term cycling. However, several cell openings and cross sections after cell failure
support dynamic development of this structure for larger micrometric silicon particles.
In figure 7.26 cross sections of a pristine electrode and a cycled electrode with marking
the suggested border of the pristine pristine silicon core (yellow) and the formed shell
(green) are presented. Outer "new" particle or film margins in the cycled electrode show
significant volume increase and porosity is significantly decreased.
From this study it is not possible to conclude if the formed shell (marked in green) is
potentially electrochemically active.

Figure 7.26. SEM images of cross section for a typical pristine/cycled silicon coating with
60wt% silicon, 30 wt.% graphite and 10 wt.% LiPAA.

The question if the shell around the presumably crystalline silicon core can be inter-
preted as thick SEI, an inactive layer of inactive silicon or decomposition products or
a consistently electrochemically active LixSiy (a) layer can not be answered from SEM
images. Following EDX mappings of the discussed cross section in figure 7.27 deliver
at least some hints on element level.

Figure 7.27. EDX mapping for information about distribution of C, Si, P, O and F for ob-
served core-shell particles.
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Signals from the core of the largest particle indicate presence of silicon, whereas the
carbon, oxygen, fluorine and phosphor mapping show no counts for these elements.
These results plead for the silicon particle core to entirely consist of pristine silicon.
The core seems to be non-porous, since electrolyte penetration, leading to reaction
products can not be observed.

Particle degradation The phenomenon of particle degradation can be retraced by
SEM cross sections quite easily. The most known term concerning particle destruction
is probably particle milling. As also obvious on already presented SEM images, in figure
7.28 even more different forms particle degradation were found.
We suggest on the one hand a mechanical effect in which different volume change of
crystallite units leads to single units rubbing against each other, causing mechanical
damage (electrochemical milling). On the other hand, chemical reactions like fluorine
etching are supposed to damage silicon.

Figure 7.28. SEM images of cross sectioned silicon particles indicating pulverization or etch-
ing of micrometric particles.

As shown by EDX mapping of particle (e), no oxygen, no carbon but small amounts
of fluorine are tracked in the center of the disrupted silicon particle. Whereas an oxide
species containing layer is found around the particle, suggesting electrolyte contact of
the outer part of the particle in contrary to the inner part.
Connected phenomena for particle disruption like increase of active surface area, gassing
and mechanical delamination are revived in section 8.2.
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8. Aging of Silicon Containing Cells

This study offers an overview of typical aging phenomena for silicon containing cells on
material, electrode and full cell level. Combining careful evaluation of electrochemical
and analytical data with theoretical approaches, general phenomena are isolated and
supported by experimental data in section 8.2.
As already suggested in section 7.4, the term aging must be used in a more sophisticated
way. Aging on cell level and connected cell capacity fading is always a combination of
degradation mechanisms of material, electrode composite and finally the response of
the cell system. This response can vary strongly even if anode aging is equivalent,
depending on counter electrode, lithium balance and mechanical integrity.

8.1. Theoretical study of aging phenomena

8.1.1. Potential profile and dQ/dV plot prediction

Analyzing potential profiles of charge and discharge processes can reveal information
about aging processes. In this section influence on characteristic potential profiles is
presented in a model-like way to work out a strategy for aging analysis on silicon a-
nodes.
There are several features to take into account examining potential profile shapes and
potential shifts. In figure 8.1 to figure 8.3 different isolated scenarios for aging of al-
ready precharged anodes are discussed and schematically pictured. It is important to
consider that precharge can be understood as a shift of the anode potential curve along
the x-axis to the left as model-like suggested in figure 3.6 in the concept part.
The following theoretical approach is another issue where aging and cell failure, asso-
ciated to cell capacity loss, can and must be differentiated. For each scenario, there
is a certain range in which anode aging can be buffered by specific system settings or
characteristics and does not directly lead to cell capacity loss. Approaches presented
in figure 8.1 to figure 8.3 are solely focused on anode aging in an imaginary half cell
system without potential cutoff limits in which the amount of active material is limited.



Even if half cell anode potentials are drawn, the terms charge (lithiation of anode) and
discharge (delithiation of anode) are deliberately addressed like in a full cell to prevent
confusion for following practical measurements.

Anode efficiency loss In figure 8.1, anode efficiency loss, also referred to as lithium
consumption, is illustrated for a previously prelithiated anode (green curve). This iso-
lated consideration for loss of lithium is connected to a positive shift of the potential
curve along the x-axis. If regardless this lithium loss the same amount of cell capacity
should be reached, the cell voltage cutoff has to allow an increase of charge and dis-
charge cutoff for the anode course.
Increasing end of charge and end of discharge values for silicon anode potentials can
be used as indication for this aging phenomenon.

Figure 8.1. Prediction of anode potential shift: anode aging due to anode efficiency loss.

Precharging the silicon anode is herein expected to offer a certain range in which the
loss in anode efficiency does not directly affect cell capacity. Dependent on the counter
electrode for ongoing anode efficiency loss, loss of cell capacity is predicted. The re-
lated scenario is illustrated in figure 8.6 and resembles the scenario for non-prelithiated
anodes upon anode efficiency loss.
This phenomenon, which postpones cell capacity decay, was already referred to as
"lithium reservoir" and is expected to be the main stabilizing influence for lower pre-
lithiation scenarios (5% - 15% SOC) in section 7.2.2.
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8.1. Theoretical study of aging phenomena

Increasing anode polarization Ongoing volume changes of silicon upon (de)-lithiation
can lead to phenomena like excessive film formation and electrical decontacting. Both
processes are expected to provoke overpotential build-up and cause higher hysteresis.
Transferred to our model, increased overpotential leads to negative y-axis shift con-
nected to lower charge potential values for the charge process and positive y-axis shift
and therefore higher anode potential values for the discharge process. In figure 8.2,
overpotential build-up for both processes are illustrated.

Figure 8.2. Prediction of anode potential shift: anode aging due to polarization.

Enlarged overpotential values for a consistent (de)lithiation process can be even ob-
served more clearly on the shift of corresponding dQ/dV signals. It should be men-
tioned that overpotential increase can also respectively happen for charge or discharge
processes.

Anode material loss/loss of electrical contact Loss of electrical contact can be un-
derstood as an umbrella term for phenomena like material loss, disintegration and pore
clogging, resulting in absence of sufficient active material for further (de)lithiation. This
phenomenon, connected to mechanical degradation, is expected to play a significant
role in the discussed system. High volume changes cause vast mechanical impact which
might lead to a dynamic and therewith partly reversible scenario for loss of electrical
contact.
Concerning an isolated anode approach in which active material is limited, loss of lithi-
ated material directly results in loss in cell capacity. For our model potential curves,
loss of silicon material which is (de)-alloyed for achieving 1200 mAh/gSi leads to a
compression of the specific potential curve towards negative x-axis values. Thereby the
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charge cutoff is expected to remain unaltered and the anode discharge cutoff should
rise (see figure 8.3).

Figure 8.3. Prediction of anode potential shift: anode aging due to loss of active mate-
rial/electrical contact.

Combining the aspect of material loss with the possibility of electrical re-connection,
higher capacity utilization of already lithiated amorphous silicon or lithiation of pristine
material opens a variety of aging scenarios. This might have different effects on cell
capacity retention. In these cases anode material loss does not obligatorily lead to
direct and fast capacity decline.

Lithiation of pristine silicon Even in case of irreversible material loss, prelithiated
and capacity limited anodes are expected to enable buffering effects preventing cell
capacity loss. The complete process, considering charge and discharge step, will be
discussed in section 8.1.2.
The possibility of buffering effects from material loss was already demonstrated for
a practical case in figure 7.24. There must have been an evasive effect if complete
disintegration of anode regions on the electrode level did not affect cell capacity.
The question is how to detect changes in lithiation process that circumvent cell capacity
loss. For this purpose it is helpful to recall potential curve characteristics for lithiation
of silicon leading to different LixSiy states and expected dQ/dV features.
In figure 8.4 two simple extreme cases are compared: material loss leading to lower
lithiation and loss of capacity (blue graph) and complete material loss, leading to
exploitation of residual pristine silicon and a completed charge step (pink graph).
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8.1. Theoretical study of aging phenomena

Figure 8.4. Theoretical approach for appearance of potential shape and expected dQ/dV
plot on material loss and lithiation of pristine (crystalline) silicon).

dQ/dV signal changes connected to LixSiy states For closer study and possible
interpretation of changes in dQ/dV signals, typical potential sections and shape of the
two amorphous states Si(a1) and Si(a2) as well as the lithiation of pristine silicon are
presented in figure 8.5.
In direct comparison it becomes obvious that transformation of the dQ/dV-signal to
straight declining lines could be interpreted in two ways. On the one hand incomplete
lithiation of an amorphous state with overpotential build-up leading to a downshift
of potential could be possible. On the other hand, lithiation of pristine silicon when
reaching lower potential values could be assumed.

Figure 8.5. Position and possible assumed evolution of typical LixSiy dQ/V-signals.
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8.1.2. Aging on full cell level (LFP/Si)

Finally, scenarios in which the buffering effect of anode prelithiation is exceeded are
drawn in figure 8.6. In these cases, anode aging phenomena of namely efficiency loss
and polarization lead to loss in cell capacity applying LFP as limiting distributor for
mobile lithium.
Starting from the point when the anode potential rise triggers the cell voltage discharge
cutoff, ongoing anode efficiency loss leads to the situation that LFP is not fully re-
lithiated any more. This leads to loss of mobile lithium. In addition, the rise of charge
cutoff potential for the anode pushes the charge cutoff potential of the cathode to
higher potentials for cell voltage controlled procedures (see figure 8.6, left).
With progressive polarization of the anode, the downshifted anode charge potential
triggers cell voltage cutoff before the anode can be lithiated to the desired extent.
This leads to loss of capacity as well. Moreover, rise of the anode discharge potential
cutoff will lead to triggering the cell discharge voltage cutoff before the anode is fully
delithiated. Lithium will be trapped in the anode and not be available for cycling any
more. This will again contribute to capacity decline of the full cell system.

Figure 8.6. Scenario in which anode efficiency loss and polarization of the anode lead to cell
capacity loss on exemplary LFP/Si full cells.
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8.1. Theoretical study of aging phenomena

Lithium balance in prelithiated full cells

In non-prelithiated full cell systems, capacity loss is expected to be irreversible if proce-
dure settings are not changed or the cathode can not compensate this loss by activating
"new" lithium in the following charge. This point was already differentiated in subsec-
tion 6.1.2 for different lithium delivery characteristics of NMC and LFP. If coulombic
efficiency within a cycle is <100% and no "new" lithium can be added to the system,
capacity retention decreases as well.
Reasons why charge/discharge processes could not be fully reversible are lithium-
consuming side reactions, loss of lithiated material by delamination from current col-
lector, loss of electrical contact and isolation of lithiated areas.
The full cell system discussed within this thesis shows deviating prerequisites concern-
ing lithium availability in comparison to standard full cells. This mainly originates from
the combination of a precharging step for the anode and a capacity restriction for the
anode.
Referring to figure 8.7, 100% coulombic efficiency is obtained if the LFP electrode
(orange potential course) delivers stored lithium ions (charge: violet, -Li+) and subse-
quently re-obtains the same amount of lithium ions from the anode (discharge: yellow,
+Li+). Ideally, complete delithiation of LFP to FP is achieved throughout all charge
processes and the anode can reversibly take in and deliver all obtained Li+. Thereby
all Li+, provided by the cathode, is reversibly exchanged. Full capacity retention is
guaranteed if the amount of transferred lithium in the system does not decrease.

Figure 8.7. Schematic explanation of conditions for the LFP/Si full cell system containing a
precharged and oversized silicon anode.
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Turning to the anode: as indicated in the scheme, a prelithiation step implements a
higher amount of available lithium in the system, delivered to and now stored in the
anode (green area). Moreover, the oversized anode offers additional free lithium "va-
cancies" (blue area).

Furthermore, volume changes within the silicon anode also make the loss of electrical
contact and electric re-contacting a factor to be considered. For aging processes it is
vital to consider at which point active material is disintegrated and, more concrete,
if this material is lithiated or not. Lithium loss while full cell charge or discharge, is
separately discussed for the two special preconditions of our system namely an oversized
anode and a lithium reservoir.
Still one has to keep in mind that lithium transport between both electrodes must be
made possible and determines the completeness of each step.

Case study: no lithium reservoir but oversized anode Without lithium excess in the
system: once the anode can not take in all delivered lithium from the cathode during
charge, discharge capacity is automatically reduced. Coulombic efficiency (CE) can still
be 100%, though capacity retention will show a reduced value. However, incomplete
charge does not obligatorily lead to permanent loss of active lithium from the cathode
and therefore not to irreversible loss of cell capacity. If lithiated silicon particles are
electrically rewired on subsequent cycling and volume change and lithiation of already
lithiated or even pristine areas can be made possible, cell capacity can be regained. In
this case an increase in capacity retention would be noted.
Provided that silicon is not used to its full capacity, an excess of anode material which
can be activated on subsequent cycling is proposed in figure 8.7.
There are several scenarios potentially leading to a complete charge process of a full
cell using oversized silicon electrodes. With ongoing cycling, the usual case for limiting
capacity to 1200 mAh/gSi is reversible formation of the amorphous phase at higher
potential with lower lithium content. However, if this formation is hindered due to
blocking of lithium diffusion or loss of electrical contact, other lithiation scenarios are
basically possible (compare figure 8.8).
Due to the oversized anode and free lithium vacancies LixSiy compounds with lower
formation potential vs. Li/Li+ might be formed. Therefore a corresponding decrease of
anode potential must be allowed by the charge voltage cutoff.
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8.2. Data supported evaluation of aging phenomena

Role of lithium reservoir However, the oversized anode concept only offers alter-
native lithiation processes for the anode. If lithiated material is disintegrated from
the anode composite and cannot be fully delithiated, the cathode is not fully refilled
(CE<100%) and cell capacity decrease would follow. Unfortunately, loss of not fully
delithiated material during delithiation of silicon is more likely to happen. Due to par-
ticle shrinkage, electrical contact to the electrode composite is more likely to break off.
This is where the second concept introduced in this thesis comes into account: Pre-
lithiation. Even if lithiated silicon is lost, the excess of previously formed LixSiy could
distribute lithium to fully recharge the cathode and maintain cell capacity.
All different scenarios discussed above are listed in a scheme in figure 8.6.

Figure 8.8. Assumed buffering effects made possible by an oversized anode and establishment
of a lithium reservoir.

8.2. Data supported evaluation of aging phenomena

In practical cell systems it is hardly possible to fully separate different aging pheno-
mena. On the one hand because several phenomena are expected to superimpose or
might show similar patterns. On the other hand response of the anode composite on
aging mechanism is highly dependent on conditioning and "history" of the electrode as
well as the chosen cell system. Moreover, the uneven surface of electrodes on expanded
metal does not guarantee a homogeneous areal current distribution.
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However, we expect to achieve identification of main factors contributing to cell failure.
For different aging scenarios, data from exemplary cells are presented and examined in
detail.

8.2.1. Anode efficiency loss

Representative for prelithiated cells in the region of 0% - 15% SOC, a cell with 10% SOC
precharge is analyzed aiming to understand aging and finally cell failure mechanisms.
Capacity retention course of the cell over cycling is roughly separated into four phases
for which selected anode potential curves and associated dQ/dV plots are shown in
figure 8.9. A second illustration of parameters linked to aging is given by plotting the
end of charge and discharge anode potential vs. Li/Li+, irreversible capacity loss and
the capacity retention divided by 100 in figure 8.10.

Figure 8.9. Anode efficiency loss in case of a 10% SOC prelithiated cell. Four phases: ca-
pacity increase (yellow), stable capacity (orange) and capacity decay (start: red,
accelerated: dark red).

Anode efficiency loss: phase of capacity increase (yellow) The first phase shows
capacity increase until cycle 53 and coulombic efficiency values exceeding 100%. In-
creasing anode potential for the end of charge cutoff from cycle 10 to 20 and finally to
cycle 60 can be noticed. The final anode discharge potentials show increasing potential
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8.2. Data supported evaluation of aging phenomena

values in the row of 10 to 60 as well. All anode discharge cutoff potentials are still at
rather low value (<1 V vs. Li/Li+).
All dQ/dV plots of cycle 10, 20 and 60 show the typical lithiation and delithiation
signal for amorphous LixSiy with lower lithium content. Both, maximum of lithiation
and delithiation signal show a shift to higher potential vs. Li/Li+.
Coulombic efficiency values higher 100% are expected to be a sign for exploiting the
lithium reservoir which corresponds to 10% SOC extra-lithium stored in the anode.
This assumption was already discussed in detail within section 7.2.2.
Increasing mean lithiation potentials from cycle 10 to cycle 60 suggest a decrease of
resistance for the lithiation process upon subsequent cycling. This is expected to derive
from better electrical wiring or optimized lithium diffusion conditions. However, the
slight shift of the maximum of the delithiation signal to higher potential in the dQ/dV
plot suggests a slight increase in resistance for the delithiation process.
The very slight rise in delithiation cutoff suggests slight anode efficiency loss. In this
region the anode cutoff potential is still so low that full re-lithiation of the LFP-cathode
triggers the cell discharge voltage cutoff (confirmed by figure 8.10 (left)).

Anode efficiency loss: phase of stable capacity (orange) Regarding the second
phase, the anode potential at complete discharge (re-lithiation of the cathode) shows
increase from 0.9 V vs. Li/Li+ for cycle 60 to 1.15 V vs. Li/Li+ for cycle 100 and finally
1.6 V vs. Li/Li+ for cycle 120. Anode potential curves of cycle 60 and 100 unlike cycle
120 illustrate a development comparable to the suggested model of anode efficiency
loss. Herein the shift of anode potential is still not affecting cell capacity (compare to
figure 8.1).
Associated dQ/dV plots for the lithiation process show a decrease in signal intensity
between cycle 60 and cycle 100 as well as a slightly changed shape for the signal of
cycle 120. Cycle 120 marks the point after which capacity decrease is accelerated. The
shape of the dQ/dV signal suggests that lithiation of the LixSiy state with lower lithium
content seems to be incomplete. The maximum of the corresponding delithiation signal
shows a slight shift to higher potential from cycle 60 to cycle 100 and 120, but apart
from that only a reduction of intensity.
Lithium alloying process in the stable phase seems to resemble a constant lithiation of
the amorphous silicon state with lower lithium content.
Surpassing the defined stable capacity retention phase after cycle 100, delithiation
efficiency of this process seems to be reduced. Upcoming inefficiency of this process is
indicated by decrease of dQ/dV-signal intensity and a slightly decreased but constant
value of coulombic efficiency, leading to capacity decline of the cell.
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Anode efficiency loss: phases of capacity decrease (red and dark red) With de-
crease of cell capacity coinciding with decrease of coulombic efficiency, the onset of the
third phase is defined. The decrease in coulombic efficiency connected to irreversible
loss per cycle is steeper between cycle 100-140 compared to cycle 140-160. This indi-
cates that aging processes causing these losses are different or at least of different rate
leading to further separation into two aging phases (red and dark red).
Taking the plot of figure 8.10 into account, one has to consider that slower decrease
of coulombic efficiency nonetheless indicates a comparably high capacity loss per cycle
(0.8 - 0.9%) if the value of coulombic efficiency is low. This leads to a faster decline of
discharge capacity retention. Cycle 140 is defined as begin of phase four, characterized
by a steeper decrease in capacity but a slower decrease in coulombic efficiency.
Capacity loss related to increase in polarization is excluded at this point as no signifi-
cant change in hysteresis between cycle 100 and cycle 180 can be observed.
High anode potential values after cycle 100 at end of discharge suggest complete delithi-
ation of electrically connected active silicon. Plotting associated LFP cathode potential
profile courses in figure 8.10 for each phase allows a study of the development of the
discharge cutoff scenario. In phase one and two, complete re-lithiation of LFP triggers
the cell voltage cutoff. In cycle 120 (phase 3) decline, the LFP electrode still shows
sloping potential course towards end of discharge which indicates full re-lithiation of
vacant lithium capacities. Sharp rise of the anode potential at end of discharge now
also suggests complete delithiation and therewith vacancy of the lithium reservoir in
the anode.
Only in region four (cycle 160), the re-lithiation process of the LFP cathode is stopped
on the discharge plateau before a full re-lithiation could take place and the anode trig-
gers the cell voltage cutoff. This scenario was predicted for proceeding loss of anode
efficiency exemplified by the left scenario in figure 8.6.

Figure 8.10. left: comparison of voltage cutoff scenarios in LFP/Si full cell aging due to
anode efficiency loss. right: anode efficiency loss scenario by comparing capacity
retention, ICL and end of charge/discharge anode potential.
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8.2. Data supported evaluation of aging phenomena

8.2.2. Capacity fading due to material loss

In this section a representative LFP/Si full cell in which loss of active material is be-
lieved to play a decisive role for the aging processes is depicted.
Active material which is not in electrical contact to the electrode composite and finally
the current collector can not contribute to the lithium (de)-alloying process. This loss
of electrical contact can either be induced mechanically or by the formation on an elec-
trically isolating film. Mechanical stress is induced by volume changes upon lithium
(de)alloying. A potentially isolating film can be formed by exposure of negative surface
and electrolyte decomposition.
Decreased electrical conductivity leads to higher resistance potentially leading to po-
larization. As there are also phenomena apart from electrical conductivity leading to
a hindrance in lithium diffusion, polarization will be discussed separately in section
8.2.3.
Assuming contact loss of active material, the central question for the two represen-
tative "material loss" scenarios is: is the contact or material loss irreversible or not?
Both cases will be explained to more detail and exemplarily studied in the following
subsections.

Permanent loss of electrical contact

Complete delamination of electrode areas from the metallic current collector was ex-
emplary shown in figure 7.24. Processes of comparable extent are believed to be hardly
reversible. The same counts for larger cracks and fully disintegrated or isolated parti-
cles from the electrode composite.
As soon as large gaps between composite particles are created or thick films are formed,
lithiation and therewith volume expansion is minimized. For this situation isolating
films can not be cracked and re-connection and revelation of new material is more
or less excluded. Sudden capacity drop, exactly coincidencing with sudden drop in
coulombic efficiency is assumed to be a typical indication for irreversible loss of electric
contact.
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Figure 8.11. Exemplary cell-study for permanent loss of electrical contact based on capacity
retention course, anode potential curves and dQ7dV plots.

In order to understand which factors finally lead to assumed mechanical disintegration,
a more mechanistic study of the exact same cell is presented in subsection 8.2.4. The
central element suggested to finally lead to cell failure due to fully hindered lithium
transport is a characteristics delithiation peak, marked in yellow.

Change in lithium alloying process

In this section, an example scenario is presented in which conditions of electrical con-
nection are assumed to change upon cycling. Continuous loss or isolation of active
silicon does not instantly lead to cell failure. After partial or reversible loss of electrical
contact, further capacity retention is sustained by switching to alternative lithiation
mechanisms in the electrode composite.
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8.2. Data supported evaluation of aging phenomena

Preliminary considerations for electrical re-connection If mechanical impact through
volume expansion is present, particles isolated from the conductive network might be
electrically rewired and isolating films might be cracked. This electrical rewiring which
reactivates beforehand disconnected active material was also observed and examined
in literature. Occurrence of possible re-connection is for example also highly dependent
on the binder network.69,105

Recalling the proposed core shell mechanism on particle level in section 7.4.4, a dynamic
change of the share of shell (amorphous active silicon) and core (pristine crystalline
silicon) was hypothesized upon ongoing cycling. The particle shell is expected to con-
sist of amorphous silicon which can also be further lithiated to an amorphous LixSiy
state with higher lithium content at lower potential. If due to ongoing contact loss or
resistance build-up, the desired capacity cannot be achieved by exploiting the activated
amorphous shell material, further lithiation of the pristine silicon core is supposed.
Important to note: To simplify, the schematic particle model in the following is sug-
gested for one spheric particle of one particle size only. The distribution of charge is
expected to be different for smaller particles which might show only one lithiated LixSiy
state.
Even if we suggest to obtain very anode-specific data, material information is of course
only a sum of all electrically connected particles throughout the electrode. For our spe-
cific example this can be understand in this way: a core shell particle with three equally
distributed LixSiy phases and three homogeneously lithiated particles of different LixSiy
would end up in equal potential curves and dQ/dV signals.

Exemplary study for electrical re-connection Figure 8.12 shows a LFP/Si full cell
cycled with a capacity limitation only exploiting 950 mAh/gSi. The course of discharge
capacity is divided into 5 phases. For each phase dQ/dV potentials are plotted to follow
the change in lithiation mechanism over cycling.
Considering typical dQ/dV signals and shifts for each phase, schematic core-shell draw-
ings for contribution of lithiated states to obtain the desired capacity are proposed.
Theoretically, 950 mAh/gSi can be achieved by exploiting only the lower lithium con-
tent amorphous state (LixSiy (a1)). Additional formation of the amorphous phase at
lower potential to gain enough capacity might be an indication for insufficient electrical
wiring in the composite.
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Figure 8.12. Course of capacity retention and dQ/dV-plots for exemplary change in lithiation
process. Model-like core shell silicon particles with different lithium distribution.

Change in lithium alloying process: phase 1 and 2 For the presented case, the
first phase shows a capacity increase and coulombic efficiencies >100%. An attempt
for interpreting this behavior was already discussed in 8.2.1.
Lithiation signals for the first amorphous state and the second amorphous state can
be identified until cycle 5. For cycle 20 and 60 the contribution of the lower potential
lithiation state decreases. Differentiation of the lithiation signals at lower potential is
not fully possible since lithiation of the lower amorphous phase or further lithiation of
the crystalline silicon core are partially overlapping. This was already demonstrated in
figure 8.5.
Transferring these signals to our one-particle-model would result in a core-shell struc-
ture with two layers (or a mixture) of the amorphous states as shell composition. The
core is believed to consist of pristine silicon which is subsequently lithiated and trans-
formed to more amorphous silicon.
Towards the second region, exemplary shown by cycle 120, the onset for lithiation of a
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8.2. Data supported evaluation of aging phenomena

lower potential LixSiy state is shifted to higher potential. Loss of material is equivalent
to loss of/insufficient electrical contact. Deactivation of already amorphized silicon ma-
terial forces the system into lithiating silicon phases at lower potential. This enables
the anode to take up enough lithium from the cathode, summing up to the value of
950 mAh/gSi. No capacity fade is observed for these regions.

Change in lithium alloying process: phase 3 Between cycle 180 and 200, no second
phase seems to be formed besides the amorphous phase with lower lithium content.
This aspect is believed to be a sign for enhanced electrical connection in the electrode.
It is assumed to be a side effect of volume expansion which at this state leads to a
closer packed electrode with better particle to particle contact.
Between cycle 200 and 300, clearly only a single peak for (LixSiy(a1) can be observed.
Slow capacity decay in this region is assigned to lithium consumption by de-contacting
of lithiated anode parts, resulting in incomplete re-lithiation of the cathode. The now
fully exploited lithium reservoir cannot buffer lithium loss anymore. Particles in this
region are supposed to show a pristine silicon core with a LixSiy(a1) shell.
Due to beginning downshift of the lithiation single peak at cycle 300, the onset of
accumulation of lithium diffusion blocking dead material is supposed.

Change in lithium alloying process: phase 4 and 5 From cycle 300 to cycle 350 on,
capacity decrease and decline of coulombic efficiency is accelerated. The corresponding
dQ/dV-signals suggest no difference in lithiation procedure, still showing single peaks
related to (de)formation of LixSiy (a1).
However, varying and finally stagnating low coulombic efficiencies and the steeply de-
clining lithiation signal for cycle 380 suggest changed aging mechanisms.
For gaining realistic morphological information, in figure 8.13 SEM images after cycling
and associated anode potential curves are consulted.
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Figure 8.13. SEM images of cycled electrodes from exemplary cell for subsequent loss of elec-
tric contact. Depicted anode and cathode potential curves for capacity decaying
area.

After cell failure, SEM images of the electrode cross section show deviating particle
morphology for different depicted areas. One enlarged area (blue frame) at a visible
crack within the anode coating was deliberately chosen. After assumed loss of electrical
contact during cycling, particles in this area are believed to picture a frozen transition
state. Here we can find silicon particles showing a core-shell morphology with highly
probable pristine silicon in the particle center.
Switching to a very dense part of the coating, particles which show barely any solid
pristine silicon core can be observed. These findings support a continuous lithiation
mechanism from shell to core center (green frame). Consequently there must be sig-
nals for exploitation of pristine silicon during cycling in potential corresponding anode
curves.
However, only from the absence of the core is cannot be decided if this full exploitation
of pristine silicon derives from mechanical rupture or milling, a chemical side reaction
or indeed an advanced lithium alloying process.

Consulting the anode potential course for the development of lithiation process with
aging, significant changes at the end of charge (lithiation of silicon) can be observed.
For validating these unusual potential profile courses at high lithiation states of silicon,
measured corresponding LFP curves vs. Li/Li+ are plotted in figure 8.13. Since the
LFP charge and discharge profiles show the usual plateau-like behavior with fast in-
creasing potential upon full transformation to FP, there is no hint to assume the anode
potential drop and subsequent rise at full charge to originate from artifacts.
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8.2. Data supported evaluation of aging phenomena

The silicon anode potential is decreasing with increasing anode lithiation degree, then
dropping faster and finally, for almost completed charge, anode potential is increasing
again.

Combining all findings, different scenarios can be proposed and are schematically shown
in figure 8.14. On the one hand, lithiation of pristine silicon is proposed, which leads
to a rise in potential due to electrical contacting of material with beforehand 3 V vs.
Li/Li+. On the other hand, side reactions due to revelation of highly reactive silicon
surface by particle breakage and milling are proposed. Since delithiation signals remain
unchanged and coulombic efficiency is decreasing, changed lithiation effectively does
not lead to more cyclable lithium.

Figure 8.14. Model-like presentation of theories for anode potential courses during aging.
Proposed composition of silicon particles curing lithiation.

8.2.3. Polarization and continuous loss

While no change in hysteresis and therefore no obvious aggravating of lithium diffusion
was present in the aging scenarios shown above, the herein discussed example delivers
a different picture of aging. This cell was prelithiated to 15% SOC and cycled at higher
silicon usage of 1800 mAh/gSi.
The plot of discharge capacity retention course is divided into three phases. The first
phase (yellow) shows a slight increase of discharge capacity after initial capacity loss.
The second phase shows a stable discharge capacity retention plateau (orange), the
last phase starts after cycle 60 with an almost directly linear decline of capacity (red).
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Figure 8.15. Exemplary study of aging due to increasing anode polarization examining ca-
pacity retention, potential profiles and dQ/dV-plots.

Polarization and exceeded buffer: capacity increase/formation phase (yellow)
Discharge capacity as well as coulombic efficiency increase until cycle 18. The general
course of anode potential curves is comparable for cycles in the first phase. For cycle 5
and cycle 10 lithiation course for higher charge states does not perfectly overlap with
the course of cycle 20, opening the second phase. The anode potential at end of dis-
charge only reaches about 0.6 V vs. Li/Li+ for all cycles, indicating a cathode control
of the cell voltage discharge cutoff.
The delithiation course is shifted to slightly higher potentials for cycle 20, indicating
higher resistance for the delithiation process of cycle 20. The dQ/dV-plots give a clearer
picture of a different lithiation process. Cycle 5 and 10 still show two lithiation peaks
representing two different amorphous states, whereas for cycle 20 only the amorphous
silicon state with lower lithium content is formed. The delithiation signals mirror this
picture and show a doublet signal for cycle 5 and 10 and a single signal for cycle 20.

Polarization and exceeded buffer: stable capacity phase (orange) The lithiation
processes of cycles depicted from the stable cycling phase shows perfect overlap. The
end of discharge is slightly shifted to higher anode potentials from 0.6 V vs. Li/Li+

(cycle 20) to 0.7 V vs. Li/Li+ (cycle 20) and significantly when reaching cycle 60 with
almost 1.2 V vs. Li/Li+ final anode discharge potential.
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8.2. Data supported evaluation of aging phenomena

Cycle 60 also marks the point after which a steep decline of discharge capacity and
coulombic efficiency begins. The maxima of the single dQ/dV-signals, typical for amor-
phous silicon in the lithiation and delithiation process, do not shift in location but show
small changes in shape. The dQ7dV-delithiation peak for cycle 60 is broadened and
without small shoulders indicating further amorphous phases.

Polarization and exceeded buffer: capacity decrease phase (red) For cycle 80 and
100 assigned to the capacity decrease phase, the complete lithiation process shows a
significant shift to lower potentials. This observation is supported by a significant shift
of the single dQ/dV-lithiation peak to lower potentials. The anode potential at the end
of discharge shows high values of 1.7 V vs. Li/Li+, indicating complete delithiation of
active silicon material.
The single delithiation peak in the dQ/dV-plot and also the delithiation process in
potential curve analysis show a smaller shift to higher potentials. For both processes
only a single amorphous phase with lower intensity connected to loss of capacity can
be observed. The increase in cell hysteresis is emphasized by enlarging the contributing
signals and measuring the increasing distance from cycle 60 to cycle 100.
Enlarged resistance for the anode lithiation step could originate from blocking of
lithium diffusion by enlarged resistance deriving from pore clogging, isolation of active
material surface by film formation or electrical disconnection. Intensive film forma-
tion could be a side effect by the higher usage of material (1800 mAh/gSi instead of
1200 mAh/gSi). Higher mechanical stress and therefore more particle fracture and loss
of active silicon is induced. This results in higher active surface area which is subse-
quently passivated upon decomposition of electrolyte and loss of active lithium.
There is no hint for pristine silicon material being lithiated during capacity decay, nei-
ther in potential curve courses nor in the dQ/dV-plots. The resistance for lithiating
the amorphous silicon phase is enlarged, so a lithiation of crystalline silicon is probably
shifted to potential values much lower than 0 V vs. Li/Li+.

Continuous SEI and film formation

A consequence of particle fracture is the increase of active surface area. This freshly
exposed surface is not yet protected by a passivating film, referred to as solid elec-
trolyte interface (SEI). SEI formation is usually a positive effect, passivating graphite
surface against further electrolyte decomposition during cycling. In contrast, for silicon
anodes continuous film formation can lead to severe overpotential build-up. If elec-
trolyte decomposition becomes too promoted, lithium diffusion to the active material
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can be hindered and, as SEI products are mostly of isolating nature, electrical contact
is impaired.
Consulting SEM and EDX images from cell opening of the described cell as example
for polarization supports these assumptions (see figure 8.16). Film formation on top
of the electrode, mainly consisting of oxygen containing products, can be observed.
Moreover, cavities around silicon particles, suggesting no electrical connection to the
composite, can be noticed. Comparing the shell around silicon particles, compositions
with different amount of fluorine and oxygen can be found. A high amount of oxygen
is supposed to be linked to complete isolation of the particle from the coating.

Figure 8.16. SEM cross section images from cell aging due to high polarization. Film forma-
tion and isolation of silicon particles can be observed.

Oumellal et al. assume the reduction of electrolyte molecules as main failure mecha-
nism for nano-sized silicon anodes and not the loss of electrical contact between active
material and composite. A phase formed of electrolyte degradation products ans clog-
ging pores forms a diffusion barrier to Li+ and act as a Li+ scavenger, lowering free
Li+ concentration at the surface of Si particles.115
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8.2. Data supported evaluation of aging phenomena

8.2.4. Further initiators for anode aging

Formation of a crystalline Si phase Looking closer into data of the example cells
for permanent loss of electrical connectivity presents a perfect example for highly su-
perimposing aging behavior. It shows all aging effects described: change in lithiation
mechanism, formation of crystalline Li15Si4, electrical contact loss and overpotential
build-up. Upon cell opening, hints for gassing and deposition of metallic lithium, dis-
cussed in the next section can be observed.

Figure 8.17. Example cell in which formation of crystalline silicon was verified by typical
dQ/dV-signals.

Li15Si4 was introduced as the highest lithiated and only (meta-stable) crystalline Li-Si
alloy at room temperature, formed at potentials <50 mV vs. Li/Li+.112 Due to high
internal stress of this phase transition, formation of this phase is assumed to contribute
to low cycling stability.113,46 Elevated cycling stability for phosphor doped silicon could
be directly referred to the hindering of transformation from a-Si to c-Li15Si4.32

One reason for capacity limited cycling of silicon is to avoid formation of the crystalline
phase Li15Si4. However, upon aging, also the potential of capacity limited anodes, or
anode parts, can drift to potentials where formation of this phase is basically possible.
The characteristic sharp (de)lithiation signal often overlaps with an amorphous phase
signal but especially the delithiation signal was clearly found in case of several cells.
The presented case in figure 8.17 shows a reversible (de)formation of Li15Si4 starting
from cycle 70 by the appearance of the typical delithiation signal in both potential
course and dQ/dV-plot. The distinct plateau is marked in green and appears at higher
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delithiation potential compared to the usual amorphous silicon delithiation dQ/dV-
signal. After first reversible formation of this phase, capacity retention shows a stable
course up to cycle 130. Thereafter, a sudden capacity decrease is observed. An overpo-
tential build-up between cycle 70 and 130 which can be followed by potential up-shift
of the delithiation dQ/dV-signal, is assumed to be connected to worse mechanical in-
tegrity which finally leads to complete loss of electrical contact. A reversible formation
but also downshift of formation potential for Li15Si4 was also presented by Dahn et
al.75

These finding again support the predicted offset between anode aging and cell aging
for the presented concept in this thesis.

Indications for cell failure Figure 8.18 serves as an overview for suggested indications
of aging phenomena found in cells opened after complete cell failure (<60% SOC). In
most cases these phenomena are assumed not to be the initiator for aging of the cell.
They can partially be understood as a "runaway" of already described aging phenomena.

However, as soon as lithium deposition, electrolyte deficiency and gas formation are
present, aging would inevitably result in accelerated cell failure. For most phenomena a
combination of challenges induced by the mechanical impact of silicon volume change
and also the irregularity of the non-optimized current collector geometry and electrode
preparation is suggested.

Figure 8.18. SEM images and EDX data: lithium deposition and artifacts of gas formation.

Even the most perfect electrical wiring within the electrode composite and to the cur-
rent collector is not sufficient if no electrolyte for lithium ion transport is present. Local
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8.2. Data supported evaluation of aging phenomena

or areal electrolyte deficiency is mostly accompanied by gas formation. Gas formation
can drive out electrolyte and therewith deactivate full areas of electrode. On the very
right of figure 8.18 round prints of gas formation within silicon particles can be ob-
served.
A second issue leading to severe capacity fading is inhomogeneous current distribu-
tion. The applied current collectors with a three dimensional high open area structure,
bear the risk of different areal current distribution due to different distances from the
counter electrode and different path length between the copper collector and electro-
chemically active material. This can basically lead to lithium deposition phenomena.
If lithium deposition occurs we could find it preferably on the grid wires as exemplary
shown by the picture of electrodes in figure 8.18. As soon as deposition of metallic
lithium is present, this is suggested to trigger electrolyte decomposition and therewith
electrolyte deficiency and gas formation.146
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9. Application for High Energy Cells and Up-Scaling

In this chapter an evaluation on possible up-scaling potential of the developed electrode
and prelithiation concept is presented. Results of experimental approaches support the
potential of the discussed concept for future application in high energy density cells
and application on larger cell level.

9.1. Towards high energy density cells

Many literature studies report on thin film studies and low loadings about silicon
based anodes.12,174,119,63 In contrast, this thesis presents tests with areal loadings from
2 mAh/cm2 up to 9 mAh/cm2. For the final up-scale to a multilayer system, NMC
electrodes with one-sided areal loadings between 4 - 5 mAh/cm2 and the correspond-
ing silicon anodes are targeted.
For material characterization, very high areal loadings are avoided to minimize factors
mainly related to high loadings. The previously presented cell set-up was chosen to min-
imize influences of the counter electrode. Development of high loaded silicon electrodes
is a task which bases on and directly connects to the findings from more fundamental
tests in this thesis. Concerning high loadings, upcoming limits of the counter electrode
have to be taken into account.

Stabilization approach for high energy cell set-up The experiments shown in figure
9.1 underline challenges on the way to stabilizing extremely high loaded electrodes
(>8 mAh/cm2). It must be emphasized, that in each case the anode is taken from the
same layer. Only counter electrode, formation step or cell settings are changed.



9.1. Towards high energy density cells

Figure 9.1. Cycling stability and coulombic efficiencies of electrodes from the same silicon
anode batch versus different cathodes with different settings and formation steps.

At a moderate current density of 0.8 mAh/cm2 (C/10), a full cell with a combination of
highly loaded and prelithiated silicon electrodes on expanded metal vs. a highly loaded
(7 mAh/cm2) NMC electrode on expanded metal was stable for over 150 cycles until
capacity falls below 80% (left graph in figure 9.1).
Since the focus of this thesis was on the optimization of a silicon anode, only limited
effort could be invested into NMC cathode optimization. Assuming main limitations
in rate capability to originate from the cathode, our silicon anode was combined with
an optimized high loaded NMC cathode on aluminum foil. High cycling stability for
more than 250 cycles (>80%) for the prelithiated silicon anode vs. the optimized NMC
electrode supported this assumption.
Moreover, these results verify excellent stability of the prelithiated silicon anode in
a high energy full cell set-up. Without prelithiation, the capacity retention of the
expanded metal silicon electrode and the optimized NMC cathode falls below 80%
only after 65 cycles. This huge difference in stability emphasizes the importance of the
developed prelithiation technique.
The shown experiment using an optimized NMC electrode and higher current densities
(2.7 mA/cm2) illustrates high dependency on current rate. For this case capacity of
the full cell is instantly dropping to 5 mAh/cm2.

Discussion: high loaded electrodes With theoretical gravimetric capacity values
<200 mAh/g, cathode materials like NMC as well as LFP show significantly lower
maximum values compared to silicon (3579 mAh/g). For practical application this
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leads to much higher electrode thicknesses for cathodes when balancing vs. silicon, so
they are expected to be the limiting factor for rate capability rather than the silicon
electrode.36

This gap is slightly reduced by capacity limitation of the silicon active material to
1200 mAh/gSi. Additionally, the active material content in electrode composite is
60 wt.% for silicon and 89 wt.%-94 wt.% for cathode formulations.
All in all high areal electrode loadings still lead to higher coating thicknesses. This
results in longer lithium migration and diffusion pathways connected to overpotential
build-up due to mass transport and ohmic losses.133 An increase in current density on
the surface of thick electrodes is expected.45

Moreover, it could be demonstrated that even if the specific capacity of the cathode
active material is not fully known or varying, the herein used anode concept is well
suited for characterization of highly loaded cathodes. In contrast to thicker graphite
anodes, with lower operation potential, the oversized silicon anode is less likely to run
into lithium deposition.

9.2. Technical conditions for up-scale

The strategy of pre-charging was found to increase cycling stability of silicon based
anodes significantly. The prelithiation concept was verified and simultaneous lithiation
of several connected anodes to high lithiation degrees is finally aimed to be scaled up.

Sacrificial electrode and prelithiation step While well suited for fundamental in-
vestigations, a lithium-iron-phosphate (LFP) electrode could not meet the requests for
a lithium source in the up-scale of the method due to the following reasons:

• limited maximal provided amount of lithium

• LFP must be synthesized (high cost)

• additional fabrication step for achieving LFP-electrodes

• LFP electrode is still present in cell after prelithiation step (reduction of cell
energy density)
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9.2. Technical conditions for up-scale

In the long-term perspective, the presented conditioning method should be applicable
for diverse cell chemistries and to be included directly in the cell activating process.
Pure metallic lithium was chosen as the most feasible alternative lithium source. Metal-
lic lithium is commercially available and easy to process to an electrode by applying it
on a current collector. Due to the sufficient adhesion and high electric conductivity, no
additional slurry preparation step is needed when working with metallic lithium sheets.
Preparation of these sacrificial electrodes can be performed in a dry room or directly
in the glovebox, where electrolyte filling of the already assembled cells takes place.
For high currents, the low surface area of non-porous lithium might become limiting
and lead to high overpotentials. An adequate design of lithium metal electrodes might
contribute to lowering the overpotential value. However, since the prelithiation step
coincidences with SEI formation, usually low current values are recommended.
The process including preparation of the sacrificial electrode and finishing with a pre-
lithiated stack is illustrated in figure 9.2. When working with oxygen sensitive materials,
all steps suggested for the dry room can also be transferred to the glovebox. Manufac-
turing of the cell type can follow a different procedure as well, as long as the finally
assembled stack fulfills the criterion of permeability.

Figure 9.2. Schematic description of suggested up-scale of prelithiation method implemented
in cell manufacturing process.

Implementation of the sacrificial electrode into the pouch bag of an already assembled
electrode stack and prelithiation through the stack after electrolyte filling was inves-
tigated. A suitable design for multilayered demonstrator cells, the sacrificial electrode
and the prelithiation procedure is defined with the help of preliminary tests, described
in the following.
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Pre-study of concept for up-scaling For designing final demonstrator cells of the
developed concept, target capacities >0.5 Ah were pursued. For higher energy densities
a low number of electrodes is beneficial. Higher areal electrode loadings may lead to
lower rate capability.
Based on presented results, developed electrodes of 4 mAh/cm2 areal loading enable
stable long-term cycling, the number of double sided anodes in the stack was set to
three. Additional four cathodes of which two are one sided complete the cell stack.
In order to define the limits and requirements for the demonstrator cell set-up, several
test cells were assembled and cycled. Since the areal loading of the terminal cathode
is believed to limit rate capability (see figure 9.3), stacks are evaluated with focus on
this parameter.

Figure 9.3. Suggestion of areal loading for the outer cathode (Co) as "bottleneck" for up-
scaled NMC/Si full cell design. Comparison of long-term cycling stability.

Results from variation of areal loading per cathode showed that cells with cathode
loadings >5.5 mAh/cm2 achieve significantly lower cyclic stability. In order to fulfill
desired process settings, the limit was set to maximal 5 mAh/cm2 one-sided loading.
Note: this is still a very high value compared to 3.5 mAh/cm2 which is set as the
maximal value to meet commercial restrictions.180 However, the demonstrator cells were
designed aiming for high energy density on composite level correlated with limitations
in rate capability.

Validation of the prelithiation method up-scale After defining general cell design,
technical parameters and settings must be set for the up-scaled prelithiation procedure.
Besides, evidence must be provided that the open prelithiation set-up in the glovebox
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9.2. Technical conditions for up-scale

still enables lithiation of the anode with the highest distance to the lithium source.
For this purpose, the anode of interest (Aterminal) was electrically isolated from the
other two anodes of the cell stack. This enabled separate checking of anode potentials
as well as isolated cycling of Alast. For the prelithiation process, all anodes could be
electrically connected externally and were exposed to the same current during the
prelithiation step.
Implementing a (removable) electrode which can accept and re-deliver lithium offers
the possibility to check if and how much lithium was inserted into the last anode
during the prelithiation step. A reference electrode enabled measuring separate half
cell potentials. The cell configuration which was designed for this purpose is illustrated
in figure 9.4.

Figure 9.4. Schematic figure of cell set-up for prelithiation through multilayer pouch cells
with electrodes on expanded metal current collectors.

Validation of cell architecture and swelling To achieve information about the cell
architecture and possible deviation in anode swelling degrees after prelithiation, CT
scans of the largest cell up-scale (>1.5 Ah) were recorded. The herein examined cell was
built up of 6 anode and 7 cathode layers. The anodes were precycled vs. the cathodes
and subsequently prelithiated in the glovebox by using a metallic lithium plate. After
removal of the lithium plate, subsequent degassing and sealing of the cell, CT scans
were performed prior to cycling. For an overview of scanning positions, selected images
are exemplarily presented in figure 9.5.
Alignment and thickness of the electrodes can be examined by the two side views
(marked in blue and yellow). The top view offers the possibility to investigate the
expanded metal scaffold in the electrode. In the presented case, cracks of the metal
grid structure could be found. Moreover, phenomena like gas bubbles deriving from
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non-effective de-gassing or gassing reaction after closing of the cell can be traced (red
box).

Figure 9.5. CT scans of activated 1.5 Ah cell after prelithiation step with 6 anodes and
7 cathodes on expanded metal. Comparison of anode thicknesses, tracking of
irregularities in metallic scaffold and of gas formation (red box).

Figure 9.6 shows both an overview of the complete cell stack and image section in
higher magnification. Obviously, cathode margins are much more defined and margins
of the anodes seem less homogeneous. Changing settings of the CT scan of the stack
reveals a more defined picture of the anode and cathode thickness measures. Comparing
thicknesses of A1 (anode which was the nearest to the lithium plate) and A6 (anode,
which has the largest distance to the lithium plate) from the CT cross section no
deviation was observed. This can be interpreted as hint for a prelithiation step leading
to no obvious difference in electrode swelling (=lithiation degree).
After scanning, the prelithiated 1.5 Ah cell was cycled showing no capacity loss for
nearly 100 cycles.
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9.3. Electrochemical testing of up-scale

Figure 9.6. CT scans of activated 1.5 Ah cell after prelithiation step and comparison of
electrode margins as well as anode thicknesses. Cycling stability of subsequently
cycled cell stack.

9.3. Electrochemical testing of up-scale

Electrochemical cycling of multilayer pouch cells After validating the up-scaled
prelithiation method, capacity retention of prelithiated cell stacks was examined and
compared. Regarding figure 9.7, stacks with the same amount of electrodes but higher
loadings per electrode and thus higher cell capacity could be achieved by applying the
up-scaled method.

Figure 9.7. Comparison of cycling stability for cells with 3 anodes. Prelithiation in glovebox
(metallic Li plate (blue)) vs. previous set-up with LFP (grey).

Prelithiation with lithium metal as lithium source seems to be as effective as the pre-
viously presented method with LFP as sacrificial electrode. This is demonstrated by
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plotting all normalized capacity retention courses (right plot). Only an externally re-
stricted multilayer cell shows a more flat course of capacity retention. However, the
stability criterion of 80% of capacity retention is reached at the same cycle number as
for the non-restricted cells.

Process optimization of prelithiation method in up-scale Not only the cell set-up
must be adjusted to enable electrochemical prelithiation in an open cell in the glovebox
but also the procedure settings for controlling the electrochemical prelithiation must
be chosen carefully.
All anode tabs in the stack are electrically connected and combined as working elec-
trode, the metallic lithium as counter electrode. This adds up to a half cell configura-
tion during prelithiation step which basically should enable an anode focused potentials
control. However, choosing usual lower cell voltage cutoffs for silicon half cells (slightly
above 0 V) induces a fast process cutoff as shown in the left graph of figure 9.8.
Finally process settings without voltage cutoff but with alternating current pulse and
OCV phase are designed. As shown at the right part of figure 9.8, the measured poten-
tial still undercuts 0 V when current is applied. However, when no current is applied,
potential always relaxes to values around 0.15 V vs. Li/Li+ which resembles the actual
situation of the plateau for lithiation of crystalline silicon.

Figure 9.8. Left: First attempt of up-scaled prelithiation with a lithium plate in an open cell
configuration leads to early voltage cutoff. Right: Design of a pulsed method with
alternating current and OCV phase and no voltage cutoff.

The lithiation process is assumed to be shifted to lower potential due to overpotential
build-up between the comparably low surface area sacrificial electrode and the porous
anodes. Thereby ta voltage cutoff criterion stops the lithiation process before the de-
sired amount of lithium was provided to the anodes.
Even if a voltage cutoff above 0 V vs. Li/Li+ is usually set to avoid lithium depo-
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sition, it cannot be applied in this case. Due to very low C-Rates and significantly
oversized anodes, lithium deposition is barely expected. This assumption is supported
by the measured potential between the lithium plate and the anodes instantly relaxing
to 0.25 V vs. Li/Li+ when no current is applied. This indicates that the real OCV
potential of the anodes is significantly above 0 V vs. Li/Li+ and only downshifted by
a high overpotential build-up when current is applied.

More detailed study of the prelithiation procedure serves as qualitative comparison
between equivalent cell configurations.
The plot on the left hand side of figure 9.9 shows the potential courses of two equivalent
prelithiation procedures for stacks with each two anodes within a stack. The only
difference is a changed design of the lithium electrode. Overpotential assumed to be
solely induced by application of current is marked in red.

Figure 9.9. left: electrochemical prelithiation of two anodes in a stack with different lithium
electrode design. right: electrochemical prelithiation of three anodes in a stack
show significant differences.

The course of voltage for the cell with lithium on a usual Cu-plate (dark blue) shows
lower lithiation potential, related to higher overpotential. Electrical conductivity of the
sacrificial electrode on a Cu-conductor plate seems to be enhanced and reduces over-
potential.
During pause period, the measured potential vs. the lithium plate shows further in-
crease towards the actual potential of the anodes vs. Li/Li+ in both cases (marked in
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yellow). We suggest that these changes are related to a redistribution of lithium in or
between the electrically connected anodes.

The two plots on the right hand side of figure 9.9 compare the first and last prelithiation
pulses of two cells with three anodes in a stack. For the same cell configurations, a huge
gap can be noticed between measured cell voltage of silicon vs. the lithium plate. The
significantly higher overpotential for one cell (red) might be linked to the higher loading.
However, higher overpotential serves as information about the resistance in this specific
electrode stack, which should be optimized to lower values.
After many steps, the overpotential difference during current flow stays unchanged
and the potential values to which the actual potential of the anodes relax during the
pause stay constant as well. This confirms the higher resistance to originate from a
permanent quality issue with the lithium source or cell characteristic and not only an
initial barrier.
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10. Conclusion

Presented results in this thesis definitely plead for a success on both technical and con-
cept level. Stable electrochemical cycling data for the prelithiated high-silicon-content
electrode concept can compete with if not even surpass data of comparable set-ups
presented in literature. Submitting a patent declaration for the prelithiation method
on cell level underlines the importance and thriving evolution from a concept approach
to an actual working system.
The following chapter provides an overview to highlight central steps of development,
gained scientific insight and results.

Testing strategy Before combining the silicon material with new concept approaches,
pre-evaluation of technical processes, current collector and prelithiation concept with
graphite served as important validation step. The electrode manufacturing process
using expanded metal was enabled by implementing a double-sided vertical coating
technique. All following electrode and cell manufacturing steps could be adapted to
standard processes.
The use of lithium iron phosphate (LFP) as counter electrode allowed a characterization
of silicon uncoupled from cross influences induced by cathode aging. Implementing a
lithium reference electrode delivered valuable information for characterization of the
silicon anode and underlying lithiation mechanisms.

Prelithiation concept Permeability of expanded metal electrodes for lithium ion
transport was experimentally verified. This is a fundamental prerequisite to enable
prelithiation through an electrode stack. Successful cycling between a lithium source
and an anode spatially separated by complete electrode stacks confirmed applicability
on multilayer cell level. With the help of a tailored and flexible cell set-up, the compe-
titive situation while simultaneous prelithiation of several anodes was evaluated experi-
mentally. Determining factors resulting in variation in SOCs between stacked electrodes
after electrochemical prelithiation could be identified. Supported by model approaches,
differences in overpotential and dependency on potential profiles were proven as main
factors controlling resulting lithium distribution. The variation in lithium distribution



between electrodes in a permeable stack was shown to be influenceable by adjustment
of prelithiation settings.
One fundamental finding should be emphasized: if several stacked electrodes are pre-
lithiated simultaneously, variation in lithium distribution is highly dependent on active
materials, electrode characteristics and cell configuration. The process must be speci-
fically tailored for each cell chemistry and geometry. The herein suggested cell confi-
gurations with electrically separable current collector tabs or additional test electrodes
can be a valuable tool for validation.

Also the central cell configuration for single electrode characterization is based on
permeability for lithium transport. For electrochemical testing, a trilayer cell for in situ
prelithiation was designed. Therein the silicon anode is situated in the central position
and can be precharged by a sacrificial LFP electrode. Moreover, the prelithiation step
itself with subsequent cycling could be validated in small scale.
In addition to the concept of compensating irreversible loss (ICL) of the silicon anode,
a second approach of precharging certain amount of lithium into the anode prior to
cycling was introduced. For the concept of capacity limited operation of silicon, this
set-up allows to independently set the upper and lower SOC in a full cell configuration
before cycling.

Characterization of silicon anode concept The precharging of anodes for up to
15% SOC over those in which only the ICL is compensated was found to gradually
increase cycling stability. With increasing state of precharge, more cycles in which a-
node efficiency loss did not yet result in consumption of lithium from the cathode, were
achieved. Additionally stored lithium is supposed to lead to a retardation of all lithium
consuming effects on cell level ("lithium reservoir").
Additional factors were identified which lead to a true stabilizing effect on anode level.
Remembering the long stable capacity course of high prelithiation degrees (>30% SOC),
slower aging of the anode was assumed. On evaluation of dQ/dV plots formed LixSiy
phase compositions showed clear deviation from lithiated states for lower precharge
values. This together with higher cycling stability might suggest the existence of a
more stable SOC range achieved after higher precharge. Basic considerations like lower
formation potential and relationship between volume expansion and initial particle ra-
dius are a second explanation attempt for the connection of higher stability with high
precharge values. However, an upper limit of this stabilization effect was demonstrated
for prelithiation degrees >50% anode SOC, traced back to mechanical degradation ef-
fects.
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For validation of most beneficial precharge settings, we suggest to conduct test series
for each variation in anode approach since we assume the lithiation mechanism to be
highly dependent on the anode active material, composite and electrode parameters.
Moreover, limiting effects for higher silicon capacity utilization (>1200 mAh/gSi) were
identified and studied. Electrochemical data showed that especially the delithiation
process (volume shrinkage) seems to be significantly hindered for higher capacity uti-
lization which was suggested to derive from more pronounced volume change. SEM
study of cross sections on electrode and particle level supported higher mechanical im-
pact on integrity of anode coating and particle degradation.

For pure silicon materials, physical changes on particle level upon de-/lithiation cannot
be avoided. However, consequences on electrode and cell level can be addressed and
buffered. So the final goal should be to understand the lithium alloying behavior of the
material upon cycling and to design a convenient strategy for buffering silicon aging
effects. Theoretical consideration about possible (de)alloying mechanisms for capacity
limited cycling helped defining actual scenarios and limits.
Next to disintegration of the electrode network and particle degradation, SEM images
delivered indications of highly inhomogeneous lithium distribution among silicon par-
ticles in the coating. In particular, particles with a size above average silicon particles
seemed to lithiate silicon only near their surface. Core/shell appearance of particles af-
ter several cycles supported the assumption of a dynamic lithiation process. A gradual
activation of larger silicon particles during cycling, starting at the surface and progres-
sing to the core is supposed.
Three main aging mechanisms were differentiated for silicon material: anode efficiency
loss, loss of electrical contact and polarization of the anode. With the help of theore-
tically predicted effects on potential curve shape and dQ/dV plots, all aging scenarios
could be allocated to the aging profiles of practical cells. Separating the course of ca-
pacity retention into different phases together with detailed study of anode potentials
revealed that anode aging often starts far before full cell aging. The buffering effects can
be ascribed to both concepts: the capacity limitation of the anode and the precharge
step. The possibility to lithiate pristine silicon and therewith circumvent capacity loss
could be supported by a combination of potential curve analysis, dQ/dV-plot and SEM
images.

Prelithiation in multilayer full cells The herein developed prelithiated silicon elec-
trode concept was shown to be a suitable electrode for high energy application and
enables stable cycling of a 8 mAh/cm2 NMC622 cathode in full cell configuration.
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Up-scale of the lithium ion permeable multilayer system, was successfully shown for
demonstrator cells >0.5 Ah which could be cycled for >250 cycles before EoL (<80%
capacity). The prelithiation method could be implemented in the standard pouch cell
assembly procedure. Using a removable lithium source, pouch cells with standard mea-
sures were achieved. The integration of the prelithiation method in standard processes
is assumed to be a key factor for commercial application.
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11. Outlook and Transfer

Lithium ion permeable current collectors Instead of only reducing current collector
weight, the structured and permeable current collector introduced in this work is a
central element, determining the innovative electrode design and paving the way for a
lithium permeable cell concept.
So far, the focus of the presented work was on a win in energy density on composite
level. On this stage, including the weight of applied current collector geometries would
not be profitable for energy density on cell level. However, current development of
lighter permeable current collector structures could change this situation.
Moreover, the processability for coating the open structures, which are different from
usual metallic foils, is assumed to be a decisive factor for implementation of these sys-
tems.
However, it should be mentioned that lithium ion transport permeability of the elec-
trode is only given for permeable carriers which makes this a crucial condition for the
presented prelithiation method.

Prediction for multilayer prelithiation Even if prelithiation in this thesis was mainly
focused on two anode materials (graphite, µm-Si), general trends and predictions con-
cerning the system are hypothesized in this chapter. Furthermore, it is assumed that
the method can be transferred to formation steps of any other kind and a wide range of
systems comprising different materials for lithium ion cells up to post-lithium systems.

The assumed potential shift effect of different overpotential values between the lithium
source and each isolated electrode position is schematically shown in figure 11.1.
For easier discussion, only three anodes are depicted as illustrated by the model cell
stack. The higher the overpotential, the more pronounced the shift to lower potential
compared to the theoretical potential situation vs. Li/Li+. As random potential profile
example staging anode potential profiles are shown. One case for negligible overpoten-
tial shift (case 1) and another case exemplarily for uneven shifts between the electrodes
(case 4) is suggested.



Regarding all simulated cases, it becomes obvious that for a set or reached final prelithi-
ation voltage, various lithium distribution (resulting SOC per anode) will be achieved
dependent on overpotential differences. These considerations can be transferred to any
kind of potential shape. More detailed discussion on the strong influence of the potential
profile shape is given in the next paragraph.

Figure 11.1. Schematic description of influence of different overpotential sifts between elec-
trodes while multilayer prelithiation.

From these examples one can state that knowing the exact electrode potential courses
and the resulting lithiation degree per electrode, one could retrace the overpotential
values during prelithiation. Also the other way around: if the overpotential of each
electrode pair (source vs. anode) is known by measuring the resistance for a certain
current flow, one could predict the resulting lithium distribution.
Of course, in commercial stacks, it is not possible to measure isolated data for each elec-
trode in the stack. However, for designing the prelithiation step for unknown electrodes,
it might be beneficial to assemble test-stacks wherein electrodes can be electrically iso-
lated based on our suggested set-up in figure 9.4.
The distance from the lithium source must not be the only influencing and unchange-
able contribution determining lithium distribution. We believe this contribution can
be overcome or at least decreased by adjustment of settings.
Reducing overpotential values can be achieved by optimizing the cell-set up towards
lower resistance. This might be achieved by higher pressure on the cell stack to re-
move gas between electrode layers and reduce distance or optimizing the vacuum step
to guarantee better soaking. Moreover, setting higher temperature and lower current
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might reduce contribution of overpotential.

The potential shape of the electrode material to be lithiated was confirmed to be a ma-
jor contribution determining lithium distribution among stacked electrodes (see section
6.2). Especially the plateau-like course of the lithiation potential for crystalline silicon
lead to variation in lithium distribution, favoring the closest anode. In contrast, silicon
electrodes already transferred to amorphous state were observed to enable significantly
more homogeneous distribution of lithium among prelithiated anodes.
Three stack prelithiation scenarios based on different specific potential curve shape of
anode materials are exemplarily shown in figure 11.2. In this model cases overpotential
shift is set equal since we only refer it to the difference in distance from the lithium
source. Thereby both, homogeneity during prelithiation (upper cases) and possibil-
ity for adjustment of lithiation degree among electrically connected electrodes after
prelithiation (lower cases), show high dependency on potential profile shape.

Figure 11.2. Schematic description of dependency between potential profile shape and homo-
geneity of prelithiation result. Presumed adjustment between anodes in OCV
phase.
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Worst case scenario are plateau-like profile since in case of overpotential shift, only the
electrode with the highest potential is lithiated. Since no potential gradient between
the electrodes is provoked at OCV state, adjustment between the electrodes is unlikely
to happen. It is now easy to understand why a pre-formation of silicon anodes is bene-
ficial since this would transfer the electrode characteristics from plateau-like to sloping
profile. Already simultaneous prelithiation is assumed to lead to a more homogeneous
result. However, in OCV state, when all electrode profiles overlap, a potential gradient
is present and adjustment is likely to happen.

A comparison: permeable systems vs. closed systems Using permeable current
collectors did not only enable design of a stable silicon anode and stack prelithiation
but also paved the way for a new type of multilayer system. This suggestion is already
indicated by the presumed electrode cross talk after finishing the prelithiation step
in figure 11.2. In this section special features of ion transport permeable multilayer
systems differentiated from usual metallic foil based battery systems are suggested.

In order to differentiate the developed and studied permeable multilayer system from
state of the art multilayer systems, a model-like comparison is presented in the follow-
ing. For this purpose, in figure 11.3 possible electron and lithium transport pathways
for a standard closed foil multilayer and a permeable multilayer are illustrated.
In a standard cell system, separately all anodes and all cathodes are electrically con-
nected inside the cell. Electron transport between these electrodes is only possible via
an external circuit. Lithium transport is coupled to electron transport and is induced
between anode and cathode directly facing each other (marked in magenta, through
the electrically insulating but ion-permeable separator.
Regarding the cell stack with all electrodes permeable for lithium ion transport further
lithium ion transport ways are enabled. Remind, that electron transport must happen
simultaneously due to charge balancing. Three additional lithium ion transport scena-
rios are assumed to be feasible by the open current collector structure.
The lithium exchange between anode and cathode material is not limited to directly op-
posite electrodes, but can basically be performed between any lithium donor/acceptor
pair in the stack (marked in yellow). Of course the driving force must be sufficient to
bridge the higher lithium ion transport distances.
The other two lithium exchange pathways enabled in a permeable stack is the exchange
between electrically connected anodes (marked in green) and between electrically con-
nected cathodes (marked in blue). This internal lithium exchange was already assumed
to take place if different electrode potentials are present after inhomogeneous prelithi-
ation in figure 11.2.
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Figure 11.3. Schematic comparison of suggested difference between electron and lithium
transport pathways in closed foil stack (left) and permeable stack (right).

Within an electrode composite, all particles are electrically wired via an electrically
conductive matrix. Lithium transport is made possible by soaking the porous compos-
ite with electrolyte but most certainly not instantly homogeneous. Even though the
tracked potential value can not resolve local differences in or between the particles these
differences usually implies a driving force for potential balancing within and between
the electrode parts, leading to full capacity exploitation of the electrode material.
In multilayer systems electrodes are bundled so all anodes and all cathodes are elec-
trically connected. As shown above, for permeable multilayer systems also lithium ion
transport is enabled. This generally makes electrically connected electrodes, which can
also exchange lithium, comparable to a large composite electrode.

Comparability between particle to electrode and finally stack level reveals interesting
approaches and possibilities for gaining deeper insight by exploiting possibilities of the
permeable multilayer system
Moreover, we believe these features of permeable systems could turn out as valuable
for balancing of inhomogeneities, avoiding overcharge even on larger cell level.
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