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Abstract 

Silicon is the most promising anode active material for future lithium-ion batteries 

and an integral part of most development roadmaps to improve the energy density. 

However, the realization of its high theoretical specific capacity on a cell level is 

largely impaired by dramatic volumetric changes of the silicon particles upon 

repeated (de-)lithiation and ongoing side reactions at the silicon/electrolyte 

interface. For that reason, it is the overarching goal of this PhD thesis to develop a 

more comprehensive and quantitative understanding of the underlying 

degradation phenomena of blended silicon-graphite anodes and to evaluate their 

impact on practical lithium-ion batteries. Hence, we introduce a new LiFePO4-based 

pseudo full-cell configuration to differentiate the degradation phenomena and 

investigate them post mortem by means of electron microscopy, impedance 

spectroscopy, and 19F-NMR spectroscopy. Further, we introduce neutron depth 

profiling (NDP) as a powerful technique to monitor lithium concentration gradients 

in silicon and graphite-based anodes, which we use to investigate depth- and 

quantity-resolved the solid-electrolyte-interphase (SEI) growth across the entire 

thickness of an electrode. Finally, we evaluate new strategies to realize silicon-

based anodes in lithium-ion batteries regarding their efficacy and applicability, 

including prelithiation of SiG//NMC811 full-cells, sacrificial salts in SiG//LNMO 

full-cells, and new electrolyte additives. 
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Kurzfassung 

Silicium ist das vielversprechendste Anoden-Aktivmaterial für zukünftige Lithium-

Ionen-Batterien und ein fester Bestandteil der meisten Entwicklungs-Roadmaps 

zur Verbesserung der Energiedichte. Die Realisierung der hohen theoretischen 

spezifischen Kapazität auf Zellebene wird jedoch durch dramatische volumetrische 

Änderungen der Siliciumpartikel bei wiederholter (De-)Lithiierung sowie 

fortlaufender Nebenreaktionen an der Silicium/Elektrolyt-Grenzfläche stark 

beeinträchtigt. Aus diesem Grund ist es das übergeordnete Ziel dieser Doktorarbeit 

ein umfassenderes und quantitatives Verständnis der zugrunde liegenden 

Abbauphänomene von gemischten Silicium-Graphit-Anoden zu entwickeln und 

ihre Auswirkungen auf praktische Lithium-Ionen-Batterien zu bewerten. Dazu 

führen wir eine neue LiFePO4-basierte Pseudo-Vollzellen-Konfiguration ein, um die 

Abbauphänomene zu differenzieren und sie mittels Elektronenmikroskopie, 

Impedanzspektroskopie und 19F-NMR-Spektroskopie post mortem zu untersuchen. 

Ferner stellen wir die Neutronentiefenprofilierung (NDP) als leistungsfähige 

Technik zur Bestimmung von Lithiumkonzentrationsgradienten in Silicium- und 

Graphitanoden vor, mit der wir das Wachstum der Festkörper-Elektrolyt-

Grenzphase (SEI) Tiefen- und Mengen-aufgelöst über die gesamte Dicke einer 

Elektrode untersuchen. Abschließend evaluieren wir neue Strategien zur 

Realisierung von Silicium-basierten Anoden in Lithium-Ionen-Batterien 

hinsichtlich ihrer Wirksamkeit und Anwendbarkeit, einschließlich der 

Prälithiierung von SiG//NMC811-Vollzellen, des Einsatzes von Opfersalzen in 

SiG//LNMO-Vollzellen und neuer Elektrolytadditive. 
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1 Introduction 

1.1 Dusk or Dawn of Lithium-Ion Batteries? 

In the 1980’s, many kinds of mobile gadgets, including video cameras, notebooks, 

and cellular phones, were gaining increasing popularity.1 Secondary nickel-

cadmium (Ni-Cd) batteries were the state-of-the-art technology at that time, 

however, their low practical energy density and serious environmental concerns 

inhibited them from meeting the increasing demand for mobile high-energy storage 

devices.2 To overcome this drawback, several companies, including Exxon, Moli 

Energy, and Toschiba, were researching on lithium metal batteries.3 Using metallic 

lithium as anode promised high energy densities because of  its low atomic weight 

and low electrochemical potential.4 However, these batteries were suffering from 

poor cycling performance and severe safety issues caused by the growth of lithium 

dendrites during the deposition of metallic lithium on the anode, which led 

occasionally to short circuits and even explosions.5,6 Following a product recall of 

cellular phones using lithium/MoS2 batteries from Moli Energy, which was 

triggered by a vent of combustible gases and flame formation causing injury to a 

consumer, companies and researchers were desperately looking for safer and more 

reliable alternatives.7  

The lithium-ion battery was originally developed in Japan by Asahi Kasei 

Corporation and first commercialized by Sony Corporation in 1991.8 To mitigate 

the problems associated with lithium metal anodes, the new cell chemistry was 

entirely based on a host-guest concept, also known as rocking-chair chemistry,9 

featuring two insertion electrodes in between which lithium ions are moved 

reversibly.10 Lithium-ion batteries circumvent the need for metallic lithium by 

comprising a carbonaceous anode, e.g., graphite,11 and a lithium-containing 

transition metal oxide cathode, e.g., LiCoO2, which acts as the source for cyclable 

lithium ions.12 The market launch of this new cell chemistry was preceded by more 
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than 15 years of intensive research. In 1976, Stanley Whittingham proposed the 

first secondary battery consisting of a titanium disulfide (TiS2) intercalation 

cathode and a lithium metal anode.13–15 Just a few years later, Koichi Mizushima, 

John B. Goodenough, and Michael Thackeray extended the concept to lithium-

containing transition metal oxide cathodes, including LiCoO2 and LiMn2O4.16,17 The 

way for the technological breakthrough was finally paved by the seminal work of 

Jeff R. Dahn and co-workers,18,19 who were working at Moli Energy at that time. 

They described the intercalation of lithium ions into graphite and petroleum coke-

based anodes as well as the irreversible reaction between the LixC compounds with 

a nonaqueous aprotic electrolyte. The concomitant passivation of the 

carbon/electrolyte interface, also known as solid-electrolyte-interphase  (SEI),20,21 

allowed an excellent reversibility upon continued charge-discharge cycling, and 

thus offered a safer and more reliable alternative to the lithium metal anode. 

After its introduction in the early 1990’s, the lithium-ion technology was adopted 

immediately because of its high practical cell-level specific energy of ~80 Wh kg-1 

which outperformed incumbent systems, including nickel-cadmium 

(20-40 Wh kg-1) and nickel-metal-hydride (50-70 Wh kg-1).2 In addition, it 

convinced with a good cycling performance and the absence of memory effects.3 

Driven by the rapid development of the consumer electronics market, including 

laptops and smartphones, lithium-ion batteries went through a remarkable 

improvement process, yielding cell-level specific energies of up to 150 Wh kg-1, high 

energy efficiency, and improved safety characteristics.22 However, the next 

challenge is yet to come. As highlighted in recent publications by Thackeray et al.2 

and Gallagher et al.,23 today’s lithium-ion batteries are suitable for small-scale 

portable electronic devices but they are still too heavy, large, and expensive for 

larger applications. For example, the next generation of fully electrified battery 

electric vehicles (BEV’s) requires target cell-level specific energies of 250-

300 Wh kg-1 (viz., energy per mass), which correspond to a twofold increase of 

today’s specific energy of the battery cells in the BMW i3.24 For the energy density 

(viz., energy per volume) this discrepancy is even larger, requiring up to 800 Wh L-1 

in 2025 on a cell-level which is ~3.5 times higher than the state-of-the-art value.24  

Looking at the battery costs reveals a similarly challenging situation. From 2010 to 

2016, battery pack prices fell by roughly 80% from about 1000 US$ kWh-1 to a 

current prize of ~225 US$ kWh-1.25 With a further expansion of manufacturing 
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capacity by global battery producers, including Panasonic, LG Chem, and BYD,26 the 

prices are expected to decrease even further to below 190 US$ kWh-1 by 2020.25 

However, considering that a 300 km drive requires a battery pack with a name-

plate energy of at least 56 kWh, it is clear that even at these reduced prices the 

battery pack cost would still amount to ~10,600 US$.27 As corollary, despite the 

remarkable drop in battery prices, in the mid-term fully electrified vehicles will 

remain more expensive compared to variants with an internal combustion engine. 

For example, the nonsubsidized prices for a Chevy Bolt and Tesla Model 3 are still 

well above 35,000 US$ and 40,000 US$, respectively, while the average price for a 

new vehicle purchase in Europe amounts to just ~29,500 US$.25 Finally, using 

lithium-ion batteries for automotive applications also raises the importance of a 

high rate capability. This property is crucial for the fast-charging of the batteries, 

e.g., in less than 15 min, to avoid high overpotentials and plating of metallic lithium 

which decreases the cycle life and increases the risk of short-circuits.28 Although 

state-of-the-art batteries, e.g., in the BMW i3, reveal an excellent rate capability up 

to 5.0 h-1 (viz. charge or discharge in 12 min), an increasing acceptance in the mass 

market is only possible if future lithium-ion batteries with higher specific energies 

also reveal a similar rate capability.24,29  

Since 1880, the average global temperature has increased by 0.08°C per decade.30 

During the previous 30 years, the rate has even more than doubled, risking a severe 

long-term impact on marine and terrestrial life.31 CO2 emissions account for ~80% 

of the contribution to global warming of current greenhouse emissions.32 To slow 

down this development and comply with the CO2 emission targets of the 

environmental agencies, e.g., 95 gCO2 km-1 for passenger cars by 2020 from the 

EEA,33 it is mandatory for lithium-ion batteries to overcome the challenges posed 

by their implementation as energy source for fully electrified BEV’s. Therefore, it is 

time for the lithium-ion battery to initiate the next dawn of high-energy storage 

devices and unleash its full potential with respect to specific energy, rate capability, 

and cost. The present PhD thesis is aimed to contribute to this development by 

critically evaluating silicon as the most promising anode material for future high-

energy lithium-ion batteries. 
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1.2 Electrochemistry and Materials of Lithium-Ion 

Batteries  

Figure 1.1 shows a schematic illustration of a lithium-ion battery. It consists of two 

insertion electrodes whose open-circuit cell voltage (OCV) is defined by the 

difference between the electrochemical potentials (V vs. Li+/Li) of the respective 

redox active electrodes. During charge-discharge cycling, lithium ions are shuttled 

between the two electrodes through an electrolyte-soaked separator, while the 

electrons are conducted separately through an external circuit. To ensure sufficient 

ionic and electrical conductivity, the electrodes consist of porous mixtures of active 

material particles, conductive additives, and a polymeric binder, which are coated 

onto metal foil current collectors.  

 

Figure 1.1 Schematic illustration of a lithium-ion battery consisting of a carbonaceous anode and a layered 
transition metal oxide cathode. During charge-discharge cycling, lithium ions are moved between the two 
electrodes through a carbonate-based electrolyte solution, while the electrons are moved separately through 
an external circuit. Image interpreted from Dunn et al.34 

Active materials for lithium-ion batteries are commonly described by their specific 

capacity (mAh g-1) and their mean potential during charge or discharge 

(Vmean vs. Li+/Li). The former describes the number of lithium ions that can be 

inserted into/extracted from the materials. In accordance with Faraday’s law  

(𝑄𝑠 = 𝑚ெ ∙ 𝑧 ∙  the specific capacity 𝑄𝑠 of an active material is defined by the molar ,(ܨ

mass of its constituents ܯ, the number of electrons transferred 𝑧, and the Faradaic 
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constant ܨ. The product of an active material’s mean potential ܧ+ (or ܧ−) and its 

specific capacity 𝑄+𝑠  (or 𝑄−𝑠 ) describes its specific energy 𝑊+𝑠 (or 𝑊−𝑠) in Wh kg-1. To 

calculate the specific energy for a negative/positive electrode pair, their mass 

balance needs to be considered as well, which is described by Equation [1]. As the 

specific capacities of the active materials from the negative and the positive 

electrode are usually not the same, electrode coatings are commonly prepared with 

different active material mass loadings (mgAM cm-2). Therefore, the areal capacity 

(mAh cm-2) is often the more meaningful measure to describe the balancing of a 

lithium-ion battery.  

𝑊±𝑠 = 𝑄±𝑠 × ±ܧ∆ = 𝑄+𝑠  ×  𝑄−𝑠𝑄+𝑠  + 𝑄−𝑠 × ሺܧ+ −  ሻ [1]−ܧ

It is important to note that the above described specific energy only refers to the 

theoretical values of the active materials. On an electrode-level, the addition of 

inactive compounds, including conductive additives, the polymeric binder, as well 

as the current collector foil, results in a 15-20% lower specific energy.35 During the 

assembly of lithium-ion cells, additional inactive but indispensable components 

need to be considered. This includes the electrolyte solution, the separator, and the 

packaging. As a result, the specific energy drops even further to about 50-60%, 

depending on the cell-design. By taking into account the battery management 

system, safety features, and the temperature control, the residual specific energy 

for the entire battery system finally shrinks to just 20-40% of its original value 

based on the active materials only.23,24,36 As the specific energy loss from the mass 

contribution of the inactive components could be greatly reduced during the last 

decades, the optimization of the active materials now offers the largest lever to 

improve the specific energy of future lithium-ion batteries. 

There exist two options to increase the specific energy of an active material: 

(i) Extend the cell cutoff voltages to higher/lower values to increase the utilization 

of the theoretical capacity of the selected cathode/anode active materials. (ii) 

Modify the cathode/anode active material composition to obtain a higher/lower 

mean potential (Vmean vs. Li+/Li) and/or a higher specific capacity (mAh g-1). Staying 

with the cell cutoff voltage for a moment, Figure 1.2 shows typical galvanostatic 

potential profiles of a blended silicon-graphite (SiG) negative electrode (blue dots) 

and an NMC811 positive electrode (brown dashes) as a function of the areal 

capacity during the first charge-discharge cycle at 0.1 h-1 (~0.2 mA cm-2). Initially, 



1 Introduction 

______________________________________________________________________________________________ 

 

6 
 

the open-circuit potential of both electrodes is about 3.0 V vs. Li+/Li. Once an 

oxidative current is applied, upon which lithium ions migrate through the 

electrolyte and get reduced at the SiG electrode (e.g., 𝑆𝑖 + 𝑥 ܮ𝑖+ + 𝑥 ݁− →  𝑖௫𝑆𝑖), theܮ

anode potential immediately drops to values below 0.3 V vs. Li+/Li. At the same 

time, the cathode is oxidized and its potential rises to above 3.6 V vs. Li+/Li  (e.g., ܮ𝑖ܰ𝑖଴.8݊ܯ଴.ଵ𝐶݋଴.ଵܱଶ → ଴.ଵܱଶ݋଴.ଵ𝐶݊ܯ𝑖ଵ−௫ܰ𝑖଴.8ܮ + 𝑥 ܮ𝑖+ + 𝑥 ݁−). The more lithium 

ions are extracted from the cathode and inserted into the anode, the higher becomes 

the difference between the two electrode potentials and thus the cell voltage 

(marine line). In other words, the cell voltage of a lithium-ion battery increases with 

an increasing state-of-charge until a certain cutoff voltage is reached (here: 

4.4 Vcell).  

 

Figure 1.2 Typical galvanostatic potential profiles of a silicon-graphite negative electrode (blue dots) and an 
NMC811 positive electrode (brown dashes) during the first charge-discharge cycle at 0.1 h-1 (~0.2 mA cm-2). 
The cell voltage (marine line) describes the difference between the two electrode potentials. While lithium-ion 
batteries are commonly controlled by the cell voltage, a reference electrode, e.g., lithium metal, can be used to 
separate the individual electrode potentials and reference them against the Li+/Li potential. The shaded areas 
describe the potentials below the reductive stability limit (blue area) and above the oxidative stability limit 
(brown area) of commonly used carbonate-based electrolyte solutions. Image taken from Wetjen et al.229 

During the subsequent discharge, the direction of the current and the flow of 

lithium ions are inverted, resulting in an oxidation of the anode, i.e., lithium 

extraction from silicon and graphite, respectively, and a reduction of the cathode, 

i.e., lithium re-insertion into the transition metal oxide. Nonetheless, increasing the 
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specific energy by extending the cell cutoff voltages is a delicate endeavor. In 

accordance with the brown shaded area in Figure 1.2, the positive electrode 

remains mostly within the oxidative stability limit of the electrolyte solution and 

approaches the threshold only at high state-of-charge. Yet, although it seems to be 

attractive to increase the upper cutoff voltage because of only minor oxidative side 

reactions at the positive electrode at potentials below ~4.5 V vs. Li+/Li (depending 

on the cathode active material), most of the battery producers are hesitant to allow 

too high upper cutoff voltages. While the electrochemical electrolyte oxidation 

increases only slowly with an increasing cutoff voltage,37 the major concern are 

discrete parasitic reactions of the active materials at higher state-of-charge. The 

latter are caused by an increasing structural instability of the cathode active 

materials at low lithium contents, which deteriorates the cycling stability and risks 

the safety of the battery.38,39 As a result, commercial lithium-ion batteries are 

nowadays limited to a cathode potential of ~4.3 V vs. Li+/Li (except for the low 

voltage LiFePO4).7 

In accordance with the blue shaded area in Figure 1.2, the negative electrode is 

almost entirely operated at potentials below the reductive stability limit of the 

electrolyte solution. From a thermodynamic perspective, the electrolyte solution 

should therefore get continuously reduced at the lithiated negative electrode. The 

reason why lithium-ion batteries nevertheless operate for more than thousands of 

cycles (depending on the cell chemistry) is that during the first cycles a passivating 

layer forms at the interface of the electrode particles and the electrolyte solution. 

This so-called solid-electrolyte-interphase (SEI) was first introduced by Emanuel 

Peled in 1979 to describe the electrochemical behavior of alkali metals in 

nonaqueous electrolytes.20 The SEI usually has a thickness of a few nanometers40,41 

and consists of a mixture of organic and inorganic electrolyte decomposition 

products, e.g., lithium fluoride (LiF), lithium carbonate (Li2CO3), lithium ethylene 

dicarbonate (LEDC), and lithium alkoxides (Li-OR), whose exact composition 

depends strongly on the electrolyte and the applied conditions.42,43 For the 

operation of lithium-ion batteries, the two most important properties of the SEI 

include its selective permeability for lithium ions and at the same time its 

electrically insulating nature.44 Thus, further decomposition of electrolyte 

compounds as well as the exfoliation of graphitic active materials caused by co-

intercalation of solvated lithium ions is kinetically inhibited.45,46 Ideally, the SEI 

would only form during the first reductive scan and remain stable upon continued 
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cycling. However, volumetric changes of the active materials, thermal 

decomposition at elevated temperatures,47 as well as the deposition and catalytic 

behavior of transition metals from the cathode48,49 result in further decomposition 

of electrolyte compounds and a concomitant irreversible capacity loss. Lithium 

which is ǲconsumedǳ by these side reactions is no longer available for the re-

insertion into the cathode active material, thus leading to a so-called capacity fade, 

i.e., a gradual loss of capacity over cycling. For that reason, the coulombic efficiency 

(CE) is an extremely important measure to describe lithium-ion batteries. It is 

defined by the ratio of the discharge capacity and the charge capacity for a given 

cycle. For example, to achieve a capacity retention of 80% over 1000 cycles, a 

lithium-ion battery requires a CE of at least 99.98% (excl. the irreversible capacity 

of the 1st cycle). However, the CE is strongly influenced by several factors, including 

the type of active materials, the cutoff voltages, and the temperature. In addition, 

the electrolyte solution as well as the presence of additives also play a pivotal role 

that is interdependent with most of these factors.  

Electrolyte solutions for lithium-ion batteries consist of a conducting salt which is 

dissolved in a mixture of aprotic organic solvents.45 LiPF6 is the most commonly 

used salt, because of its favorable transport properties and reasonable safety 

characteristics.50 In contrast to other salts, it also passivates the aluminum current 

and thus prevents ongoing corrosion reactions at the cathode electrode. The aprotic 

organic solvents usually comprise a mixture of cyclic and linear alkyl carbonates. 

While the cyclic alkyl carbonates provide a high dielectric constant and thus a high 

lithium solubility, the linear alkyl carbonates are added to increase the ionic 

conductivity by reducing the viscosity.45 In the last decades, ethylene carbonate 

(EC) has been be the cyclic alkyl carbonate of choice because of its high dielectric 

constant and good passivation of the negative electrode.45,51 Yet, its limited 

oxidative stability recently raised concerns about its application at higher voltages, 

fueling research activities on EC-free electrolytes.52,53 In terms of the linear alkyl 

carbonates, dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl 

carbonate (EMC) are the most widely used solvents. They are mixed in various 

ratios with cyclic carbonates and the lithium salt to optimize the properties of the 

resulting electrolyte solution.54,55 To further improve the properties of these 

solutions with respect to the passivation of the negative electrode or stabilization 

of the positive electrode at high voltages, electrolyte additives (or enablers) are 
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often added in small quantities.56–58 Although there exists an abundance of different 

additives, most of them feature functional groups, e.g., a double bond or fluorine 

substituents. In the academic literature, vinylene carbonate (VC), fluoroethylene 

carbonate (FEC), and 1,3-propane sultone (PS) are among the most widely used 

additives.41,59 Historically, the focus of researchers was more on the SEI-forming 

properties, however, nowadays the interest in additives is shifted towards the 

positive electrode to enable high-voltage applications in EC-free electrolytes.60–62   

With respect to the optimization of the specific energy of lithium-ion batteries by 

substitution for active material compositions with more favorable properties, there 

exists an abundance of different families of suitable materials.63 However, by 

evaluating these materials in terms of their combined properties, including energy, 

reversibility, lithium and electron transport, as well as cost, abundance, and safety, 

the selection is condensed to about 10-15 candidates which currently attract most 

of the attention from researchers and companies.24 In the following, we summarize 

the most relevant state-of-the art and next-generation active materials for lithium-

ion batteries and their properties, which are also depicted in the Figure 1.3.  

 

Figure 1.3 State-of-the-art and next-generation anode (blue) and cathode (brown) active materials for lithium-
ion batteries plotted in accordance with their mean discharge potential (V vs. Li+/Li), i.e., the mean delithiation 
potential for anodes and the mean re-lithiation potential for cathodes, respectively, and their accessible specific 
capacity (mAh g-1). The maturity of these materials is indicated by the filling of the circles, including research 
(hollow), scale-up (patterned), and commercial (solid) stage. The shaded areas describe the potentials below 
the reductive stability limit (blue area) and above the oxidative stability limit (brown area) of commonly used 
carbonate-based electrolyte solutions.24,64 The here assumed upper cutoff potentials vs. Li+/Li for selected 
cathode active materials are 4.3 V (LMO, LCO, NMC111, NMC622, NMC811, and NCA), 4.7 V (HE-NMC), 
4.9 V (LNMO), and 5.1 V (LCP).  
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For the negative electrode, graphite is the active material of choice in today’s 
lithium-ion batteries because of its combined properties of a low and flat working 

potential of 0.1-0.2 V vs. Li+/Li, high reversibility, high electrical conductivity, low 

cost, and abundant availability.63 While its gravimetric capacity of 372 mAh g-1 

(practically ~350 mAh g-1) is notably higher than that of most cathode materials, its 

volumetric capacity of ~720 Ah L-1 is comparatively small, leaving room for 

improvement.65 During charging, lithium-ions are intercalated reversibly in 

between the graphene layers, causing an uniaxial expansion of ~10% along the 

edge planes.66 The concomitant staging behavior, as described in the LixC6 phase 

diagram by Dahn et al.,67 results in the characteristic step-like potential profile. 

While Stage II corresponds to a stoichiometry of LiC12 which correlates 

phenomenologically with two graphene layers separating one interstitial lithium 

layer, Stage I describes the maximum stoichiometry of LiC6 and is characterized by 

an alternating pattern of one graphene layer and one interstitial lithium layer.68  

Among the few alternative anode materials that are already commercially available, 

lithium titanium oxide (Li4Ti5O12) is the most prominent. It has a practical specific 

capacity of ~155 mAh g-1 and a high potential plateau at ~1.55 Vmean vs. Li+/Li 

which results in lithium-ion batteries with low specific energies.69 Yet, its highly 

reversible zero-strain lithium insertion characteristics (i.e., only 0.2% change in 

volume) and the considerably lower level of side reactions still make LTO very 

attractive for niche applications with required prolonged cycle life, including 

medical devices and stationary battery storage systems.70 In addition, its high mean 

potential offers further advantages. As surface passivation is not an issue, LTO can 

also be produced as nanoparticles which enable a high rate capability even though 

LTO has not a particularly high electrical conductivity or lithium diffusivity. In 

addition, LTO is also considered as an extremely safe material, because the potential 

of ~1.55 Vmean vs. Li+/Li prevents the growth of lithium dendrites even at high 

currents. Nonetheless, surface reactions at the LTO particles cannot be entirely 

avoided, resulting in a gassing of organic electrolytes when in contact with LTO.71 

Apart from the insertion materials, lithium-alloys are another relevant but still 

immature class of anode active materials (e.g., silicon and tin) which promise future 

lithium-ion batteries with high specific energies.72,73 As they follow a different 

(de-)lithiation chemistry, they are discussed in detail in the next section. 
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For the positive electrode, transition metal oxides ሺܮ𝑖ܯ௔ܱ௕ሻ are the most 

commonly used active materials in today’s lithium-ion batteries, because of their 

favorable balancing between capacity, voltage, and rate capability.10 During 

charging, lithium ions are extracted from the host structure resulting in an 

oxidation of the transition metal ions. Although lithium cobalt oxide (LCO, LiCoO2, 

~160 mAh g-1, ~3.8 Vmean vs. Li+/Li)17 and lithium manganese oxide (LMO, LiMn2O4, 

~120 mAh g-1, ~4.1 Vmean vs. Li+/Li)16,74 were among the first materials to be 

discovered by researchers, they are still widely used in consumer electronic 

devices, e.g., smartphones.7 Nonetheless, the increasing demand of automotive 

applications for higher energies at lower cost promotes the commercialization of 

alternative cathode active materials.  

The layered lithium nickel manganese cobalt oxides (LiNixMnyCozO2) are the most 

promising class, combining the beneficial properties of higher specific capacities 

and lower stoichiometric amounts of the expensive cobalt. While NMC111 

(LiNi0.33Co0.33Mn0.33O2, ~160 mAh g-1, ~3.8 Vmean vs. Li+/Li) is already well 

established and commonly used in blended cathodes with LMO, e.g., in the BMW i3 

and the Nissan Leaf,24 other stoichiometries with higher nickel contents are about 

to emerge soon.75 Although the theoretical specific capacity of ~275 mAh g-1 is 

similar for all compositions, the combination of different transition metals allows 

to balance their properties. Nickel is the main redox active species (Ni2+/Ni4+) which 

provides a high capacity but suffers from a poor thermal stability.76 Cobalt 

contributes less capacity (Co3+/Co4+) but increases the structural stability and 

improves the electronic conductivity, thus increasing the rate capability.10 

Manganese is electrochemically inactive but improves the cycle life and safety by 

stabilizing the structure.77 NMC622 (LiNi0.6Co0.2Mn0.2O2, ~180 mAh g-1, 

~3.8 Vmean vs. Li+/Li) is the first candidate of the nickel-rich materials that is 

expected to be commercialized soon. However, as both the advantages and 

disadvantages of these materials scale mostly with the nickel content, NMC’s with 
even higher nickel stoichiometries, e.g., the NMC811 (LiNi0.8Co0.1Mn0.1O2, 

~200 mAh g-1, ~3.75 Vmean vs. Li+/Li), still suffer from side reactions at oxidative 

potentials >4.3 V vs. Li+/Li and a lower thermal stability.39,78 The reason for this lies 

in an increasing structural instability of the layered oxides at low degrees of 

lithiation, which causes the release of lattice oxygen38,39 and subsequent formation 

of a disordered spinel-type layer at the NMC particle surface.79,80  The surface layer 

results in a rapid increase of the interfacial resistance and a reduced cycle life 
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(see Section 3.3.1). Strategies to overcome these side reactions include inter alia the 

partial aluminum substitution for transition metal ions, as it is applied in the lithium 

nickel cobalt aluminum oxide (LiNi1-y-zCoyAlzO2) with z < y < 0.20 (~200 mAh g-1,  

~3.75 Vmean vs. Li+/Li), which is used in the Tesla Model S.7,81 Apart from the 

nickel-rich materials there exist two other interesting types of transition metal 

oxides, namely the high-energy lithium-rich materials (HE-NMC) and the high-

voltage spinel (LNMO).  

The HE-NMC is a layered-layered composite material, in which parts of the 

transition metal ions are substituted by lithium ions. It follows the general formula 

xLi2MnO3•(1-x)LiMO2 (M = Ni, Co, Mn), whereby the layered LiMO2 has been 

thought to be stabilized by the incorporation of the structurally compatible 

Li2MnO3.82 By cycling between 2.0 and 4.4 V vs. Li+/Li, LiMO2 is the only redox 

active species, because the tetravalent manganese ions of the Li2MnO3 remain 

inactive. Nonetheless, the structural stabilization allows to achieve much higher 

degrees of delithiation compared to conventional layered oxides, e.g., Li1-xCoO2 with 

x ≤ ~0.5, leading to a reversible capacity as high as ~250 mAh g-1 (at 

~3.4 Vmean vs. Li+/Li).83 By increasing the voltage range to 4.7-4.8 V vs. Li+/Li during 

the first charge, Li2MnO3 is also activated which results in the removal of the excess 

lithium ions from the transition metal layer, yielding a capacity of >300 mAh g-1.38 

Yet, despite its promising properties, the commercialization of HE-NMC is still 

hindered by its poor cycling stability, particularly by the voltage decay during 

prolonged cycling ȋoften referred to as ǲvoltage fadingǳȌ, as well as its low packing 

density.24  

The high-voltage spinel (LNMO) originates from a partial substitution of manganese 

for nickel in the LiMn2O4 spinel.84 It operates at a comparatively high voltage of 

~4.7 Vmean vs. Li+/Li and provides in full-cells a specific capacity of ~130 mAh g-1.85 

Although its practical energy offers only minor improvements compared to state-

of-the-art cathode materials, LNMO continues to attract attention because of its 

inexpensive and environmentally benign constituents.24 Furthermore, the material 

convinces with good safety characteristics and an extremely high rate capability, 

which originates from the three-dimensional lithium-ion conduction pathways in 

the spinel structure. The stable framework mitigates the variation in the lattice 

parameters upon extraction and insertion of lithium which often compromises the 

long-term stability of layered oxides. In addition, the large availability of lithium 
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diffusion channels makes this material less sensitive to structural defects and 

vacancies. Nonetheless, the hurdles LNMO still has to overcome concern its poor 

cycling stability at elevated temperatures and the need for suitable high-voltage 

electrolytes.86  

Polyanionic compounds are another interesting class of cathode active materials 

which emerged from the work of Padhi and Goodenough.87,88 Compared to the 

transition metal oxides, they offer improved safety characteristics due to the strong 

covalent character of the polyanionic clusters, e.g., (PO4)3-, which results in a higher 

thermal stability.89 In addition, these materials also convince with lower costs and 

a better environmental compatibility due to abundant and non-toxic constituents, 

including iron, manganese, and phosphorus. Another interesting feature of these 

so-called ǲon demand cathodesǳ is the possibility to tailor their working potential 
by modifying the ionic character of the M-O bond through the electronegativity of 

the non-transition metal element (e.g., phosphorus, sulfur, and silicon).24,87 The 

olivine lithium iron phosphate LiFePO4 (LFP, ~160 mAh g-1, ~3.45 Vmean vs. Li+/Li)24 

is the most widely used polyanionic cathode active material. Due to its good cycle 

life and high-power capability, LFP is mostly used in power tools and stationary 

energy storage applications.7 For automotive applications, however, lithium 

manganese phosphate LiMnPO4 (LMP, ~150 mAh g-1, ~4.0 Vmean vs. Li+/Li)24 is the 

most promising candidate because of its higher energy density. Yet, this advantage 

comes at the expense of a lower thermal stability in its delithiated state90 and 

inferior cycling stability,91 requiring further research activities.   
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1.3 Silicon as Anode Active Material 

To achieve the goal of fully electrified BEV’s with a driving range of 500 km, 

cell-level specific energies of 300 Wh kg-1 and energy densities of 700 Wh L-1 are 

required.64 Although graphite is an excellent anode active material, its specific 

energy and energy density are not sufficient to meet these target values (see Table 

1.1), which motivates the search for suitable alternatives. Nonetheless, to find a 

promising candidate which is characterized by a similar combination of favorable 

properties, including minimal structural changes during (de-)lithiation, a low 

working voltage, high coulombic efficiency, and excellent densification properties 

in electrode coatings, presents a challenging task.92  

Table 1.1 Characteristics of selected anode active materials (graphite, silicon, and lithium)92 as well as 
calculated cell-level energies for a prismatic hard-case cell featuring a nickel-rich cathode (e.g., NMC or NCA 
with a nickel content of ~80%) and optimized 6 mAh cm-2 anode electrodes.64 a) The volumetric changes of 
metallic lithium depend strongly on the electrode design.  

  Anode active materials 

 Units Graphite Silicon Lithium 

Active material characteristics 92 

Maximum lithium uptake - LiC6 Li3.75Si Li 
Mean delithiation potential V vs. Li+/Li 0.1-0.2 0.4 0 
Theoretical specific capacity mAh g-1 372 3579 3860 
Theoretical volumetric capacity 
(in fully lithiated state) 

Ah L-1 719 2194 2062 

Volume expansion Percent +10% +280% - a) 
Calculated energies on a cell level (against a nickel-rich cathode) 64 

Specific energy Wh kg-1
cell 230 280 340 

Improvement (ref. to graphite) Percent - +22% +48% 
Energy density Wh L-1

cell 575 750 900 
Improvement (ref. to graphite) Percent - +30% +56% 

 

In accordance with Figure 1.4, three types of anode active materials can be 

differentiated.64 These include (i) intercalation/insertion materials, e.g., graphite 

and LTO, (ii) single-phase conversion materials, also described as alloy materials 

which include silicon, tin, and lithium,93,94 as well as (iii) multi-phase conversion 

materials, usually referred to as conversion materials, including iron oxide and tin 

oxide.63 While there exist excellent reviews on intercalation anodes95,96 and 

conversion materials,94 this PhD thesis is aimed to investigate silicon as the most 

promising representative of alloy-based active materials. In contrast to conversion 

materials, alloy-based electrodes are more attractive for the application in battery 

electric vehicles, because of their lower working voltage (0.2-1.0 instead of 

1.0-2.2 V vs. Li+/Li), higher gravimetric capacities (400-3500 instead of 
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650-1000 mAh g-1), as well as better electronic and ionic transport properties.63,64 

Nonetheless, both types also share some disadvantages compared to insertion 

materials, including significant structural changes during (de-)lithiation, a larger 

voltage hysteresis between the lithiation and the delithiation potential (which is 

even larger for conversion materials), a low coulombic efficiency, and poor cycling 

stability. Most of the alloy materials are from the IIIa, IVa, and Va group and form 

intermetallic or Zintl-phases with lithium.64,92 Although the maximum lithium 

uptake does not differ considerably, the molecular volume and the delithiation 

potential increase towards heavier elements.65 Therefore, lighter elements, such as 

silicon, show the highest gravimetric and volumetric energy densities. Yet, it 

remains difficult to realize these theoretical values in practical lithium-ion 

batteries. While on a material level, silicon has an almost 3-times larger volumetric 

capacity compared to graphite, the practical improvement in a prismatic hard-case 

cell with a nickel-rich NMC622 cathode amounts to just +30% (compare Table 

1.1).64 The reason for this lies in the nature and the design of the alloy electrodes, 

which suffer from a lower coulombic efficiency, from the generally required higher 

electrode porosity, as well as from a typically higher content of inactive components 

in the electrode (viz., binder and conductive additive). It is to note, that lithium 

metal anodes offer even larger specific energies because of their high theoretical 

specific capacity and their low electrochemical potential.97 However, their 

commercialization in rechargeable lithium batteries has been prevented over the 

past 40 years by a poor coulombic efficiency during lithium deposition/stripping 

and serious safety concerns, arising from the unpredictable and uncontrollable 

growth of lithium dendrites.97  

The most challenging drawback of alloy active materials remains their large volume 

expansion between the delithiated and the lithiated state.98 For silicon, the 

volumetric changes amount to +280% in its fully lithiated state (i.e., Li15Si4),99 which 

results in detrimental consequences on all levels. On a cell level, this includes a 

distortion of the Cu-foil current collector and the separator, while on an electrode 

level, the volume expansion can lead to mechanical deformation and loss of 

interparticle contact pressure (see Section 3.1.1).100–102 On a particle level, the 

repeated volumetric changes during (de-)lithiation are especially critical because 

of two reasons: First, they prevent the formation of a stable passivating layer, 

leading to a continuous rupture and renewal of the SEI. This coincides with an 

ongoing decomposition of electrolyte constituents and depletion of cyclable lithium 
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from the cathode (see Section 3.3.3).103,104 Second, they result in significant 

morphological changes of the silicon particles, which deteriorate electrical contact 

and cause an increased irreversible capacity loss (see Section 3.1.2).73,105,106 The 

origin of these morphological changes are dealloying reactions during the 

delithiation of silicon, which are strongly dependent on the particle size, 

temperature, and the applied current.107–111  

 

Figure 1.4 Schematic illustration of the three types of anode active materials, including intercalation, alloying, 
and conversion materials. Image taken from Andre et al.64 Reprinted with permission from the Royal Society of 
Chemistry (Copyright 2017). 

In their seminal work from 2007, Obrovac et al.65 demonstrated that the lithiation of binary alloys follows Vegard’s law. They calculated the volume of the lithiated 

alloy per mole of host atoms as a function of the number of inserted lithium atoms 

per mole of host atoms, which is shown in Figure 1.5a. Considering the similar 

slopes for the different elements, they concluded that the partial molar volume of 

lithium in these alloys is nearly the same in any lithium alloy (8.9 ± 0.5 mL mol-1 or 

14.8 Å3 per lithium), except for graphite which follows a different mechanism 

(4.2 mL mol-1, 7.0 Å3 per lithium). This relationship shows that at a given volume 

expansion, e.g., +100%, all alloy active materials have nearly the same impact on 

the resulting volumetric cell energy density (see Figure 1.5b). Minor deviations are 

mostly caused by the different mean delithiation potentials. As a corollary, any 

additional capacity exchanged by silicon compared to other alloy anode materials 

is only obtained at the expense of a further volume expansion. To manage the 

trade-off between the gain in capacity and the concomitant volumetric changes, 

researchers started to deploy capacity-limited cycling procedures.112,113 However, 
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this approach needs to be evaluated carefully (see Section 3.3.1), because the higher 

content of active materials and the larger first cycle irreversible capacity reduce the 

practical energy density. Alternatively, Obrovac et al.65 demonstrated that the use 

of active-inactive alloys offers another promising approach to increase the energy 

density at a given volume expansion. For these materials, the addition of 

electrochemically inactive iron or aluminum has a diluting effect, which results in a 

reduced volume expansion and improved cycling stability.114–116  

 

Figure 1.5 (a) Volume of the lithiated alloy per mole of host atoms plotted as a function of the number of 
inserted lithium atoms per mole of host atoms. (b) Energy density vs. volume expansion curves (referenced to 
a cathode mean voltage of 3.75 V) for various active metal elements calculated from their voltage curves. Images 
taken from Obrovac et al.65 Reproduced with permission from The Electrochemical Society (Copyright 2007).  

The first studies on the electrochemical lithiation of silicon were conducted in the late ͳͻ͹Ͳ’s by Sharma and Seefurth from General Motors.117,118 A few years later, 

Wen and Huggins119 observed at temperatures around 400°C the formation of four 

crystalline Li-Si phases, with Li22Si5 as the most lithium-rich phase, which was in 

good agreement with the Li-Si phase diagram. However, when in the ͳͻͻͲ’s Wilson 

and Dahn120 studied the insertion of lithium into nano-dispersed silicon using 

half-cells at room temperature, they obtained a significantly different voltage 

profile (see Figure 1.6). In contrast to the equilibrium voltage profile at high 

temperatures, the electrochemical lithiation of silicon at room temperature is 

feature-rich and dependent on several factors, including the particle size, 

morphology and the applied current.121 During the first lithiation of crystalline 

silicon (see Equation [2]), the voltage profile drops to ~0.17 V vs. Li+/Li and is 

furtheron characterized by a gently sloping plateau.122 The corresponding two-

phase reaction results in an amorphous LiySi alloy whose front grows into the 

particle.123 Once it reaches the core, the particle entirely consists of amorphous LixSi 
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in which some silicon atoms are paired as dimers, whereas others are surrounded 

by lithium atoms.124–126 At potentials near 0.05 V vs. Li+/Li, further lithiation results 

in a sudden formation of a new metastable Li-Si phase, viz., crystalline Li15Si4, which 

was confirmed by XRD and differential capacity analyses as the final state of 

lithiation at room temperature (equating to a capacity of 3579 mAh g-1Si).127,128 

During subsequent delithiation, the LizSi alloy returns to an amorphous state and 

remains amorphous upon continuous cycling (see Equation [3]) until the potential 

drops again below 0.07 V vs. Li+/Li (see Equation [4]).92 As the (de-)lithiation of 

amorphous silicon follows a solution-type reaction, it occurs homogenously 

throughout the particle and is characterized by a sloping voltage profile.128 

Therefore, the structure of silicon upon continued cycling is essentially 

independent of the initial structure and changes only with the lower cutoff 

potential.122 Several in situ studies supported this interpretation by means of 

XRD,127 NMR,125 and TEM.129–131 A more detailed analysis of the (de-)lithiation 

features of silicon as well as a comparison with graphite can be found in 

Section 3.1.1. 

 

Figure 1.6 Galvanostatic potential profiles of crystalline silicon powder (marine line) and graphite (brown line) 
at room temperature. Dotted line: Coulombic titration curve for the Li-Si system at 415°C. High temperature 
data from Wen and Huggins.119 Room temperature data from Wetjen et al.132 

The formation of the crystalline Li15Si4 phase has another important implication for 

silicon as anode active material. Using acoustic emission measurements, 

Rhodes et al.106 showed that the two-phase reactions during the first amorphization 

of crystalline silicon as well as during the delithiation from the crystalline Li15Si4 

phase in subsequent cycles are accompanied by a massive fracturing of the silicon 
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particles. They confirmed a long-standing theory according to which two-phase 

reactions cause internal stresses which have a detrimental effect on the cycle life of 

alloy materials.92,133 To limit the fracturing and to avoid particle pulverization, 

researchers began to use nanometer-sized silicon with dimensions below the 

critical particle size of 150-300 nm.72,129,130,134 Since then, numerous studies were 

conducted aiming to cope with the structural degradation of silicon active materials 

using nanoparticles,110,135,136 nanowires,137,138 or nanostructured silicon.139,140 

Alternatively, silicon nanoparticles were coated with a protective shell141,142 or 

encapsulated in a carbon matrix.143,144 Most of these approaches indeed resulted in 

a satisfying cycling stability in coin-cells with a lithium metal counter electrode and 

an excess of electrolyte.145 However, their applicability in practical lithium-ion 

batteries with a limited amount of both electrolyte and cyclable lithium is yet to 

prove. Further concerns with nanometer-sized silicon include a significantly higher 

irreversible loss because of the larger surface area, higher contact resistances due 

to a larger number of interparticle contacts, as well as a lower volumetric packing 

density and a challenging manufacturing with respect to scalability and cost.  

           Lithiation:     𝑥-𝑆𝑖  +௅𝑖  →  𝑎-ܮ𝑖௬𝑆𝑖  +௅𝑖  →  𝑎-ܮ𝑖௫𝑆𝑖  +௅𝑖  →  𝑥-ܮ𝑖ଵହ𝑆𝑖ସ  [2] 

           Delithiation:     𝑥-ܮ𝑖ଵହ𝑆𝑖ସ   −௅𝑖  →  𝑎-ܮ𝑖௭𝑆𝑖  −௅𝑖  →  𝑎-𝑆𝑖 [3] 

           Subsequent cycling:     𝑎-𝑆𝑖  +௅𝑖  →  𝑎-ܮ𝑖௭𝑆𝑖  +௅𝑖  →  𝑥-ܮ𝑖ଵହ𝑆𝑖ସ [4] 

The last four decades of research on silicon as anode active material have generated 

a wealth of information about its electrochemical behavior and its structural 

changes. Nonetheless, the major challenges hampering its commercialization are 

still to be solved. This includes (i) a stable passivation of the silicon/electrolyte 

interface to prevent an ongoing consumption of electrolyte constituents and 

cyclable lithium, (ii) a further understanding and mitigation of the morphological 

degradation of silicon-based electrodes upon prolonged cycling both with respect 

to volume expansion and dealloying reactions, and (iii) a realization of the high 

theoretical gravimetric and volumetric energy density in practical lithium-ion 

batteries, using high-energy cathode materials, e.g., nickel-rich NMC.  
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The present PhD thesis is aimed to examine each of these challenges to derive 

implications and elucidate interdependencies which allow to develop a more 

fundamental understanding of silicon-based anodes. The first paper presented in 

Section 3.1.1 deals with blended silicon-graphite (SiG) anodes which are 

investigated with respect to the different degradation phenomena of intercalation 

and alloy active materials, respectively. Further, we introduce a new pseudo full-

cell configuration to quantify the ongoing consumption of cyclable lithium and 

electrolyte compounds, and extrapolate our findings to practical lithium-ion 

batteries. Based on these results, our second paper (see Section 3.1.2) provides a 

detailed post mortem characterization of the morphological changes of the silicon 

active material and the electrode coatings upon prolonged cycling. To evaluate the 

consequences of these morphological changes, we apply for the first time neutron 

depth profiling (NDP) as a highly lithium-sensitive technique to derive depth- and 

quantity-resolved information on the uniformity of the aging phenomena across the 

thickness of SiG anode coatings. While the paper presented in Section 3.2.1 deals 

with the introduction of the method and the newly installed N4DP setup at the 

PGAA facility of Heinz Maier-Leibnitz Zentrum in Garching, the paper shown in 

Section 3.2.2 provides a detailed analysis and validation of the NDP results by 

complementary electrochemical and microscopy measurements. In Section 3.2.3, 

the application of NDP is expanded to other research questions concerning 

lithium-ion batteries, including the state-of-charge distribution in SiG anodes and 

the distribution of aqueous-based binders in graphite anodes. In the final part of 

this PhD thesis, we apply our newly developed analytical toolkit to evaluate the 

efficacy and applicability of different solution approaches to overcome the 

drawbacks associated with silicon in various full-cell configurations. This includes 

the prelithiation of SiG anodes for SiG//NMC811 full-cells (see Section 3.3.1), the 

use of lithium oxalate as sacrificial salt in SiG//LNMO full-cells (see Section 3.3.2), 

and the passivation of SiG anodes by use of differently fluorinated EC-derivatives as 

electrolyte additives (see Section 3.3.3).
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2 Experimental Methods 

2.1 Neutron Depth Profiling 

Neutron depth profiling (NDP) is a non-destructive high energy-resolution nuclear 

analytical technique to monitor surface-near concentration profiles of specific 

elements in almost any material matrix. The method was introduced in 1972 by 

Ziegler et al.146 to probe boron impurities in silicon wafers. Later, Biersack et al.147 

and Downing et al.148 expanded its application to other light elements including 

3He, 6Li, 7Be, and 22Na. Table 2.1 depicts a list of isotopes that are suitable for 

observation with thermal neutron induced (n, p) or (n, 𝛼) reactions. While the 

group of isotopes with cross sections in the range of 1-48 kbarns can be detected 

with a very high sensitivity, isotopes with a thermal neutron cross section between 

0.19 and 1.83 barns, i.e., 14N(n, p), 17O(n, 𝛼), 33S(n, 𝛼) and 35Cl(n, p), are only suitable 

for depth profiling at higher concentrations, depending on the neutron flux 

intensity. For all other known isotopes the corresponding nuclear (n, p) or (n, 𝛼) 

reactions are endothermic, and thus cannot occur in the absence of fast neutrons.147  

Table 2.1 Summary of the NDP reaction characteristics and example detection sensitivities for the 20 MW NIST 
reactor. The exponent a refers to radioactive species. The detection limit refers to 0.1 cps, a 0.013 Sr detector 
solid angle, and a neutron intensity of 6×109 s-1. Data from Downing et. al.149 

Element Reaction Abundance 

(%) or  

(atoms mCi-1)a 

Energy of 

emitted 

particles (keV) 

Cross section 

(barns) 

Detection 

limit 

(atoms cm-2) 

He 3He(n, p)3H 0.00014 572 191 5333 1.5×1012 
Li 6Li(n, 𝛼)3H 7.5 2055 2727 940 9.0×1012 
Bea 7Be(n, p)7Li (2.5×1014) 1438 207 48000 1.7×1011 
B 10B(n, 𝛼)7Li 19.9 1472 840 3837 2.1×1012 
N 14N(n, p)14C 99.6 584 42 1.83 4.5×1015 
O 17O(n, 𝛼)14C 0.038 1413 404 0.24 3.5×1016 
Naa 22Na(n, p)22Ne (4.4×1015) 2247 103 31000 2.3×1011 
S 33S(n, 𝛼)30Si 0.75 3081 411 0.19 6.0×1016 
Cl 35Cl(n, p)35S 75.8 598 17 0.49 1.7×1016 
K(a) 40K(n, p)40Ar 0.012 2231 56 4.4 1.9×1015 
Nia 59Ni(n, 𝛼)56Fe (1.3×1020) 4757 340 12.3 7.0×1014 
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The use of thermal neutrons (in the meV regime) is essential to produce mono-

energetic particles which are needed to correlate the observed energy loss with the 

depth origin of the nuclear reaction. NDP senses individual isotopes nearly 

independent of matrix effects and their chemical state.148 Further, it provides a good 

depth resolution down to ±20 nm and a high concentration resolution of about 

3 ppm, depending on the material matrix composition and the neutron flux 

intensity.146 For the investigation of lithium-based energy storage systems, NDP is 

particularly interesting because of its extremely high sensitivity towards 6Li (7.5% 

natural abundance).149 In addition, the comparatively high energies of the emitted 

particles from the 6Li(n, 𝛼)3H reaction allow a reasonable energy resolution as well 

as maximum penetration depths of typically ~50 µm, depending on the 

composition and porosity of the material matrix.150 Equation [5] summarizes the 

reaction of a thermal neutron with 6Li, which results in the formation of an 𝛼-particle (4He) and a triton particle (3H). Due to the two-body kinematics, the 4He 

and 3H particles have well-defined energies at the moment of their formation and 

they are emitted back-to-back. ܮ𝑖଺ + ݊ → 𝐻݁ସ ሺ2055 keVሻ + 𝐻 ሺ2727 keVሻଷ  [5] 

On their path through the sample material towards the surface, the charged 

particles lose almost linearly energy by Coulombic interactions with adjacent 

atoms, which can be described by the Bethe-Bloch formalism.151 The particle 

stopping power 𝑆ሺܧሻ =  𝑥 depends on the charged particle properties, as݀/ܧ݀−

well as the elemental composition and the density of the surrounding matrix. In 

accordance with Equation [6],152 the remaining particle energy ܧሺ𝑥ሻ after leaving 

the sample surface can be correlated with the path length 𝑥, which yields a depth 

concentration profile of the investigated elements.  

𝑥 = ∫ ሻ𝐸0𝐸ሺ௫ሻܧ𝑆ሺ/ܧ݀  [6] 

Figure 2.1 illustrates a top-view sketch of the N4DP (Neutron 4-Dimensional Depth 

Profiling) setup at the PGAA facility of the Heinz Maier-Leibnitz Zentrum (MLZ) in 

Garching, which is representative for a typical NDP setup.148,150 The incoming cold 

neutron beam (mean energy: 1.8 meV) has a capture flux of 1.35×109 cm-2 s-1 and is 

circularly collimated by boron-containing plates to an area of 12.6 mm2 to irradiate 
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only the investigated samples. It enters the vacuum chamber (10-4-10-5 mbar) 

through a 100 µm thick aluminum window and hits the sample of a 45° angle, which 

increases the effective path length for the neutrons by a factor of √2. While most of 

the neutrons pass through the sample without interaction and exit the vacuum 

chamber through another aluminum window, some of the neutrons are captured 

by reactive isotopes, e.g., 6Li, in proportion to their neutron cross section, yielding 

monoenergetic charged particles.149 Two silicon surface-barrier detectors are 

installed perpendicular to the sample plane on both sides of the sample. The 

nominal sample-detector distances are about 53 mm (see Section 3.2.1) but need to 

be corrected for different sample thicknesses.151 The high neutron flux can be 

reduced with three different attenuators (5.9%, 16%, and 47%) to keep signal rates 

of the detectors below 1 kHz, and thus mitigate pile-up effects. 

   

Figure 2.1 Schematic top-view sketch of the N4DP setup at the PGAA facility at MLZ. The cold neutron beam 𝒏 
(yellow arrow) is collimated by boron-containing plates. The beam enters and exits the N4DP vacuum chamber 
through 100 µm thick aluminum windows. Both, samples and detectors, can be rotated with respect to the 
center axis of the vacuum chamber (perpendicular to the drawing plane). Reproduced from Trunk et al.151 

As the first tests of the N4DP setup at MLZ were started in 2017,151 one of the main 

objectives of this PhD thesis was to design and validate NDP experiments with 

respect to material science investigations of lithium-ion batteries (see 

Section 3.2.1). Here, 6Li acts as a key isotope to investigate a variety of different 

phenomena occurring in the electrodes, the electrolyte, and at the interfaces. 

Whitney et al.153,154 and Nagpure et al.155–157 were the first research groups who 

used NDP for the post mortem characterization of commercial lithium-ion batteries, 

inter alia to investigate lithium concentration gradients in aged graphite anodes 

and LiFePO4 cathodes.158 Later, Oudenhoven et al.150 performed an in situ NDP 

study to monitor the lithium transport across thin-film solid-state microbatteries, 

consisting of a 1.5 µm thick nitrogen doped Li3PO4 (LiPON) solid-state electrolyte 
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and a 500 nm thick LiCoO2 cathode. With respect to alloy materials, 

Co and co-workers159,160 recently reported an in situ setup that consisted of a 

lithium metal anode and a liquid electrolyte of 1 M LiBF4 in EC:DMC to measure the 

lithium distribution in a tin-based thin-film electrode (12.5 µm thickness). More 

recently, Zhang et al.161 used a similar in situ setup to investigate the rate-limiting 

charge transport phenomena in 12.5 µm thick LiFePO4 cathode coatings in 

dependence on the electrode morphology and the C-rate.  

In this PhD thesis, we focused on the investigation of graphite – and for the first 

time – also on silicon-based anodes. Emphasis is put on the generation of new 

insights using NDP that have not been accessible by other analytical techniques, e.g., 

the depth-resolved quantification of the SEI growth across SiG anodes 

(see Section 3.2.2) or the depth-distribution of aqueous-based binders in practical 

graphite electrode coatings (see Section 3.2.3). In contrast to other studies reported 

in the literature which deployed in situ setups, we conducted all measurements 

ex situ. Although operando measurements are planned in the future for the N4DP 

experiment, the use of ex situ samples offers several advantages, including (i) the 

use of electrodes with commercially relevant areal capacities between 

2-3 mAh cm-2, (ii) aging of the electrodes up to 140 cycles using established 

procedures in coin-cells, (iii) validation of the NDP spectra by complementary 

post mortem characterization, e.g., cross-sectional SEM images, and (iv) an 

abundance of reference data to support the interpretation of the NDP spectra.  

There exist several factors that need to be considered for the design of NDP 

experiments. First, the stopping power of the 3H and 4He particles is strongly 

dependent on the elemental composition and the mass loading of the surrounding 

matrix. Thus, prior to the measurements, the maximum depth of emission should 

be calculated, e.g., by using the Stopping Range in Matter (SRIM) software written 

by Ziegler et al.162 For SiG anodes this is very important, because during repeated 

(de-)lithiation these electrodes undergo significant changes in their mass loading 

and chemical composition, which is caused by the ongoing reductive decomposition 

of electrolyte compounds. Furthermore, thermal neutrons deployed by NDP react 

with any of the isotopes listed in Table 2.1, independent of their chemical state. 

Thus, the experiment needs to be designed carefully to derive meaningful 

information from the resulting NDP spectra. Although for lithium-ion batteries 6Li 

and 10B are the most relevant isotopes, their signal contributions can still get 
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arbitrarily complex. For example, by only considering lithium there exist at least 

five different sources in commonly used SiG anodes,102,115 including the lithium 

poly(acrylate) binder, lithium-containing electrolyte decomposition products, 

immobilized lithium in isolated active material particles, metallic lithium from 

plating, and cyclable lithium which is reversibly stored in the active material.  In 

addition, boron-containing glass fiber residues from the frequently used glass 

separators lead to boron spectra which overlap with the signals from lithium (see 

Section 3.2.1). Therefore, the use of an adequate cell configuration, a defined cycling 

protocol, and suitable reference measurements are needed to separate and identify 

the individual signal contributions. In the following, we explain exemplarily the 

procedure for the investigation of the SEI growth in SiG anodes (see Section 3.2.2), 

however, the approach can be easily tailored to other research questions. 

 

Figure 2.2 Schematic illustration of the sample preparation of an aged lithium-ion battery electrode for an 
NDP experiment.  

In accordance with the schematic illustration shown in Figure 2.2, SiG anodes were 

first aged in coin-cells by galvanostatic charge/discharge cycling. In the last cycle, 

any residual active lithium was extracted from the active materials by applying a 

very low C-rate until an upper cutoff potential of 2.0 V vs. Li+/Li. Thus, any lithium 

left in these electrodes originated either from the LiPAA binder, immobilized 

lithium or lithium-containing electrolyte decomposition products. While the signal 

contribution from the binder could be easily corrected by reference measurements 

with pristine electrodes, the amount of immobilized lithium was reduced to a 

minimum by the low C-rate (see Section 3.1.1), which left the SEI as the major 

variable source of lithium. In the next step, the electrodes were harvested from the 

coin-cells without exposure to ambient atmosphere and were carefully rinsed with 

dimethyl carbonate (DMC) to remove any residues from the LiPF6 salt and the 

electrolyte solution. After determining the mass loading and the sample thickness, 
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the electrodes were sealed in pouch-bags and transported to the PGAA facility at 

MLZ. Prior to the measurements, the electrodes were removed from the pouch-bags 

and mounted on the NDP sample holder before being transferred into the vacuum 

chamber. During this step, an exposure to ambient atmosphere for a few minutes 

could not be avoided while the samples were mounted on the NDP sample holder. 

Although the chemical state of some of the lithium-containing compounds might 

have been altered during this period, their depth-distribution should remain 

unchanged. Highly air-sensitive samples can alternatively be transferred into small 

pouch-bags with a thin Kapton® foil window, however, this design only works at 

the expense of the 𝛼-particle signal and results in a lower energy resolution of the 

3H particles (see Section 3.2.1).163  

 

Figure 2.3 NDP spectrum, comprising signals from 3H particles (blue line) and 4He particles (green line) 
measured from the lithium poly(acrylate) (LiPAA) binder of a pristine SiG anode with an electrode mass loading 
of ~1.4 mg cm-2, a porosity of ~60%, and a thickness of ~19 µm. Insert: Schematic illustration of the thermal 
neutron induced 6Li(n, 𝜶)3H reaction in a graphite-based anode. 

Figure 2.3 shows the NDP spectrum of an uncycled SiG anode with an electrode 

mass loading of ~1.4 mg cm-2, a porosity of ~60%, and a thickness of ~19 µm. The 

3H (blue line) and the 4He particle profiles (green line) originate entirely from the 

lithium poly(acrylate) (LiPAA) binder, which is distributed across the electrode 

coating thickness. As the charged particles lose energy on their way from the bulk 

towards the sample surface, the particle count vs. energy profile can be understood 

by going from the right- to the left-hand side of the x-axis. The well-defined 

formation energies of the two particles, i.e., 2727 keV for the 3H and 2055 keV for 

the 4He particles represent the lithium concentration at the upper sample surface, 

while lower energies correspond to particles originating from a greater depth. The 

shape of the spectrum shows the lithium concentration profile across the electrode 
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coating thickness.164 The profiles of the two particles can be understood as a 

superposition of Gaussian distributions around the respective energies of the 

emerging particles.165 Yet, due to the higher stopping power of the 𝛼-particles, their 

maximum emission depth is lower compared to that of the 3H particles.166 Thus, the 

4He particles can only emerge from the surface-near ~10 µm thick region of the 

investigated electrode, whereas the 3H signal reflects the entire electrode coating 

(up to a maximum accessible depth of ~50 µm) (see Section 3.2.1). At the same time, 

the higher stopping power of the 4He particles results in an increased depth 

resolution. Thus, for some applications such as thin-film batteries with a total 

thickness of ~1 µm, the 4He particles provide a better resolution of the lithium 

depth profile, as previously demonstrated by Oudenhoven et al.150 In contrast, for 

samples with high mass loadings, e.g., aged SiG anodes, the 3H signals broaden 

towards lower energies (corresponding to greater depth) and eventually overlap 

with the 4He particle signal. In order to separate the 3H signal, which intrinsically 

contains the profile shape of the full electrode, the 4He particle signal can be 

subtracted analytically,  which was recently demonstrated by Trunk et al.151 (see 

Section 3.2.1). This is an alternative approach to the use of particle separation foils, 

e.g., Mylar® or Kapton®,163 which would change the absolute quantity calibration. 

As the 3H and the 4He particles originate from the same concentration profile, the 

shape of the 4He particle profile can be determined from the 3H signal and 

vice versa. 

 

Figure 2.4 Lithium density profile of a SiG anode after 60 charge/discharge cycles as function of the electrode 
mass loading (blue line), exemplarily shown in front of the corresponding cross-sectional SEM image. The 
profile is a convolution of the density with the material-dependent resolution, which includes an energy spread 
due to the statistical process of the energy loss and possibly also because of a slight variation in the local mass 
loading of the electrode. Thus, there is no lithium in the Cu current collector. Reproduced from Wetjen et al.167 
with permission from The Electrochemical Society (Copyright 2018).  
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In the final step, the signal intensities from the NDP energy spectra are converted 

into an absolute lithium concentration (or density), considering the capture cross 

section and the natural abundance of the 6Li isotope. To render the NDP analysis 

quantitative, the spectra intensities need to be normalized to the reference material 

SRM2137, a NIST standard which features a well-defined 10B implantation profile 

with a systematic uncertainty of 3.4%.168 Considering the chemical composition of 

the sample further allows to convert the energy loss of the charged particles into an 

electrode mass loading (see Section 3.2.1), which at a given density is proportional 

to the sample thickness. Figure 2.4 shows exemplarily the lithium density as a 

function of the electrode mass loading for a fully delithiated SiG anode after 

60 charge/discharge cycles. To complement the NDP profile, a cross-sectional SEM 

image of the same electrode is placed into the background, which shows the surface 

of the electrode as well as the interface towards the Cu-foil current collector. In 

contrast to the uncycled sample shown in Figure 2.3, the lithium density of the aged 

electrode depicted in Figure 2.4 comprises not only the contribution from the LiPAA 

binder but also a significant signal contribution from the lithium-containing solid-

electrolyte-interphase (SEI).  

To sum up, NDP can provide depth- and quantity-resolved information concerning 

the distribution of light elements, such as lithium and boron, which is difficult to 

access by conventional analytical techniques. Yet, like other neutron-based 

methods, NDP is a complementary technique that requires an additional 

characterization, e.g., of the elemental composition or morphology, to adequately 

separate and interpret the profile shapes. In this PhD thesis, we applied NDP for the 

first time to investigate the SEI growth of practical silicon-based anodes for lithium-

ion batteries that were aged over an extended period of 140 charge/discharge 

cycles (see Section 3.2.2). Hence, we designed and validated the first experiments 

at the newly installed N4DP setup at the PGAA facility at MLZ. Further, we 

complemented the analysis of the NDP spectra by electrochemical measurements, 

electron microscopy, and other post mortem characterization methods (see 

Section 3.2.1). Finally, we conducted a series of feasibility studies to expand the 

application of NDP to evaluate inter alia the state-of-charge distribution in 

SiG anodes as well as the distribution of aqueous-based binders in graphite anodes 

(see Section 3.2.3).   
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2.2 Pseudo Full-Cells 

In the previous two decades, silicon-based anodes were mostly investigated in half-

cells against metallic lithium.120,169–171 While this cell configuration is favorable in 

terms of the cycling performance of the silicon-based anodes, it lacks important 

information concerning the constraints in practical lithium-ion batteries. The latter 

include a limited amount of electrolyte and cyclable lithium from the cathode. The 

relevance of this topic was recently highlighted by Trask et al.,172 who stressed the 

need for more full-cell studies on silicon-based anodes with realistic areal capacities 

between 2-3 mAh cm-2. Indeed, studies on full-cells with LiCoO2 and NMC-based 

cathodes offer a more realistic evaluation of the performance of silicon-based 

anodes.114,116,172–174 However, it is to note that there also exists a downside, because 

the superposition of different degradation phenomena in these setups (e.g., loss of 

cyclable lithium and cross-diffusion of side products) hinders a thorough analysis 

of their individual root causes. For that reason, this PhD thesis introduced a new 

cell configuration for the investigation of SiG anodes with an application-relevant 

areal capacity of ~2.0 mAh cm-2 (see Section 3.1.1).102 This setup features a 

capacitively largely oversized LiFePO4 cathode (~3.5 mAh cm-2) and an 

FEC-containing electrolyte solution (here: LP57 with 5 wt% FEC), which offers 

several advantages over practical full-cells, namely: (i) A stable reference potential 

of 3.45 V vs. Li+/Li of the LiFePO4 counter electrode, allowing to monitor the silicon-

graphite potential even in a two-electrode coin-cell configuration, and (ii) it 

provides a defined lithium reservoir, which allows to investigate the total 

irreversible capacity loss of the SiG anode without an additional capacity fade due 

to the depletion of cyclable lithium. While these conditions would also be satisfied 

in a half-cell configuration featuring a lithium metal electrode, the third advantage 

is that (iii) side reactions at the counter electrode are reduced to a minimum, 

because most electrolyte solutions are stable around the reversible potential of 

LiFePO4. Therefore, any changes in the electrolyte (and the FEC concentration), 

which are obtained from post mortem characterization, e.g., by 19F-NMR or gas 

chromatography,103,175 can be directly related to the processes at the SiG anode. As 

a corollary, the pseudo full-cell configuration allows to investigate the individual 

degradation phenomena of SiG anodes in two-electrode coin-cells without 

sacrificing information concerning their application in practical lithium-ion 

batteries.  
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However, this setup also received some criticism because upon prolonged cycling 

the potential plateau of the LiFePO4 starts to deviate from 3.45 V vs. Li+/Li both at 

higher C-rates (i.e., >1.0 h-1) and also towards lower lithium contents. Therefore, 

the potential profiles of the individual electrodes should be tested first in presence 

of a reference electrode for the intended C-rate and balancing ratio, respectively. 

This allows to refine the cell cutoff voltages and reliably determine the electrode 

potentials also in a two-electrode configuration. In a recently published 

independent study, Dose et al.176 used a similar concept featuring a LiFePO4 cathode 

with a 4-times higher areal capacity to investigate the irreversibility and the lithium 

inventory of a SiG anode. The fact that other research groups are also increasingly 

engaged in the development of such setups underlines the relevance of this 

research. In the present PhD thesis, the pseudo full-cell configuration was deployed 

in several studies, including the investigation of the degradation phenomena in 

SiG anodes (see Sections 3.1.1 and 3.1.2), the characterization of SiG anodes by 

neutron depth profiling (see Section 3.2.2), and the evaluation of new electrolyte 

additives for SiG anodes (see Section 3.3.3). 
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2.3 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is an analytical tool that is widely 

used in battery research to identify compounds in liquid electrolyte solutions,177,178 

to analyze changes in the local environment of individual electrode 

components,125,179,180 or to investigate side reactions at the electrode/electrolyte 

interface.41,181 The method exploits the magnetic properties of certain isotopes 

whose nucleus spin is unequal to zero, e.g. 1H, 7Li, 13C or 19F, to investigate their 

electronic environment and their interactions with adjacent atoms. This allows to 

derive qualitative information about the structure and the dynamics of the 

molecules as well as quantitative information about their concentrations.  

 

Figure 2.5 Schematic illustration of the post mortem electrolyte consumption measurement of a lithium-ion 
battery by integral analysis of the PF6- and FEC peaks in the 19F-NMR spectra of the fresh and cycled electrolytes.  

Recently, Jung et al.103 introduced 19F-NMR spectroscopy as an ex situ tool to 

characterize the electrolyte consumption in presence of silicon-based anodes 

during battery cycling by measuring post mortem the depletion of a fluorine-

containing electrolyte compound (here: fluoroethylene carbonate, FEC). Figure 2.5 

schematically illustrates the procedure, which involves the extraction of the 

electrolyte-soaked separator from a coin-cell after cycling, subsequent dissolution 

of the residual electrolyte in DMSO-d6, and finally an integral analysis of the PF6- 

and FEC peaks in the 19F-NMR spectra of the fresh and cycled electrolytes. The 

concentration of the electrolyte salt (here: LiPF6) is used as an internal standard, 

which assumes that its concentration remains almost constant upon cycling. 

Petibon et al.104 indirectly confirmed the validity of this method by demonstrating 

the same preferential reduction and the same number of electrons for the reduction 

of FEC in LiCoO2/Si-alloy Graphite cells using post mortem gas chromatography.  
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In this PhD thesis, we did not only confirm the results obtained by Jung et al.103 for 

blended SiG anodes (see Section 3.1.1) but also expanded the use of this technique 

to other fluorine-containing electrolyte compounds, e.g., di-

fluoroethylene carbonate (DiFEC) (see Section 3.3.3) and other cell configurations, 

e.g., SiG//LNMO full-cells (see Section 3.3.2). Further, we demonstrated that a 

comparison of the electrochemical data, e.g., the total charge+discharge capacity, 

and the additive consumption determined by 19F-NMR, allows to calculate 

electrolyte consumption rates (e.g., in mAh µmol-1FEC) which can be used to forecast 

the cycle life of practical lithium-ion batteries with a given amount of electrolyte 

(see Section 3.1.1). Finally, we showed that this method does not only provide 

additional information about the reduction mechanism, e.g., in terms of the number 

of electrons (see Section 3.1.1 and 3.3.3), but also with respect to the efficacy of 

different electrolyte additives (see Sections 3.3.2 and 3.3.3). 
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2.4 Further Experimental Techniques 

In addition to the methods described before, a variety of further experimental 

techniques was deployed in this PhD thesis. On-line electrochemical mass 

spectrometry (OEMS)61,182 was used to analyze the gases that evolve during the 

electrochemical lithiation or delithiation of the investigated battery materials. Our 

studies included the first reductive scan of SiG anodes in presence of different 

electrolyte additives (see Section 3.3.3) as well as the first oxidative scan of NMC811 

and LNMO cathodes, respectively (see Sections 3.3.1 and 3.3.2).  

Electroanalytical methods such as cyclic voltammetry (CV) or galvanostatic cycling 

with constant voltage steps (CCCV) were applied (inter alia see Sections 3.1.1, 3.2.2, 

and 3.3.1) to investigate the electrochemical behavior of battery materials or to 

deliberately age electrode materials for subsequent post mortem characterizations. 

Depending on the procedure, the electrochemical measurements were evaluated 

using a variety of analyses to interpret the different cell or electrode characteristics 

as a function of the cycle number or state-of-charge. For example, we used 

differential capacity analysis (see Section 3.1.1 and 3.1.2) to evaluate the 

polarization of SiG anodes because this method is particularly powerful for blended 

electrodes to separate the contributions from the individual active materials. 

Further, we calculated the total irreversible capacity (see Sections 3.1.1, 3.2.2, and 

3.3.3), which reflects the cumulative loss of cyclable lithium and serves as an 

indicator to forecast the cycle life of lithium-ion full-cells. For selected studies, we 

analyzed the open-circuit-potential relaxation (see Section 3.3.3) and the relative 

capacity contribution from the constant voltage step (see Section 3.1.1) to evaluate 

the build-up of resistances either in the electrolyte solution or the electrode. 

For more sophisticated impedance analyses, we used a gold-wire micro-reference 

electrode in selected full-cells featuring either a LiFePO4 (see Sections 3.1.2 and 

3.3.3) or an NMC811 cathode (see Section 3.3.1). The micro-reference electrode was 

recently introduced by Solchenbach et al.183 and offers an elegant tool to separately 

monitor the impedance contributions of the individual electrodes in a lithium-ion 

battery either as a function of the state-of-charge or the number of cycles, which 

generates valuable insights into the respective degradation mechanisms.  
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Throughout this PhD thesis, we extensively used electron microscopy to 

characterize the morphological degradation of SiG anodes and the individual active 

materials. In collaboration with JEOL (Germany) GmbH, we performed scanning 

electron microscopy (SEM), using various instruments, including the JEOL 

JSM-7800F PRIME (see Section 3.1.1, ), the JEOL JSM-IT100 (see Section 3.1.2), and 

the JEOL JSM-IT300HR (see Section 3.2.2). Prior to the measurements, electrode 

cross-sections were prepared by means of argon ion beam polishing, using either a 

JEOL IB-09010CP (see Section 3.1.1) or a JEOL IB-19510CP cross-section polisher 

(see Sections 3.1.2 and 3.2.2). For selected studies on the thickness changes of the 

SiG anodes, we prepared the cross-sections in-house, following a resin-embedding 

and sand-paper polishing procedure first reported by Mittermeier et al.184 The 

resulting SEM images were obtained using a JEOL JCM-6000 NeoScope.  

In a collaboration with Vasiliki Tileli from the EPFL (Lausanne, Switzerland), we 

also deployed scanning transmission electron microscopy (STEM) and energy 

dispersive X-ray spectroscopy (EDS) to analyze the morphological changes and 

elemental composition of individual silicon nanoparticles (see Section 3.1.2). A 

detailed description of the instrumentation and the preparation procedures can be 

found in the Experimental part of our articles and manuscripts in the next section.   
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3 Results 

The following Section summarizes the peer-reviewed journal articles and 

manuscripts originating from this PhD thesis, which are grouped along three core 

topics. Section 3.1 describes the characterization of silicon and graphite as active 

materials in blended silicon-graphite (SiG) anodes for lithium-ion batteries. 

Emphasis is put on the individual aging behavior of the intercalation and alloy 

materials, as well as on the differentiation of the degradation phenomena of the 

active material particles and the entire electrode coating during charge/discharge 

cycling.  

Section 3.2 describes the application of neutron depth profiling (NDP) as a new 

analytical technique to characterize the uniformity of the aging phenomena in 

lithium-ion battery electrodes by means of a depth-resolved quantification of the 

lithium concentration. First, the method and the setup of the newly installed N4DP 

setup at the PGAA facility at the Heinz Maier-Leibnitz Zentrum in Garching are 

introduced. Afterwards, the distribution of lithium-containing species in blended 

SiG anodes is investigated, providing new insights into the growth of the solid-

electrolyte-interphase (SEI) upon prolonged cycling. Finally, the method is 

expanded to other research questions concerning battery electrodes, including the 

state-of-charge distribution in SiG anodes and the distribution of aqueous-based 

binders in graphite anodes.  

Section 3.3 evaluates three solution approaches aiming to overcome the inherent 

drawbacks of silicon-based anodes, including a lithium inventory established either 

by prelithiation or by addition of a sacrificial salt. Afterwards, a new electrolyte 

additive is evaluated with respect to the stabilization of the interface between the 

silicon particles and the electrolyte solution. The discussion provides a 

comprehensive assessment of these approaches both in terms of their efficacy and 

applicability, considering practical constraints of state-of-the-art lithium-ion 

batteries.  
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3.1 Characterization of Silicon as Anode Material 

Despite its high theoretical specific capacity of 3579 mAh g-1, the use of silicon as 

anode active material in commercial lithium-ion batteries is still limited to very few 

weight percent. The reason for this lies in the large volumetric changes of the silicon 

particles and the continuously proceeding side reactions at the silicon/electrolyte 

interface which negatively affect the safe and long-term operation of silicon-based 

full-cells, particularly of large-scale cells where the amount of electrolyte is 

limited.104,112,174 Although the investigation of the underlying degradation 

phenomena continues to receive considerable attention both in the academic 

literature and in industrial research labs,185,186 their identification and 

quantification remains a huge challenge. The latter is driven by the complexity of 

the degradation phenomena and the lack of suitable analysis tools to deconvolute 

their interdependencies. 

In the following articles, this PhD thesis introduces a new cell configuration to 

separate, analyze, and quantify the degradation phenomena of SiG anodes. 

Beginning with a differentiation of the degradation of the individual active 

materials and the electrode coating, our new approach is expanded to address other 

relevant research questions which are currently discussed in the literature on 

silicon-based anodes, inter alia the morphological changes of the silicon 

nanoparticles109,121,129 and the influence of the cutoff potentials.173,178,187 Finally, the 

implications of the underlying mechanisms on the design of practical silicon-based 

anodes are discussed and recommendations for improved operating conditions of 

commercially relevant lithium-ion batteries are presented. 

3.1.1 Degradation Phenomena in Silicon-Graphite Electrodes  

This section presents the article ǲDifferentiating the Degradation Phenomena in 
Silicon-Graphite Electrodes for Lithium-Ion Batteriesǳ,102 which was published in 

September 2017 in the Journal of The Electrochemical Society. It is an open access 

article distributed under the terms of the Creative Commons Attribution 4.0 

License. The paper was also presented on international conferences, for example at 

the PRiME Meeting of The Electrochemical Society in Honolulu, Hawaii (October 

2-7, 2016), Abstr. #280. The permanent web-link to the article is 

http://dx.doi.org/10.1149/2.1921712jes.  
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The article deals with the investigation of the degradation phenomena in blended 

SiG anodes with different active material ratios (20-60 wt% silicon) and an 

application-relevant areal capacity of ~2 mAh cm-2. Although it is widely accepted 

that the cycling stability of silicon-based anodes usually improves upon the addition 

of graphite,115,188,189 the relation between the silicon/graphite ratio and the 

SiG anode aging mechanisms still requires a more fundamental understanding. For 

example, the voltage profile evolution of blended SiG anodes as well as the extent of 

side reactions occurring at the individual active materials becomes increasingly 

important for the development of advanced battery management systems (BMS) 

and the optimal balancing of the anode and cathode capacity for high-energy 

density applications.27,35,190 Although an abundance of articles discussing the 

degradation of silicon-based anodes exists in the literature,100,169,170,178 most of 

these studies deploy electrochemical test cells using a lithium metal counter 

electrode in presence of a usually 10 times larger amount of electrolyte compared 

to what would be added to large-scale commercial cells (>50 µL cm-2 instead of 

~5 µL cm-2). Yet, in practical lithium-ion batteries both the amount of cyclable 

lithium as well as of the electrolyte solution are limited.173  

In order to deconvolute lithium inventory limitations from aging effects due to 

particle/electrode morphological changes and electrolyte decomposition reactions 

at electrode surface, this PhD thesis introduced a new pseudo full-cell configuration 

to investigate the degradation phenomena of blended SiG anodes. It features a 

capacitively largely oversized LiFePO4 cathode (~3.5 mAh cm-2) which offers 

several advantages compared to conventional lithium-ion full-cells, namely: (i) a 

stable reference potential of ~3.45 V vs. Li+/Li to monitor the potential of the 

SiG anode,191  (ii) a defined lithium excess which allows to investigate exclusively 

the degradation of the SiG anode without an additional capacity loss due to the 

depletion of cyclable lithium, and (iii) minimized side reactions at the cathode due 

to the comparatively low potential of LiFePO4.102 In addition, an FEC-containing 

electrolyte (LP57 with 5 wt% FEC) is used which is known to significantly improve 

the cycling stability of silicon and at the same time allows to quantify the electrolyte 

consumption (here: mainly FEC) by post mortem 19F-NMR measurements.103,178  

This study generated four important insights: (i) There exist two major degradation 

phenomena in blended SiG anodes. The first is caused by a roughening of the silicon 

nanoparticles upon repeated (de-)lithiation, whereas the second can be ascribed to 
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a mechanical deterioration of the entire electrode coating. (ii) The irreversible 

capacity loss at the interface between the silicon particles and the electrolyte 

solution depends only on the capacity exchanged by the silicon particles and is 

independent of the active material ratio. (iii) The reversible capacity, however, is 

mainly determined by the loss of interparticle contact pressure and thus strongly 

dependent on the silicon/graphite ratio. (iv) The comparatively low molar quantity 

of FEC in commercial electrolyte solutions is the most critical factor in determining 

the cycle life of SiG anodes in practical lithium-ion batteries.  

To analyze the morphology of the SiG anodes, this PhD thesis initiated a 

collaboration with the JEOL (Germany) GmbH in Freising, which provided valuable 

insights into the dependence of the electrode morphology on the active material 

ratio. 

Author contributions 

M.W. prepared the electrodes and performed the electrochemical testing. M.W. and 

H.G. developed the pseudo full-cell configuration. M.W. and R.J. conducted the 

19F-NMR experiments. R.G. and M.W. prepared the samples for the cross-sectional 

SEM images and performed the microscopy measurements. M.W. analyzed the data. 

M.W., S.S., and H.G. wrote the manuscript. All authors discussed the results and 

commented on the manuscript.  
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3.1.2 Morphological Changes of Silicon Nanoparticles 

This section presents the article ǲMorphological Changes of Silicon Nanoparticles 
and the Influence of Cutoff Potentials in Silicon-Graphite Electrodesǳ,132 which was 

published in May 2018 in the Journal of The Electrochemical Society. It is an open 

access article distributed under the terms of the Creative Commons Attribution 4.0 

License. This paper was also presented on international conferences, for example 

at the 232nd Meeting of The Electrochemical Society in National Harbor, Maryland 

(October 1-5, 2017), Abstr. #424. The permanent web-link to the article is 

http://dx.doi.org/10.1149/2.1261807jes.  

The article addresses two important characteristics of silicon-based anodes, 

namely (i) the roughening of the silicon nanoparticles upon repeated 

(de-)lithiation, and (ii) the dependence of the electrode’s cycling stability on the 

applied cutoff potentials. Originally, silicon nanoparticles were introduced to 

mitigate the large mechanical strain and subsequent pulverization which occurs 

with µm-sized particles.121,133 Yet, there still exists no consensus on the critical 

particle diameter.109,129 Moreover, our previous work on SiG anodes with silicon 

particle lengths of ~200 nm even indicated a severe increase of the irreversible 

capacity within the first 60 cycles, which we ascribed to a roughening of the silicon 

particles.102 This phenomenon has a significant impact on lithium-ion batteries, 

because the morphological changes of the silicon particles lead to increased side 

reactions at the silicon/electrolyte interface and a subsequent partial electrical 

isolation of the silicon particles, which further reduces the reversible capacity of 

SiG anodes. Therefore, this article investigates the morphological changes of silicon 

nanoparticles as a function of the cycle number using post mortem scanning 

transmission electron microscopy (STEM) and energy dispersive X-ray 

spectroscopy (EDS). In contrast to previous studies,121 which often used model 

electrodes, the particles in the present paper were harvested from application-

relevant SiG anodes with an areal capacity of 1.7-1.8 mAh cm-2 and a reasonable 

cycling stability over more than 100 cycles.102 Thus, our STEM-EDS analysis was not 

restricted to the first cycles but also included electrodes that were aged up to 

60 cycles, which provided valuable insights into the morphological changes upon 

prolonged cycling.  
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The second question this paper attempts to answer is the dependence of the cycling 

stability on the upper and lower cutoff potentials. Previous studies have repeatedly 

demonstrated that a limitation of the delithiation of silicon (by the upper cutoff 

potential) is more favorable than a limitation of the lithiation (by the lower cutoff 

potential),178,192 yet the underlying mechanisms are still subject to discussion.173,187 

Therefore, we cycled SiG anodes using different cutoff conditions before 

characterizing them with respect to their electrochemical performance, electrode 

morphology, and impedance evolution. 

This study generated two important insights into silicon-based anodes: (i) While to 

date dealloying reactions and the associated changes of the particle morphology 

were only reported in the field of heterogeneous catalysis193,194 and for selected 

alloy materials with µm-sized particles,107,108 this PhD thesis demonstrated that 

silicon nanoparticles can also undergo dealloying reactions upon repeated 

(de-)lithiation in lithium-ion batteries. The dealloying reactions result in the 

formation of expanded bicontinuous networks consisting of nanometer-sized 

silicon branches with a significantly increased surface area as well as in enhanced 

electrolyte decomposition reactions leading to solid products that accumulate in 

the porous structures. Furthermore, the dealloying reactions lead to a permanent 

volume change of the silicon particles up to +700%, which by far exceeds the 

commonly reported volume expansion of ~300% upon full-lithiation (Li15Si4).185 

(ii) Limiting the upper (delithiation) cutoff potential to 0.65 V vs. Li+/Li leads to a 

notably improved coulombic efficiency of the SiG anodes, which was reflected not 

only by a reduced electrode swelling and impedance increase upon cycling but also 

by a higher cycling stability. Based on theoretical considerations of perfect spheres, 

we demonstrated in this article that the relative surface area changes of 

delithiation-limited silicon particles are much lower compared to fully delithiated 

particles. This reduces the lateral stress and thus the cracking and renewal of the 

SEI at the silicon/electrolyte interface. As a corollary, our results offer an 

explanation for the often observed173 improvement of the cycling stability of 

silicon-based full-cells with increasing lower cell cutoff voltage (which corresponds 

to the delithiation cutoff potential of silicon). 
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To analyze the morphological changes of the silicon nanoparticles, this PhD thesis 

initiated a collaboration with Prof. Vasiliki Tileli at the École Polytechnique 

Fédérale de Lausanne (EPFL), which provided valuable insights into the dealloying 

reactions of lithium silicides (LixSi) upon repeated (de-)lithiation as well as the 

resulting changes of their elemental composition caused by ongoing electrolyte 

decomposition.  

Author contributions 

M.W. prepared the electrodes, performed the electrochemical testing, and 

characterized the electrodes post mortem. M.W. and D.P. conducted the impedance 

measurements. V.T., J.H., and M.W. prepared the samples for the STEM-EDS analysis 

and performed the measurements. Sonja Gürster (JEOL) and M.W. prepared the 

samples for the cross-sectional SEM images and performed the microscopy 

measurements. M.W. and S.S. analyzed the data. M.W., V.T., and H.G. wrote the 

manuscript. All authors discussed the results and commented on the manuscript.  
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3.2 Investigation of Silicon-Graphite Anodes by 

Neutron Depth Profiling 

In lithium-ion batteries, a safe and reversible operation of the anode is determined 

by several phenomena that involve the distribution of lithium across the electrode 

coating. For example, during fast-charging, lithium ion concentration gradients 

form in the electrolyte-filled pores across the anode electrode thickness that can 

cause plating of highly reactive metallic lithium at the surface of the anode.195–197 

Alternatively, cross-diffusion of products from side reactions at the cathode, e.g., 

from transition metal dissolution,198–200 can lead to a non-uniform growth of the 

solid-electrolyte-interphase (SEI) and eventually to a rapid rollover capacity 

loss.201,202 In silicon-based anodes, the SEI plays a pivotal role because its ongoing 

growth can lead to a blocking of ion-conducting pathways and a partial electrical 

isolation of active material particles.203,204 In the previous two decades, numerous 

techniques were applied to characterize the side reactions occurring in silicon-

based anodes, inter alia nuclear magnetic resonance spectroscopy (NMR),125,205–207 

X-ray photoelectron spectroscopy (XPS),43,208 and focused ion beam scanning 

electron microscopy (FIB-SEM),203,204,209 which provided valuable insights into the 

growth and composition of the SEI. However, most of these methods either provide 

only local information or are not capable of quantifying the distribution of lithium 

across the entire electrode coating. Therefore, this PhD thesis applied for the first 

time neutron depth profiling (NDP) for a depth-resolved quantification of lithium 

concentration gradients in SiG anodes. NDP is a non-destructive technique with a 

very high sensitivity towards the 6Li isotope,147 allowing to determine the 

distribution of lithium across electrode coatings with thicknesses up to ~50 µm.150  

In the following articles, this PhD thesis demonstrated that NDP is a powerful 

analytical technique to derive depth- and quantity-resolved information on lithium 

concentration profiles in battery anodes. It starts with presenting the first 

measurements at the recently installed N4DP setup at the PGAA facility at the Heinz 

Maier-Leibnitz Zentrum (MLZ) in Garching.151 Based on these results, the second 

article provides a thorough analysis of the uniformity of the SEI growth in 

application-relevant SiG anodes over prolonged cycling over up to 140 cycles.167 

Finally, further applications of NDP for the characterization of battery electrodes 

are discussed with respect to the state-of-charge distribution in SiG anodes and the 

distribution of aqueous-based binders in graphite anodes. 
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3.2.1 Material Science Applications of Neutron Depth Profiling  

This section presents the article ǲMaterials Science Applications of Neutron Depth 

Profiling at the PGAA facility of Heinz Maier-Leibnitz Zentrumǳ.151 At the time of the 

submission of this PhD thesis, this article has still been in the peer-review process 

for publication. The article describes the first experiments at the recently installed 

N4DP setup at the Prompt Gamma-ray Activation Analysis (PGAA) facility at MLZ in 

Garching.210 As a first application, a lithium-containing single crystal thin film was 

examined to validate the uniformity of the LiNbO3 phase across the film thickness 

of ~400 nm. Its unique nonlinear optical and refractive index properties in the 

visible and near-infrared light regime make LiNbO3 a highly attractive material for 

photonic waveguide transport. However, to be suitable for optical applications, the 

single crystals must be highly homogeneous and free of vacancies, which is difficult 

to prove by means of conventional analytical techniques. In this study, NDP was 

used to investigate the stoichiometry of the LiNbO3 thin film, thereby 

demonstrating a uniform lithium distribution and only insignificant fluctuations in 

the mass loading, which confirmed the high quality of the LiNbO3 film. 

As a second application, the solid-electrolyte-interphase (SEI) growth in SiG anodes 

with an application-relevant areal capacity of ~1.7 mAh cm-2 was monitored for the 

first time using NDP. In contrast to previous studies on the distribution of 

electrolyte decomposition products in silicon-based electrodes, the use of ex situ 

NDP provided depth- and quantity-resolved information about the growth and the 

profile of the SEI across the thickness of the electrode coatings as a function of the 

cycle number up to 140 cycles. In addition, the NDP spectra also allowed to calculate 

the increase in the mass loading and the thickness of the electrode, which was 

confirmed by post mortem cross-sectional scanning electron microscopy (SEM) 

images. The measurements indicated a large accumulation of lithium-containing 

electrolyte decomposition products within the first 60 cycles, which agrees with the 

electrochemical results from our previous work102 (see Section 3.1.1). 

Furthermore, the NDP spectra also revealed a uniform SEI growth across the 

thickness of the investigated SiG anodes even upon extended cycling. This finding 

would not have been quantitatively accessible by conventional analytical 

techniques. A more detailed analysis of the underlying morphological changes of 

the SiG anodes is provided in a separate article167 (see Section 3.2.2). 
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To deconvolute the signals from the 3H and the 4He particles, which overlap with 

increasing mass loading of the SiG anodes, a new analytical evaluation method to 

separate the signal contributions from the two particles was introduced and 

experimentally validated. The method offers an alternative to the common 

experimental approach of using thin separator foils, e.g., Kapton®, to block the 

4He particles.163,211 However, as these separator foils also deteriorate the resolution 

and prohibit the detection of particles from below a certain depth, the here 

presented analytical approach expands the application of NDP to samples with 

higher mass loadings. 

Author contributions 

M.T., L.W., R.G., B.M., Zs.R., and R.G. designed and installed the new N4DP setup. M.T. 

and L.W. conducted the NDP measurements of the LiNbO3. M.W. and M.T. developed 

the concept for the silicon-graphite study and wrote the beamtime proposals. M.W. 

prepared the SiG anodes and performed the electrochemical measurements. M.W. 

carried out the post mortem characterization of the SiG anodes. M.T., L.W., and M.W. 

conducted the NDP measurements of the SiG anodes. M.T. and L.W. developed the 

analytical evaluation and signal correction method. M.T. and M.W. carried out the 

data analysis. M.T. and M.W. wrote the manuscript. All authors discussed the data 

and commented on the results.  
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3.2.2 Depth-Distribution of the SEI in Silicon-Graphite Electrodes 

This section presents the article ǲQuantifying the Distribution of Electrolyte 
Decomposition Products in Silicon-Graphite Electrodes by Neutron Depth Profilingǳ,167 which was published in August 2018 in the Journal of The 

Electrochemical Society. It is an open access article distributed under the terms of 

the Creative Commons Attribution 4.0 License. The study was accepted for 

presentation at the AiMES Meeting of The Electrochemical Society in Cancun, 

Mexico (Sep 30 – Oct 4, 2018), Abstr. #427. The permanent web-link to the article 

is http://dx.doi.org/10.1149/2.1341810jes. 

This article is a follow-up study on our previous NDP measurements reported in 

Trunk et al.151 (see Section 3.2.1). While the first article focused on the introduction 

of the method, now we analyze and validate the NDP spectra in detail with respect 

to the electrochemical performance and the morphological changes of the 

SiG anodes. The lithium density profiles obtained from NDP were used (i) to 

quantify the amount of lithium-containing electrolyte decomposition products in 

the SiG anodes (35 wt% silicon, areal capacity ~1.7 mAh cm-2), (ii) to monitor their 

depth distribution across the electrode coatings, and (iii) to determine the active 

material utilization across the electrodes after 140 charge-discharge cycles. In 

addition, the mass loading and the thickness increase of the electrodes were 

determined post mortem and used to validate the values calculated from the NDP 

measurements. Finally, high-resolution cross-sectional SEM images were taken to 

complement the interpretation of the morphological changes of the SiG anodes. 

This study generated three important insights into the SEI growth in SiG anodes: 

(i) The aging of the SiG anodes is mainly determined within the first 60 cycles. 

During this period, the silicon nanoparticles undergo dealloying reactions which 

enhance side-reactions occurring at the silicon/electrolyte interface and result in 

the accumulation of large amounts of electrolyte decomposition products in the 

electrode. This accumulation coincides with a severe increase of the electrode mass 

loading and a swelling of the electrode coating. In contrast to reports in the 

literature, this study revealed that the porosity of the investigated SiG anodes 

shows only a minor decrease, which was rationalized by high-resolution SEM 

images that showed a micro-porosity in the agglomerates consisting of silicon and 

electrolyte decomposition products. (ii) Further, this study indicated an almost 
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uniform distribution of the lithium-containing electrolyte decomposition products 

across the thickness of the SiG anodes, whose profile shape remained almost 

unchanged upon cycling. As a corollary, the silicon active material was uniformly 

utilized at different electrode depths even upon prolonged cycling, which excludes 

the presence of a dominating transport-limiting process across the thickness of the 

investigated SiG anodes. Instead, the findings suggested that the capacity decay of 

the SiG anodes stems from the loss of interparticle contact pressure and increases 

with an increasing mean path length between individual silicon particles and 

adjacent electrically well-conducting graphite particles, which occurs statistically 

in a homogeneous electrode coating. (iii) Finally, this study reinforced the need for 

an integral design of silicon-based electrodes, considering both (a) a suppression of 

the degradation of the silicon particles and subsequent side reactions at the 

silicon/electrolyte interface, and (b) a hierarchical electrode structure that 

maintains a sufficient electron and lithium ion transport not only across the 

thickness of the electrode coating but also between the individual silicon particles.  

To analyze the morphology of the SiG anodes, this PhD thesis expanded the 

collaboration with JEOL (Germany) GmbH in Freising. Argon-polished cross-

sections were prepared from the electrodes and measured using a high-resolution 

SEM instrument.  

Author contributions 

M.W. and M.T. developed the concept for the silicon-graphite study and wrote the 

beamtime proposals. M.T., L.W., and M.W. conducted the NDP measurements of the 

SiG anodes. M.W. prepared the SiG anodes and performed the electrochemical 

measurements. M.W. carried out the post mortem characterization of the 

SiG anodes. Tristan Harzer (JEOL) and M.W. prepared the samples for the cross-

sectional SEM images and performed the microscopy measurements. M.W. and M.T. 

carried out the data analysis. M.W., M.T., and H.G. wrote the manuscript. All authors 

discussed the data and commented on the results.  
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3.2.3 Evaluation of Lithium Density Profiles in Battery Electrodes 

In addition to the published results, this PhD thesis featured numerous feasibility 

studies which were aimed to expand the application of NDP to further research 

questions concerning lithium-ion batteries. In the following, two NDP experiments 

are presented which offer insights into the lithium distribution in battery electrodes 

that are hardly accessible by conventional analytical techniques. At the time of the 

submission of this PhD thesis, one manuscript addressing the state-of-charge 

distribution across the thickness of SiG anodes has still been in preparation.212  

(i) State-of-charge (SOC)-dependent experiments of SiG anodes (35 wt% silicon, 

~1.8 mAh cm-2) were conducted to investigate the lithium depth-distribution 

across the electrode coating during the first (de-)lithiation of the active materials. 

Figure 3.1 shows (a) ex situ NDP spectra and (b) the corresponding voltage profile 

of SiG anodes which were lithiated at 0.1 h-1 to different state-of-charge (SOC, blue 

lines) and delithiated to different depth-of-discharge (DOD, brown lines).  

As expected, the lithium intensity as well as the mass loading increases notably 

during the lithiation and decreases again during the subsequent delithiation. Yet, a 

higher residual lithium concentration can be observed at nominally 100%DOD 

(darkest brown line) compared to the electrode after the initial SEI formation (i.e., 

between OCV and 0.25 V vs. Li+/Li). This indicates an ongoing growth of SEI during 

the first cycle. Moreover, the electrodes reveal a reasonably uniform lithium depth-

distribution at different SOC and DOD, respectively, which indicates a similar active 

material utilization at different electrode depths at the investigated C-rate of 0.1 h-1.  

Repeating the same approach at different C-rates, with prelithiated electrodes, or 

using capacity-limited cycling procedures would offer insights into the build-up of 

concentration gradients across the coatings, the uniformity of the prelithiation 

method and/or the aging of capacitively oversized electrodes. A more detailed 

description of this experiment as well as an in-depth analysis of the lithium density 

profile across the thickness of the SiG anode as a function of the state-of-charge is 

currently in preparation.212  
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Figure 3.1 (a) NDP spectra obtained ex situ from SiG anodes (35 wt% silicon, ~1.8 mAh cm-2) which were 

lithiated to different state-of-charge (SOC, blue lines) and delithiated to different depth-of-discharge (DOD, 

brown lines). The initial SEI formation (i.f.) refers to the reductive decomposition of electrolyte constituents 

between the open-circuit voltage (OCV) of the fresh electrode and 0.25 V vs. Li+/Li, i.e., prior to the lithiation of 

silicon. The electrode preparation is described in detail elsewhere.102,212 (b) Corresponding potential profile of 

the SiG anodes during the first cycle at 0.1 h-1  between cutoff potentials of 0.01 and 1.5 V vs. Li+/Li.  

(ii) The depth-distribution of binder molecules was shown to significantly influence 

the mechanical and electrochemical properties of porous electrodes for lithium-ion 

batteries.213–215 For graphite-based anodes, the formation of binder gradients 

across the coating is especially critical. The coating process induced accumulation 

of binder molecules in the surface-near pores (e.g., by fast drying)213 impairs the 

transport properties and promotes concentration gradients in the electrolyte 

solution at higher C-rates, thus increasing the risk of lithium plating at the 

electrode/separator interface.216 Despite the relevance of this topic, there exist only 

few studies in the literature describing the formation of binder gradients across the 

thickness of graphite electrodes with application-relevant areal capacities of 

~3 mAh cm-2 (i.e., ~90 µm thickness prior to calendering). The low percentage of 

polymeric binder in the coatings makes it difficult to separate and quantify the 

binder signal using conventional analytical techniques, including energy dispersive 
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X-ray spectroscopy (EDS),213,214 thermogravimetric analysis (TGA),217 and Raman 

spectroscopy.218 These methods often display a trade-off because they either 

require extremely thick coatings of 400-1500 µm to evaluate the entire cross-

section or they suffer from a limited depth-resolution of about ±20 µm. In addition, 

they usually provide just a semi-quantitative analysis of the binder content, which 

can vary depending on compositional differences between individual cross-

sections. In contrast, using NDP as a highly lithium-sensitive technique allows to 

quantify the lithium density of an elliptical area of ~17.8 mm2 and its depth-profile 

within the upper ~50 µm of a typical anode electrode coating at a very high depth 

resolution of less than 1 µm.  

 

Figure 3.2 (a) Lithium density profiles of two pristine, uncompressed graphite anodes (areal capacity: 

~3 mAh cm-2, thickness: 90 µm, porosity: 55±2%) as a function of the coating thickness. The coatings were 

dried at different rates, including (i) a slow procedure at 25°C in humid atmosphere for 60 min (marine line), 

and (ii) a fast procedure at 70°C using an infrared (IR) irradiation for 1 min (green line). (b) Impedance 

response of symmetrical graphite//graphite cells in presence of a non-intercalating 100 mM TBAClO4 

electrolyte solution in EC:DEC (50 wt%:50 wt%). For each condition, three repeat measurements with new 

electrodes are plotted.  

Figure 3.2a shows the lithium density profiles of two aqueous-based graphite anode 

coatings (95 wt% graphite, 5 wt% LiPAA binder), which were dried at different 

rates, including (i) a slow procedure at 25°C in humid atmosphere for 60 min, and 

(ii) a fast procedure at 70°C using infrared (IR) irradiation for 1 min. A considerably 

larger amount of the lithium-containing LiPAA binder can be observed in the 

surface-near layers (<20 µm) of the electrode which was dried at a faster rate. This 

finding agrees with the impedance measurements of symmetrical cells in blocking 

conditions (see Figure 3.2b),219 indicating a notably higher pore resistance and thus 

a higher tortuosity for the same electrodes (the porosity is ~55% for both 

electrodes). Nevertheless, the 30-40% larger area below the lithium density profile 
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for the electrode dried at 70°C also indicates a proportionally larger total lithium 

content across the investigated electrode thickness. As both electrodes contain 

nominally the same amount of LiPAA binder (which is the only source of lithium in 

these electrodes), there must exist another reason for this discrepancy, which is still 

subject to further investigation. Besides an irregularity during the electrode 

preparation process (i.e., different actual binder contents), a notable drop of the 

LiPAA content near the Cu current collector (i.e., between 60 and 90 µm electrode 

depth which was not monitored by NDP) for the fast-dried electrode (green line) 

are two possible explanations. In either case, this study demonstrates three 

important insights: (i) NDP indeed allows to monitor the depth-distribution of 

aqueous-based lithium-containing binders, e.g., LiPAA or Li-CMC,220,221 across the 

thickness of electrode coatings with a very high resolution. This offers new insights 

into the investigation of transport-limiting phenomena in battery electrodes as well 

as the optimization of process parameters such as the drying rate. (ii) Similar to 

most neutron-based techniques, NDP experiments need to be complemented by 

other analytical techniques in order to elucidate the spectra. (iii) Ideally, the mass 

loading of the electrode coatings is adjusted such that the NDP signal can be 

monitored across the entire thickness, i.e., the full ~90 µm and not just the first 

~55 µm as in the present investigation. Nevertheless, there exists a trade-off 

between the maximum electrode depth which is accessible by NDP and the 

transport limitations across the thickness of the electrode coating.  

Possible approaches to increase the sample thickness and effectively double the 

accessible electrode depth include (a) consecutive measurements of the same 

electrode coating from the top and the backside (after carefully scratching off the 

coating from the current collector) and (b) the use of mesh coatings or coatings on 

3H-permeable Kapton® foil which are measured simultaneously by two opposite 

detectors. Due to the two-body kinematics of the nuclear reaction between thermal 

neutrons with 6Li, the resulting 3H and 4He particles are emitted back-to-back. Thus, 

the particles emanating from the top-surface of the electrode can be measured by 

one detector and the particles emanating through the mesh/foil and the backside of 

the electrode can be measured by another detector.  
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3.3 Evaluation of New Strategies to Realize Practical 

Silicon-Based Anodes 

While the previous sections focused on the investigation of degradation phenomena 

in SiG anodes, this section attempts to evaluate new strategies to mitigate them. 

Emphasis is put on the efficacy and applicability of the approaches with respect to 

the attainable cycle life and specific energy of practical lithium-ion batteries that 

feature a limited amount of electrolyte and cyclable lithium from the cathode. Two 

of the following three articles describe approaches to increase the lithium inventory 

in lithium-ion full-cells, comprising either an NMC811 or an LNMO cathode.222,223 

The first article evaluates the electrochemical prelithiation of a capacitively largely 

oversized SiG anode,224–227 while the second introduces a composite cathode 

comprising a sacrificial salt which is oxidized during the first charge of the 

battery.228 The last article addresses the problem at its root by introducing a new 

electrolyte additive to improve the stability of the solid-electrolyte-interphase 

(SEI), thus reducing the ongoing consumption of cyclable lithium and electrolyte 

compounds. 

3.3.1 Prelithiation of Silicon-Graphite Anodes in SiG//NMC811 cells 

This section presents the article ǲMitigating the Impedance Growth in 
SiG//NMC811 Lithium-Ion Batteries by Prelithiation of the Silicon-Graphite Anodeǳ.229 At the time of the submission of this PhD thesis, the article has not yet 

been submitted for publication. This study was presented as a poster at the 

19th International Meeting on Lithium Batteries (IMLB) in Kyoto, Japan (June 17-22, 

2018), Abstr. #P035TUE. 

Lithium-ion batteries consisting of a SiG anode and a nickel-rich nickel manganese 

cobalt oxide cathode (e.g., NMC811) offer high theoretical specific energies of 

>300 Wh kg-1 on a cell-level.24,75 However, realization of these theoretical values 

poses a significant challenge because of two major obstacles: (i) An ongoing 

consumption of cyclable lithium and electrolyte caused by side reactions at the 

silicon/electrolyte interface.53,102,175 (ii) A limitation of the cell end-of-charge 

voltage due to side reactions at the NMC811 cathode at higher potentials, including 

the release of lattice oxygen, electrolyte oxidation, surface film formation, and 

transition metal dissolution, which lead to increased capacity fading.39,230–232 
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In the present article, we investigated SiG//NMC811 full-cells with respect to the 

influence of prelithiation on the upper cell cutoff voltage and the resulting cycling 

stability at 45°C. Hence, we first benchmarked the NMC811 cathodes 

(~2.0 mAh cm-2 at 4.1 V vs. Li+/Li) in half-cells against lithium metal anodes by 

applying upper cutoff voltages between 4.0 and 4.6 V vs. Li+/Li. In the next step, we 

extended our analysis to SiG//NMC811 full-cells, using a capacitively largely 

oversized SiG anode (~7.0 mAh cm-2), and investigated them regarding their 

cycling stability and electrode polarization at different C-rates between 0.1 and 

1.0 h-1. For selected conditions, the SiG anodes were electrochemically prelithiated 

to obtain different lithium inventories (up to 4.6 mAh cm-2). Using either a lithium 

metal reference electrode or a gold-wire micro-reference electrode, we then 

monitored the potentials and the impedance growth of the individual electrodes as 

a function of cycle number and upper cell cutoff voltage. Finally, we complemented 

the impedance measurements by an operando gas evolution analysis of the NMC811 

cathode using on-line electrochemical mass spectrometry (OEMS). 

This study generated three important insights into SiG//NMC811 lithium-ion 

batteries: (i) The comparatively high lithiation potential of the SiG anode leads to 

an upward shift of the upper cutoff potential of the NMC811 cathode. At potentials 

above 4.3 V vs. Li+/Li, oxygen is released from the surface-near layers of the 

NMC811 lattice and results in a dramatic increase of the cell impedance which 

lowers the reversible capacity especially at higher C-rates. (ii) Prelithiation of the 

SiG anode offers an effective approach to lower its average lithiation potential and 

thus reduces the risk of oxygen release during voltage slippage of the NMC811 

cathode. (iii) Without prelithiation, the SiG//NMC811 cell chemistry reveals a poor 

reversible capacity after 250 cycles at 45°C which lags far behind its high 

theoretical specific energy. However, increasing the lithium inventory greatly 

improves the cycling stability, resulting in a specific energy of ~340 Wh kg-1 

(normalized to the mass of both electrodes) after 250 cycles at 45°C. This value 

matches state-of-the-art graphite//NMC622 cells with an upper cell cutoff voltage 

of 4.4 Vcell after 250 cycles at 25°C. 

To focus on industrially relevant electrodes, this PhD thesis initiated a collaboration 

with the Volkswagen Varta Microbattery Forschungsgesellschaft mbH (VW-VM) in 

Ellwangen, which provided the SiG anode and NMC811 cathode sheets as well as 

the electrolyte solution. 
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Abstract 

In the present work, we investigate the impact of the upper cell cutoff voltage on the cycling stability 

of silicon-graphite//NMC811 lithium-ion batteries at different C-rates over 250 cycles at 45 °C. Using 

a gold-wire micro-reference electrode and electrochemical impedance spectroscopy (EIS), we monitor 

the potential evolution and the impedance growth of the individual electrodes as a function of the cycle 

number and the upper cell cutoff voltage. Further, we complement our analysis by a characterization of 

the NMC811 cathode by means of half-cell cycling against lithium metal electrodes and a gas evolution 

analysis using on-line electrochemical mass spectrometry (OEMS). 

Our results indicate that the relatively high lithiation potential of the capacitively oversized 

SiG anode causes a gradual upward shift of the end-of-charge potential of the NMC811 cathode, leading 

to the release of oxygen from the NMC811 lattice and a concomitant impedance growth at the positive 

electrode even at comparatively low cell cutoff voltages. To cope with this challenge, we demonstrate 

that prelithiation of SiG anodes represents an effective strategy to reduce the average anode potential 

and thus mitigate an upward shift of the end-of-charge potential of the NMC811 cathode, while 

additionally providing a sufficiently large lithium inventory to allow a reversible capacity of 

>180 mAh g-1
NMC after 250 cycles at 45 °C.  

Keywords: NMC811, silicon-graphite, oxygen release, cutoff potential, prelithiation
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Introduction 

Lithium-ion batteries consisting of a silicon-based anode and a layered lithium nickel manganese 

cobalt oxide Li(NixMnyCoz)O2-based cathode offer the potential of high cell-level energy densities 

>300 Wh kg-1.1,2 However, the realization of these theoretical values continues to pose a significant 

challenge. The two major obstacles include (i) the ongoing consumption of active lithium and electrolyte 

constituents caused by side reactions at the silicon/electrolyte interface,3 5 and (ii) the limitation of the 

end-of-charge potential of the NMC811 cathode due to side reactions occurring at high voltages, such 

as the release of lattice oxygen, electrolyte oxidation, surface film formation, and transition metal 

dissolution, which lead to subsequent capacity fading.6 9 

The interest in silicon-based anodes originates from their high theoretical capacity of 3579 mAh g-1
Si 

and their relatively low mean delithiation potential of ~0.4 V vs. Li+/Li.10 Although the potential is 

higher compared to graphite (0.1-0.2 V vs. Li+/Li) it is still considerably lower than alternative high 

capacity anode materials, e.g., tin or tin oxide, which have mean delithiation potentials of 

1.1-1.3 V vs. Li+/Li and thus offer much lower energy densities.11,12 However, the high capacity of 

silicon correlates with large volumetric changes during (de-)lithiation of the particles, which result in 

perpetual side reactions at the silicon/electrolyte interface and cause an ongoing loss of active lithium 

and electrolyte constituents upon cycling.13 15 In accordance with Obrovac et al.,16 the molar volume 

occupied by lithium in these binary alloys which leads to a continuous volume 

expansion of the alloy with an increasing capacity utilization, i.e., with an increasing x in LixSi. To 

balance these properties, a capacitively oversized silicon-based anode offers a trade-off between a higher 

specific capacity compared to graphite and a restricted volume expansion due to a limited lithiation and 

thus a smaller change in the average state-of-charge.17 20 Yet, for commercial cells this approach requires 

a careful evaluation of the resulting energy density, because the additional silicon also increases the 

inactive coating volume, the electrolyte demand and the irreversible capacity.10,21  

On the cathode side, layered lithium nickel manganese cobalt oxides Li(NixMnyCoz)O2 are among 

the most promising active materials because of their high specific capacity and good cycling stability.22 

Their sloped voltage profile results in a gradual increase of the specific capacity with an increasing end-
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of-charge potential.8,9 Yet, it is not possible to use the full theoretical specific capacity of 

~275 mAh g-1
NMC because of structural instabilities and side reactions occurring once a certain amount 

of lithium is extracted from the layered oxide.7,23 27 Therefore, two approaches are commonly pursued 

to maximize the utilization of the theoretical capacity of Li(NixMnyCoz)O2 cathodes, including (i) an 

increase of the Ni content in these compositions,6,28 and (ii) an optimization of the end-of-charge 

potential.29,30 Noh et al.28 reported an increasing first cycle capacity of the layered oxides with increasing 

Ni content from 163 mAh g-1
NMC for LiNi0.33Mn0.33Co0.33O2 (NMC111) to 203 mAh g-1

NMC for 

LiNi0.8Mn0.1Co0.1O2 (NMC811) at 0.1 h-1 and an end-of-charge potential of 4.3 V vs. Li+/Li. However, 

it was also shown that the layered oxides reveal a lower capacity retention28,31,32 and inferior thermal 

stability28,33 for compositions with higher Ni contents. Further, Jung et al.6 demonstrated that 

graphite//NMC811 full-cells provide a stable cycling performance only at end-of-charge voltages as low 

as 4.0 V, because the NMC811 undergoes phase transitions at high voltages which are accompanied by 

the release of surface-near lattice oxygen within the first cycles. In accordance with these results, earlier 

studies already reported that the subsequent formation of a spinel-like layer at the particle surface 

increases the cell polarization and ultimately leads to accelerated capacity fading.34 36 As silicon-based 

anodes usually have a higher mean potential compared to graphite, it is thus important to evaluate the 

NMC811 cathodes at a given cell voltage by taking into account the anode potential in order to assess 

the practically achievable energy density and durability of this promising lithium-ion cell chemistry. 

In the present work, we investigate the impact of the upper cell cutoff voltage on the cycling stability 

and the electrode polarization of SiG//NMC811 full-cells over 250 cycles at 45 °C. Hence, we first 

benchmark the NMC811 cathodes in coin-cells against lithium metal anodes by applying upper cutoff 

potentials between 4.0 and 4.6 V vs. Li+/Li. Further, we evaluate the gas evolution of the NMC811 

cathode using on-line electrochemical mass spectrometry. Next, we investigate SiG//NMC811 full-cells, 

utilizing a capacitively oversized SiG anode, with respect to their cycling stability and electrode 

polarization at different C-rates. Using a gold-wire micro-reference electrode we monitor the potentials 

and the impedance growth of the individual electrodes as a function of the cycle number and the upper 

cell cutoff voltage. Finally, we prelithiate SiG anodes in half-cells against lithium metal and evaluate 

the resulting cycling stability and electrode potential evolution in SiG//NMC811 full-cells.  
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Experimental 

Electrode preparation.  The calendared NMC811 cathodes used in this study consisted of a 

94:2:3:1 wt% mixture of LiNi0.8Mn0.1Co0.1O2 (NMC811) active material, PVdF binder (Solvay, France), 

SFG 6L, and C65 conductive carbon (both Timcal / Imerys Graphite & Carbon, Switzerland), which 

was casted onto an aluminum foil current collector. The NMC811 mass loading was adjusted to 

~12.5 mgNMC cm-2, corresponding to a nominal areal capacity of ~2.0 mAh cm-2 (160 mAh g-1
NMC) at an 

upper cutoff potential of 4.1 V vs. Li+/Li. The theoretical specific capacity of 275 mAh g-1
NMC is only 

achieved at higher potentials of about 4.8 V vs. Li+/Li. 

The silicon-graphite (SiG) anodes consisted of a 70:23:5:2 wt% mixture of silicon nanoparticles 

(Wacker Chemie AG, Germany), KS6L (Imerys Graphite and Carbon, Switzerland), poly(acrylic acid) 

binder (MW =  g mol-1, Sigma-Aldrich, Germany), and C65 conductive carbon (Timcal / Imerys 

Graphite & Carbon, Switzerland), which was casted onto a copper foil current collector. The combined 

mass loading of silicon and graphite was ~3.7 mgSiG cm-2, which provided a practical first cycle 

delithiation capacity of ~7.0 mAh cm-2 at a current density of 0.5 mA cm-2 and a lower cutoff potential 

of 0.01 vs. Li+/Li. 

All electrode sheets were prepared by the Volkswagen Varta Microbattery (VW-VM) 

Forschungsgesellschaft mbH, following a proprietary ink procedure with either water (for SiG anodes) 

or N-methylpyrrolidone (NMP) (for NMC811 cathodes) as solvent. Prior to cycling, electrode discs of 

11 mm in diameter (~0.94 cm-2) were punched out of the sheets and were dried at 120 °C for at least 

12 h under vacuum in a glass oven (Büchi, Switzerland), before being transferred into an Ar atmosphere 

MBraun glovebox (H2O and O2 concentration <0.1 ppm) without exposure to ambient atmosphere. 

Half-cell measurements.  Electrochemical characterization of the NMC811 cathodes as well as 

the electrochemical prelithiation of the SiG anodes were performed in CR2032 coin-cells (Hohsen, 

Japan) with a lithium metal foil (450 µm thickness, 13 mm diameter, Rockwood Lithium, USA) acting 

as counter and reference electrode, respectively. The cells were assembled by sandwiching two porous 

glass fiber separators (250 µm thickness, 16 mm diameter, VWR, USA) soaked with 100 µL electrolyte 

between a lithium metal foil and either an NMC811 electrode (~2.0 mAh cm-2, 11 mm diameter) or 



6 
 

SiG electrode (~7.0 mAh cm-2, 11 mm diameter). As electrolyte, a mixture of 1 M LiPF6 in 

fluoroethylene carbonate:ethyl methyl carbonate (FEC:EMC, 20:80 vol%) (BASF, Germany) was used. 

Full-cell and impedance measurements.  Electrochemical and impedance characterization of the 

SiG//NMC811 full-cells was performed in Swagelok®-type T-cells (Swagelok, Germany), featuring a 

lithiated gold-wire micro-reference electrode as described in detail by Solchenbach et al.37 The cells 

were assembled by sandwiching two porous glass fiber separators (250 µm thickness, 11 mm diameter, 

VWR, USA) soaked with 60 µL electrolyte between a SiG anode (~7.0 mAh cm-2, 11 mm diameter) and 

an NMC811 cathode (~2.0 mAh cm-2, 11 mm diameter). For the full-cells, the same electrolyte was used 

as for the half-cell measurements, viz., 1 M LiPF6 in FEC:EMC (20:80 vol%). 

Battery cycling.  The electrode polarization and cycling stability of the Li//NMC811 half-cells 

and SiG//NMC811 full-cells were evaluated by means of constant current constant voltage (CCCV) 

cycling. Hence, the lower cutoff voltage was kept constant at 2.8 Vcell across all measurements, whereas 

the upper (charge) cutoff voltage was varied between 4.0 and 4.6 V vs. Li+/Li for the half-cells and 4.0 

and 4.4 Vcell for the full-cells. The voltage was controlled between the cathode and the anode, therefore, 

furtheron the individual electrode potentials vs. Li+/Li are abbreviated by VLi, whereas the cell voltage 

is described by Vcell. Initially, two formation cycles were performed at low current density 

(~0.2 mA cm-2, 0.1 h-1). Consecutive cycling was performed in sequences of 48 cycles at 1.0 h-1 

(~2.0 mA cm-2) and 2 slow cycles at 0.1 h-1 (~0.2 mA cm-2). The C-rate was adjusted in accordance with 

the upper cutoff voltage, resulting in 1.0 h-1 current densities between 2.0-2.5 mA cm-2. All 

measurements were performed in a climate chamber (Binder, Germany) at 45 °C (±0.5 °C) using a 

battery cycler (Series 4000, Maccor, USA). 

Electrochemical impedance spectroscopy (EIS).  Impedance measurements were performed 

every 50 cycles during the 2nd slow intermediate cycle at 0.1 h-1, using the Swagelok®-type T-cell setup 

described above. Hence, the SiG//NMC811 full-cells were charged to a cell voltage of 3.7 Vcell and then 

relaxed at open potential for 2 hours. Afterwards, potentiostatic electrochemical impedance 

spectroscopy (PEIS) was measured in the frequency range of 100 kHz  50 mHz, using a perturbation 
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of 15 mV. All impedance measurements were performed in a climate chamber (Binder, Germany) at 

45 °C (±0.5 °C) using multi-channel potentiostat VMP3 (BioLogic, France). 

On-line electrochemical mass spectrometry (OEMS).  In order to monitor the gases that are 

evolved during the repeated lithiation of the NMC811 cathodes at 45 °C, operando gas analysis was 

performed by means of on-line electrochemical mass spectrometry (OEMS). The measurements were 

conducted in a custom cell hardware (~10.5 ml head space volume) that was described in detail by 

Tsiouvaras et al.38 Hence, two glass fiber separators (22 mm diameter, VWR, USA, dried for 3 days at 

300°C under vacuum in a glass oven) soaked with 250 µL of the above described electrolyte were 

sandwiched between a porous NMC811 working electrode and a partially delithiated Li0.05FePO4 

counter and reference electrode (~3.2 mAh cm-2, 17 mm, Custom Cells, Germany). Porous NMC811 

cathodes were previously prepared by coating an ink, consisting of a 94:3:3 wt% mixture of 

NMC811:PVdF (Kynar, Arkema, France):C65 (Timcal, Switzerland) in NMP (Sigma-Aldrich, 

Germany), onto porous woven wire mesh (#500 Mesh SS316 Grade, The Mesh Company, UK). The 

areal capacity of the resulting electrodes with a diameter of 15 mm amounted to ~2.2 mAh cm-2 (based 

on the theoretical value of 275 mAh g-1
NMC). All electrodes were dried at least for 24 h at 120 °C under 

vacuum in a glass oven (Büchi, Switzerland). 

The OEMS measurements were carried out at 45 °C in a climatic chamber (Binder, Germany). 

Following a 4 h OCV step for background stabilization to ensure decent baseline extrapolation, a 

galvanostatic formation procedure with a Biologic potentiostat VMP3 (BioLogic, France) between 3.0 

and 4.6 V vs. Li+/Li (-0.45  1.15 V cell voltage) was conducted to delithiate (i.e., charge) the NMC811 

cathodes with a current rate of 0.1 h-1 and subsequently re-lithiate them at 0.2 h-1. The mass signals were 

quantified using a calibration gas containing H2, CO, O2 and CO2 (2000 ppm in Ar, Westfalen AG, 

Germany). 
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Results and Discussion 

  Cycling stability and on-line gas evolution analysis of NMC811 cathodes at 45 °C.  Figure 1 

shows the specific discharge capacities of Li//NMC811 half-cells for different upper (charge) cutoff 

potentials (4.0, 4.2, 4.4, and 4.6 VLi) and a constant lower cutoff potential of 2.8 VLi at (a) 0.1 h-1 and 

(b) at 1.0 h-1, which were obtained from CCCV cycling at 45 °C. Selected cycles and the corresponding 

capacity retention at different current densities are summarized in Table I. As expected, the 2nd cycle 

discharge capacities at 0.1 h-1 increase with the upper cutoff potential from 144, 183, 216 to 

226 mAh g-1. Taking into account the respective mean discharge voltages, these capacities translate into 

specific discharge energies of 500, 652, 782, and 825 mWh g-1
NMC. Although the discharge capacity of 

NMC811 is larger compared to other LiNixMnyCozO2 materials with lower Ni contents (x < 0.8), the 

energy density does not increase proportionally because of its flatter potential profile.28 Thus, (i) to meet 

the target value of 700-800 mWh g-1
CAM for the specific energy for future cathode active materials 

(CAM) in automotive applications1,29 and (ii) to compete against state-of-the-art NMC622 cathodes, 

which provide an initial specific energy of ~685 mWh g-1
CAM in NMC622//graphite cells (at 0.1 h-1, 

40 °C, and an upper cutoff potential of ~4.4 VLi),39 an end-of-charge potential of at least 4.3-4.4 VLi is 

required for NMC811. 

Nonetheless, there exists a trade-off between the initial capacity of NMC811 and its capacity 

retention upon cycling which results in a higher capacity fading with increasing upper cutoff potential. 

While at 4.0 and 4.2 VLi high capacity retentions of ~99% and ~95% are realized after 250 cycles with 

a C-rate of 0.1 h-1, at 4.4 and 4.6 VLi the fading becomes more severe, resulting in notably lower capacity 

retentions of ~85% and ~76% during the same period (compare Table I). Further, at higher upper cutoff 

potentials a strong dependence of the capacity fading on the applied current density can be observed by 

comparing Figure 1(a) and (b), which results in accelerated fading rates at higher currents. For example, 

at 4.0 VLi  VLi the fading 

is significantly higher after 250 cycles at 1.0 h-1, resulting in a capacity retention of ~51% at 1.0 h-1 

compared to ~76% after 250 cycles at 0.1 h-1. As a result, the cycling performance of NMC811 cathodes 

is governed by at least two degradation phenomena, which differ in their extent and rate-dependence. 

The first phenomenon shows only minor dependence on the applied current density and results loss of 
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reversible capacity even at low rates. This is usually attributed to the structural instability of Ni-rich 

NMC cathodes, leading either to cation mixing between Ni and Li cations in Li layers29 or transition 

 VLi, as reported by Wandt et al.26 In contrast, 

the second phenomenon results in a strong polarization of the NMC811 active material upon discharge, 

which accelerates capacity fading at higher rates (here: 1.0 h-1), but the capacity can be partially 

recovered at lower rates (here: 0.1 h-1). This degradation can be associated with the structural transition 

from hexagonal to hexagonal ( ),40,41 which was shown to coincide with the release of lattice 

oxygen and subsequent formation of a surface-near spinel-like or rock-salt type layer.6,42  

 

Figure 1. Specific discharge capacity of Li//NMC811 coin-cells (~12.5 mgNMC cm-2) (a) at 0.1 h-1 and (b) at 1.0 h-1 as a function 
of the cycle number in 1 M LiPF6 FEC:EMC (20:80 vol%) electrolyte, operated at different upper cutoff potentials (4.0, 4.2, 
4.4, and 4.6 V vs. Li+/Li) and a constant lower cutoff potential of 2.8 V vs. Li+/Li, using CCCV cycling at 45 °C. Two 
formation cycles were performed at 0.1 h-1, then repeated sequences of 48 cycles at 1.0 h-1 and 2 cycles at 0.1 h-1. The error 
bars represent the standard deviation of at least two independent repeat measurements.  

 

Recently, Li et al.30 demonstrated by in-situ XRD measurements of NMC811 that the H2

transition coincides with a rapid shrinkage of the c-parameter. Building up on this, Jung et al.6 proposed 

that this decrease likely stems from a decreasing repulsion of the oxygen layers, which is caused by the 

oxidation of the oxygen anions. Eventually, this reaction leads to the release of lattice oxygen, which 

they showed for different LiNixMnyCozO2 materials, including NMC811, by means of on-line 
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electrochemical mass spectrometry (OEMS). Further, the authors concluded that due to the limited 

diffusion length of oxygen anions in the bulk NMC particles, which was formerly reported by 

Strehle et al.,42 the oxygen release and subsequent formation of a spinel-like or rock-salt type layer is 

restricted to the surface-near region, while the bulk structure stays intact, which was reported 

analogously for various layered oxides.36,43,44  

Table I. Specific discharge capacity and capacity retention of Li//NMC811 coin-cells at 0.1 h-1 and 1.0 h-1, respectively, in 
dependence on the upper cutoff potential at 45 °C. The data were extracted from the cycling data shown in Figure 1 and 
represent the average of at least two independent repeat measurements. The error ranges represent the standard deviations of at 
least two independent repeat measurements. 

Cutoff 
potentials 

Capacity @ 0.1 h-1 / mAh g-1 Capacity 
retention / % 

Capacity @ 1.0 h-1 / mAh g-1 Capacity 
retention / % 2nd cycle 250th cycle 5th cycle 245th cycle 

2.8-4.0 VLi 144 ± 0.7 143 ± 0.9 99 ± 0.1 125 ± 1.4 125 ± 1.5 100 ± 0.0 
2.8-4.2 VLi 183 ± 0.0 174 ± 0.1 95 ± 0.1 166 ± 0.1 154 ± 0.7 93 ± 0.4 
2.8-4.4 VLi 216 ± 0.6 185 ± 0.0 85 ± 0.1 202 ± 0.6 149 ± 1.8 74 ± 1.2 
2.8-4.6 VLi 226 ± 0.3 173 ± 4.0 76 ± 1.7 209 ± 0.2 106 ± 3.9 51 ± 1.8 

 

To determine the onset of the release of lattice oxygen from the here investigated active material 

Figure 2 shows (a) the voltage profile of a mesh-coated NMC811 cathode during the first galvanostatic 

charge/discharge at 0.1 h-1/0.2 h-1 against a partially delithiated Li0.05FePO4 electrode. The 

corresponding (b) integral gas evolution and (c) gas evolution rate of oxygen (O2, m/z = 32, marine), 

carbon dioxide (CO2, m/z = 44, blue), and carbon monoxide (CO, m/z = 28, brown) are also depicted. 

A small activation peak can be observed in the voltage profile of the NMC811 within the first few 

minutes which results from the initial removal of surface contaminants that likely originate from the 

storage of the active material.45 Yet, almost no gas evolution can be observed within the first 8 hours 

except for a slow, almost linear increase of the CO2 mass signal (blue line). Originally, this feature has 

been related to the electrochemical oxidation of carbonate impurities at the NMC particle surface,46,47 

whereas recently, Jung et al.39 proposed based on measurements with a 13C-labelled ethylene carbonate 

(EC) electrolyte that the initial CO2 formation most likely stems from the oxidation of electrolyte 

impurities. The oxidation of the impurities leads to a nearly quantitative release of CO2, even though no 

O2 release is detected yet. In contrast, at about 4.25 VLi, viz., once the NMC811 state-of-charge exceeds 

80% (referring to a total specific capacity of 275 mAh g-1
NMC), a distinct increase of the oxygen signal 

(marine line) can be observed in Figure 2(b). During the same period, a rapid increase in the CO2 and 

CO can be detected, indicating the oxidative decomposition of electrolyte constituents. This rapid 
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change in the gas evolution rates can be rationalized by the onset of a fundamentally different oxidation 

mechanism. While the first part was dominated by the oxidation of impurities, minor electrochemical 

electrolyte decomposition, and likely the thermal decomposition of fluoroethylene carbonate (FEC),48,49 

at potentials above 4.25 VLi reactive oxygen is released from the NMC811 active material which leads 

to a chemical oxidation of the alkyl carbonate electrolyte. Again, we would like to highlight that this 

phenomenon is not due to electrochemical oxidation of the electrolyte, because similar experiments by 

Jung et al.,48 with 1 M LiPF6 in EC:EMC in presence of either C65 or LNMO revealed no electrolyte 

decomposition at potentials below 5.0 VLi but instead related to chemical oxidation. By operando 

emission spectroscopy, Wandt et al.50 recently proved that singlet oxygen is evolved upon delithation 

exceeding roughly 80% state-of-charge for layered transition metal oxides as NMCs. For NMC811 the 

evolution of this highly reactive oxygen species is especially critical for battery aging as this state-of-

charge is reached at a lower charging potential due to the flatter potential profile with higher  Ni content. 

 

Figure 2. Gas evolution during the first galvanostatic charge/discharge of a NMC811 cathode (~2.2 mAh cm-2) at 
0.1 h-1/0.2 h-1. (a) NMC811 potential calculated from the Li0.05FePO4//NMC811 cell voltage as a function of time. (b) Integral 
gas evolution and (c) gas evolution rate of oxygen (O2, m/z = 32, marine line), carbon dioxide (CO2, m/z = 44, blue line), and 
carbon monoxide (CO, m/z = 28, brown line) as a function of time. Electrolyte: 1 M LiPF6 in FEC:EMC (20:80 vol%), 
temperature: 45 °C. The OEMS data are smoothed, baseline corrected and converted into units of µmol g-1NMC. The results 
were confirmed by three independent repeat measurements. 
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Although the structural transformation of the NMC811 also results in a permanent loss of reversible 

capacity, the formation of the oxygen-depleted layer additionally impedes the diffusion of Li+ ions and 

increases the charge-transfer resistance. This results  and 

further lowers the reversible capacity at higher C-rates. Because the thickness growth of this layer 

strongly depends on the upper cutoff potential and thus impacts the cycling stability and rate capability 

of NMC811,6,7,30 we focus our analysis on the implications for the realizable capacity and the aging 

behavior of the SiG//NMC811 full-cells.  

 

Figure 3. (a, b) Specific discharge capacity of SiG//NMC811 Swagelok®-type T-cells (a) at 0.1 h-1, (b) at 1.0 h-1, and (c) the 
corresponding end-of-charge electrode potentials of the NMC811 cathode (solid symbols) and the SiG anode (hollow symbols) 
monitored by a lithiated gold-wire micro-reference electrode as a function of the cycle number in 1 M LiPF6 
FEC:EMC (20:80 vol%) electrolyte, operated at different upper cell cutoff voltages (4.0, 4.2, and 4.4 Vcell) and a constant lower 
cell cutoff voltage of 2.8 Vcell, using CCCV cycling at 45 °C. Two formation cycles were performed at 0.1 h-1, then repeated 
sequences of 48 cycles at 1.0 h-1 and 2 cycles at 0.1 h-1. The error bars represent the standard deviation of at least two 
independent repeat measurements. 
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Cycling performance of SiG//NMC811 full-cells at different upper cutoff voltages.  Figure 3 

shows the cycling stability of SiG//NMC811 full-cells (a) at 0.1 h-1 and (b) at 1.0 h-1, obtained from 

CCCV cycling between a constant lower cutoff voltage of 2.8 Vcell and different upper cutoff voltages 

of 4.0, 4.2, and 4.4 Vcell at 45 °C. Analogous to the half-cell measurements, the second cycle discharge 

capacities increase with increasing upper cutoff voltage from 116, 153 to 169 mAh g-1
NMC 

(see Table II), which corresponds to areal capacities of 1.5, 1.9, and 2.1 mAh cm-2, respectively. 

Considering a reversible SiG anode capacity of about 7.0 mAh cm-2 (see Figure 6), this translates into 

a balancing (n:p) ratio of 4.7-3.3, depending on the upper cutoff voltage. In other words, the reversible 

capacity of the NMC811 cathode accounts only for 21-30% of the reversible capacity of the SiG anode. 

Since silicon-based electrodes usually reveal a higher coulombic efficiency and less capacity fading 

when their capacity and thus the volumetric changes are restricted,10,20 the lower anode capacity 

utilization is expected to improve the cycling stability of the SiG//NMC811 full-cells. Yet, according to 

Figure 3(a) all cells show a rapid capacity decay upon continued cycling at 45 °C that largely exceeds 

the fading observed in the half-cell measurements shown in Figure 1. After 250 cycles, the residual 

capacities of the full-cells amount to 39, 55, and 58 mAh g-1
NMC at 0.1 h-1, thus corresponding to similar 

capacity retentions of 34-36% (compare Table II). In contrast, at higher rates shown in Figure 3(b) the 

fading notably increases at higher upper cutoff voltages of 4.4 Vcell, leading to a lower capacity retention 

of 19% compared to 28-29% at 4.0 and 4.2 Vcell, respectively. As recently pointed out by Klett et al.,51 

these differences in the capacity retention at different C-rates suggest that at 4.0 and 4.2 Vcell the cycling 

stability is mostly governed by the loss of active lithium from the NMC811 cathode caused by perpetual 

side reactions at the SiG anode, whereas at 4.4 Vcell the cycling stability is increasingly influenced by an 

additional electrode polarization, which has only minor impact at low current density but increasingly 

impedes the cell performance at higher current densities.  

Because the SiG//NMC811 full-cells were controlled by the cell voltage, the evolution of the 

individual electrode potentials (V vs. Li+/Li) plays a major role in understanding the discrepancy of the 

cycling stability at different upper cutoff voltages. Figure 4 shows the cell voltage of a SiG//NMC full-

cell (marine line) and the corresponding electrode potentials of the SiG anode (dotted blue line) and the 

NMC811 cathode (dashed brown line), respectively, which were monitored by a lithiated gold-wire 
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micro-reference electrode and confirmed by an independent measurement with a lithium metal reference 

electrode (data not shown). As a result of the capacitively oversized SiG anode and the high average 

lithiation potential of silicon,3,19 the SiG anode potential remains at values above 0.16 VLi even at the 

end of charge, which in turn leads to a shift of the NMC811 potential by the same extent towards more 

positive potentials. Considering an upper cutoff voltage of 4.4 Vcell, this translates into an end-of-charge 

potential of ~4.56 VLi for the NMC811 cathode, i.e., the electrode operates well above the onset of the 

oxygen release and subsequent formation of the resistive spinel-like layer at the NMC811 particle 

surface, as demonstrated by Figure 2. 

Table II. Specific charge/discharge capacity, coulombic efficiency and capacity retention of SiG//NMC811 Swagelok®-type 
T-cells of selected cycles at 0.1 and 1.0 h-1, respectively, in dependence on the upper cell cutoff voltage at 45 °C. The data were 
extracted from the cycling data shown in Figure 3 and represent the average of at least two independent repeat measurements. 

  Cutoff voltages 
 Units 2.8-4.0 Vcell 2.8-4.2 Vcell 2.8-4.4 Vcell 

1st charge-discharge cycle     
Charge capacity mAh g-1NMC 180 ± 1.2 222 ± 0.7 241 ± 0.3 
Discharge capacity mAh g-1NMC 121 ± 0.3 157 ± 1.3 174 ± 1.6 
Irreversible capacity loss mAh g-1NMC 59 ± 1.5 64 ± 0.7 67 ± 1.9 
Coulombic efficiency % 67 ± 0.6 71 ± 0.4 72 ± 0.7 
Capacity @ 0.1 h-1     
 2nd cycle discharge mAh g-1NMC 116 ± 0.2 153 ± 1.1 169 ± 1.3 
250th cycle discharge mAh g-1NMC 39 ± 0.8 55 ± 0.1 58 ± 1.2 
Capacity retention % 34 ± 0.6 36 ± 0.0 34 ± 0.4 
Capacity @ 1.0 h-1     
55h cycle discharge mAh g-1NMC 108 ± 0.9 142 ± 0.1 156 ± 0.2 
245th cycle discharge mAh g-1NMC 32 ± 0.1 40 ± 0.1 30 ± 0.4 
Capacity retention % 29 ± 0.2 28 ± 0.1 19 ± 0.2 

 

To monitor the evolution of the individual electrode potentials, Figure 3(c) shows the end-of-charge 

potentials of the SiG anode (lower panel) and the NMC811 cathode (upper panel) as a function of the 

cycle number. An eventual potential drift of the lithiated gold-wire micro-reference electrode was 

mitigated by periodic re-lithiation after every 50 cycles (prior to impedance measurements). 

Accordingly, the end-of-charge potential of the SiG anode reveals a rapid increase up to ~0.2 VLi within 

the first 10 cycles independent of the upper cell cutoff voltage. This can be ascribed to the higher average 

lithiation potential of amorphous silicon compared to the uncycled crystalline silicon particles.52 In 

addition, the large capacity excess of the SiG anode relative to the capacity-limiting NMC811 cathode 

results on average in a low degree of lithiation and thus a higher average SiG anode potential. Upon 

cycling, the electrode potential increases further because of the loss of active lithium, which translates 
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into a minor but continuous increase of the end-of-charge potential to 0.22 VLi. At an upper cutoff 

voltage of 4.4 Vcell (marine symbols) the potential shift is even larger, which likely stems from increased 

side reactions at the SiG anode, which are caused at higher NMC811 potentials as will be discussed in 

the next section. 

The comparatively high end-of-charge potential of ~0.2 VLi of the SiG anode has three important 

implications for SiG//NMC811 lithium-ion batteries: (i) It results in an upward shift of the NMC811 

cathode potential, which constantly operates at least ~200 mV above the controlled cell voltage and thus 

may cause a concern both in terms of durability and safety. (ii) It lowers the effective energy density 

compared to conventional graphite electrodes, which are operated on average at about 100-150 mV 

lower potentials.6 (iii) It results in an operation of the SiG anodes at low degrees of lithiation (here 

between 0 and 31% SOC), which was previously shown to be less favorable compared to an operation 

at higher degrees of lithiation (e.g., 60-90% SOC) both in terms of cycling stability and coulombic 

efficiency.14,18  

 

Figure 4. Cell voltage of a SiG//NMC811 Swagelok®-type T-cell (marine line, left panel) and electrode potentials of the 
NMC811 cathode (brown dashed line, left panel) and the SiG anode (blue dotted line, right panel) as a function of the areal 
capacity during the first charge/discharge cycle, obtained from CCCV cycling between 2.8 and 4.4 Vcell at 0.1 h-1 and 45 °C. 
The electrode potentials were monitored by a lithiated gold-wire micro-reference electrode. The brown and the blue shaded 
areas indicate the oxidative and the reductive stability limit of the carbonate-based electrolyte.  
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Impedance growth of SiG//NMC811 full-cells at different upper cutoff voltages. To confirm the 

the higher electrode impedance at cutoff potentials above 4.25 VLi, impedance spectroscopy of the 

SiG//NMC811 full-cells was measured every 50 cycles during the charge of the second intermediate 

0.1 h-1 cycle at 3.7 Vcell after 120 min at open circuit potential. The gold-wire micro-reference electrode 

setup allows to separate the impedance contributions of anode and cathode, whereby the sum of both 

electrodes equals the overall full-cell impedance.37 Figure 5(a) shows the Nyquist plot of representative 

impedance responses of the NMC811 cathodes after 150 cycles at different upper cell cutoff voltages. 

Accordingly, the impedance is characterized by a large distorted semicircle in the interfacial impedance 

frequency range (1 kHz  1 Hz), which consists of the pore resistance  and the charge-transfer 

resistance  at the NMC811/electrolyte interface. The -axis reflects the high 

frequency resistance  which remains almost constant upon cycling. In contrast, the smaller 

distorted feature at frequencies above 1 kHz occurring in the cells cycled to 4.2 and 4.4 Vcell likely 

originates from a contact resistance that is caused by HF-induced degradation of the aluminum current 

collector, as described by Gaberscek et al.53 Further, a linear slope at low frequencies (< 1 Hz) can be 

observed for the cells at 4.0 and 4.2 Vcell, which corresponds to the Warburg diffusion . Because the 

impedance in the present study was only measured in non-blocking conditions,54 it is not possible to 

adequately distinguish the individual impedance contribution, thus, we will furtheron only consider the 

low frequency resistance  which describes the sum of , ,  and . Yet, we would 

like to emphasize that the dominating feature that is increasing upon cycling is the large semicircle 

comprising the pore resistance and the charge-transfer resistance at the NMC811/electrolyte interface. 

Figure 5(b) and (c) summarize the low frequency resistances  of the SiG anode and the 

NMC811 cathode as a function of the cycle number and the applied upper cutoff voltage at 45 °C. The 

 were obtained by fitting of the Nyquist impedance spectra using a serial connection of a resistor, 

two RQ-elements (i.e., a resistor and constant phase element in parallel) and a Warburg element , 

whereby  equals the sum of the three resistors.55 As can be seen, both the SiG anode and the 

NMC811 reveal a continuous impedance growth upon cycling. Yet, their growth rates differ notably in 

dependence on the upper cell cutoff voltage. The SiG anode impedance increases from 3-4 cm2 during 
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the second cycle to 20, 45, and 80  cm2 after 250 cycles at an upper cutoff voltage of 4.0, 4.2, and 

4.4 Vcell, respectively. The moderate increase of the growth rate between 4.0 and 4.2 Vcell can be 

explained by the higher charge throughput and thus a higher amount of electrolyte decomposition 

products in the SiG anode.3 In contrast, the larger increase of the anode impedance at an upper cell cutoff 

voltage of 4.4 Vcell indicates the presence of an additional degradation mechanism which likely 

originates from cross-diffusion of oxidation products, resulting from parasitic reactions occurring at the 

NMC811 cathode at high potentials.25,56,57 

 

Figure 5. (a) Nyquist plot of the NMC811 cathode impedance exemplarily shown for the 150th charge/discharge cycle. Spectra 
were recorded at 45 °C from the SiG//NMC811 Swagelok®-type T-cells shown in Figure 3 which were cycled at different 
upper cell cutoff voltages, including 2.8-4.0 Vcell (brown), 2.8-4.2 Vcell (blue), and 2.8-4.4 Vcell (marine). Potentiostatic 
impedance spectroscopy was measured with a perturbation of 15 mV and a frequency range of 100 kHz  50 mHz after 
charging the cells to 3.7 Vcell and holding them at open circuit potential for 120 min. (b, c) Evolution of the lower frequency 
resistance (RLFR) of (b) the SiG anode and (c) the NMC811 cathode in dependence on the upper cell cutoff voltage as a function 
of the cycle number.  
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On the cathode side, the cells which were cycled at 4.0 and 4.2 Vcell show a very similar increase of 

the NMC811 impedance from 6-8 to 20-25  cm2 after 250 cycles. In contrast, the cells with an upper 

cutoff voltage of 4.4 Vcell reveal a significant jump up to 74  cm2 during the same period. To explain 

this discrete voltage-dependent impedance growth, three mechanisms need to be distinguished that lead 

to an increase of the low frequency resistance  of the investigated NMC811 cathodes and also affect 

the SiG anode: (i) At lower cutoff voltages, i.e., at 4.0 and 4.2 Vcell, respectively, the small increase in 

the impedance can be partially attributed to low electrochemical oxidation rates that occur at potentials 

below 5.0 VLi, especially at elevated temperatures. These may add up to a significant extent of oxidative 

charge and oxidation products during long-term cycling and thus may contribute to long-term impedance 

growth.58 60 Nonetheless, we think that the electrochemical oxidation is not the dominating mechanism, 

because the Tafel-slope kinetics would suggest a linear increase, which contradicts the strong impedance 

growth at an upper cutoff voltage of 4.4 Vcell. Further, Jung et al.48 recently demonstrated that the 

intrinsic oxidative stability of an LP57 electrolyte (1 M LiPF6 in EC:EMC, 30:70 wt%) on either 

LNi0.5Mn1.5O4 or pure C65 conductive  carbon was rather high at room temperature. Instead, (ii) 

Kim et al.49 recently reported that the thermal instability of FEC in LiPF6-based electrolytes at elevated 

temperatures (here: 45 °C) may lead to a defluorination of FEC by PF5 and subsequent formation of 

vinylene carbonate (VC) and HF. These products cause parasitic reactions, including the oxidation of 

VC and dissolution of transition metal from the NMC811 cathode, and thus contribute to a further 

increase of the charge-transfer resistance .61 While the first two phenomena occur across all 

investigated upper cutoff voltages and evidently result in a comparatively small  impedance increase 

of factor ~2 after 250 cycles at 45 °C, an additional mechanism is required to account for the rapid 

growth of the impedance between 4.2 and 4.4 Vcell, leading to an almost 10-fold increase during the 

same period as shown in Figure 5(c). Jung et al.48 proposed the chemical electrolyte oxidation caused 

by the release of lattice oxygen and formation of an oxygen-depleted layer at the surface of the NMC811 

particles as an alternative pathway, which agrees well with the significant increase of the low frequency 

resistance  once the cell voltage exceeds a certain value between 4.2 and 4.4 Vcell. This process has 

two negative implications for the resistance at the NMC811/electrolyte interface, including (i) the 

formation of a resistive spinel-like layer at the NMC811 particle surface as well as (ii) a subsequent 
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accumulation of reaction products from the electrolyte oxidation. In accordance with Figure 5(b), the 

oxidation products may also diffuse from the cathode to the SiG anode, as reported recently by 

Metzger et al.,25 and result in additional parasitic reactions which further increase the anode impedance. 

As a corollary, the rate of the anode impedance growth also correlates with the amount of side reactions 

occurring at the NMC811 cathode. Moreover, silicon-based electrodes are particularly prone to cross-

diffusional degradation, because of the usually much larger surface area compared to graphite and the 

volumetric changes upon (de-)lithiation which result in a poor passivation of the silicon/electrolyte 

interface caused by repeated cracking and renewal of the SEI, in particular at elevated temperatures.  

Our results from impedance spectroscopy and gas analysis demonstrate unanimously that 

NMC811 cathodes reveal a high sensitivity toward the upper cutoff voltage. Once the cathode exceeds 

~80% state-of-charge, corresponding here to an electrode potential of ~4.25 VLi, reactive oxygen is 

released from the NMC lattice which results in the formation of an oxygen depleted layer and chemical 

electrolyte oxidation at the cathode surface, thus leading to a significant impedance growth. In full-cells 

consisting of SiG anodes and NMC811 cathodes, this problem becomes even more severe, because the 

comparatively positive anode potential results in an upward shift of the NMC811 cathode of up to 

~200 mV to more positive potentials. Therefore, SiG//NMC811 full-cells that were cycled to upper 

cutoff voltages of 4.4 Vcell indicate a much lower capacity retention at higher current densities. To cope 

with this challenge, various strategies were deployed by researchers aiming on a stabilization of the 

NMC811 surface, including core-shell62 and concentration gradient materials,63,64 with nickel contents 

75% and 56% in the particle center and the surface, respectively. In addition, surface coatings of 

alumina65,66 and LiMn2O4
67 as well as aluminum doping68,69 were shown to improve the cycling stability 

of Ni-rich NMC cathodes. However, we think that these strategies are only successful as long as the 

release of oxygen is prevented by limited diffusion of the oxygen anions through a thick shell. Once the 

NMC particles start to break due to the repeated volumetric stress upon (de-)lithiation, as recently 

reported by Janek and co-workers, oxygen release may occur at the sites of fractures, thus leading to an 

additional impedance growth.70  
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Influence of prelithiation of SiG anodes on the cycling stability of SiG//NMC811 full-cells.  In 

the present study, we investigate the prelithiation of the SiG anode as an alternative route to mitigate the 

release of oxygen from NMC811 cathodes in SiG//NMC811 full-cells. Prelithiation of anodes is 

thermodynamically more complex compared to cathode materials, because a more reactive lithium 

source is required and the lithiated active materials are usually more reactive and harder to control.71 

Yet this approach offers several advantages, including (i) a lower average anode potential, (ii) a 

mitigation of the irreversible capacity loss during formation, and (iii) a reservoir of active lithium to 

compensate ongoing side reactions at the silicon-electrolyte interface upon cycling.21,72 74 Since the goal 

of our present study is to evaluate the influence of prelithiation of SiG anodes on the end-of-charge 

potential of the NMC811 cathode, we applied electrochemical prelithiation of the SiG anodes against 

lithium metal counter electrodes. On a lab-scale, this offers a convenient method to quantify accurately 

the amount of reversibly prelithiated lithium in the anode active materials. Figure 6(a) shows potential 

profiles of SiG anodes during the first lithiation/delithiation using different end-of-lithiation potentials 

(200, 110, 100 and 10 mVLi). The flat potential profile during the first cycle is characteristic for the 

lithiation of the initially crystalline silicon particles and leads to large changes of the areal capacity even 

if the potential differs only by few mV.20 For that reason, the prelithiation of silicon-based electrodes is 

usually defined by a constant capacity rather than a potential-limit. To understand how much lithium 

was inserted into the SiG anodes and which fraction of it is available furtheron as active lithium, 

Figure 6(b) summarizes the prelithiation capacity as well as the reversible delithiation capacity of the 

SiG anodes as a function of the end-of-lithiation potential. Accordingly, a lithiation to 200 mVLi 

corresponds to an insertion of ~0.4 mAh cm-2 into the SiG anodes, whereby ~0.2 mAh cm-2 are 

consumed by irreversible processes, e.g., SEI formation, and ~0.2 mAh cm-2 (~53%) can be extracted 

reversibly. Further lithiation to 110 and 100 mVLi results in an increase of the coulombic efficiency up 

to 80-82%, as the SEI losses are compensated by an increasing lithiation capacity of ~2.9 and 

~5.8 mAh cm-2, respectively. Full lithiation of the SiG anode to 10.3 mAh cm-2 is realized by applying 

an end-of-lithiation potential of about 10 mVLi. However, the coulombic efficiency decreases again to 

68% due to the immobilization of lithium in the silicon active material across the thick SiG coating and 

increased side reactions caused by the reactivity of the highly lithiated LixSi phases.75 Nonetheless, 
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because the active lithium of the NMC811 cathode also needs to be accommodated by the SiG anode 

during the first charge of the SiG//NMC811 full-cells, which amounts up to 3.0 mAh cm-2 (see Figure 4) 

depending on the prelithiation and the upper cutoff voltage, we selected 100 mVLi, i.e., ~5.8 mAh cm-2, 

as the maximum prelithitiation capacity to maintain a safety margin of at least ~15% 

(= 3.0 + 5.8 mAh cm-2 divided by 10.3 mAh cm-2; compare Figure 6) and thus avoid lithium plating at 

the SiG anode. In the following, the cells are always labelled by their prelithiation capacity, viz., 0.4 

(blue), 2.9 (marine), and 5.8 mAh cm-2 (green). 

 

Figure 6. (a) SiG electrode potential as a function of the areal capacity during the first lithiation/delithiation in 
Li//SiG coin-cells (~3.7 mgSiG cm-2), obtained from galvanostatic cycling at 0.5 mA cm-2 and 45 °C in 1 M LiPF6 
FEC:EMC (20:80 vol%) electrolyte using different lower cutoff potentials (200, 110, 100, and 10 mV vs. Li+/Li) and a constant 
upper cutoff potential of 1.25 V vs. Li+/Li. (b) Areal prelithiation capacity (solid) and reversible delithiation capacity 
(patterned) as a function of the lower cutoff potential during electrochemical prelithiation against lithium metal counter 
electrodes. 
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Figure 7 shows the areal discharge capacity of SiG//NMC811 full-cells (a) at 0.1 h-1 and (b) at 

1.0 h-1, as well as (c) the corresponding end-of-charge potentials of the SiG anode and the NMC811 

cathode, respectively, which were operated at cell cutoff voltages between 2.8 and 4.1 Vcell. As expected, 

the SiG//NMC811 full-cells with a pristine SiG anode (brown) reveal a similar cycling stability as the 

full-cells shown in Figure 3, which were operated at upper cutoff voltages of 4.0 and 4.2 Vcell, 

respectively. During the second cycle at 0.1 h-1, they realized a discharge capacity of 1.83 mAh cm-2 but 

showed a continuous decay to 0.68 mAh cm-2 after 250 cycles at 45 °C, which corresponds to a capacity 

retention of 37% (146  54 mAh g-1
NMC). A prelithiation capacity of ~0.4 mAh cm-2 in the SiG anode 

(blue) lifts the initial discharge capacity by almost the same amount, resulting in a second cycle 

discharge capacity of 2.18 mAh cm-2 (174 mAh g-1
NMC), because less lithium is consumed from the 

NMC811 cathode for the SEI formation and thus still contributes the reversible capacity. However, the 

higher utilization of the SiG anode also resulted in an increased loss of active lithium, which is reflected 

by a stronger capacity fade within the first 100 cycles, when compared to the pristine SiG anode. Further 

prelithiation with ~2.9 mAh cm-2 (marine) resulted in an even higher initial discharge capacity of 

2.38 mAh cm-2 (191 mAh g-1
NMC) in the SiG//NMC811 full-cells. Although this capacity remained fairly 

stable during the first 50 cycles, an abrupt decay can be observed thereafter, which can be rationalized 

by considering that any lithium loss is only compensated until the reservoir in the SiG anode is depleted. 

Nonetheless, Figure 7(c) shows that the higher lithium content in the anode also resulted in a shift of 

the end-of-charge potential towards more negative potentials of 0.14-0.16 VLi compared to the 0.16-

0.22 VLi, obtained from the pristine SiG anode. As a corollary, the NMC811 is also operated at a ~60 mV 

lower end-of-charge potential. Moreover, the relatively stable end-of-charge potential of the SiG anode 

upon prolonged cycling indicates that a large fraction of the prelithiated lithium remains trapped in the 

anode and does not contribute to the compensation of the active lithium loss. As the impedance of the 

SiG anode increases upon cycling, the amount of the immobilized lithium likely also increases. In other 

words, the amount of reversibly accessible lithium is effectively lower as indicated by the first cycle 

delithiation capacity of the Li//SiG half-cells shown in Figure 6.  
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Figure 7. (a, b) Areal discharge capacity of SiG//NMC811 Swagelok®-type T-cells (a) at 0.1 h-1, (b) at 1.0 h-1, and (c) the 
corresponding end-of-charge electrode potentials of the NMC811 cathode (solid symbols) and the SiG anode (hollow symbols) 
monitored by a lithium metal reference electrode as a function of the cycle number in 1 M LiPF6 FEC:EMC (20:80 vol%) 
electrolyte, operated with differently prelithiated SiG anodes (pristine, 0.4, 2.9, and 5.8 mAh cm-2; compare Figure 6) between 
cell cutoff voltages of 2.8-4.1 Vcell (or 4.2 Vcell, see dark green symbols) using CCCV cycling at 45 °C. The procedure was the 
same as for the cells in Figure 3, including two formation cycles were performed at 0.1 h-1, then repeated sequences of 48 cycles 
at 1.0 h-1 and 2 cycles at 0.1 h-1. The error bars represent the standard deviation of at least two independent repeat 
measurements. The orange dashed area indicates the NMC811 cathode potential of 4.25 VLi above which oxygen was released 
during the OEMS measurements shown in Figure 2. 

 

A further prelithiation with ~5.8 mAh cm-2 (green) resulted in a slightly lower second cycle 

discharge capacity of 2.26 mAh cm-2, which is caused by the reduced end-of-charge potential of the 

NMC811. Afterwards, a fairly stable cycling is observed over 250 cycles at 45 °C due to the larger 

lithium reservoir, yielding a residual capacity of 1.98 mAh cm-2 at 0.1 h-1 and 1.69 mAh cm-2 at 1.0 h-1, 

respectively. Remarkably, the high capacity retention is not only accomplished at 0.1 h-1 

(182  158 mAh g-1
NMC, ~87%) but also at higher C-rate of 1.0 h-1 (168  133 mAh g-1

NMC, ~80%). 
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This can be explained by the end-of-charge potentials shown in Figure 7(c). While in presence of the 

pristine or moderately prelithiated SiG anode (i.e., 0.4 and 2.9 mAh cm-2), the NMC811 is still 

repeatedly operated above the critical potential of 4.25 VLi, a higher prelithiation of the SiG anode with 

5.8 mAh cm-2 resulted in a shift of the anode potential profile towards lower values. As a corollary, the 

NMC811 is operated a lower end-of-charge potentials which mitigates the release of lattice oxygen from 

the active material and subsequent growth of the resistive spinel-like layer at the NMC811 particle 

surface. Thus, prelithiation of the SiG anode does not only allow to compensate the loss of active lithium 

for a limited number of cycles but also maintains the rate capability of the NMC811 cathode by reducing 

its end-of-charge potential and thus making it less susceptible to the release of oxygen upon voltage 

slippage over prolonged cycling. Furthermore, the lower end-of-charge potential of the NMC811 

cathode even allows to increase the upper cell cutoff voltage from 4.1 to 4.2 Vcell, while still avoiding 

the critical potential region above ~4.25 VLi. SiG//NMC811 full-cells which were operated between 2.8 

and 4.2 Vcell with a SiG anode prelithiated to a reversible capacity of ~5.8 mAh cm-2 (dark green) 

provided a second cycle discharge capacity of 2.54 mAh cm-2 and residual capacity as high as 

2.2 mAh cm-2 at 0.1 h-1 after 250 cycles at 45 °C (217  187 mAh g-1
NMC, ~86%). As expected, a similar 

retention of 75% (201  152 mAh g-1
NMC) was also obtained at a higher C-rate of 1.0 h-1. However, the 

low potential of the SiG anode shown in Figure 7(c) also demonstrates a limitation of this approach. 

Once the state-of-charge of the anode becomes too high, its potential approaches 0 V vs. Li+/Li and thus 

enables lithium plating which in turn increases the amount of side reactions and raises safety concerns.  

As a corollary, our results demonstrate that the prelithiation of a capacitively oversized SiG anode 

offers an attractive approach to obtain high areal capacities and a fairly stable cycling in SiG//NMC811 

full-cells, while mitigating the release of lattice oxygen by reducing the end-of-charge potential of the 

NMC811 cathode. However, for commercially-sensible electrodes it is also important to evaluate the 

impact of the oversized anode on the effective energy density of the cell as well as the risk of lithium 

plating at high degrees of prelithiation. In addition, we would like to emphasize that the focus of the 

present study was mostly on the evolution of the electrode potentials and the resulting cycling stability 

at different C-rates. To evaluate whether the use of SiG//NMC811 lithium-ion batteries indeed allows 

to realize the required specific energy target of 300-350 Wh kg-1 on a cell-level we encourage researchers 
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to provide more information concerning the electrolyte consumption and the mass contributions from 

both the anode and the electrode coating. In fact, the practical gain compared to graphite-based 

electrodes will likely be in the order of less than 30%10,11 because of the still higher irreversible capacity 

and the higher electrolyte demand of silicon-based full-cells. Thus, closing the gap to the specific energy 

target will require combined strategies which include an optimization of the NMC811 cathode to allow 

an operation at higher potentials, and thus higher state-of-charge, as well as an optimization of the 

SiG anode by stabilization of the silicon/electrolyte interface and possibly by prelithiation.  

Conclusions 

In the present study, we investigated silicon-graphite//NMC811 full-cells, utilizing a capacitively 

oversized SiG anode, with respect to their cycling stability at different C-rates over 250 cycles at 45 °C. 

Based on half-cell measurements against lithium metal electrodes and gas evolution analysis by means 

of on-line electrochemical mass spectrometry we demonstrated that NMC811 cathodes are very 

sensitive to the end-of-charge potential. Our results showed that at potentials above ~4.25 V vs. Li+/Li, 

viz., at about 80% state-of-charge, oxygen is released from the NMC811 lattice, which resulted in (i) a 

chemical oxidation of the electrolyte and (ii) the formation of a resistive surface layer at the NMC811 

particles, causing in a strong electrode polarization and reduced capacity retention at higher current 

densities. SiG//NMC811 full-cells are particularly prone to this aging mechanism even at relatively low 

cell cutoff voltages, because the comparatively high lithiation potential of the SiG anode results in an 

upward shift of the end-of-charge potential of the NMC811 cathode. Using a lithiated gold-wire micro-

reference electrode we demonstrated that the resulting oxygen release did not only cause a distinct 

increase of the impedance growth at the NMC811 cathode but also at the SiG anode, which we explained 

by the cross-diffusion of electrolyte decomposition products resulting from the chemical oxidation of 

electrolyte compounds at the NMC811 cathode. Therefore, the capacity retention of both half and full-

cells was notably decreased once the oxygen release occurred at the NMC811 cathode at potentials 

above ~4.25 V vs. Li+/Li. To cope with the challenge, we demonstrated that prelithiation of the 

capacitively oversized SiG anodes is an effective approach to mitigate the rapid impedance growth of 

the SiG//NMC811 full-cells by lowering the average anode potential and thus reducing the effective 

end-of-charge potential of the NMC811 cathode at a given cell cutoff voltage. Further, the excess of 
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active lithium, which was introduced by the prelithiation, additionally improved the capacity retention 

by compensating the ongoing side reactions at the silicon/electrolyte interface and even allowed to 

increase the upper cell voltage which resulted in residual capacities of >180 mAh g-1
NMC after 250 cycles 

at 45 °C. Thus, our results demonstrated that the prelithiation of capacitively oversized silicon-based 

anodes offers an additional lever for combined strategies to improve the practical specific energy of 

future lithium-ion batteries.  
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3.3.2 Lithium Oxalate as Capacity and Cycle-Life Enhancer for 

Silicon-based Full-Cells 

This section presents the article ǲLithium Oxalate as Capacity and Cycle-Life 

Enhancer in LNMO/Graphite and LNMO/SiG Full Cellsǳ,222 which was published in 

February 2018 in the Journal of The Electrochemical Society. It is an open access 

article distributed under the terms of the Creative Commons Attribution 4.0 

License. The main research work was done by Sophie Solchenbach, who is also the 

first author of the paper. The permanent web-link to the article is 

http://dx.doi.org/10.1149/2.0611803jes.  

In accordance with the previous sections, the irreversible capacity loss of silicon-

based anodes remains a huge challenge. Different approaches were pursued to 

increase the lithium inventory in lithium-ion full-cells, however, most of them are 

ex situ and require the addition of further steps to the manufacturing process, which 

slows down the production and increases costs.227,233,234 Moreover, the handling of 

lithiated anodes is much more difficult compared to lithiated cathodes, because of 

their higher reactivity.185 For that reason, the following article deals with a method 

to increase the lithium inventory in situ by using lithium oxalate as a sacrificial salt 

in combination with a lithium nickel manganese oxide (LNMO) cathode.222,228 In 

contrast to alternative approaches reported in the literature, which involve the 

synthesis  of an overlithiated LNMO active material,223 lithium oxalate can be added 

directly during the ink procedure of the cathode coating which greatly improves the 

handling and flexibility of the manufacturing process. Furthermore, among the 

sacrificial salts lithium oxalate is especially attractive for lithium-ion batteries 

because its oxidative decomposition causes no unwanted side products but releases 

only lithium and CO2, which was even shown to have a beneficial effect on the solid-

electrolyte-interphase of silicon-based electrodes.235  

First, we investigated the electrochemical oxidation of lithium oxalate to CO2, which 

occurs around 4.7 V vs. Li+/Li and lies well within the plateaus of the Ni2+/Ni3+ and 

Ni3+/Ni4+ redox couples. The resulting gas evolution was quantified by means of 

on-line electrochemical mass spectrometry (OEMS).  Using half-cells, we then tested 

the influence of the addition of 2.5 or 5 wt% lithium oxalate to the LNMO cathodes, 

which increased the theoretical specific capacity of the first charge by about 10% 
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or 20%.  To investigate the effect of the increased lithium inventory on the cycling 

stability of lithium-ion full-cells, the LNMO cathodes were combined either with 

graphite anodes or with the same SiG anodes which were also used in our previous 

work102 (see Section 3.1.1). Usually, silicon-based anodes are operated with a 

fluoroethylene carbonate (FEC)-containing electrolyte solution, which is known to 

significantly improve the cycling stability.103,175 For that reason, we also 

investigated the consumption rates of FEC and CO2 as well as the resulting cycle life 

of the SiG//LNMO full-cells in dependence on the concentrations of the two 

additives. 

This study generated three important insights about the use of lithium oxalate in 

combination with LNMO cathodes for SiG anodes: (i) The addition of 2.5 or 5 wt% 

lithium oxalate to LNMO improves the initial capacity (up to ~11%) of full-cells 

featuring a graphite anode and reduces their capacity fade over 300 cycles (from 

19% to 12% or 8%, respectively). For SiG anodes, this effect is even larger, resulting 

in a notably increased capacity retention after 250 cycles (45% instead of 20%), 

even in the presence of an FEC-containing electrolyte. (ii) CO2 is an effective SEI-

forming additive that indicates a synergistic effect with FEC on the lifetime of 

silicon-based full-cells. The removal of one of the two additives leads to a reduction 

of the cycle life. (iii) Similar to a sacrificial salt,228 the addition of lithium oxalate 

offers a convenient method to introduce a defined amount of lithium and CO2 into a 

lithium-ion battery without the addition of further manufacturing steps. However, 

depending on the cell housing and the amount of CO2, the pressure build-up during 

the first charge needs to be evaluated carefully. 
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3.3.3 DiFEC as Electrolyte Additive for Silicon Electrodes 

This section presents the article ǲEvaluating EC, FEC, and DiFEC as Electrolyte 

Constituents for Silicon-Graphite Electrodes: Reduction Mechanism and 

Consumptionǳ.236 At the time of the submission of this PhD thesis, the article has not 

yet been submitted for publication. This study was presented on international 

conferences, for example at the 231st Meeting of The Electrochemical Society in New 

Orleans, Louisiana (May 28 – Jun 1, 2017), Abstr. #213.  

This article deals with the evaluation of a fluorinated EC-derivate as electrolyte 

additive for the stabilization of the silicon/electrolyte interface. The SEI on silicon 

faces several challenges that exceed the requirements of conventional graphite 

electrodes. Besides (i) a high electrical resistivity to avoid further reduction of 

electrolyte compounds and (ii) a selective permeability for lithium ions to allow fast 

(de-)lithiation kinetics,6,44 the SEI on silicon also needs to be able (iii) to sustain the 

large mechanical stresses arising from the continuous volumetric changes during 

(de-)lithiation.208 If the latter condition is not given, side reactions at the 

silicon/electrolyte interface result in an ongoing electrolyte decomposition and a 

gradual loss of cyclable lithium from the positive electrode.237 As a result, silicon-

based electrodes typically reveal a lower coulombic efficiency and a notably 

reduced cycle life in lithium-ion full-cells compared to graphite.112,173 While the 

reduction of ethylene carbonate (EC) was shown to yield a stable SEI on graphite, 

allowing a high coulombic efficiency above 99.9%,238 a poor cycling performance 

has been reported for silicon-based electrodes with EC.239 In contrast, 

fluoroethylene carbonate (FEC) has been demonstrated to substantially improve 

the coulombic efficiency and capacity retention of silicon electrodes.240–242 The 

origin of this beneficial effect has been related to the different reduction mechanism 

of the FEC molecule which yields in the formation of a more flexible and kinetically 

stable SEI.103,243 

In this article, we evaluated di-fluoroethylene carbonate (DiFEC) as an alternative 

electrolyte additive for silicon-based electrodes. Considering the beneficial effect of 

FEC on the cycling performance of silicon electrodes, we aimed to enhance the 

properties of the electrolyte additive and reduce the electrolyte consumption rate 

by addition of a second fluorine atom. First, we investigated the reductive 

decomposition of the differently fluorinated EC-derivatives by differential capacity 
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analysis of reductive scans in half-cells and the concomitant gas evolution by on-

line electrochemical mass spectrometry (OEMS). Further, we evaluated the cycling 

performance and polarization of the SiG anodes against capacitively oversized 

LiFePO4 positive electrodes and quantified the consumption of the different 

additives upon cycling by post mortem 19F-NMR analysis.102,103  

This study generated three important insights about the use of di-fluoroethylene 

carbonate (DiFEC) as electrolyte additive for SiG anodes: (i) DiFEC has a very 

similar reductive behavior on SiG anodes like the widely used fluoroethylene 

carbonate (FEC), which involves a more positive reduction potential than ethylene 

carbonate (EC), the release of CO2, and the consumption of a total of four electrons 

per (Di)FEC molecule. (ii) SiG anodes cycled in the presence of DiFEC and an excess 

of cyclable lithium showed a 7%-points higher capacity retention after 

100 charge/discharge cycles compared to FEC. However, an in-depth analysis 

revealed that the total charge+discharge capacity exchanged by silicon per 

consumed mole of (Di)FEC is the same. As a corollary, the higher reversible capacity 

was obtained at the expense of a higher irreversible capacity, which suggests that 

DiFEC does not offer an advantage in terms of the SEI stability in silicon-based 

lithium-ion batteries. Nonetheless, (iii) SiG anodes cycled in the presence of DiFEC 

indicated a reduced loss of interparticle contact pressure within the first 60 cycles 

when compared to FEC. Although this phenomenon is still subject to further 

investigations, it indicates that there is room to further improve the mechanical 

properties of the SEI on silicon active materials.   

Author contributions 

M.W. and G.H. prepared the SiG electrodes, performed the electrochemical testing 
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discussed the results and commented on the manuscript.  
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Abstract 

In silicon-based lithium-ion batteries, electrolyte additives play a crucial role in the kinetic 

stabilization of the silicon/electrolyte interface. In the present study, we investigate di-fluoroethylene 

carbonate (DiFEC) as an alternative additive to the widely used fluoroethylene carbonate (FEC). Using 

1 M LiPF6 in EC:EMC (30:70 wt%) as base electrolyte, we add either 5 wt% FEC or DiFEC to evaluate 

their effect on the electrochemistry of silicon-graphite (SiG) electrodes with 35 wt% silicon 

nanoparticles. First, we investigate the reductive behavior of the fluorinated EC-derivates at the 

silicon/electrolyte interface by means of differential capacity analysis and electrochemical impedance 

spectroscopy. Using on-line electrochemical mass spectrometry (OEMS), we then examine the gas 

evolution during repeated (de-)lithiation of the SiG electrodes and derive the reduction mechanisms for 

EC, FEC, and DiFEC. Further, we evaluate the impact of the fluorinated EC-derivatives on the cycling 

stability and the polarization of the SiG electrodes by means of galvanostatic cycling in pseudo full-

cells with capacitively oversized LiFePO4 cathodes. Using post-mortem 19F-NMR spectroscopy, we 

finally quantify the consumption of FEC and DiFEC upon cycling and compare their efficacy with 

respect to commercial lithium-ion batteries. 

Keywords: Silicon-graphite electrode, electrolyte additive, DiFEC, FEC, EC 
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Introduction 

Silicon-based lithium-ion batteries offer the potential of high cell-level energy densities above 

300 Wh kg-1.1,2 However, the realization of these theoretical values continues to pose a significant 

challenge. The repeated alloying/dealloying of ~3.75 Li atoms per Si atom causes large volumetric 

changes by up to +280%, leading to mechanical degradation of the solid-electrolyte-interphase (SEI) as 

well as to severe morphological changes of the silicon particles.3,4 As a result, the SEI on silicon faces 

several challenges that exceed the requirements of state-of-the-art graphite-based electrodes. Besides (i) 

a low electrical conductivity to avoid further reduction of electrolyte constituents and (ii) a sufficiently 

high but selective permeability for Li ions to allow fast (de-)lithiation kinetics,5,6 the SEI on silicon 

additionally needs to be able (iii) to sustain the large mechanical stress arising from the repeated volume 

changes during (de-)lithiation.7 If the latter condition is not given, side reactions at the silicon/electrolyte 

interface result in an ongoing consumption of active lithium8,9 and decomposition of electrolyte 

constituents.10 12 Therefore, silicon electrodes typically reveal a lower coulombic efficiency and a 

notably reduced cycle life in lithium-ion full-cells when compared to graphite.13  

The electrolyte plays a crucial role in the formation of the SEI at the negative electrode.14 While the 

reduction of ethylene carbonate (EC) was shown to form a stable SEI on graphite electrodes allowing 

high coulombic efficiency above 99.9%,15 a poor passivation has been reported for silicon electrodes 

due to an insufficient mechanical stability.16 In contrast, fluoroethylene carbonate (FEC) has been 

demonstrated to substantially improve the coulombic efficiency and capacity retention of silicon 

electrodes.17 19 The origin of this beneficial effect has been related to the different reduction mechanism 

of the FEC molecule yielding in the formation of a more flexible and kinetically stable SEI. As reported 

by Shkrob et al.,20 the reduction of EC follows a ring-opening and subsequent formation of a radical 

anion, whereas the FEC reduction causes the cleavage of two C-O bonds leading to a concerted 

defluorination and decarboxylation which results in a highly cross-linked network with elastomeric 

properties. In addition, several groups demonstrated by XPS analysis an increased LiF and Li2O content 

as well as a fluoride modification of the silicon oxide layer at the silicon surface, which is believed to 

further improve the kinetic stability of the SEI.21 23 
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Recently, Jung et al.10 and Petibon et al.24 showed independently by post-mortem 19F-NMR analysis 

and gas chromatography, respectively, that the partial replacement of organic carbonates by FEC 

suppresses the reduction of EC and thus improves the cycling stability of silicon electrodes. However, 

once the molar quantity of FEC was depleted from the electrolyte, the cells suffered a strong polarization 

and rapid capacity decay. Thus, the lifetime of silicon-based lithium-ion batteries is directly related to 

the FEC consumption rate at the silicon surface as well as the molar quantity of FEC in the electrolyte.12 

Since the electrolyte volume in commercial lithium-ion batteries is very low (~5 µL cm-2), the main 

lever to improve the cycle life of silicon electrodes is therefore to decrease the FEC consumption rate, 

i.e., by mitigating the side reactions at the silicon/electrolyte interface. 

 

Scheme 1. Chemical structures of the electrolyte constituents that were investigated in this study: Ethylene carbonate (EC) 
fluoroethylene carbonate (FEC), and di-fluoroethylene carbonate (DiFEC). 

 

In the present study, we evaluate di-fluoroethylene carbonate (DiFEC) as an electrolyte additive for 

silicon electrodes. Considering the beneficial effect of FEC on the cycling stability, we seek to enhance 

 (see 

Scheme 1). In 2013, Markevich et al.21 investigated silicon thin-film electrodes in mixtures of FEC or 

DiFEC with DMC, demonstrating a superior cycling stability compared to EC or PC-based electrolytes. 

Later, Yariv et al.25 evaluated the effect of the temperature and the electrolyte constituents, including 

DiFEC, on carbon negative electrodes. More recently, several groups analyzed DiFEC with respect to 

its oxidative decomposition in graphite//NMC cells.26 28 In contrast, here we focus on the reduction 

mechanism and the consumption of fluorinated EC-derivates on silicon-graphite (SiG) electrodes with 

35 wt% silicon nanoparticles and a delithiation capacity of 1.7-1.8 mAh cm-2. Hence, we prepared three 

electrolytes, consisting of (i) 1 M LiPF6 in EC:EMC (30:70 wt%)  also referred to as LP57; 
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(ii) 5 wt% FEC in LP57, and (iii) 5 wt% DiFEC in LP57. First, we investigate the reductive 

decomposition of the fluorinated EC-derivatives using differential capacity analysis of Li//SiG 

half-cells, and the concomitant gas evolution by means of on-line electrochemical mass spectrometry 

(OEMS). Based on these results, we summarize the reduction mechanisms of EC, FEC, and DiFEC to 

discuss the role of the fluorine substituents. Next, we investigate the cycling stability and polarization 

of SiG electrodes in pseudo full-cells featuring a capacitively oversized LiFePO4 cathode.12 Finally, we 

evaluate the consumption of FEC and DiFEC using post-mortem 19F-NMR spectroscopy10 and derive 

implications for their efficacy in commercial lithium-ion batteries.  

Experimental 

Silicon-graphite (SiG) electrode preparation.  SiG electrodes, consisting of 35 wt% silicon 

nanoparticles (~200 nm dimensions, Wacker Chemie AG, Germany), 45 wt% graphite (~20 µm, T311, 

SGL Carbon, Germany), 10 wt% vapor grown carbon fibers (VGCF-H, Showa Denko, Japan), and 

10 wt% lithium poly(acrylate) binder (LiPAA) were prepared through an aqueous ink procedure.12 The 

LiPAA was prepared by diluting a 35 wt% poly(acrylic acid) solution (PAA, MW = 250,000 g mol-1, 

Sigma-Aldrich, Germany) with deionized water and neutralizing it with lithium hydroxide (Sigma-

Aldrich, Germany) to a pH-value of ~8.13 All electrodes were dried for 12 h at 120 °C under vacuum in 

a glass oven (Büchi, Switzerland) before being transferred into an Ar atmosphere glovebox (H2O and 

O2 concentration <0.1 ppm, MBraun, Germany). The electrode mass loading was adjusted to 

~1.4 mgelectrode cm-2, which corresponds to a theoretical capacity of 1.9-2.0 mAh cm-2. This value was 

also used to define the C-rate, i.e., 1 h-1 equals ~2 mA cm-2. Practically, first cycle delithation capacities 

of 1.7-1.8 mAh cm-2 (~1280 mAh g-1
el) were obtained at 0.1 h-1.3  

Electrolytes.  Three different electrolytes were prepared: (i) 1 M LiPF6 in ethylene carbonate: 

ethyl methyl carbonate (EC:EMC, 30:70 wt%) (BASF, Germany)  also referred to as LP57; (ii) 5 wt% 

FEC (BASF, Germany) in LP57; and (iii) 5 wt% DiFEC (HSC Corporation, China) in LP57. The water 

content of these electrolytes was determined by Karl-Fischer titration, revealing sufficiently low values 

of < 5 ppm for LP57 and 5 wt% FEC in LP57, as well as < 20 ppm for 5 wt% DiFEC in LP57.   
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  Test cell assembly.  Electrochemical characterization was performed in coin-cells (CR2032, 

Hohsen, Japan) and Swagelok®-type T-cells (Swagelok, Germany). The cells were assembled by 

sandwiching two electrolyte-soaked glass fiber separators (thickness 250 µm, VWR, USA) between a 

SiG anode and a capacitively oversized LiFePO4 (LFP) cathode (3.5 mAh cm-2, Custom cells, 

Germany).12 For the investigation of the electrolyte decomposition, the LFP was exchanged by a lithium 

metal electrode (~450 µm thickness, Rockwood Lithium, USA) to reliably determine the 

SiG electrode potential during the entire first reductive scan. Because of the different electrode areas in 

coin-cells (1.54 cm2) and T-cells (0.94 cm2), the electrolyte amounts differed slightly between 

~84 µL cm-2 and ~64 µL cm-2, respectively, but always largely exceeded commercial cells (~5 µL cm-2).  

Reductive decomposition of electrolyte constituents.  The reductive decomposition and SEI 

formation behavior of the different electrolytes was investigated by galvanostatic polarization of Li//SiG 

coin-cells between the open-circuit potential (~2.6 V vs. Li+/Li) and a lithiation cutoff potential of 

0.01 V vs. Li+/Li, using a C-rate of 0.02 h-1. All measurements were performed in a climate chamber 

(Binder, Germany) at 25 °C using a battery cycler (Series 4000, Maccor, USA). 

Electrochemical impedance spectroscopy.  The impedance of SiG electrodes in the different 

electrolytes was investigated using a lithiated gold-wire micro-reference electrode in a T-cell.29 First, a 

galvanostatic reductive scan was performed at 0.1 h-1 from open-circuit potential to 0.01 V vs. Li+/Li, 

which was followed by a 5 h rest period at close to ~100% state-of-charge (SOC). At the end of the rest 

period, impedance spectroscopy was conducted using a frequency range of 100 kHz  100 mHz and a 

current perturbation of 0.8 mA. All measurements were performed in a climate chamber (Binder, 

Germany) at 25 °C using a multi-channel potentiostat VMP3 (BioLogic, France). 

On-line electrochemical mass spectrometry (OEMS).  In order to quantify the gases that are 

evolved during the (de-)lithiation of SiG electrodes in the different electrolytes, a gas evolution analysis 

was performed by means of on-line electrochemical mass spectrometry (OEMS). The measurements 

were conducted in a custom cell hardware (~9.5 ml head space volume), using two Celgard separators 

(Ø 26 mm, Celgard® 2325, Celgard, USA) and 130 µL of the above described electrolytes.30 

SiG electrodes were prepared by coating the above described ink onto porous woven wire mesh (#500 
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Mesh SS316 Grade, The Mesh Company, UK). A standard graphite electrode with 95 wt% graphite 

(T311, SGL Carbon GmbH, Germany) and 5 wt% PVdF (Kynar, Arkema, France) was prepared 

analogously as a reference. The capacity of the resulting electrodes with a diameter of 14 mm amounted 

to ~2.45 mAh cm-2. Partially delithiated Li0.9FePO4 (Custom Cells, Germany) was used as counter 

electrode (Ø 15 mm, ~3.2 mAh cm-2). All electrodes were dried for 3 days at 120 °C under vacuum in a 

glass oven (Büchi, Switzerland).  

The OEMS measurements were carried out at 25 °C in a climate chamber (Binder, Germany). 

Following a 4 h OCV step for background stabilization to ensure decent baseline extrapolation, a 

galvanostatic formation procedure with a Series G300 potentiostat (Gamry, USA) between 0.01 and 

1.25 V vs. Li+/Li (3.44  2.2 V cell voltage) was conducted with a C-rate of 0.1 h-1 in the first lithiation, 

and 0.2 h-1 during the subsequent two charge/discharge cycles. A constant voltage step was entered at 

the end of each lithiation at 0.01 V vs. Li+/Li with a time limit of 1 h. The mass signals were quantified 

using a calibration gas containing H2, CO, O2 and CO2 (2000 ppm in Ar, Westfalen AG, Germany). 

Battery cycling.  Cycling stability and polarization of SiG electrodes in the different electrolytes 

was investigated by galvanostatic cycling of SiG//LFP coin-cells. The SiG cutoff potentials of 

0.01 V vs. Li+/Li during lithiation and 1.25 V vs. Li+/Li during delithiation were controlled by the cell 

voltage (3.44-2.2 V), using the stable potential of the oversized LFP cathode (~3.45 V vs. Li+/Li) as a 

reference.12 In addition, 10 min rest periods were entered at the end of each lithiation and delithiation. 

Initially, two formation cycles were performed at 0.1 h-1, while in consecutive cycles the C-rate was 

increased to 0.33 h-1. All measurements were performed in a climate chamber (Binder, Germany) at 

25 °C using a battery cycler (Series 4000, Maccor, USA). 

 Electrolyte consumption.  Consumption of FEC and DiFEC during galvanostatic cycling was 

investigated by post-mortem 19F-NMR spectroscopy of fresh and cycled electrolytes. Hence, SiG//LFP 

coin-cells were disassembled after 100 cycles and the electrolyte-soaked glass fiber separators were 

dipped into deuterated dimethyl sulfoxide (DMSO-d6 anhydrous, Sigma-Aldrich, USA). The solutions 

were then filled into air-tight NMR tubes and 19F-NMR spectroscopy was measured at room temperature 

using a Bruker Ascend 400. The resulting 19F-NMR spectra show only peaks that can either be ascribed 
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to PF6
- or (Di)FEC.10 Considering that the large concentration of PF6

- in the electrolyte remains fairly 

constant at the given conditions, changes in the ratio of the PF6
- and (Di)FEC peak integrals can be used 

to monitor the consumption of (Di)FEC after 100 cycles.  

Results and Discussion 

Reductive decomposition and initial SEI formation of EC, FEC, and DiFEC.  Figure 1a shows 

the differential capacity curves of the first reductive scan in Li//SiG coin-cells with different electrolytes: 

LP57 (blue), 5 wt% FEC in LP57 (brown), and 5 wt% DiFEC in LP57 (marine). The onset for the DiFEC 

reduction occurs at more positive potentials (~1.7 V vs. Li+/Li) compared to FEC (~1.3 V vs. Li+/Li). In 

addition, the capacity resulting from the reduction of DiFEC (~2.15 µAh), which is represented by the 

peak area, is ~2.3 times larger compared to FEC (~0.93 µAh). This indicates a higher consumption of 

lithium and likely also DiFEC molecules during the initial SEI formation. As expected, no EC reduction 

(~0.8 V vs. Li+/Li) can be observed for the FEC- and DiFEC-containing electrolytes.10,31  

 

Figure 1. (a) Differential capacity curves of the first galvanostatic reductive scan at 0.02 h-1 (lithiation of silicon and graphite) 
in Li//SiG coin-cells with different electrolytes: LP57 (blue), 5 wt% FEC in LP57 (brown), and 5 wt% DiFEC in LP57 (marine). 
(b) Impedance response of SiG electrodes at close to 100% SOC after the first galvanostatic lithiation to 0.01 V vs. Li+/Li and 
a 5 h rest period, obtained by a lithiated gold-wire micro-reference electrode in a SiG//LFP T-cell. The high-frequency 

 kHz  100 mHz. 
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To characterize the initial SEI layer of the different electrolytes on the SiG electrode, impedance 

spectroscopy was performed at the end of the first lithiation at close to 100% SOC. The gold-wire micro-

reference electrode setup allows to separate the impedance contributions of anode and cathode, whereby 

Figure 1b only depicts the impedance responses of the SiG electrodes.29 The high-frequency resistance 

was subtracted because it remains very similar across the measurements (~4  cm2) and small 

differences mainly result from the cell setup. For all investigated electrolytes, the SiG electrodes show 

a distorted semi-circle with a maximum frequency between 82 and 876 Hz, followed by a linear 

Warburg diffusion slope in the low frequency region. The semi-circle mainly represents the interfacial 

resistance at the electrode/electrolyte interface, comprising both the surface film (SEI) resistance and 

the charge-transfer resistance. Although it is not possible to separate the individual contributions at this 

SOC, all electrolytes show a reasonable interfacial resistance of less than 10  cm2, which is similar to 

graphite electrodes after one formation cycle with vinylene carbonate.32 Yet, a direct comparison of the 

here investigated electrolytes reveals that the interfacial resistance of 5 wt% DiFEC in LP57 (~8  cm2) 

is notably larger compared to LP57 or 5 wt% FEC in LP57 (~2  cm2 each). This agrees well with the 

~2.3 times larger capacity resulting from the reductive decomposition of DiFEC. As a result, more 

DiFEC is required to obtain a similar initial passivation of the active materials as with EC or FEC. 

Gas evolution of EC, FEC, and DiFEC on SiG electrodes.  The gas evolution of the different 

electrolytes on SiG electrodes during galvanostatic (de-)lithiation was investigated by on-line 

electrochemical mass spectrometry (OEMS). Figure 2a shows the SiG electrode potential, while (b) 

and (c) depict the BET surface area-normalized integral gas evolution of CO2 (m/z = 44) and C2H4 

(m/z = 25) for all investigated electrolytes, including LP57 (blue), 5 wt% FEC in LP57 (brown), and 

5 wt% DiFEC in LP57 (marine). In addition, a reference measurement with a graphite electrode was 

conducted in LP57 (grey dotted line). For all measurements, the integral gas evolution was calculated 

by considering the molar gas volume of 24.5 L mol-1 at 25 °C/1 bar, the head space volume of 9.5 mL 

of the OEMS cell as well as the proportional BET surface area of all electronically conducting electrode 

constituents (silicon 40 m2
BET g-1, graphite 5 m2

BET g-1, VGCF-H 13 m2
BET g-1). During the first lithiation 

of the SiG electrodes, both the FEC- and DiFEC-containing electrolyte evolve large quantities of CO2 

(see Figure 2b). In contrast, the delithiation reveals only minor additional CO2 evolution and the 



10 
 

following re-lithiations even indicate a temporary decrease of the CO2 concentration in the cell 

headspace. The latter likely originates from CO2 reduction on freshly exposed silicon surface during 

particle expansion.33,34 Consequently, the integral gas evolution of CO2 is mainly determined by the first 

lithiation (see vertical dashed black line). As expected, the DiFEC-containing electrolyte generates more 

CO2 (~34 µmolCO2 m-2
BET) compared to FEC (~14 µmolCO2 m-2

BET), indicating a ~2.4 times higher 

additive consumption which agrees well with the ~2.3 times higher reduction capacity calculated from 

Figure 1a. Without any additive, LP57 shows only a small temporary increase of the CO2 mass trace 

(~1 µmolCO2 m-2
BET) on the SiG electrode within the first two hours which rapidly decreases to zero 

thereafter. This phenomenon can be ascribed to the hydrolysis of EC which is catalyzed by OH- traces 

originating from the reduction of trace water.35 However, the small amount of CO2 is consumed swiftly 

at the surface of the SiG electrode, once the potential decreases further. As expected, the reference 

measurement of the graphite electrode in LP57 also shows hardly any CO2 evolution.36,37 

 

Figure 2. Gas evolution during 2.5 charge/discharge cycles at 0.1 h-1 and 0.2 h1, respectively, of SiG electrodes and a graphite 
electrode in different electrolytes: (a) SiG electrode potential (black line). (b, c) Integral gas evolution of carbon dioxide (CO2, 
m/z = 44) and ethylene (C2H4, m/z = 25) as a function of time, obtained from SiG electrodes in LP57 (blue), 5 wt% FEC in 
LP57 (brown) or 5 wt% DiFEC in LP57 (marine), and from a graphite electrode in LP57 (grey dotted line). The OEMS data 
are smoothed, baseline corrected and converted into units of ppm.  

 

0.3

0.6

0.9

1.2

0

10

20

30

40

50

0 5 10 15 20 25 30

0

5

10

15

20

(a) SiG potential

LP57 (graphite)

+ FEC

(b) CO2 (m/z = 44)
+ DiFEC

LP57

LP57 (graphite)
LP57

+ FEC + DiFEC

C2H4 (m/z = 25)(c)

Time (h)

End of first 
lithiation



11 
 

 Figure 2c shows the integral gas evolution of C2H4. Interestingly, it exhibits an almost inverse 

behavior compared to the CO2 mass trace. While the FEC- and DiFEC-containing electrolyte reveal no 

C2H4 evolution, LP57 shows a distinct increase both for the graphite and the SiG electrode. The C2H4 

evolution profile, however, differs considerably for the active materials. The graphite electrode shows 

a discrete increase of the C2H4 signal up to 5.8 µmolC2H4 m-2
BET within the first minutes of lithiation 

followed by a fairly stable concentration during subsequent cycles.36,38 In contrast, the SiG electrode 

shows an ongoing C2H4 evolution up to 5.8 µmolC2H4 m-2
BET during the first lithiation, which continues 

throughout the following reductive half-cycles. We summarize the characteristics for the two types of 

active materials as follows: (i) A similar quantity of C2H4 per BET surface area is evolved during the 

first lithiation.12 (ii) The gas evolution at silicon and graphite occurs at a considerably different rate, 

whereby the disparity of the different gas evolution rates over time can be ascribed to the different 

volume changes of silicon and graphite active materials during (de-)lithiation. While the LixSi alloy 

expands by up to +280% during lithiation, graphite experiences a comparatively small volume change 

of +10% during the intercalation of lithium.4 As EC is known to insufficiently passivate silicon due to 

its poor stability toward the mechanical deformation upon cycling,22 it is repeatedly decomposed on 

freshly exposed silicon surface, thus resulting in an ongoing evolution of C2H4 up to ~13 µmolC2H4 m-2
BET 

after the third lithiation. 

Reduction mechanisms of fluorinated EC-derivatives on SiG electrodes.  Scheme 2 summarizes 

our results from the gas analysis which extent previously reported reduction mechanisms of EC and 

FEC to SiG electrodes,10,37 and additionally allow us to propose a mechanism for the reductive 

decomposition of DiFEC. Accordingly, the prevalent pathway for the reduction of EC is the ring-

opening by fission of a single C-O bond, followed by the formation of the CH2CH2OCO2Li radical.20 

Subsequent radical recombination leads to the formation of lithium ethylene dicarbonate (LEDC), which 

coincides with the elimination of C2H4.37,39 In contrast, for the reduction of FEC on SiG electrodes the 

first electron transfer likely occurs at the carbonyl atom, thus leading to a ring-opening and formation 

of the CO2CH2CHFOLi radical.10,24 Subsequent elimination of CO2 and LiF results in the formation of 

the mesomeric-stabilized vinoxyl radical ( CH2CHO), which was first predicted by Balbuena and co-

workers39,40 through ab-initio modelling. Later, Shkrob et al.20 experimentally confirmed the presence 
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of the vinoxyl radical by in-situ EPR spectroscopy. In the same study, it was also shown that the vinoxyl 

radical can initiate a chain reaction that causes further FEC decomposition and radical polymerization 

by abstracting another hydrogen atom from FEC. Further defluorination within the resulting polymer 

leads to additional radicals that migrate and recombine to produce a highly cross-linked network with 

elastomeric properties. Therefore, we can conclude that despite the structural similarity of EC and FEC, 

the possibility to eliminate fluoride and to subsequently form the vinoxyl radical leads to a considerably 

different reduction mechanism for FEC that evolves CO2 instead of C2H4. In addition, the cross-linked 

polymer network with elastomeric properties whose formation is facilitated by the defluorination likely 

results in the superior mechanical stability of the SEI layer toward repeated volume changes during 

cycling of the SiG electrodes. In agreement with the former work by Jung et al.10 and Martinez et al.,41 

our results from 19F-NMR analysis  which will be discussed in detail later  further indicate that in total 

four electrons are consumed per reduced FEC molecule. Therefore, further reduction of the vinoxyl 

radical described in Scheme 2 and formation of the final reduction products requires a sequential 

transfer of three more electrons. Although the identification of the resulting SEI compounds exceeds the 

methods deployed in the present work, it is known from other studies based on XPS and TOF-SIMS 

analysis, that the reduction of FEC on LixSi results not only in the formation of a polymeric network,20 

but also in a fluoride modification of the silicon oxide overlayer covering the silicon particles23 as well 

as the deposition of inorganic lithium species, including LiF, Li2CO3, and Li2O.22,31 

 

Scheme 2. Mechanisms of the first electron transfer for the reductive decomposition of  EC, FEC, and DiFEC on SiG electrodes 
in agreement with the literature (EC37 and FEC10) and proposed for DiFEC based on the present work. 
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Transferring this knowledge to DiFEC and complementing it with our results from the gas evolution 

and 19F-NMR analysis indicates that the reduction of DiFEC on SiG electrodes is similar to that of FEC, 

thus differing considerably from EC. Accordingly, the reduction of DiFEC occurs at more positive 

potentials compared to EC and even FEC, which is most likely caused by the additional electronegative 

effect of the second fluorine substituent and the increased positive partial charge at the carbonyl atom. 

Purushotham et al.42 calculated the frontier molecular orbital energies (in eV) for propylene carbonate 

(PC), FEC, and DiFEC. They reported notably lower-lying LUMOs for FEC (-0.641 eV) and DiFEC 

(-0.659 eV) compared to the non-fluorinated cyclic carbonate (here: PC, -0.599 eV), which supports the 

earlier reduction onset. As proposed in Scheme 2, we expect the first electron transfer to DiFEC to occur 

at the carbonyl atom, thus leading to the fission of two C-O bonds. Subsequently, this results in a 

defluorination (-LiF), the release of carbon dioxide (-CO2), and the concomitant formation of a 

mesomeric-stabilized vinoxyl radical (CFHCHO). In contrast to FEC, this radical is still fluorinated, 

which has two important implications for the resulting SEI: (i) As the cross-linking of the polymeric 

network was associated with the defluorination and subsequent recombination of radical species,20 we 

expect the SEI originating from DiFEC to have a higher degree of cross-linking, and thus a higher 

mechanical stability. (ii) Although our 19F-NMR analysis indicates that the reductive decomposition of 

DiFEC requires  similar to FEC  in total four electrons,10 further defluorination of the vinoxyl radical 

results in an SEI with a higher relative LiF content compared to FEC,33 thus altering the electrochemical 

properties of the SiG electrodes, as will be discussed in a later section.  

Trans-esterification of asymmetric linear carbonates on SiG electrodes.  In addition to ongoing 

side reactions at the silicon/electrolyte interface, the insufficient passivation of the EC decomposition 

products on silicon likely also leads to changes in the LP57 bulk electrolyte. Strehle et al.43 demonstrated 

for an LP57 electrolyte that during the reduction of EMC on SLP30 graphite electrodes, lithium 

alkoxide-type species (LiOR) are evolved which are accompanied by the release of carbon monoxide 

(CO). In accordance with the reaction mechanism shown in Scheme 3, these highly reactive LiOR 

species act as nucleophiles and attack the carbonyl atom of the linear carbonate (EMC), resulting in a 

conversion of the co-solvent into two symmetric linear carbonates, here dimethyl carbonate (DMC) and 

diethyl carbonate (DEC), in a stoichiometric 50:25:25 equilibrium.43,44 This ester exchange reaction, 
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also described as trans-esterification, leads to a decrease of the EMC-related mass traces (m/z = 29, 45, 

59, and 77),43 but at the same time an increase due to the formation of DMC and DEC, which can be 

monitored at the unique mass traces m/z = 62 (DMC) and m/z = 63 (DEC).  

 

 

Figure 3. Development of the I36-normalized mass traces of (a) DMC (m/z = 62), and (b) DEC (m/z = 63) during 2.5 
charge/discharge cycles at 0.1 h-1 and 0.2 h1, respectively, evaluated from the same OEMS measurement as shown in Figure 2, 
using a SiG electrode in LP57 (blue), 5 wt% FEC in LP57 (brown) or 5 wt% DiFEC in LP57 (marine), and a graphite electrode 
in LP57 (grey dotted line). 

 

Figure 3 shows the Argon current (I36)-normalized mass traces of DMC and DEC, which allow to 

evaluate the extent of the trans-esterification during the 2.5 charge/discharge cycles from the same 

OEMS measurement depicted in Figure 2. As expected from the reaction shown in Scheme 3, the pure 

LP57 electrolyte reveals an initial increase of the mass traces m/z = 62 and m/z = 63 in a ratio of about 

1:1.3 both at the SiG and the graphite electrode. The deviation from a perfect ratio of 1:1 mainly results 

from the intrinsic intensity of these two mass traces.43 Analogously to the ethylene traces shown in 

Figure 2c, the graphite electrode shows a steep increase of m/z = 62 and 63 during the first two hours 

which is followed by a plateau. In contrast, the SiG electrode reveals a stepwise increase of the DMC 

and DEC mass traces during each lithiation, i.e., whenever new LiOR species are formed the rate of 

conversion accelerates. As a corollary, the extent of the trans-esterification in LP57 on graphite is limited 

by surface resulting from EC reduction, whereas on silicon the 

insufficient passivation in LP57 leads to an ongoing release of highly reactive lithium alkoxide species 

(LiOR), and thus, an increasing extent of the trans-esterified products. Although this poses a serious 

issue concerning the properties of the optimized electrolyte composition,45 Figure 3 also indicates that 
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for silicon this phenomenon is most likely less relevant during early stages of cycling. Accordingly, in 

presence of either FEC or DiFEC no mass traces of the symmetric carbonates (i.e., DMC, DEC) could 

be observed, which indicates that the trans-esterification is entirely suppressed. A similar phenomenon 

was also reported by Strehle et al.43 who demonstrated that CO2 acts as scavenger by reacting with the 

highly reactive alkoxide-species to form non-reactive LiOCO2R. Since both FEC and DiFEC evolve 

large quantities of CO2 during the first reductive scan on silicon, any LiOR species that may be released 

would be immediately deactivated. As a result, trans-esterification poses only a minor threat to 

asymmetric linear carbonate-containing electrolytes on silicon electrodes, at least as long as an 

SEI-forming and CO2-evolving electrolyte additive is present.   

 

Scheme 3. Schematic reaction of the lithium alkoxide (LiOR)-initiated trans-esterification of ethyl methyl carbonate (EMC) to  
dimethyl carbonate (DMC) and diethyl carbonate (DEC) as reported by Strehle et al.43  

 

Cycling stability of SiG electrodes in presence of EC, FEC, and DiFEC.  The cycling stability 

of SiG electrodes in presence of the fluorinated EC-derivatives was investigated by galvanostatic 

charge/discharge cycling of SiG//LFP coin-cells with a capacitively oversized LFP cathode. Figure 4 

shows (a) the coulombic efficiency and (b) the delithiation capacity for LP57 (blue), 5 wt% FEC in 

LP57 (brown), and 5 wt% DiFEC in LP57 (marine). Table I summarizes the 1st, 5th, and 100th cycle 

delithiation capacity, coulombic efficiency, and capacity retention. Accordingly, all SiG electrodes 

provide a similar first cycle delithiation capacity of 1.7-1.8 mAh cm-2 without notable differences 

between the individual electrolytes. In contrast, the first cycle coulombic efficiency clearly indicates a 

dependency on the type of additive, whereby the DiFEC-containing electrolyte shows a considerably 

lower value of 79.3 ± 0.2% compared to FEC (84.7 ± 0.3%) and LP57 (85.9 ± 0.1%). This observation 

agrees well with our gas evolution analysis, according to which more DiFEC is required to passivate the 

silicon/electrolyte interface. During the following cycles, the DiFEC-containing electrolyte continues to 

show a lower coulombic efficiency of ~97.7% compared to FEC (~98.2%), but increases steadily up to 

>99.2%. This trend is only interrupted by a small depression starting after ~40 cycles. In contrast, the 
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coulombic efficiency of the FEC-containing electrolyte initially remains almost constant but starts to 

decrease after ~25 cycles to form a minimum. Remarkably, after 100 cycles both additives (viz., FEC 

and DiFEC) demonstrate the same coulombic efficiency of 99.2-99.3%. Based on a recent publication 

from our group,3 the lower coulombic efficiency within the first 60 cycles can be ascribed to 

morphological changes of the silicon nanoparticles which are caused by dealloying reactions upon 

repeated (de-)lithiation. As these reactions approach a steady-state upon prolonged cycling, the 

coulombic efficiency also increases and any differences between FEC and DiFEC become very small. 

 

Figure 4. (a) Coulombic efficiency and (b) delithiation capacity obtained from galvanostatic cycling of SiG//LFP coin-cells 
with different electrolytes: LP57 (blue), 5 wt% FEC in LP57 (brown), and 5 wt% DiFEC in LP57 (marine). C-rate: 0.1 h-1 
during two formation cycles and 0.33 h-1 during consecutive cycles; cut-off potentials: 0.01 and 1.25 V vs. Li+/Li. The error 
bars represent the standard deviation of at least two independent repeat measurements. 

 

The delithiation capacity shown in Figure 4b shows that both FEC and DiFEC significantly 

improve the cycling stability of the SiG electrodes compared to the LP57 base electrolyte. While the 

FEC- and DiFEC-containing electrolytes reveal reasonable capacity retentions of 63 ± 0.1% and 

70 ± 0.5% after 100 cycles, SiG electrodes cycled in LP57 suffer a rapid capacity fade with less than 

30% retention after 30 cycles. Interestingly, the cycling behavior of the FEC and DiFEC-containing 

electrolytes differs only in a very narrow range within the first 100 cycles. The delithiation capacity 

reveals two plateaus that are separated by a distinct decay starting after 25-40 cycles, which occurs 

10-15 cycles earlier and to a slightly larger extent (~0.1 mAh cm-2) in presence of FEC. Between the 
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100th and 200th cycle, however, both additives show again a very similar cycling behavior with only 

minor ongoing capacity fading of 0.11% per cycle. Therefore, DiFEC demonstrates an improved 

capacity retention of ~7%-points after 200 cycles, which mainly results from a reduced capacity decay 

within the first 100 cycles. It is to note that this difference is not related to a depletion of active lithium 

or electrolyte additive, because all cells were operated with a capacitively oversized LFP cathode and 

an excess of electrolyte. Instead, the capacity drop can be ascribed to a loss of interparticle contact 

pressure and subsequent electrical isolation of active material, leading to incomplete delithiation of the 

silicon nanoparticles.12,46 Remarkably, the addition of DiFEC instead of  FEC seems to reduce the extent 

of the particle isolation.  

Table I. Delithiation capacity, coulombic efficiency and capacity retention for SiG//LFP cells with different electrolytes after 
selected cycles. The C-rate was 0.1 h-1 in the 1st cycle and 0.33 h-1 in the 5th and 100th cycles, respectively. The  values 
represent the standard deviation of at least two independent repeat measurements. 

Electrolyte 
Delithiation capacity / mAh cm-2 Coulombic efficiency / % Capacity retention / %
1st 5th 100th 1st 5th 100th 5th-100th 5th-200th 

LP57 1.79 ± 0.04 1.66 ± 0.02 - 85.9 ± 0.1 92.9 ± 0.1 - - -
+ 5 wt% FEC 1.72 ± 0.06 1.66 ± 0.05 1.09 ± 0.04 84.7 ± 0.3 98.2 ± 0.1 99.3 ± 0.1 63 ± 0.1 58 ± 0.5 
+ 5 wt% DiFEC 1.71 ± 0.03 1.65 ± 0.03 1.20 ± 0.01 79.3 ± 0.2 97.7 ± 0.1 99.2 ± 0.1 70 ± 0.5 65 ± 0.3 

 

To further evaluate this observation, Figure 5 shows the potential (a) rise or (b) drop  of the 

SiG electrodes during the 10 min rest period after reaching either the lithiation (0.01 V vs. Li+/Li) or 

delithiation (1.25 V vs. Li+/Li) cutoff potential. Switching from a constant current during (de-)lithiation 

to open-circuit conditions allows the concentration gradients in the electrode to relax, which results in a 

change of the electrode potential

periods can thus be used as a sensitive indicator for the resistance of the electrodes.13 In addition, the 

open-circuit potential after delithiation is also indicative for the amount of immobilized lithium in the 

electrode. At the end of lithiation shown in Figure 5a, only a minor increase in the potential rise can be 

observed from ~70 to 80 mV during the investigated 200 cycles for either FEC or DiFEC, although the 

latter indicates an offset of about 5 mV to higher values. This observation agrees with the 

~6  cm2 higher interfacial resistance of the DiFEC-containing electrolyte shown in Figure 1b, which 

translates into an additional ohmic drop of ~4 mV at a current of ~0.6 mA cm-2. In contrast, at the end 

of the delithiation shown in Figure 5b, a significant increase of the potential drop occurs after 

25-40 cycles from ~300 mV to ~700 mV in the DiFEC-containing electrolyte and even exceeding 



18 
 

750 mV in the FEC-containing electrolyte. Comparing the onset of this feature with the capacity decay 

shown in Figure 4b reveals that the potential drop  occurs almost simultaneously with the loss in 

reversible capacity. Therefore, this analysis indicates that the amount of immobilized lithium in the 

SiG electrode strongly increases after 25-40 cycles as a result of an increasing electrode resistance at 

low degrees of lithiation, i.e. when the silicon particles are contracted. Vice versa, it remains widely 

stable at high degrees of lithiation, i.e. when silicon particles are fully expanded, thus supporting our 

explanation of an increased interparticle contact resistance due to a decreased contact pressure.12 As a 

corollary, the superior capacity retention of DiFEC (in presence of an excess of active lithium) can be 

related to an improved mechanical integrity between the silicon particles that partially compensates the 

detrimental effect of the loss of interparticle contact pressure upon cycling. Taking into account our gas 

analysis, we explain this difference by the fluorinated vinoxyl-radical which is formed upon the 

reductive decomposition of DiFEC: (i) Defluorination of the radical was shown to increase the degree 

of cross-linking of the resulting polymeric SEI which improves its elastomeric properties and thus 

increases the mechanical integrity between the silicon nanoparticles.20 (ii) The presence of LiF in the 

final decomposition products was reported to act as a glue by forming strong bindings between the 

fluorine atom and the lithium atoms of multiple organic SEI compounds.47 Although this effect occurs 

both with FEC and DiFEC, the higher fluorine content of DiFEC likely promotes its impact on reducing 

the loss of interparticle contact pressure. Nonetheless, further spectroscopic investigation is required to 

understand the compositional differences of the SEI formed by FEC and DiFEC in more detail.  

 

Figure 5. Potential changes of the SiG electrodes in different electrolytes during a 10 min rest period after lithiation at 0.33 h-1 
to 0.01 V vs. Li+/Li or delithiation at 0.33 h-1 to 1.25 V vs. Li+/Li, evaluated from the same cycling measurements as shown in 
Figure 4. The two formation cycles at a lower C-rate of 0.1 h-1 are omitted.  
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Quantification of FEC and DiFEC consumption on SiG electrodes.  To quantify the loss of FEC 

and DiFEC upon cycling, 19F-NMR spectroscopy was performed of the electrolytes after 100 cycles. 

Analogous to the 19F-NMR analysis of FEC in LP57, which was first reported by Jung et al.,10 the 

characteristic doublet of doublets in the 19F-spectra of DiFEC allows to determine the residual amount 

of DiFEC through a peak integral analysis with the PF6
- signal as an internal standard. Figure 6 shows 

the 1H-decoupled 19F-NMR spectra of these fresh electrolytes, consisting of LP57 (blue), 5 wt% FEC in 

LP57 (brown), and 5 wt% DiFEC in LP57 (marine). The signal of the PF6
- anion can be observed 

at -74.5 ppm, while the -CHF- signal from the FEC occurs at -126.6 ppm. In the DiFEC-containing 

electrolyte, the signal is notably shifted towards higher chemical shifts to -136.1 ppm, which results 

from the electronegative effect of the second fluorine substituent. The chemical shift of the doublet of 

doublets around -136.1 ppm also identifies the present DiFEC as the trans-isomer.48 

 

Figure 6. 1H-decoupled 19F-NMR spectra of different electrolyte solutions: LP57 (blue), 5 wt% FEC in LP57 (brown), and 
5 wt% DiFEC in LP57 (marine). The intensity ratios of the (Di)FEC and PF6- peaks were calculated from the non-decoupled 
spectra. 

 

To evaluate the consumption of the electrolyte additives upon cycling, Figure 7a shows the total 

charge+discharge capacity (in mAh) per µmol of either FEC (brown) or DiFEC (marine) after 

100 cycles. In other words, this ratio compares how much capacity the SiG electrodes can exchange 

until one µmol of the additive is consumed. Within the range of one standard deviation, the capacity per 

additive is very similar for FEC (11.3 ± 0.1 mAh µmol-1
FEC) and DiFEC (10.8 ± 0.2 mAh µmol-1

DiFEC). 

Therefore, a commercial lithium-ion battery with a SiG anode and an electrolyte with the same molar 

quantity of either FEC or DiFEC would deliver almost the same capacity until depletion of the additive. 
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Interestingly, a comparison with the capacity per FEC of a similar 35 wt% silicon electrode from our 

previous publication on SiG electrodes with different active material ratios and the same 5 wt% FEC in 

LP57 electrolyte reveals a higher capacity of 14.5 ± 0.8 mAh µmol-1
FEC.12 We ascribe this difference to 

the absence of a constant voltage step in the present study. As a result, we expect the total capacity per 

additive shown in Figure 7a to be increased further by the introduction of a constant voltage step which 

allows to partially compensate the increased electrode impedance upon cycling and thus increase the 

amount of reversible lithium in a certain potential range. 

 

Figure 7. (a) Total charge+discharge capacity per µmol(Di)FEC of either FEC (brown) or DiFEC (marine). (b) Number of 
electrons per reduced additive molecule, obtained from 19F-NMR analysis. The error bars represent the standard deviation of 
at least two independent repeat measurements.   

 

Finally, we were interested, whether DiFEC shows a similar linear relation between the total 

irreversible capacity and the amount of consumed additive, as recently reported for FEC by our 

group.10,12 Considering the absence of C2H4 mass traces in the gas analysis shown in Figure 2c, and thus 

the suppression of the EC reduction in presence of either FEC or DiFEC, we expect that despite a small 

fraction of immobilized lithium that remains in the SiG electrodes, the irreversible capacity loss in the 

FEC- and DiFEC-containing electrolytes originates almost fully from the decomposition of the 

respective additive. Based on this premise, the total irreversible capacity can be converted into the 

, which amounts to 3.9-4.0 for both additives 

(Figure 7b). Thus, four electrons are required to completely reduce either one FEC or one DiFEC 

molecule.  again, the same number of electrons can also be expressed by a constant 

ratio of the amount of reduced additive and the irreversible capacity, viz., 9.4 ± 0.4 µmol(Di)FEC mAh-1
irr. 
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In absence of other side reactions, this ratio allows to estimate the consumption of either FEC or DiFEC 

based on the irreversible capacity loss and thus predict the cycle life of a silicon-based lithium-ion 

battery with a given molar quantity of (Di)FEC in the electrolyte.  

 

Figure 8. (a) Coulombic efficiency and (b) delithiation capacity obtained from galvanostatic cycling of SiG//LFP coin-cells 
with LP57 and different DiFEC concentrations, including 0.5 wt% DiFEC (brown), 1 wt% DiFEC (blue), and 5 wt% DiFEC 
(marine). C-rate: 0.1 h-1 during two formation cycles and 0.33 h-1 during consecutive cycles; cut-off potentials: 0.01 and 
1.25 V vs. Li+/Li. The dashed vertical lines indicate the forecasted depletion of DiFEC based on the ratio derived from 19F-NMR 
measurements (see Table II). The error bars represent the standard deviation of at least two independent repeat measurements. 

 

Influence of the DiFEC concentration on the cycling stability of SiG electrodes.  To verify that 

the suppression of the EC reduction is just a function of the absolute molar quantity of DiFEC in the 

electrolyte, Figure 8 shows the cycling stability of the SiG electrodes in electrolytes with different 

DiFEC concentrations. The SiG//LFP cells (with an excess of active lithium) reveal a rapid capacity loss 

that occurs earlier with a decreasing DiFEC concentration in the electrolyte and is caused by the 

depletion of DiFEC.12 In accordance with the constant ratio of the amount of consumed DiFEC and the 

irreversible capacity of 9.4 ± 0.4 µmol(Di)FEC mAh-1
irr, the failure of the cells would be expected after an 

irreversible capacity of 1.05 mAhirr cm-2 (0.7 wt% DiFEC) and 2.09 mAhirr cm-2 (1.5 wt% DiFEC), 

respectively. This agrees well with experimentally obtained capacity losses (see Table II). In contrast, 

the amount of DiFEC in the 5 wt% electrolyte is large enough to sustain a total irreversible capacity loss 

of more than 6 mAhirr cm-2 (= 62.35 µmolDiFEC / 9.4 µmolDiFEC mAhirr), therefore no rapid capacity loss 
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could be detected within the first 200 cycles. A similar behavior was recently reported for FEC by 

Jung et al.10 and Petibon et al.24, who demonstrated that the suppression of the EC reduction only lasts 

as long as there is FEC present in the electrolyte. Therefore, we can conclude that DiFEC is similarly 

consumed upon cycling and its depletion leads to a strong polarization due to reductive decomposition 

of EC, which is followed by a sudden cell failure. In addition, the constant ratio of the molar quantity of 

(Di)FEC per irreversible capacity of 9.4 ± 0.4 µmol(Di)FEC mAhirr can thus be used to forecast the loss of 

both FEC and DiFEC from the cycling data.  

Table II. Forecasted and measured irreversible capacity drop  as a function of the DiFEC concentration in the electrolyte. 

DiFEC concentration in LP57 Forecasted  Measured  
wt% µmolDiFEC cm-2 mAhirr cm-2 mAhirr cm-2 # of cycles 
0.7 9.32 1.05 1.10 25 
1.5 18.44 2.09 2.15 65 
5.0 62.35 6.63 - - 

 

Conclusions 

In the present study, we investigated EC, FEC, and DiFEC as electrolyte constituents for 

SiG electrodes. By on-line gas analysis and differential capacity analysis we demonstrated that DiFEC 

has a very similar reductive behavior on SiG electrodes like the widely used FEC, which involves (i) a 

preferential reduction at a more positive potential than EC, (ii) the release of CO2, and (iii) the 

consumption of in total four electrons per (Di)FEC molecule. Our results from galvanostatic cycling of 

SiG electrodes vs. capacitively oversized LiFePO4 electrodes revealed a significantly improved capacity 

retention both for FEC- and DiFEC-containing electrolyte compared to EC, which we ascribe to the 

release of CO2 and the formation of a cross-linked polymeric SEI from FEC and DiFEC. 

Notwithstanding these similarities, we also showed that DiFEC indicates notable differences 

compared to FEC, including (i) an inferior passivation of the initial SEI, leading to a higher irreversible 

capacity within the first cycles, (ii) a ~2.3 times higher initial CO2 evolution, and (iii) a ~3 times larger 

interfacial resistance after the first lithiation. SiG electrodes cycled in a DiFEC-containing electrolyte 

and an excess of active lithium even showed a 7%-points higher capacity retention than FEC after 

100 cycles. We related this improvement to a reduced loss of interparticle contact pressure due to the 

higher fluorine content in the DiEFC decomposition products. Yet, an in-depth analysis revealed that 
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the total charge+discharge capacity exchanged by the SiG electrodes per consumed mole of (Di)FEC is 

the same. As a corollary, the higher reversible capacity was obtained at the expense of a higher 

irreversible capacity, which suggests that for silicon-based lithium-ion batteries with a limited lithium 

inventory DiFEC does not offer an advantage with respect to the cycling stability. Finally, we could 

demonstrate by means of 19F-NMR analysis that in the absence of other side reactions the ratio of 

9.4 ± 0.4 µmol(Di)FEC mAh-1
irr can be used to estimate the consumption of either FEC or DiFEC based on 

the irreversible capacity loss and thus predict the cycle life of a silicon-based lithium-ion battery with a 

given molar quantity of (Di)FEC in the electrolyte. 
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4 Conclusions 

The overarching goal of this PhD thesis was to develop a more comprehensive and 

quantitative understanding of the degradation phenomena of SiG anodes for 

lithium-ion batteries. Figure 4.1 summarizes the investigated degradation 

phenomena, the developed analytical techniques, and the evaluated strategies for 

SiG anodes that were subject to this thesis.  

 

Figure 4.1 Graphical summary of the investigated degradation phenomena, the developed analytical 

techniques, and the evaluated strategies for pristine (left) and aged (right) SiG anodes that were subject to this 

thesis. The numbers in the blue boxes refer to respective sections in this thesis. 

In the first part of this thesis, we aimed to separate and quantify the contributions 

from different degradation phenomena of SiG anodes and thus derive implications 

for practical lithium-ion batteries. Hence, we developed a pseudo full-cell 

configuration consisting of a capacitively oversized LiFePO4 cathode and an 

FEC-containing electrolyte (Section 3.1.1).102 Using different active material ratios 

and post mortem 19F-NMR spectroscopy of the electrolyte solution, we identified 

two major degradation phenomena in blended SiG anodes, which we described as 

silicon particle degradation and electrode degradation. In a collaboration with the 

group of Vasiliki Tileli at the EPFL (Lausanne, Switzerland) we discovered that the 
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first phenomenon is independent of the active material ratio and can be ascribed to 

dealloying reactions of the silicon nanoparticles upon repeated (de-)lithiation 

(Section 3.1.2).132 Although nanoparticles were reported to be less prone to strain-

induced fracturing,121 we could demonstrate that they are still susceptible to 

dealloying reactions, leading to a significant morphological degradation and to 

increased irreversible capacity losses upon cycling. This reinforced concerns about 

the applicability of silicon nanoparticles in commercial lithium-ion batteries, 

emphasizing the need for alternative approaches. In contrast, the second 

degradation phenomenon, which we ascribed to the electrode coating, was found 

to be mostly driven by a loss of interparticle contact pressure, resulting in a decay 

of the reversible capacity. Interestingly, we could demonstrate that this mechanism 

depends both on the amount of electrically conducting graphite and the upper 

cutoff potential. For the latter, we proposed an explanation based on theoretical 

considerations that the relative surface area changes between end-of-charge and 

end-of-discharge are more important than the often-cited volumetric changes. As a 

corollary, operating silicon particles at higher state-of-charge leads to reduced 

relative surface area changes (despite the same volumetric changes), which 

coincides with a significantly improved coulombic efficiency.132 Our findings thus 

explained a common observation made by other research groups, namely that 

silicon electrodes show an improved cycling stability when the upper (delithiation) 

cutoff potential is limited.173,178,187 This has an important implication for battery 

management systems controlling the operating voltage range of practical lithium-

ion batteries with silicon-based anodes. 

In the second part of this thesis, in a collaboration with the Physics Department and 

the Heinz Maier-Leibnitz Zentrum (MLZ), we applied for the first time neutron 

depth profiling as a powerful technique to monitor lithium concentration gradients 

across silicon and graphite-based anodes. After successfully conducting the first 

experiments at the newly installed N4DP experiment at the PGAA facility at MLZ, 

we applied this technique for the first time to quantify the SEI growth across 

SiG anodes over prolonged cycling up to 140 charge/discharge cycles 

(Section 3.2.1).151 We validated the NDP results by a thorough post mortem analysis 

of the same electrodes, inter alia by means of high-resolution SEM images. Thus, we 

could demonstrate that the SEI growth in SiG anodes occurs uniformly across the 

thickness of the electrode coatings, which indicated the absence of a dominating 
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transport-limiting process and at the same time a uniform capacity utilization of the 

silicon particles (Section 3.2.2).167 This supported our previous findings concerning 

the degradation phenomena in SiG anodes and highlighted the need (i) to improve 

the passivation of the silicon/electrolyte interface, and (ii) to develop a hierarchical 

electrode structure that maintains good electron and lithium ion transport not only 

across the thickness of the electrode but also between the silicon particles.  

In the final part of this thesis, we evaluated three strategies to overcome the 

challenges associated with silicon-based anodes. In a collaboration with the 

Volkswagen Varta Microbattery Forschungsgesellschaft mbH on SiG//NMC811 

full-cells featuring a capacitively largely oversized SiG anode, we showed that the 

comparatively high lithiation potential of ~0.2 V vs. Li+/Li of silicon results in an 

upward shift of the upper cutoff potential of the NMC811 cathode (Section 3.3.1).229 

At potentials above 4.3 V vs. Li+/Li, this shift led to the release of oxygen from the 

NMC811 lattice followed by a rapid increase in the cell impedance. Nevertheless, 

our results also indicated that the average lithiation potential can be lowered by 

prelithiation of the SiG anode which mitigates the risk of oxygen release during 

voltage slippage of the NMC811 cathode. Further, we showed that the excess of 

cyclable lithium results in an improved capacity retention of the SiG//NMC811 

cells, demonstrating a residual specific energy of ~340 Wh kg-1 (normalized to the 

mass of both electrodes) after 250 cycles at 45°C. This value matches state-of-the-

art graphite//NMC622 cells with an upper cell cutoff voltage of 4.4 Vcell after 

250 cycles at 25°C. 

In the second strategy, we evaluated lithium oxalate in combination with high-

voltage spinel cathodes as capacity enhancer in SiG//LNMO and graphite//LNMO 

full-cells (Section 3.3.2).222 By on-line gas analysis, galvanostatic cycling, and 

post mortem 19F-NMR spectroscopy we could demonstrate that lithium oxalate is 

oxidized around 4.7 V vs. Li+/Li to form quantitative amounts of CO2. Full-cells 

featuring LNMO cathodes with either 2.5 or 5 wt% lithium oxalate showed an 

improved capacity retention, whereby the effect was even more pronounced with 

SiG anodes. Further, we could demonstrate that CO2 acts as an effective additive for 

the passivation of SiG anodes, which has a synergistic effect with the commonly 

used FEC. Yet, our measurements also revealed that in spite of the improved 

coulombic efficiency, both additives are continuously consumed during charge-

discharge cycling, leading to a rapid cell failure upon their depletion.222 
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In our final study, we evaluated di-fluroethylene carbonate (DiFEC) as alternative 

electrolyte additive for silicon-based electrodes to the commonly used FEC 

(Section 3.3.3).236 In a comparison of EC, FEC, and DiFEC by means of an on-line gas 

analysis and 19F-NMR spectroscopy, we could show that both fluorinated EC-

derivatives follow a similar reduction mechanism which differs considerably from 

the one of EC. While the reduction of EC results in the formation of ethylene, the 

reduction of FEC and DiFEC consumes four electrons, yielding gaseous CO2 and a 

vinoxyl radical. Yet, when cycled in presence of a capacitively oversized LiFePO4 

cathode, our SiG anodes revealed a higher capacity retention with DiFEC compared 

to FEC. We explained this phenomenon by a reduced loss of interparticle contact 

pressure due to the higher fluorine content in the electrolyte decomposition 

products. Nevertheless, considering the capacity exchanged by silicon per mole of 

consumed additive, which is a measure for the passivation at the silicon/electrolyte 

interface, we could finally demonstrate that there is no gain compared to FEC. As a 

corollary, DiFEC shows favorable cycling stability in half-cells with an excess of 

lithium but offers no advantage to improve the cycle life of practical lithium-ion full-

cells. 

This PhD thesis has demonstrated that silicon is indeed a promising anode active 

material for future high-energy lithium-ion batteries. However, the realization of its 

theoretical advantage over graphite requires to rethink the use of lithium-alloys 

and to develop a more comprehensive understanding of their (de-)lithiation 

chemistry as well as the underlying aging mechanisms. Our investigations have 

shown that despite of more than 30 years of research on alloy materials, there is 

still room for insights and alternative solution concepts. Both are urgently needed 

to address the two major challenges of silicon-based electrodes which still remain: 

(i) the stabilization of the silicon/electrolyte interface and (ii) the design of alloy-

based electrodes that can cope with the morphological changes and maintain good 

electron and lithium ion transport properties even upon prolonged cycling. Because 

of the complex nature of alloy materials, this PhD thesis encourages future studies 

to focus on experimental approaches that allow to derive implications for 

application-relevant lithium-ion batteries. This will ensure to realistically evaluate 

the gap between the theoretical and the practical performance of alloy-based 

electrodes and thus support the development of a sustainable advantage compared 

to state-of-the-art insertion materials like graphite. 
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