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Abstract 

Silicon as an anode-active material for lithium-ion batteries (LIBs) has been the focus of 

research for a long time. Until now, commercialization has been challenging due to the 

drastic volume changes upon (de-)lithiation. In the last few years, new silicon material 

concepts have been employed, some of which have recently reached mass production and 

can be found in their first applications on the market. This work investigates microscale 

silicon particles, which can be produced cost-effectively and are available on a large scale. 

A partial lithiation strategy achieves reasonable cycling stability with such a material 

concept, whereby the crystalline silicon particle is only amorphized to a certain extent, 

thus maintaining the integrity of the particle during cycling.  

The investigation of the amorphization process with respect to the lithiation cutoff 

potential was analyzed by in-situ X-ray diffraction (XRD) in the first part of this thesis. It 

enabled an XRD-based quantification of the amorphous phase fraction over the course of 

extended charge/discharge cycling.  

The second part of this thesis focuses on the mechanism of lithium nitrate (LiNO3) as an 

electrolyte additive in carbonate-based electrolyte systems for silicon-based anodes. The 

reduction and oxidation reactions are studied on carbon electrodes using on-line 

electrochemical mass spectrometry (OEMS) and X-ray photoelectron spectroscopy (XPS). 

In addition, the cycling stability is examined in coin full-cells using silicon-based anodes 

and NCM622 cathodes. 

With its high specific capacity of 3579 mAh g-1
Si, silicon allows for high areal capacities and 

thin electrode coatings, making it a promising choice for fast-charging applications. The 

final part of this thesis provides a practical comparison between silicon-based anodes and 



   

 

graphite anodes in terms of their temperature-dependent kinetic charge transfer 

resistance and ion transport resistance using impedance spectroscopy.  

  



Kurzfassung 

Silicium als Aktivmaterial für Anoden in Lithium-Ionen Batterien ist schon seit längerem im 

Fokus der Forschung. Bisher gestaltete sich die Kommerzialisierung als sehr 

herausfordernd, da Silicium über die (De-)Lithiierung eine große Volumenänderung 

aufweist. In den letzten Jahren wurden neue Materialkonzepte entwickelt, von denen es 

zuletzt einige in die Serienproduktion geschafft haben und in ersten Anwendungen auf 

dem Markt zu finden sind. In dieser Arbeit werden mikroskalige Siliciumpartikel 

untersucht, welche kostengünstig hergestellt werden können und in großem Maßstab 

verfügbar sind. Um mit einem solchem Materialkonzept eine angemessene 

Zyklenstabilität erreichen zu können, wird der Ansatz einer partiellen Lithiierung verfolgt. 

Dabei werden die kristallinen Siliciumpartikel nur bis zu einem gewissen Grad 

amorphisiert, um so die Integrität der Partikel über den Zyklenverlauf zu erhalten. Im 

ersten Teil dieser Arbeit, wird der Amorphisierungsprozess im Hinblick auf die Lithiierungs-

Abschaltspannung  mittels in-situ Röntgendiffraktometrie (XRD) untersucht und der Anteil 

der amorphen Phase quantitativ über XRD bestimmt. 

Der zweite Teil der Arbeit befasst sich mit dem Mechanismus von Lithiumnitrat (LiNO3) als 

Additiv in karbonatbasierten Elektrolytsystemen für siliciumhaltige Anoden. Reduktions-

und Oxidationsreaktionen wurden an Kohlenstoffelektroden mittels elektrochemischer 

Online-Massenspektrometrie (OEMS) und Röntgenphotonenelektronenspektroskopie 

(XPS) untersucht. Zusätzlich wurde die Zyklenstabilität in Vollzellen im Knopfzellformat mit 

siliciumhaltigen Anoden und NCM622 Kathoden getestet.  

Mit seiner hohen spezifischen Kapazität von 3579 mAh g-1
Si, ermöglicht Silicium hohe 

Flächenkapazitäten bei Elektrodenbeschichtungen mit gleichzeitig geringen Schichtdicken 



   

 

für Schnelladeanwendungen. Im letzten Teil dieser Arbeit werden Siliciumanoden mit 

Graphitanoden hinsichtlich ihres temperaturabhängigen kinetischen 

Ladungsübergangswiderstands und ihres ionischen Transportwiderstands mittels 

Impedanzspektroskopie gemessen.   
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1.0 Introduction 

 

In recent years, there has been a growing focus on the electrification of the mobility sector. In 

2021, several countries, including the European Union and the United States, announced an 

internal combustion engine (ICE) sales ban by 2035, with the goal of a market share by electric 

vehicles (EVs) of at least 50% by 2030.[1] Such government regulations accelerate the transition 

towards more sustainable mobility. The automotive sector plays a vital role as the driving force 

for developing new battery technologies and ramping up production capacities. 90% of the 

European Union's estimated battery cell demand of 874 GWh in 2030 is for passenger cars 

and commercial vehicles and only 10% for other applications such as consumer electronics. 

Compared to consumer electronics, automotive applications require more stringent demands 

on battery technology with regard to safety, energy density, and fast charging capability. 

Target requirements by the European Council for Automotive R&D (EUCAR) for 2030 on the 

cell level are a specific energy density of 450 Wh kg-1, a charging rate from 0%-80% SOC at a 

rate of 3.5C (i.e., a charging time of <20 min), and a cost of 70 € kWh-1. Besides, calendaric 

lifetime, safety, and operating temperature are important parameters. Current commercial 

LiBs based on graphite and NCM cathode cell chemistry have a specific energy density of ~250 

Wh kg-1 at costs of ~150 € kWh-1.[2,3] 

 

To achieve these challenging goals, it is necessary to develop new anode and cathode material 

concepts as well as novel cell technologies. Currently, the most widely used cathode active 

materials are nickel-rich NCM (LiMO2, with M = Ni, Co, and Mn) and NCA (LiMO2 with M = Ni, 

Co, Al) due to their high specific capacities and high discharge potentials versus Li+/Li. 
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Carbonaceous materials, such as natural and artificial graphites, are commonly used as state-

of-the-art materials on the anode side. To accommodate high-capacity cathode active 

materials with increased amounts of cyclable lithium, the graphite anode electrode thickness 

has to be increased. However, thick anodes can become a bottleneck for high-rate 

applications and may lead to severe cell failures upon fast-charging due to lithium plating. 

Therefore, alternative materials with higher specific capacities are necessary to enable thin 

anode designs that are particularly critical for fast charging. Silicon, the second most abundant 

element in the Earth’s crust, exhibits a ten times higher theoretical specific capacity (3579 

mAh gSi
-1) as compared to commonly used graphite (372 mAh gc

-1).[4,5,6] 

 Silicon is one of the most promising candidates among alternative materials, due to its low 

operating voltage (0.1-0.5 V vs. Li+/Li).[7,8] However, the practical application of pure silicon is 

still hindered by several challenges originating from its intrinsic material properties. The 

volume expansion of ~280% upon (de-)alloying with lithium results in particle cracking and 

excessive electrolyte consumption due to the rupture of the solid electrolyte interphase 

(SEI).[9,10,11] This cracking, in turn, leads to the electrode's disintegration, resulting in the 

electrical isolation of individual silicon particles. As a result, low coulombic efficiencies, 

irreversible lithium loss, and increased internal resistances generally cause an inferior cycling 

performance and a short lifetime of the lithium-ion battery cells with silicon anodes.[4] 

 

To reduce the effects described above at the electrode level, researchers have investigated 

the possibility of enhancing the anode's performance by combining silicon with graphite. This 

can be achieved by blending the two materials during electrode fabrication or designing a 

single Si-graphite composite (Si-Gr) material.[8,12,13] Although there are potential benefits, it is 

still a challenge to incorporate high amounts of Si (> 30%). Currently, only a small mass fraction 
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of silicon (<5%) - often incorporated in the form of silicon oxide (SiOx, 1700 mAh g-1) - is used 

in commercial cells to increase the energy density.[6,14]  

Possible strategies to increase the amount of silicon in the future include novel structural 

designs of the silicon active material, electrolyte additives, and silicon prelithiation. However, 

the latter only compensates for the loss of lithium and does not affect the effects of the 

volume expansion itself. 

 

1.1 Lithium-ion batteries 

 

In 2019, John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino were awarded the 

Nobel Prize in Chemistry for their work on developing lithium-ion batteries, first 

commercialized by Sony in 1991.[15,16] In the 1970s, Whittingham discovered that intercalating 

lithium ions in titanium disulphide resulted in a material with surprisingly high energy density, 

operating at 2 V vs. Li+/Li.[17] However, commercialization of this technology was hindered by 

the poor safety of the lithium metal electrode, resulting in fires and explosions through 

dendrite formation causing short circuits. In 1980, John Goodenough published the discovery 

of a new cathode active material operating at 4 V vs. Li+/Li, which offered almost twice the 

energy density as Whittingham's titanium disulphide: lithium cobalt oxide, a transition metal 

oxide, allowed for a high operating potential at high energy density without structural collapse 

when lithium-ions were de-intercalated. The consumer electronics industry drove the 

development of the lithium-ion battery at that time, as oil prices were low and interest in 

alternatives to combustion engines had declined. It was essential to commercialize 

rechargeable and lightweight batteries to facilitate using portable and compact electronic 

devices, such as video cameras, music players, telephones, and computers. Akira Yoshino, who 
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worked for the Asahi Kasei Corporation, aimed to develop such a battery. He combined 

Goodenough's lithium cobalt oxide cathode active material as positive electrode with 

petroleum coke as the negative electrode. This resulted in a stable and safe battery system 

with a high energy density operating up to 4 V vs. Li+/Li.[18] Lithium-ion batteries have not 

undergone significant changes since their inception, except for using alternative materials as 

active components for the cathode and anode.  

Currently, state-of-the-art cathode active materials fall into two categories: transition metal 

oxides (LiMO2, where M represents the transition metal) or phosphates (LiMPO4, where M 

represents the transition metal). Anode active materials consist of natural or synthetic 

graphite (C6) or, more recently, a blend of graphite and silicon (Si) or silicon oxide (SiOx). The 

cathode and anode active materials are integrated into a porous electrode matrix. This matrix 

includes conductive additives, such as carbon particles or fibers, to enhance the electrical 

conductivity within the electrode. A polymeric binder is also included to ensure the electrode's 

mechanical stability and flexibility. The electrode materials are coated onto metal foils that 

act as current collectors, conducting electrons to and from the reaction site and the external 

circuit (see Figure 1). To account for the different operating potentials of the electrodes, 

cathodes (positive electrodes) are coated onto aluminum foil, while anodes (negative 

electrodes) are coated onto copper foil. A porous polymer separator within the battery 

prevents physical contact between the cathode and anode, thus avoiding an electrical short 

circuit. The pores of the electrodes and of the porous separator are filled with electrolyte, 

comprising lithium salts dissolved in alkyl-carbonate-based solvents and often including 

additional electrolyte additives. 
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Figure 1 Schematic view of the main components of a lithium-ion battery, consisting of (from left to 

right): the negative copper current collector, the negative electrode with anode active material, the 

porous separator, the positive electrode with cathode active material, and the positive aluminum 

current collector. The void space of the porous electrodes and the separator is filled with electrolyte. 

Reprinted with permission from Jordan Giesige.[19] 

 

Upon charging a secondary (i.e., a rechargeable) battery, lithium ions (Li+) are de-intercalated 

from the positive cathode and intercalated into the negative anode. This process requires 

external energy; thus, the Gibbs free energy for this reaction is ΔG > 0. Hence, upon 

discharging the battery, energy is released when Li+ ions are deintercalated from the anode 

and intercalated into the positive cathode (i.e., for this reaction direction  ΔG < 0). The half-

cell reactions for the cathode (equation 1.1) and the anode (equation 1.2) for LiMO2 and C6 

can be given as follows: 

LiMO2 ⇌ Li1-xMO2+x Li
++x e-    1.1 

C6+x Li
++ x e- ⇌ LixC6     1.2 

Here, x ranges between 0 and 1. The combination of both reactions then gives the reaction of 

the full cell, whereby the charging reaction takes place from left to right and the discharge 

reaction from right to left accordingly. 
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LiMO2+ C6 ⇌ Li1-xMO2+ LixC6    1.3 

The specific capacity of an active material, i.e., the amount of lithium that can be stored in a 

certain mass of material, is defined as: 

𝑞 =
𝑄

𝑚
= 

𝑧∗𝐹

𝑀
       1.4 

Here, Q is the total exchanged capacity, m is the active material mass, z is the valency of the 

active species (z = 1 for Li+), F is the Faraday constant of 96,485 As mol-1, and M is the molar 

mass of the active material. For anode active materials like graphite and silicon, commonly 

the molecular mass of the delithiated anode active material is used. 

Since electrode potentials cannot be measured directly but always need to be measured 

against a reference electrode, potentials are commonly referenced to the redox potential of 

lithium (Li+/Li). Thereby, 0 V vs. Li+/Li corresponds to -3.04 V against the standard hydrogen 

electrode (SHE). The cell voltage can be calculated by the difference of the potentials of the 

two electrodes. 

𝐸cell = 𝐸cathode − 𝐸anode     1.5 

Without any external current flowing, this voltage equals the cell's so-called open circuit 

voltage (OCV). Upon charge or discharge of the cell, each electrode follows a distinct profile 

of the electrode potential versus the degree of (de-)lithiation and the difference in electrode 

potentials in the absence of current flow corresponds to the open circuit voltage (OCV) of the 

cell. Overpotentials developed by kinetic, ohmic, or mass-transport-related resistances can 

also affect the cell voltage. The gravimetric energy density w (Wh kg-1) of a cell or electrode is 

defined by the potential integrated over the capacity. It is typically referenced to either the 

mass of the electrode, the cell, or the battery module.  
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𝑤 = 
𝑊

𝑚
= ∫ 𝐸(𝑞′) 𝑑𝑞′

𝑞

0
= 𝑞 ∗ �̅�    1.6 

With �̅� being the charge averaged potential, the energy density can simply be compressed by 

the product of �̅� and the specific capacity q of the cell or electrode. 

For an ideal cell, the flow of Li+ ions from the cathode to the anode, i.e., the charge capacity 

Qcharge, equals the flow of Li+ ions back to the cathode upon discharge, i.e., the discharge 

capacity Qdischarge. The ratio of the discharge capacity over charge capacity is called coulombic 

efficiency (CE). 

𝐶𝐸 = 
𝑄discharge

𝑄charge
      1.7 

However, chemical or electrochemical side reactions are ubiquitous in a real cell. Accordingly, 

the CE is less than 100%. Generally, the number of Li+ ions exchanged during charge and 

discharge equals that of the electrons, determining the reversible capacity during cycling. 

There are a few exceptions where irreversible parasitic reactions can contribute with 

additional electrons to this calculation. In the case where these parasitic reactions and other 

nonlinear degradation phenomena can be neglected. The status of a battery’s life, commonly 

described by capacity retention, can be calculated by the CE for a specific number of cycles n.  

Capacity retention=(CE)n     1.8 

This would predict that in order to reach 1000 cycles with a capacity retention of 90%, the 

coulombic efficiency must be at least 99.99%.[20] The charge and discharge current is usually 

normalized to the battery's capacity and is expressed as C-rate. The C-rate is typically given in 

units of 1 h-1 and corresponds to the current to charge or discharge the cell entirely in a given 

time. If a cell is charged within 5 hours, the applied current would correspond to a C-rate of 

C/5 and for a 10 Ah cell would correspond to a nominal current of 2 A. 
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1.2 Silicon as anode active material 

 

The reaction mechanisms of anode active materials with the charge carrier in lithium-ion 

battery systems can be classified into three categories, as depicted in Figure 2. These 

categories include a) intercalation materials, e.g., graphite and lithium titanium oxide (LTO), 

b) single-phase conversion materials or alloy materials such as silicon or lithium, and c) 

multiple-phase conversion materials often described as conversion materials, including a wide 

range of transition metal -oxides,-phosphides and –nitrides.[21] Intercalation materials have 

the advantage of minimal structural changes during (de-) lithiation, limiting the volume 

expansion to usually below 25%.[22,23] Additionally, intercalation materials exhibit the 

advantage of having an only small difference between the lithiation and delithiation potential 

i.e., they have no significant voltage hysteresis. The major drawback of intercalation materials 

are their low volumetric and gravimetric capacities (<1500 mAh cm3 and <500 mAh g-1). 

However, despite its comparably low gravimetric capacity of 372 mAh g-1, graphite is the most 

commonly used anode active material for lithium-ion batteries. The low (de-) lithiation 

potential of ~0.1 V vs. Li+/Li and the high electronic and ionic (Li+) conductivity are ideal 

properties for an anode active material.   

In contrast to intercalation materials, alloy and conversion materials undergo significant 

structural changes and show a pronounced voltage hysteresis upon (de-) lithiation. Comparing 

conversion materials and alloy materials, the latter exhibit lower operation voltages (0.2-1.0 

compared to 1.0-2.2 V vs. Li+/Li), higher gravimetric capacities (400-3500 mAh g-1 compared 

to 650-1000 mAh g-1), and improved electronic and ionic conductivities.[21,22] Thus, alloy 

materials are more interesting candidates than conversion materials to replace graphite in 

next-generation lithium-ion batteries.  
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Figure 2 Schematic illustration of different types of anode active materials. Reprinted from “Future 

high-energy density anode materials from an automotive application perspective” by Stiaszny et al., 

with permission from the Royal Society of Chemistry.[21] 

 

Amongst them, silicon is the most promising candidate. Sharma and Seefurth from General 

Motors reported the first electrochemical lithiation studies on silicon in the late 1970s.[24,25] 

Later, Wen and Huggins observed distinct crystalline Li-Si Phases by coulometric titration at 

415 °C, resulting in a stepped galvanostatic voltage profile.[26] The compositions of these 

phases are Li12Si7, Li7Si3, Li13Si4, and Li22Si5, with the latter being the highest lithiated phase. 

However, electrochemical lithiation at room temperature involves electrochemical solid-state 

amorphization, forming amorphous LixSi phases.[27] In this case, the formation of the 

crystalline equilibrium phases is kinetically hindered; thus, the amorphous phase with a lower 

Gibbs free energy than the reactants is formed. Hence, the voltage profile for electrochemical 

(de-) lithiation at room temperature reveals a sloping behavior and depends on the silicon's 

applied current, as well as on the size, and morphology of the silicon material.[28,29] In 2004, 
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Obrovac and Christensen found that a new crystalline phase Li15Si4 is formed during 

electrochemical lithiation, employing Rietveld refinement.[30] The formation of Li15Si4 (Li3.75Si) 

corresponds to a specific capacity of 3579 mAh g-1 and is the highest lithiated phase that can 

be formed by electrochemical lithiation at room temperature.  

Lithiation:   cr-Si
+Li
→  a-Li2.0Si 

+Li
→  a-Li3.5Si 

+Li
→  cr-Li3.75Si   1.9 

Delithiation:   cr-Li3.75Si
-Li
→  a-Li2.0Si + cr-Li3.75Si 

-Li
→  a-Si   2.0  

Subsequent cycling:  a-Si
+Li
→  a-Li2.0Si 

+Li
→  a-Li3.5Si 

+Li
→  cr-Li3.75Si  2.1 

 

Along with the (de-)lithiation process, silicon undergoes a volume change of ~280%.[17–19] The 

volume expansion follows Vegard’s law and is the same for all binary Li-Metal alloys (except 

amorphous carbon, which follows an intercalation mechanism). Obrovac et al. found that the 

molar volume that lithium occupies in the alloy is about 8.9 mL mol-1 and shows a linear 

behavior with the amount of lithium inserted.[9] This implies that the total volume expansion 

of the alloy does not depend on the active element itself but rather on the amount of lithium 

that can be incorporated into the structure. Moreover, the volume expansion of an alloy can 

be restricted by the amount of lithium being inserted and, thus, the fraction of the total 

capacity of the active material used during operation. This strategy to limit the volume 

expansion will be discussed in more detail later. There is a fundamental difference in the 

lithiation mechanism, depending on whether crystalline or amorphous silicon is present 

initially in the active material. In dependence on the production process of the silicon active 

material and its design, silicon can be present in its crystalline or amorphous phase (see 

Chapter 1.3). Crystalline silicon undergoes electrochemical lithiation through a two-phase 

mechanism, where the silicon is consumed to generate lithiated amorphous silicon (LixSi). This 
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process is characterized by a distinct reaction front with a thickness on the nanometer scale 

where crystalline and amorphous phases are present at the same time.[27,29,32,33] This two-

phase behavior occurs due to the substantial activation energy required to break the 

crystalline silicon network.[34,35,36 ] 

It is kinetically more favorable to further lithiate silicon clusters in the amorphous phase 

forming isolated silicon ions or smaller clusters, than to break up the pristine crystalline silicon 

network.[32] A high lithium concentration near the reaction front is needed to break the 

crystalline network's Si-Si bonds. Thus, the amorphous phase must reach a stoichiometry of 

Li3.5Si to further lithiate the remaining crystalline phase.[37] Accordingly, the voltage plateau 

for the initial lithiation of crystalline silicon drops to ≤ 170 mV vs. Li+/Li, where the Li3.5Si phase 

is formed. At potentials ≤ 60 mV vs. Li+/Li, the amorphous LixSi phase crystallizes into Li15Si4, 

as shown by the XRD analysis of Dahn and Li.[37] Structural investigations by in-situ NMR have 

demonstrated that a significant fraction of isolated Si atoms are present in this phase, allowing 

for a nucleation from the previous amorphous phase.[32,38] Lower lithiated amorphous phases 

do not readily nucleate, as this would involve rearrangement of the silicon clusters present at 

this stoichiometry and, thus, Si-Si bond breakage.  



  Introduction 

12 
 

-4

-2

0

2

4

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
-15

-10

-5

0

5

D
if
fe

re
n
ti
a

l 
C

a
p
a

c
it
y
 [
m

A
h

 V
-1

]

cr-Si 

Li2.0Si Li3.5Si a-Si Li2.0Si 

Li3.5Si 
1

7
0

 m
V

lithiation 

delithiation 

b)

a) 1
st
 cycle 

2
nd

 cycle 

Voltage [V vs. Li+/Li]

a-Si Li2.0Si 

cr-Si Li3.5Si 

Li3.5Si Li2.0Si 

Li2.0Si Li3.5Si a-Si Li2.0Si 

 

Figure 3 Differential capacity vs. voltage obtained from Si-C65//Li Swagelok T-cells with a lithium metal 

reference electrode (Li-RE). (a) In the first cycle, the lithiation step was limited to 1500 mAh gSi
-1, 

followed by consecutive delithiation to a cutoff potential of 1.5 V vs. Li+/Li. (b) Second cycle with a 

lithiation limit set by a capacity cutoff of 1500 mAh gSi
-1. Electrochemical testing was done with Si-C65 

electrodes (1.4 mgSi cm-2, with a theoretical capacity of 5.0 mAh cm-2) at 25 °C with 1M LiPF6 in FEC/DEC 

(2:8 v-v) and with two glassfiber separators. 

 

Delithiation of the crystalline Li15Si4 phase is accompanied by a large voltage hysteresis and a 

large plateau at 450 mV vs. Li+/Li.[11,30,37] As two-phase regions are associated with high 

internal stress, causing the particles to crack, the formation of Li15Si4 should be avoided for 

stable cycling. Delithiation of the amorphous phase is observed as two separated features: the 

first one corresponding to the delithiation of a higher lithiated Li3.5Si phase to a lower lithiated 

Li2.0Si phase (< 400 mV) and the second one to the complete delithiation of Li2.0Si to 

amorphous silicon (> 400 mV) (see Figure 3a).[39,40]  For subsequent charge/discharge cycles, 

the situation looks different, as amorphous silicon is already present; the lithiation of this 

phase already starts at potentials <350 mV vs. Li+/Li (see Figure 3b). This would also be the case 
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for an active material that in its as-received form contains amorphous silicon. It must be 

mentioned that for the data shown in Figure 3, the crystalline silicon phase is still present in 

the second cycle as the application of this material is based on a partial lithiation strategy, in 

which a crystalline part of the particle is preserved over cycling. Hence, the pronounced 

feature for the lithiation of the crystalline silicon is still present in the second cycle. Even 

though only about on third of the silicon’s capacity is used in this approach, limiting the silicon 

volume expansion and concomitant degradation, the mean potential of (de-) lithiation of such 

a material is comparable with that of a silicon active material for which 100% of the silicn 

capacity is used (see dark blue versus bright blue lines in Figure 4). As the remaining crystalline 

phase of the Si particles stays inactive, the active amorphous phase can be lithiated close to 

~90% SoC (Li3.5Si – 170 mV vs. Li+/Li) without further amorphizing the crystalline phase. This is 

a crucial difference to a partial lithiation strategy of an, e.g., fully amorphous silicon active 

material with no inactive phase, in which case, the silicon would only be lithiated up to 30% 

(assuming a capacity usage of 30%). Thus, the voltage curve would only be used to a third 

(~250 mV vs. Li+/Li), which has a detrimental effect on the cell’s energy density (see dotted 

red line in Figure 4). 
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Figure 4 shows the voltage vs. capacity profiles of silicon with 100% capacity usage of silicon (bright 

gray), restricted to 30% capacity, such that the volume expansion is limited to 100% (dotted red ), and 

an active/inactive silicon material that corresponds to a composite of crystalline and amorphitized 

silicon, which is produced by setting a silicon referenced capacity limit of 30% (dark blue). 

Electrochemical testing was done with Si-C65 electrodes (1.4 mgSi cm-2, with a theoretical capacity of 

5.0 mAh cm-2) at 25 °C with 1M LiPF6 in FEC/DEC (2:8 v-v) and with two glassfiber separators. The data 

is shown for the second cycle. 
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1.3 Design of silicon active materials 

1.3.1 Nanosilicon materials 

The mitigation of particle pulverization by the volume expansion of silicon through control of 

the particle size has been known for a long time.[41] Small absolute changes in individual 

particles dimensions significantly improve the performance of such materials. Huang et al. 

showed by in situ transmission electron microscopy that silicon nanoparticles below a critical 

diameter of ~150 nm neither cracked nor fractured upon first lithiation.[42] The amount of 

strain energy released is insufficient for small particles to drive crack propagation. In addition, 

small diameters reduce the effects of volume expansion and enable fast Li-ion transport, 

further improving the performance of such materials.[43] 

Over the last few years, all kinds of shapes and morphologies of nanostructured silicon 

materials have been published. Various structural designs such as nanoparticles,[44,45,46,47,48] 

nanospheres,[49,50] nanowires,[4,43,51]  and nanotubes,[52,53] revealed superior performance 

compared to micron-sized silicon materials. However, nanostructured designs are often 

challenging to connect electronically within the electrode matrix and the current collector, 

especially after repetitive volume changes during cycling.[4,54] In addition, a high BET surface 

area leads to irreversible loss of lithium by SEI formation and thus to low coulombic 

efiiciencies. 

Nanowires, directly bonded to the current collector, offer several advantages over other 

nanostructured materials: a) the space between adjacent nanowires can accommodate the 

volume changes upon (de-)lithiation, b) the direct connection to the current collector allows 

to maintain good electrical contact during cycling, and, c) the direct and one dimensional 

electronic pathways enable efficient charge transport without the need of conductive 

additives or binders.[4] In principle, silicon nanowires (SiNWs) can be synthesized using 



  Introduction 

16 
 

bottom-up methods such as chemical vapor deposition and laser ablation or top-down 

approaches with metal-assisted chemical etching, which is the most popular 

technique.[55,56,57,58] Carbon coatings and silicon doping can further enhance the 

electrochemical properties.[58,59] Next to the attraction of SiNWs amongst researchers in 

academia over the past few years, they have also made their way into the industry. Amprius 

Technologies, founded in 2008, finalized its SiNW design in 2014 and commercialized its 

technology in the past years, building up large-scale production on the kWh scale (see Figure 

5). With their anode design comprising 100% silicon, cells with energy densities up to 

500 Wh kg-1 are possible, verified by an independent testing institute (Mobile Power 

Solutions).[60] 

 

Figure 5 SEM image of the side and top view of silicon nanowires. Reprinted from Amprius 

Technologies Inc., 10th Annual Electric VTOL Symposium.[61] 

 

However, nanostructured materials bear drawbacks due to their intrinsic property of a large 

specific surface area. Compared to commercial natural and artificial graphite materials with 

surface areas of 1-6 m2 g-1,[62,63] similar to bulk silicon materials,[64,65,66] the surface area for 

nanostructured silicon materials is significantly higher with up to 80 m2 g-1.[54,65] Low initial 

coulombic efficiencies (ICE) and high irreversible capacities result from excessive SEI formation 

and irreversible reactions with SiOx formed as an inherent passivation layer on the surface of 
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silicon.[45,46,65] The proposed reactions of Li+ with SiO2 are shown in the following 

equations:[67,68,69] 

SiO2 + 4Li
+ + 4e− → 2Li2O + Si     2.2 

2SiO2 + 4Li
+ + 4e− → Li4SiO4 + Si    2.3 

5SiO2 + 4Li
+ + 4e− → 2Li2Si2O5 + Si    2.4 

Extended SEI formation not only leads to low coulombic efficiencies in the first cycles but also 

to electrical disconnection of silicon particles and thickening of the electrode over cycling.[45,54] 

To evaluate such nano-sized material concepts, one also has to consider the material's 

properties and its implications on the processability and characteristics at the electrode level. 

Fabrication of an electrode with a high density is crucial in terms of commercial feasibility. 

Assuming a constant electrode thickness, a dense electrode has the potential to achieve a 

significantly higher mass loading than a porous electrode, resulting in a substantial 

improvement in areal capacity. With decreasing particle size, the tap density decreases 

considerably: nanostructured silicon materials can achieve tap densities in the range of 0.1-

1.2 g cm-3, whereas with microscale silicon materials, tap densities of 0.5-1.2 g cm-3 and for 

commercial graphite densities of 1.3-1.6 g cm-3 can be reached.[70] Another critical aspect of 

commercializing these materials is the ability for drop-in solutions in current process steps. 

Material concepts such as SiNWs attached to the metal substrate require specific electrode 

production processes and cannot be manufactured on existing coating lines.[61] Finally, the 

costs for silicon nanomaterials are usually significantly higher due to complex synthesis 

methods that are often more complex than those of bulk silicon or commercial graphite.[71] 

Therefore, these type of materials are still reserved for niche applications with high-

performance requirements. 
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1.3.2 Silicon-carbon nanocomposites 

 

Incorporating silicon into a carbon backbone is an effective method for alleviating the intrinsic 

disadvantages of silicon as an active material to achieve good cycling stability and high specific 

capacities.[13,72,73,74] The carbonaceous matrix can minimize electrolyte decomposition and, 

thus, excessive SEI formation while maintaining the integrity of the electrode. Moreover, the 

carbon structure can compensate for the impaired electric conductivity of silicon and enable 

a good connection throughout the electrode.[75,76] Nanocomposites can be synthesized by a 

variety of different methods, such as ball milling,[77,78] spraying methods,[79,80] high-

temperature pyrolysis,[81,82] chemical vapor deposition,[83,84] or hydrothermal[85,86] techniques 

to name the most common ones. Nanostructured silicon materials can be combined with 

different types and morphologies of carbon, e.g., amorphous carbon[87], graphitic carbon, 

carbon nanotubes,[88,89] graphene,[90,91 ] or carbon shells.[92] The carbon's structural property 

and morphology is utilized to buffer the volume expansion of the combined silicon material. 

The carbon matrix leaves free volume for the silicon to grow into and hinders direct contact 

with the electrolyte. Continuous SEI formation, particle disconnection, and disintegration of 

the electrode can be prevented effectively by such material designs. Yi Cui and co-workers did 

groundbreaking work in this area; in 2014, they published a pomegranate-inspired material 

design with silicon nanoparticles encapsulated by a conductive carbon with void space (see 

Figure 6).[93] For low mass loadings (~0.2 mg cm-2), the material exhibits a reversible capacity 

of 1200 mAh gSiC
-1 at C/2 and could retain 97% capacity after 1000 cycles. SEM analysis of the 

particles after 100 cycles did not show significant particle expansion or disintegration, as 

observed for pure silicon nanoparticles.[45] However, for industry-relevant, more significant 

mass loadings (3.1 mg cm-2, corresponding to 3.0 mAh cm-2) the cycling stability decreased to 
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only 100 stable cycles. Later, in 2016, Cui and coworkers showed, with a similar design 

principle, that graphene cages with void space could significantly improve the cycling 

performance of micrometer-sized silicon by retaining the electrical contact and avoiding 

uncontrolled SEI growth.[91] 

 

 

Figure 6 Schematic view of a pomegranate-inspired design. Reprinted  from” A pomegranate-inspired 

nanoscale design for large-volume-change lithium battery anodes” by Cui et al., with permission from  

Springer Nature.[93] 

 

As mentioned in the nanomaterials section above, scalability and production costs are 

fundamental aspects of the relevance of such materials for industry. The same year, the 

groups of Cui and Cho published a work that presented a scalable synthesis of a silicon 

nanolayer-embedded graphite.[83] In contrast to previous material designs, the carbon matrix 

is not built around silicon but silicon is instead infiltrated by chemical vapor deposition in an 
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existing carbon host structure. Using silane gas (SiH4) as the silicon source enables a uniform 

distribution of a silicon nanolayer on a porous graphite matrix. Most importantly, this 

approach is suitable for upscaling; 5 kg of material could be produced in one batch with a 

scalable furnace. Today, one can find materials already in the commercialization based on this 

approach. Companies like Sila Nanotechnologies or Group14 cooperate with companies in the 

automotive sector and car manufacturers such as Mercedes or Porsche to bring their material 

concepts into the market.[94,95] Substitution of graphite with such materials allows for high 

energy density cells while not compromising on the rate capability, required for fast-charging. 

Even though the cycling stability of these silicon-based active materials still lags behind that 

of graphite. However, next to the material's technical performance and production costs, the 

availability of these type of materials on the market and constant quality are crucial factors 

for commercialization as well. 

 

1.3.3 Microscale silicon 

 

Microscale silicon particles are scalable and cost-effective; photovoltaic grade silicon often 

serves as raw material and is thus highly reproducible and reliable.[64] Micro-sized particles are 

usually made via mechanical milling of polycrystalline silicon, preferably by a jet milling 

process in air. This is economical compared to a wet ball-milling process used for silicon 

nanoparticles. In general, production costs increase with decreasing particle size of the 

product due to elongated milling times. Compared to the aforementioned material designs, 

microscale silicon particles are more susceptible to the mechanical stress of the volume 

expansion and thus more prone to particle cracking and pulverization.[39,96] 
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Unlike the focus on the active material design that is critical for nanomaterials, solutions on 

the electrode level and operational strategies must be used for microscale particles. On the 

electrode level, advanced binder systems such as self-healing[97,98] or highly elastic 

polymers[99,100] can reduce the disintegration of the silicon particles upon volume expansion. 

Another strategy is to use only a part of the total silicon capacity and thus reduce the volume 

expansion upon (de)lithiation.[40,64,100,101,102,103] This concept has been known for a long time 

and was first published by Obrovac and Krause in 2007, at a time when advanced 

nanostructured designs were unavailable.[104] In this study, the crystalline silicon is lithiated in 

the first cycle to only 1200 mAh gSi
-1 corresponding to a lithiation degree of 33% based on a 

total specific capacity of 3579 mAh gSi
-1. Therefore, only a part of the crystalline particle is 

amorphized while the other part of the silicon remains crystalline. Cycling the silicon anode to 

different lower lithiation cutoff potentials showed a capacity increase for potentials <170 mV 

vs. Li+/Li, while the capacity stayed constant for a cutoff potential of 170 mV and above. This 

is explained by the fact that for potentials <170 mV vs. Li+/Li, the crystalline silicon phase is 

lithiated, thus contributing to the capacity. To directly measure and quantify the crystalline 

and amorphous Si phase present at different cutoff potentials over cycling is part of the work 

presented here.[39]  
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1.3.4 Commercial microscale silicon used in this thesis 

 

The microscale silicon material used in this work exhibits a specific  BET surface area of 

1.6 m2 g-1 and a particle size distribution characterized by d10 = 2.2 µm, d50 = 4.5 µm, and d90 = 

7.8 µm (CLM 00001, Wacker Chemie AG, Germany).  

 

Figure 7 SEM image of the microsilicon material (CLM 00001, Wacker Chemie AG) used in this work. 

The image was taken using an Ultra 55 from Carl Zeiss Microscopy, Germany, with a thermal field 

emission cathode in the SE-mode (secondary electrons) at a high vacuum (∼10−6 mbar) and an electron 

beam energy of 3 kV. 

 

Jantke et al. investigated different capacity usages for the CLM 00001 silicon material in full-

cells with regard to their initial coulombic efficiency and stability over cycling.[64] They found 

that using 30-40% of the silicon's capacity (i.e., 1200-1500 mAh g-1
Si based on 3579 mAh g-1

Si) 

resulted in reasonable specific electrode capacities and good cycling stability. The present 

study used a three-electrode half-cell setup to evaluate the silicon-based anode's voltage 

curve against a lithium reference electrode. Figure 8a displays the voltage curves of the anode 

for various capacity usages. Each voltage curve corresponds to an individual cell that was 
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cycled at a low current density of 0.14 mA cm-2 (equivalent to C/50 based on 3579 mAh g-1
Si) 

for one hour, followed by an open circuit voltage (OCV) hold of 2 hours, repeating this 

sequence until the target specific capacity is reached for a given cell. The OCV potential curve 

for each cell was drawn using the relaxed potential at the end of the OCV holds (see Figure 8b). 

All cells follow the same OCV potential line during lithiation, starting from 170 mV vs. Li+/Li 

and going to progressively lower potentials. Below 170 mV vs. Li+/Li, a lithium-rich Li3.5Si phase 

is formed, capable of breaking the strong Si-Si bonds in the crystalline silicon lattice and thus 

enabling lithiation.[32,35,36,105] 

 

Figure 8 Voltage curve of the first cycle of a microsilicon anode (CLM 00001) in a Swagelok® T-cell with 

a Li-metal counter electrode and a Li-RE. Cycling was conducted with constant current cycling at C/50 

(based on a capacity of 3579 mAh g-1
Si) for 1 h, followed by an OCV hold for 2 h. This sequence is 

repeated until the desired lithiation capacity cutoff ranging from 600-3300 mAh g-1
Si is reached. Each 

voltage curve is represented by an individual cell. b) OCV potential curves of the first cycle taken from 

the OCV potential after 2 h from panel a). 

 

Contrary to the first cycle shown in Figure 8a, the OCV potentials of the second-cycle lithiation 

curves for the various cells do not follow the same pattern when plotted against the specific 

capacity, as is shown in Figure 9a. This is due to the varying amounts of amorphous phases 

created in each cell's first cycle. As a result, the same quantity of lithium being alloyed in the 
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second cycle leads to a different phase composition and, therefore, a distinct potential for 

each cell when plotted against the specific capacity (see Figure 9a). In this case, the second 

cycle was lithiated with the same capacity limit as in the first. For the cell cycled to 3300 mAh 

g-1
Si, a significant overpotential was observed during the delithiation step, indicating the 

formation of the Li15Si4 phase. This can be explained by the substantial degradation of the 

silicon material in the first cycle due to extended capacity usage. Therefore, the remaining 

intact silicon phase was lithiated even more in the second cycle. Normalizing each cell's 

maximum capacity to 100% allows it to plot the voltage curve over the state-of-charge (SOC) 

(refer to Figure 9b). The voltage curves for the different cells with varying capacity usage now 

exhibit the same shape, except for the cell cycled to 3300 mAh g-1
Si, which forms the Li15Si4 

phase. Congruent voltage curves can be observed because the partial amorphous and 

crystalline particle acts as an active/inactive alloy, as described in Chapter 1.2. The amorphous 

phase is lithiated up to Li3.5Si before further crystalline silicon is lithiated, whereby the 

remaining crystalline part acts as an inactive phase up to this point.  

 

Figure 9 Second-cycle OCV curves of the cells shown in Figure 9: a) plotted vs. the specific capacity; b) 

plotted vs. the state of charge (SOC), defined as the percentage of the end-of-lithiation specific 

capacity. 
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Figure 10a displays the reversible capacity loss over the first, second, and third cycle of 

microsilicon anodes to different lithiation capacities. The observed increased irreversible 

capacity loss with extended capacity usage can be attributed to the significant volume 

expansion resulting from increased lithium alloying. Notably, the irreversible capacity loss 

increases exponentially for the two highest lithiation capacities. Particle breakage is likely to 

occur at high capacity usage, exposing large quantities of fresh surface area to the electrolyte, 

resulting in large losses of cyclable lithium. This is supported by the observation that, for such 

high lithiation capacities, a third cycle cannot even be reached due to the failure of the entire 

electrode. Figure 10b shows the capacity loss summed up over the first three cycles and 

normalized by the first-cycle lithiation capacity. This shows that the highest efficiency, i.e., the 

least relative capacity loss, is observed at a capacity usage of 1500 mAh g-1
Si. Exceptionally 

large relative capacity losses are observed for the most extended capacity usages of 3000 and 

3300 mAh g-1
Si, however, also relatively small capacity usages also exhibit poor efficiency, as 

the absolute capacity loss is significant due to the unfavorable ratio of surface area and 

capacity usage. 
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Figure 10 Analysis of the irreversible capacity losses of microsilicon (CLM0001)  anodes (2.1 mgSi cm−2, 

with a theoretical capacity of 7.5 mAh cm−2 based on a capacity of 3579 mAh g-1
Si) in a Swagelok® T-

cell with a Li-metal counter electrode and a Li-RE, cycled to different lithiation capacities in the first 

cycle (x-axis values). Cycling was conducted with constant current cycling at C/50 until the capacity 

limit was reaches. Delithiation was performed with C/50 until a cutoff of 1.5 V vs Li+/Li. Experiments 

were conducted at 25 °C with 1M LiPF6 in FEC/DEC (2:8 v-v) and with two glassfiber separators. a) 

Absolute irreversible capacity loss for the first three cycles b) Cumulative capacity loss over the first 

three cycles, normalized to the initial lithiation capacity. 
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1.4 Electrolyte additives 

With the above-described silicon active material designs, the volume expansion of silicon and 

its effects on particle integrity is pursued to be as low as possible. Next to the electrical 

disconnection by the fracturing of the particles or disconnection of the whole silicon particle 

itself from the electrode matrix by the expansion and contraction, the ultimate consequence 

will always be exposure of the fresh silicon surfaces to the electrolyte. Like most anode 

materials, a silicon anode operates below the reduction potential of commonly used 

carbonate-based electrolytes, and a solid electrolyte interface (SEI) readily forms on the 

freshly exposed surface.[106,107,108,109] Formation of the SEI is essential to the operation of a 

lithium-ion battery, as it serves as a protective layer for further electrolyte reduction 

throughout cycling. However, building up an SEI layer consumes lithium, which is no longer 

available as cyclable lithium, leading to a capacity fading in the cell. Moreover, the SEI 

contributes an additional resistance to the anode as the lithium ions have to move through 

the SEI layer. Excessive SEI formation, which can be detached from the active material particle 

by repeated expansion and extraction, can further clog the electrode's pores, thereby 

increasing the resistance of Li+ ion transport to the active material.[54,110] Demands on an 

effective SEI layer are, therefore: i) high ionic conductivity while beeing electronically 

insulating, ii) flexibility and mechanical stability, iii) maintaining a good connection to the 

active material, iv) homogeneous and uniform coverage of the active material particles to 

prevent further electrolyte decomposition and v) low solubility in the electrolyte.[111]  

Typical constituents of the SEI for an LiPF6-based electrolyte in carbonate-based solvents (EC, 

DEC, DMC) are lithium carbonate (Li2CO3), lithium fluoride (LiF), lithium oxide (Li2O), Li-alkyl 

carbonates (ROCO2Li) such as lithium ethylene dicarbonate (LEDC) and Li-alkoxides (ROLi). The 

composition and structure of the SEI depend on the electrolyte (salt, solvent, additives), the 
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active material, and the electrochemical formation procedure. Formation of the SEI is usually 

governed by a stepwise process, as for typical anode materials, e.g., graphite and silicon, the 

OCV of the discharged (pristine) state is within the stable voltage window of the electrolyte 

components. Upon the first charge of the cell, the anode potential continuously decreases, 

and the specific reduction potentials of the individual electrolyte constituents control the 

composition and structure of the SEI. Since the first conceptual description of the SEI by 

Peled[112] in 1979, the SEI has been intensively studied over the past decades.[109,113] Various 

studies have shown that the initial composition of the SEI will not stay constant over cycling, 

ultimately, a relatively dense inorganic inner layer near the electrode/SEi interface and a 

heterogeneous porous organic outer layer at the SEI/electrolyte interface is formed.[109,114,115] 

The addition of selected components to the electrolyte system can effectively design the 

composition of the SEI and, thus, the SEI properties.[116] 
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1.5 Perspective of silicon as anode active material 

 

The electrochemical lithiation of silicon has been studied for more than 50 years now, and 

since the early 2000s, it has been intensively investigated as an active material for lithium-ion 

batteries.[24,25,117] Many silicon active material concepts have been employed (described in 

Chapter 1.3), predominantly in the academic literature. So far, broad application in the 

industry has been hampered by the intrinsic challenges coming along with silicon. In recent 

years, various companies have commercialized their silicon active material design and are 

penetrating the market of anode active materials for lithium-ion batteries. Material designs 

and concepts can be separated into two categories: a) drop-in solutions, for which the silicon 

active material can be used for electrode manufacturing with existing infrastructure (mixing 

and coating equipment) and b) advanced material designs, requiring specific solutions and 

methods for electrode manufacturing, e.g., chemical vapor deposition (CVD). As drop-in 

solutions are, silicon-carbon composites are being commercialized, which comprise a porous 

carbon scaffold filled to a certain extent with silicon to compensate for the volume expansion 

(see Figure 11). For this, the pores of the carbon scaffold are filled and infiltrated with silicon 

by a CVD process using silane gas. This material concept is used by companies such as Sila 

Nanotechnologies,[118] Group14,[119] or Nexeon.[120] These companies are already in the ramp-

up phase of mass production and have several customers in the automotive sector.[94,95] 
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Figure 11 Schematic illustration of a porous carbon scaffold with void space partially filled with silicon. 

Copyright Group14.[119] 

    

Advanced material designs comprising 100% pure silicon are commercialized by Amprius[121] 

or Leyden Jar.[122] In the case of Amprius, silicon nanowires are directly attached to the current 

collector, while in the case of Leyden Jar, nanoporous silicon thin films are used to overcome 

the volumetric expansion of silicon. These concepts require a CVD process for electrode 

manufacturing, so that the conventional electrode preparation routes comprising slurry 

mixing, coating, and calendaring cannot be used.  

The industry's demand for silicon based anode active materials is high. Silicon-dominant 

electrodes can be found in every technology roadmap for next-generation battery cells of 

major car manufacturers such as Mercedes Benz, BMW, or Porsche.[123,124,125,126,127] Silicon-

dominant anodes are seen as enablers for lithium-ion battery cells with higher energy 

densities until the longer-term envisaged commercialization of solid-state batteries.  
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1.6 Structure of this Thesis 

 

This section serves as a guideline for the reader to explain this thesis's structure and main 

topics.  

Chapter 1 briefly introduces the current requirements for lithium-ion batteries concerning 

performance and costs for the automotive sector. Moreover, today's state-of-the-art 

technology is described, future challenges are addressed, and promising solutions to achieve 

tomorrow's targets are discussed. Hereby, silicon as an active anode material is analyzed in 

detail, and different material designs are reviewed. In addition, the crucial function of 

electrolyte additives, especially for silicon as an active material, is discussed.  

Chapter 2 presents a comprehensive overview of the methods and techniques used 

throughout this thesis. This includes a description of to the working principle of the on-line 

electrochemical mass spectrometry (OEMS), as well as of X-ray powder diffraction (XRD) with 

the here developed custom-made cell holder that allows for the in-situ XRD analysis. 

Furthermore, the theoretical basics of electrochemical impedance spectroscopy (EIS) are 

explained, and the transmission line model (TLM) application to porous electrodes is 

exemplified. Simplifications of the TLM for either kinetically controlled or transport-controlled 

systems are highlighted. 

Chapter 3 summarizes the conducted scientific work. In the first part, the amorphization of 

microscale silicon particles with a partial lithiation strategy is quantitively investigated by in-

situ XRD (Chapter 3.1). The second study presents a mechanistic investigation of lithium 

nitrate as an electrolyte additive in carbonate-based electrolyte systems for silicon anodes 

(Chapter 3.2). Reduction and oxidation reactions are studied using carbon model electrodes, 

whereas the effect on the cycling performance is tested in full-cells. The third section focuses 
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on the rate performance of silicon electrodes compared to graphite electrodes (Chapter 3.3). 

Temperature-dependent contributions of kinetic and transport-related resistances are 

investigated by impedance measurements. 

Chapter 4 summarizes the results and the learnings from this PhD thesis. 
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2.0 Experimental Methods 

2.1 On-line electrochemical mass spectrometry (OEMS) 

Understanding the electrochemical reduction and oxidation reactions that occur during the 

operation of lithium-ion batteries is crucial to elucidate degradation phenomena and develop 

strategies to mitigate them. Many of these reactions result in the evolution of gaseous species 

that are difficult to detect in small-scale setups, such as coin cells or Swagelok® T-Cells. For 

larger cell formats, such as pouch cells, quantification and qualification require significant 

effort and time-consuming measurements. In order to gain insights into the electrochemical 

side reactions that occur during cell formation and cycling, it is essential to determine the 

amount and species of gas produced as well as the onset potentials and gas evolution rates. 

In some instances, evolved gases can even be consumed again, for example, upon a change in 

potential. Commonly used post-mortem methods would not be able to detect such processes. 

On-line electrochemical mass spectrometry (OEMS) enables qualitative and quantitative 

operando gas analysis and can be applied to small-scale electrodes, such as coin cell formats. 

The method was first presented by Tsiouvaras et al. [128] and further developed by Metzger et 

al.,[129,130] introducing a 2-compartment OEMS cell with hermetically sealed working and 

counter electrode compartments, which enables exclusive analysis of the gases evolved at the 

working electrode.  

The here used OEMS cell is a closed system with a volume of approximately 11 mL. During 

measurement, the gas composition is continuously probed through a capillary with a leak rate 

of roughly 2x10-5 atm·cm3 s-1 (corresponding to ~ 1 µL min-1 at 1 bar OEMS cell pressure, 

Vacuum Technology Inc., USA).  Continuous probing reduces the OEMS cell pressure, limiting 

measurement time to approximately 40 h. The OEMS device comprises a mass spectrometer 

(QMA 410, Pfeiffer Vacuum Germany) with a closed cross-beam ionization chamber, a 
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quadrupole mass analyzer, and a secondary electron multiplier (SEM) detector. The detector 

operates at approximately 10-7 mbar and can detect currents for each mass-over-charge ratio 

(m/z) from 1 to 126 at low parts per million (ppm) levels. A calibration procedure is conducted 

after each measurement to determine the concentration of gas species. For this a cell is 

purged with an argon calibration gas mixture containing all relevant gas species at a defined 

concentration of 2000 ppm, which allows for the conversion of measured currents for 

different gas species into relative concentrations in ppm or µmol, taking into account the cell 

volume, pressure, and temperature. 

 

 

Figure 12 Schematic drawing of the OEMS setup. The electrochemical cell is attached to the crimped 

capillary and is electronically insulated by the ceramic insulation from the mass spectrometer. Evolved 

gases are sampled through the capillary and ionized by the cross-beam ionization source. Next, m/z 

separation is reached by the quadrupole analyzer and finally detected by the secondary electron 

multiplier (SEM). Reprinted from Strehle.[131] 
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2.2 X-ray diffraction analysis (XRD) 

X-ray diffraction (XRD) is a widely used analytical method for characterizing crystalline 

materials and investigating various properties, including phase composition, crystal size, and 

crystal strain. It is particularly suited to analyzing battery materials, as it is a nondestructive 

technique used in operando battery experiments or ex situ analysis of pristine or cycled active 

materials. 

X-rays scatter from the lattice planes of a crystal, and the symmetry of the crystal structure, 

also known as the space group, is determined by the quantity and position of these reflections. 

The diffractogram shows the reflections as a function of the scattering angle θ, which can be 

analyzed based on their position, profile, and intensity. Only the scattered waves that 

constructively interfere contribute to the diffractogram, as their waves are in phase. In this 

case, the difference in path lengths is equal to an integer multiple (n) of the wavelength (λ), 

as described by Bragg's law, which correlates this relationship with the interplanar spacing of 

parallel lattice planes (d) and the angle between the incident beam and the respective lattice 

planes (θ): 

𝑛𝜆 = 2𝑑 sin 𝜃      2.5 

Figure 13 shows an exemplary XRD o a microscale silicon powder, marking he Miller indices of 

the various crystal planes. 



  Experimental Methods 

36 
 

 

Figure 13 X-ray diffraction pattern of silicon measured of a microscale silicon powder sample on a 

laboratory diffractometer (STOE STADI P) in transmission mode using Mo-Kα1 radiation (λ = 0.7093 Å). 

Reflections are labeled with Miller indices (hkl) from the Fd3m space group of silicon. 

 

In this study (see Chapter 3.1), XRD was used to trace the amorphization of crystalline 

microscale silicon used as an anode-active material. Measurements were performed in situ on 

Si//Li pouch cells (see Figure 14a), and data were collected before and in between 

electrochemical testing. For this, pouch cells were mounted on a home-made holder attached 

to the diffractometer, providing the X-ray beam access by a 15 mm diameter hole (see Figure 

14b and c). The data were evaluated using the Rietveld refinement software Topas (TOPAS-

Academic V6, Coelho Software). The refinement was conducted for the silicon and copper 

phase using the Thompson-Cox-Hastings pseudo-Voigt function (TCHZ) to describe the peak 

profiles. The amount of crystalline silicon phase in the microscale silicon based anodes over 

the course of (extended) lithiation/delithiation cycles was quantified by referencing the silicon 

reflex intensity of the pristine cell. Refinement parameters are described in Graf et al.[39] To 

account for slight variations in incident beam intensity between measurements, the intensity 

of the silicon reflex was also referenced to that of the copper reflex, which served as an 

internal standard, since the copper current collector remains constant during testing. 



Experimental Methods 

37 
 

 

Figure 14 a) Si/Li pouch-cell setup for in situ XRD measurements. The cell consisted of a Li-metal (450 

µm thick, 30x30 mm2, 99.9% Rockwood Lithium, USA) counter electrode, four glassfiber separators 

(Whatman GD type A/E, 45x55 mm2, USA), and of a Si-KS6L composite working electrode (11mm 

diameter) coated on a copper foil (11 µm). An additional copper foil with a 10 mm diameter hole was 

placed on top of the working electrode in order to connect it with the Ni-tab of the pouch cell setup.   

Thus, the X-ray beam intensity is not further reduced by the copper. A piece of Li-metal attached to a 

Ni-tab was used as a reference electrode and was placed between the glass fiber separators. b) 

Configuration of the assembled cell. c) Pouch-cell holder used to mount the cell onto the 

diffractometer for transmission XRD. 

The results of the XRD-based investigations on the amorphization process, as shown in Graf 

et al.[39], enable precise quantification of the weight fractions of amorphous and crystalline 

silicon phases (see Chapter 3.1). In-situ measurements allow for quantification during cycling, 

thus tracking the progress of amorphization. However, this method only captures the average 

ratio of the amorphous/crystalline phase within the electrode. Next to a quantitative 
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investigation, a particle-resolved qualitative characterization is of interest. The XRD-based 

study assumes the formation of spherical core/shell particles upon cycling i.e., silicon particles 

with an amorphous shell and a crystalline core.  SEM images of cycled particles indicate that 

this core-shell structure, as shown in the simplified scheme from Graf et al.[39] is most likely 

not favored. Since the silicon particles used in this study exhibit a polycrystalline particle 

morphology, a lithiation and, thus, amorphization along grain boundaries and defects are 

presumed. Figure 15 shows the cross-sectional view of silicon particles harvested from an 

electrode cycled in full cells for 50 cycles. While the particle integrity itself remains intact, 

showing no larger cracks or formation of a porous structure, as has been observed for the 

particles cycled to 140 mV, the bulk of the particle shows a structured morphology. The 

observed pattern resembles ice floes and might originate from amorphous and crystalline 

parts. In order to verify this hypothesis, a follow up study based on high-resolution TEM 

measurements is conducted.[132] 

 

  

Figure 15 SEM image at 3.0 kV of a cross-sectional view of a silicon electrode cycled in a full-cell to 50 

cycles 
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2.3 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is a widely used and non-destructive technique 

to study a broad range of processes such as charge transfer kinetics, lithium-ion transport 

resistances in the electrolyte phase, and lithium ion solid state diffusion. The method involves 

applying a sinusoidal potential U(t) or current perturbation I(t) to the cell while recording the 

current response (in the case of potentiostatic-electrochemical impedance spectroscopy - 

PEIS) or the potential response (in the case of galvanostatic-electrochemical impedance 

spectroscopy - GEIS) as a function of frequency, typically ranging from several MHz to the mHz 

region. The individual time constants of the processes described above allow for their 

separation and individual analysis through a scan over a range of frequencies. The 

perturbation and response of potential and current over a specific frequency range can be 

expressed as a time-dependent sine function with the phase angles φU and φI and the 

amplitudes U0 and I0, respectively. The frequency term is described as a radial frequency 

defined as ω = 2π f. 

𝑈 (𝑡) = 𝑈0 sin(𝑤𝑡 + Φ𝑈)     2.6 

𝐼 (𝑡) = 𝐼0 sin(𝑤𝑡 + Φ𝐼)     2.7 

Here, U0 and I0 are the amplitudes of the potential and of the current, respectively. The phase 

shift between perturbation and response is then given with: 

𝜙 =  𝜙𝑈 − 𝜙𝐼        2.8 

The complex, frequency-dependent impedance Z is defined with Ohm´s law as follows: 

𝑍 =  
𝑈 (0)

𝐼 (0)
 𝑒𝑗𝜙 =

𝑈 (0)

𝐼 (0)
 (cosФ + 𝑗 sinФ) = 𝑅𝑒(𝑍) + 𝑗 𝐼𝑚(𝑍)  2.9 
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Here, j is the imaginary unit, Re(Z) is the real part of the impedance, and Im(Z) is the imaginary 

part. A plot of the negative imaginary part on the y-axis and the real part on the x-axis is a so-

called Nyquist plot and is the most common representation of impedance data for battery 

applications. 

To interpret and understand the impedance data for real electrochemical systems, the 

components of the battery are usually described as equivalent circuit models. The 

electrochemical interface of electrodes and the electrolyte can be displayed as an R/C 

element, a parallel connection of a resistor and a capacitor. In this context, the resistor 

represents the charge transfer resistance (RCT), which is responsible for the transfer of Li+ ions 

from the liquid electrolyte to the solid active material, upon the uptake of an electron or vice 

versa. On the other hand, the capacitor represents the electrochemical double layer formed 

at the interface. The impedance of an ohmic resistor is independent of frequency and is 

defined as ZR = R, contributing only to the real part. The impedance of a capacitor depends on 

the frequency and contributes to the imaginary part of the impedance with ZC = 1/jωC. When 

these two circuit elements are connected in parallel as an R/C element, it results in a semi-

circle in the Nyquist plot, with R as the diameter and the apex angular frequency given by: 

𝜔𝑚𝑎𝑥 = 
1

𝑅𝐶
      3.0 

Since the real electrochemical systems do not behave like a perfect physical capacitor, the 

double-layer interface is usually described with a constant phase element (CPE), which 

includes the phase angle α, a factor that tilts the straight line of an ideal capacitor. The 

impedance of a CPE is described with ZCPE = 1/[(jω)αQ]. The impedance of an R/Q element 

(ZR/Q) can be derived by Kirchoffs law as: 

𝑍𝑅/𝑄 = 
𝑅

1+(𝑗𝜔)𝛼𝑅𝑄
     3.1 
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Figure 16 Equivalent circuit for the transmission line model representing a porous electrode. Adapted 

from Landesfeind et al.[133] 

 

The simple R/Q element can be extended to the transmission line model (TLM) shown in Figure 

16, describing the equivalent circuit of a porous electrode, including the ion transport in 

electrolyte-filled pores (Rion) and the charge transfer resistance (RCT) of the active material as 

well as its capacitance (QCT) , and the electron transport across the electrode (Eel). For typical 

battery electrodes, the electronic resistance across the electrode is significantly smaller than 

the ionic resistance across the electrode (i.e. Rel << Rion), in which case the transmission line 

model is given by equation 3.2:[133] 

𝑍𝑇𝐿𝑀 = √𝑅𝑖𝑜𝑛𝑍𝑅/𝑄  𝑐𝑜𝑡ℎ (√
𝑅𝑖𝑜𝑛

𝑍𝑅/𝑄
)    3.2 

The charge transfer resistance (RCT) of the active material can be derived from the difference 

of the low frequency resistance (LFR) and the high frequency resistance (HFR), which is 

obtained from the individual electrode impedance (see purple line in the Nyquist impedance 
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plots of Figure 17). Therefore, Rion needs to be determined separately under so called “blocking 

conditions” i.e. no faradaic reactions are possible. This is achieved by either using an 

electrolyte that does not contain any reactive species or recording the impedance at a 

potential where no faradic reactions occur e.g. before formation (the detailed procedure is 

described by Morasch et al.).[134] 

  

If the ionic resistance is significantly smaller than the charge transfer resistance RCT  (RCT >> 

Rion), the impedance of the TLM can be simplified and is referenced to as the kinetically 

controlled regime. In this case, the electrode is entirely probed by the impedance 

measurement over the entire electrode thickness (see Figure 17a). This condition usually 

occurs for thin electrodes at low temperatures, where the charge transfer resistance RCT  is 

dominant compared to the ion transport resistance Rion. 

𝐿𝐹𝑅 − 𝐻𝐹𝑅 =  𝑅𝐶𝑇 + 
𝑅𝑖𝑜𝑛

3
      3.3 

For the other case, when the ionic resistance is significantly larger than the impedance of the 

R/Q element (Rion >> ZR||Q), the impedance of the TLM can be reduced to equation 3.4. and is 

referred to as the transport-controlled regime (see Figure 17c). In this case, the impedance 

signal does not penetrate the entire electrode thickness. It usually applies to thick electrodes, 

i.e. electrodes with high active material loadings and at high temperatures. 

𝐿𝐹𝑅 − 𝐻𝐹𝑅 =  √𝑅𝑖𝑜𝑛𝑅𝐶𝑇      3.4 

For the mixed regime, where the impedance response of the electrode is neither kinetically 

limited nor transport limited, the full expression of the equation must be used (see Figure 17c). 

𝐿𝐹𝑅 − 𝐻𝐹𝑅 =  √𝑅𝑖𝑜𝑛𝑅𝐶𝑇  𝑐𝑜𝑡ℎ (√
𝑅𝑖𝑜𝑛

𝑅𝐶𝑇
)    3.5 
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Figure 17 Nyquist impedance plot of a graphite electrode recorded with a gold wire reference 

electrode (GWRE), measured at 50% SOC at 5 °C, 25 °C and 45°C. Different impedance regimes can be 

observed at the different temperatures: kinetically controlled (a), mixed (b), and transport controlled 

(c). For each regime, the value of the difference between the low- and high-frequency resistance (LFR-

HFR) of the TLM is given in the Nyquist plot, and the scheme visualizes the corresponding probing 

depth in the electrode. The figure is reprinted with permission from “Rate Performance and Kinetics 

of Silicon and Graphite Anodes for Lithium-Ion-Batteries” by Clara Berg.[135] 

 

 

 

 

 

 



  Results 

44 
 

3.0 Results 

 

The following chapters presents the published results of this thesis. The chapters are 

thematically separated into three parts: 

 

Chapter 3.1 describes the amorphization process of crystalline silicon using microscale silicon 

particles as anode active material.  The study investigates the progress and degradation of the 

amorphization process using a partial lithiation strategy. The influence of electrochemical 

testing parameters, such as the lithiation cutoff potential, was examined using in-situ X-ray 

spectroscopy to monitor the amorphization process, this newly developed approach allowed 

to quantify the amount of crystalline and amorphous silicon present during cycling. Based on 

this study, new insights were gained with regard to the lithiation mechanism and the 

associated structural changes of µ-sized crystalline silicon particles that are cycled under 

partial lithiation conditions. The here developed hypothesis led to the initiation of more 

detailed studies based on high resolution TEM.[132] 

Chapter 3.2 focuses on the effect of lithium nitrate (LiNO3) as an electrolyte additive for 

silicon-based anodes. In this study, the reaction mechanism of the additive is investigated in 

detail using cyclic voltammetry experiments, X-ray photoelectron spectroscopy (XPS), and on-

line electrochemical mass spectrometry (OEMS). LiNO3, which so far has predominantly been  

used in ether- and ester-based electrolytes for lithium-sulfur (Li-S) or lithium-air batteries, also 

has remarkably performance-enhancing effect for silicon-based anodes in carbonate-based 

electrolytes. The results of this study give insights into the reaction principle and identify 

nitrite (NO2
-) as one of the active intermediate species formed upon the initial reduction of 
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NO3
-. Lithium nitrite (LiNO2) was then directly used as an additive in the electrolyte and was 

tested in full-cells. The cells revealed a similar performance as the ones cycled with the lithium 

nitrate-containing electrolyte, validating the findings of the mechanistic investigations. 

Chapter 3.3 comprehensively compares graphite and silicon-based anodes with a focus on the 

temperature-dependent kinetic charge-transfer resistance (RCT) and their ion transport 

resistance across the electrode thickness through the electrolyte phase (Rion) via impedance 

measurement. As the charge transfer resistance bears significantly higher activation energy, 

it is the dominating resistance at low temperatures. The graphite electrodes showed the 

lowest overall resistance at low temperatures as their charge transfer resistance is slightly 

smaller than that of silicon-based anodes. However, at elevated temperatures, the ionic 

resistance controls the overall resistance. The significantly thinner silicon anodes lead to a 

substantially lower Rion of the silicon electrodes than graphite electrodes. The analysis shows 

how the contributions of RCT  and Rion change from predominantly kinetically-limited at lower 

temperatures to transport-limited at higher temperatures. In addition, rate performance tests 

revealed lower overpotentials for the thinner silicon anodes, enabling higher C-rates, 

particularly during charging. 
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3.1 Amorphization mechanism of crystalline microscale silicon 

The article “Effect and Progress of the Amorphization Process for Microscale Silicon Particles 

under Partial Lithiation as Active Material in Lithium Ion Batteries” was submitted to the peer-

reviewed Journal of the Electrochemical Society in October 2021 and published online in 

February 2022.[39] The article was distributed under the terms of the Creative Commons 

Attribution 4.0 License, and its permanent weblink can be found at: 

https://iopscience.iop.org/article/10.1149/1945-7111/ac4b80. An oral presentation of this 

study was also presented by M. Graf at the PRIME 2020 Meeting of the Journal of 

Electrochemical Society in a virtual format. The link for the Abstract (MA2020-02 357) can be 

found at: https://iopscience.iop.org/article/10.1149/MA2020-022357mtgabs. 

When used as active material in lithium-ion batteries, silicon undergoes significant volumetric 

changes upon (de-)lithiation. Several different material design strategies, briefly discussed in 

the introduction chapter, aim to mitigate or diminish the degradation phenomena 

concomitant with the expansion and contraction of silicon. This thesis focuses on the partial 

lithiation strategy for microscale silicon particles. Here, a part of the initially crystalline silicon 

particle remains over the course of extended charge/discharge cycling while the other part of 

the particle gets amorphized alongside the lithiation process. The preservation of the 

crystalline silicon phase is dependent on the applied lithiation end potential of the anode. The 

capacity of silicon anodes cycled to a lithiation cutoff potential of ≥170 mV vs. Li+/Li remains 

constant after formation. However, the capacity of electrodes cycled to a cutoff potential <170 

mV vs. Li+/Li continuously increases for each cycle. This increase suggests a consumption of 

the inactive crystalline phase, in favor of the growth of the amorphous phase that becomes 

available for lithium (de-)alloying. An in-situ XRD-based method was employed in this study to 

quantify the consumption of the amorphous phase. For this, Si/Li pouch-cells with a lithium 
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reference electrode were cycled to different lithiation cutoff potentials and measured at 

selected points in the procedure. To quantify the intensity changes of the silicon diffraction 

peak over cycling, the silicon diffraction peak intensities were referenced to that of copper 

derived from the copper current collector. This allows to correct for the absolute intensity 

variations between the measurements due to unintended but unavoidable variations in cell 

positioning and beam alignment. In accordance with the observations on the progress of the 

capacity, a decrease for the crystalline phase can be observed for cells cycled to a cutoff  

<170 mV vs. Li+/Li, whereas cells with a cutoff ≥170 mV vs. Li+/Li show a nearly constant 

amount of crystalline phase over cycling. While for a cell with the cutoff of 140 mV vs. Li+/Li, 

the particle is amorphized to 75 % after 30 cycles, a cell with 170 mV vs. Li+/Li as the cutoff 

potential, could retain the 35% amorphous phase, which was set during formation in the 

beginning. Interestingly, the capacity increase for the cell cycled to 140 mV reaches a peak 

after 15 cycles, with a decrease in capacity afterward. However, the amorphous phase 

quantified by XRD continuously increases. The extended capacity increase leads to the 

disintegration of the particles, causing electric disconnection and thus capacity loss. This could 

be further validated by cross-sectional SEM images from pristine electrodes and electrodes 

cycled to different cutoff potentials. The study shows the relevance of the lithiation cutoff 

potential to the amorphization level of crystalline silicon particles. With the XRD-based 

method developed in this study, we can quantify and analyze the amorphous phase. Via the 

quantification of the remaining crystalline phase, the findings help to better understand the 

degradation mechanisms with such material designs better and give guidance to improve the 

cycling protocols for cells with such materials. 
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3.2 Lithium nitrate as electrolyte additive for silicon anodes 

 

The article “Understanding the Effect of Lithium Nitrate As Additive in Carbonate-Based 

Electrolytes for Silicon Anodes” was submitted to the peer-reviewed Journal of the 

Electrochemical Society in July 2024 and published online September 2024.[136] The article was 

distributed under the terms of the Creative Commons Attribution 4.0 License, and its 

permanent weblink can be found under https://iopscience.iop.org/article/10.1149/1945-

7111/ad71f7. An oral presentation of this study was also presented by M.Graf at the 240th 

Meeting of the Journal of Electrochemical Society in a virtual format. The link for the Abstract 

(MA2021-02 379) can be found at: https://iopscience.iop.org/article/10.1149/MA2021-

023379mtgabs. 

 

The role of the electrolyte is crucial in operating cells with silicon-based anodes.  Compared 

to graphite anodes, the volumetric expansion upon (de-)lithiation of silicon continuously 

exposes fresh surface during cycling. Therefore, a robust and flexible SEI is needed to prevent 

continuous electrolyte consumption and excessive SEI formation. FEC is one of the most 

commonly used electrolyte additives for silicon-based anode active materials. It has been 

shown to significantly improve cycling performance.[137] However, the use of FEC leads to 

considerable gassing due to the evolution of CO2 upon reduction and FEC also has a limited 

thermal stability.[138,139] Recently, LiNO3 was found to be an effective electrolyte additive for 

lithium metal electrodes and was shown to increase the cycling stability of silicon-based 

anodes significantly.[101,140,141,142] This study aims to investigate and comprehend the reaction 

mechanism of LiNO3 in carbonate-based electrolyte systems and its impact when used with 

silicon anodes. To achieve this, the reductive and oxidative reactions of LiNO3 were evaluated 
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within the relevant voltage range, and the reaction species were analyzed using XPS and 

OEMS. We employed carbon model electrodes to investigate these redox reactions 

independent of intercalation or alloying reactions.  Our findings indicate that LiNO2, the 

primary reduction product, is the active species and is soluble in the electrolyte solution. 

Therefore, LiNO2 can be used directly as an additive in the electrolyte. The solubility of LiNO2 

in the electrolyte is equal to that of LiNO3. Upon LiNO2 reduction at ~1.39 V vs. Li+/Li, it forms 

a passivation layer of Li2O and Li3N. Cyclic voltammetry experiments demonstrate that this 

layer of reduction products can effectively passivate the surface of the anode active material, 

as no further features for the reduction of EC can be observed. OEMS gas analysis validates 

this finding, showing significantly reduced gassing connected to EC reduction. Furthermore, 

the reduction of LiNO3 and LiNO2 species results in minimal gassing, as evidenced by the 

negligible evolution of N2O gas.  

In addition to the reduction reactions occurring on the anode side, we investigated the 

relevant oxidation reactions on the cathode side. Our observations reveal a complex cascade 

of nitrogen redox reactions, beginning with the oxidation of LiNO2 species at 3.5 V vs. Li+/Li, 

which leads to the formation of NO2 gas. LiNO3 can partially be regenerated by these reactions, 

which could explain the long cycle life of cells with the additive even though the concentration 

in the electrolyte is relatively low. In addition, the effect of the LiNO3 and LiNO2 additive on 

the cycling stability of full-cells is evaluated and compared to an electrolyte without the 

additive and one containing FEC. The cycle life of cells containing the LiNO3 additive could be 

significantly increased compared to the ones without the additive.  Cells with the LiNO2 

additive performed similarly to those with the LiNO3 additive. 
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3.3 Impedance and rate capabilities of silicon anodes 

 

The article “Comparison of Silicon and Graphite Anodes: Temperature-Dependence of 

Impedance Characteristics and Rate Performance” was submitted to the peer-reviewed 

Journal of the Electrochemical Society in November 2022 and published online in March 

2023.[144] The article was distributed under the terms of the Creative Commons Attribution 

4.0 License, and its permanent weblink can be found at: 

https://iopscience.iop.org/article/10.1149/1945-7111/acc09d  

 

The almost tenfold higher specific capacity for silicon as active material (3576 mAh gSi
-1) 

compared to graphite (374 mAh gLiC6
-1) results in significantly thinner electrodes while 

maintaining the same areal capacity. As the thickness of electrodes, specifically on the 

anode side, often limits the rate-capability of lithium-ion battery cells, employing silicon 

as an active material can bring valuable benefits regarding rate-capability. In this study, 

we compared graphite-based and microsilicon-based anodes with application relevant 

areal capacities (2.8 mAh cm-2) with regards to their temperature-dependent kinetic 

charge-transfer resistances (RCT) and their ion transport resistances in the electrolyte 

phase (Rion). We used impedance spectroscopy to separate the kinetic resistance from the 

temperature-dependent ion resistance by measuring them at different temperatures 

between -5 and +45 °C. The contributions of RCT and Rion at various temperature regimes 

are quantified, showing that the latter dominates at higher temperatures due to the higher 

activation energies of RCT.  
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Rate performance tests show superior rate-capabilities for the thinner silicon anodes, 

predominantly at higher temperatures. The silicon anodes revealed an overall two-fold 

higher lithiation rate-capability until reaching 0 V vs. Li+/Li compared to graphite 

electrodes. 

C.B., R.M., M.G., and H.A.G. developed the concept of the study. C.B. conducted the 

electrochemical experiments. C.B. and R.M. wrote the manuscript and M.G. and H.A.G. 

edited the manuscript. All authors discussed the results and commented on the 

manuscript. 
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4.0 Conclusions 

 

The main objective of this work was to gain a fundamental understanding of a new type of 

silicon active material employed by the group in a research project funded by WACKER Chemie 

AG. The here investigated microscale silicon material aims to address the intrinsic challenges 

associated with the volume expansion of silicon upon lithiation.[11,14,31,54,104,143]  Microscale 

silicon particles are characterized by a low specific surface area, which has the advantage of 

lower first-cycle irreversible capacity losses compared to nanoscale silicon materials.[64] In 

addition, microscale silicon also offers advantages from a production and cost perspective. 

However, to achieve a reasonable electrochemical performance, microscale silicon-based 

anodes must be operated under partial lithiation conditions, i.e., using only a part of the 

silicon’s capacity. The resulting preservation of a crystalline phase in the silicon particles 

enables the maintenance of the integrity of the material over cycling and, therefore, 

diminishes the degradation phenomena such as particle fracturing and electrical isolation (see 

upper part of Figure 18). 

To track and understand the amorphization of the crystalline silicon particles, we employed 

an XRD-based in-situ method described in Chapter 3.1. The amorphization process was 

investigated using varying lower lithiation cutoff potentials for the silicon-based anodes. For 

lithiation cutoff potentials ≥ 170 mV vs. Li+/Li, a constant capacity is observed for the 

electrodes over cycling. However, decreasing the lower lithiation cutoff potential to < 170 mV 

vs. Li+/Li leads to a continuous capacity increase over cycling until a threshold is reached where 

the material collapses, after which point the capacity drops again. Using Si//Li pouch-cells 

allows conducting in-situ XRD measurements of the electrodes in between cycling. Accurate 

quantification of the crystalline phase is accomplished by taking the diffraction peak intensity 
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of the internal copper current collector as an internal reference that was used to normalize 

the diffraction peak intensity if the crystalline silicon phase for the silicon phase. In accordance 

with the capacity increase for the lower cutoff potential, a decrease for the crystalline silicon 

phase, i.e., an increase for amorphous silicon, is detected by XRD. At the same time, electrodes 

with a restricted lithiation cutoff potential of ≥ 170 mV vs. Li+/Li retained  the amount of 

crystalline phase that was set by the capacity-limited cycle. The quantitative study on the 

evolution of the crystalline and amorphous silicon phases of microscale silicon over cycling 

provided valuable information on how to operate microsilicon-based anodes using the partial 

lithiation principle. Moreover, the insights can help to improve the material designs to enable 

longer cycle life. 

 

Such approaches or specific material designs can diminish volumetric expansion upon 

lithiation; however, rupturing the SEI accompanied by irreversible Li-loss through consecutive 

electrolyte reduction remains challenging (see lower part of Figure 18). Developing effective 

and robust electrolyte systems alongside with new silicon materials is crucial for the 

commercialization of the latter. Additives in the electrolyte play a pivotal role in tuning an 

SEI's properties. Recently, LiNO3 was employed as an effective additive in carbonate-based 

electrolytes for silicon-active materials. The mechanism and working principle of LiNO3 in such 

electrolyte systems is investigated in Chapter 3.2. Voltammetric scans on carbon electrodes 

revealed two distinct reduction features at 1.56 V vs. Li+/Li and 1.39 V vs. Li+/Li. The first 

feature can be assigned to the reduction of LiNO3 to LiNO2; the latter turned out to be soluble 

in the electrolyte and is thus not incorporated as a solid reduction product in the SEI. 

Consecutively, the second peak is ascribed to the reduction of LiNO2 instead of LiNO3, which 

was validated by applying LiNO2 as an electrolyte additive. Analysis of gaseous and solid 
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reduction products by OEMS and XPS showed that LiNO2 is further reduced to Li3N and Li2O, 

with N2O as a gaseous intermediate species. This mechanistic investigation revealed LiNO2 as 

the actual active species when LiNO3 was applied as an additive. Full-cell cycling experiments 

with silicon anodes, NCM622 cathodes, and LiNO2 as additive in the electrolyte showed 

impressive cycling stability. Similar performance of the LiNO2 additive was achieved compared 

to cells cycled with the LiNO3 additive. Both electrolyte systems could even outperform FEC at 

elevated temperatures, which is the most used additive for silicon-based anodes. The 

significant impact of these additives on the cycling stability of the cells underlines the critical 

role of well-designed electrolyte systems on the performance of silicon-based anodes. The 

mechanistic insights gained in this study help develop and tailor electrolytes for demanding 

materials like silicon and thereby to accelerate their commercialization. 

 

Not only active material designs but also electrode designs have a significant impact on the 

final performance of a cell. Fast-charging capability can be achieved with low electrode 

loadings and high porosities, whereas high energy densities are accomplished with more 

densified electrodes with higher loadings. With its high specific capacity, silicon enables both 

high energy densities and high rate-capabilities with thin electrode designs. To evaluate and 

benchmark electrode properties and the porous electrode structure, electrochemical 

impedance spectroscopy allows to determine the limiting resistances independently from 

each other. In this study, we compared silicon-based electrodes with graphite electrodes with 

the same areal capacities with regard to their temperature-dependent charge transfer 

resistances (RCT) and ion transport resistance (Rion) in the electrolyte phase within the pores 

of the anode electrode.  The pore resistance for the thinner silicon-based and thicker graphite 

electrodes dominates at higher temperatures. The higher activation energy of the kinetic 
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charge transfer resistance reduces the influence at high temperatures but controls the lower 

temperatures even more. In other words, thin electrodes are even more advantageous at high 

temperatures, since the ion resistance strongly depends on the thickness of the coating. Fast-

charging processes, in principle, cause the cells to heat up, and the ion resistance and, thus, 

the thickness of the electrodes is the determining parameter for such an application. The 

benchmarking against graphite anodes conducted in this study shows that silicon-based 

electrodes have superior performance for fast-charging applications, making them particularly 

relevant, especially for the automotive applications. 

 

Figure 18 Degradation phenomena of silicon anodes arising from the volume expansion upon (de-) 

lithiation and graphical overview of the mitigation strategies presented in this work (right part of the 

figure). Left part of the figure;  reprinted from Choi et al. with permission from Nature Review 

Materials.[14] 
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