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Abstract 

The use of lithium metal anodes (LMAs) in solid state batteries (SSBs) is a promising approach to 

develop secondary batteries with high energy and power densities. These are needed to meet the 

demand of rapidly developing markets like the one for electric vehicles. Since LMAs provide an 

about ten times higher theoretical capacity than common graphite intercalation anodes, they are 

regarded as ideal future anode material. However, in combination with liquid electrolytes, severe 

safety issues arise for secondary batteries with LMAs due to dendrite formation and resulting short 

circuits. In contrast, solid electrolytes (SEs) are expected to be a safe solution, as they are more 

stable at high temperatures and in the case of inorganic SE not flammable. Still, also for SEs, the 

implementation of LMAs is challenging. Especially the lithium|SE (Li|SE) interface properties are 

regarded as a key challenge for the successful use of LMAs in secondary batteries. One well-

described problem in this context is the reactivity of lithium towards most SEs, which can lead to 

interphase formation and consequently to high interfacial resistance, as well as lithium loss. Another 

central factor is mostly unknown or neglected: Due to the high reactivity of lithium, lithium foil 

and other exposed lithium surfaces are always covered with some kind of reaction layer, which can 

have a detrimental effect on the interfacial properties in the battery. For LIBs with liquid electrolyte 

the effect of this surface passivation layer has already been evaluated and proven to be highly 

important. In case of SSBs, the effects are probably even more severe, as the lithium surface film 

cannot dissolve into the electrolyte. Consequently, a detailed investigation is needed.  

Therefore, this doctoral thesis focuses on the characterization of lithium surfaces, their changes 

under handling and storage conditions which are typical for battery research, and how these changes  

affect the anode interface resistance in SSBs. First, a reliable characterization strategy with X-ray 

photoelectron spectroscopy and time-of-flight secondary ion mass spectrometry (ToF-SIMS) was 

developed. The characterization described in literature so far has often been insufficient in terms of 

experimental design and data interpretation due to several pitfalls. In the present work, these pitfalls 

were identified, explained and detailed guidelines for reliable lithium surface characterization are 

given. Based on this, lithium foil was characterized after glovebox storage under various conditions. 

The steady growth of the lithium surface passivation layer could be attributed to water 

contaminations in the glovebox atmosphere. Next, the impact of the layer thickness was 

investigated with a model SSB, finding that the anode interface resistance increases significantly 

with the presence of an only nanometer-thick passivation layer. The SE roughness and the cell 

preparation pressure were found to have a strong effect on the resulting interface resistance.  

In addition, the Li|SE interphase formation was investigated with ToF-SIMS. It is shown that ToF-

SIMS can reliably indicate the stability of Li|SE interfaces and can provide information on the 

microstructure of the interphases. The combination with atomic force microscopy allowed to 

determine the thickness of forming interlayers, which were thicker than previously reported.  

Overall, the results of this doctoral thesis expand the knowledge about lithium surfaces, as well as 

interfaces in SSBs and are one step towards the implementation of LMAs in secondary batteries. 

The results are a good base for reliable LMA characterization in general and give an improved 

understanding of the reactivity of lithium surfaces towards atmospheric gases as residues in 

gloveboxes. Notably, the importance of lithium surface passivation layers was demonstrated for 

SSBs, what was not considered in literature before. Furthermore, ToF-SIMS was established as a 

complementary technique for Li|SE interface characterization, expanding the possibilities to obtain 

a complete picture of the interfaces in SSBs and helping to design tailored modifications.  
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Zusammenfassung 

Die Implementierung von Lithiummetallanoden (LMA) in Festkörperbatterien (FKB) ist ein 

vielversprechender Ansatz, um Sekundärbatterien mit hohen Energie- und Leistungsdichten zu 

verwirklichen und damit zum Bespiel die zukünftige Elektrifizierung des Verkehrs zu ermöglichen. 

FKB mit LMA weisen eine etwa zehnmal höhere theoretische Kapazität im Vergleich zu 

herkömmlichen Lithiumionen-Batterien (LIB) mit Graphit-Interkalationsanode auf und gelten 

damit als ideales Anodenmaterial der Zukunft. Während bei der Verwendung von Lithiummetall 

als Anodenmaterial in Kombination mit Flüssigelektrolyten Sicherheitsprobleme auftreten, stellt 

die Kombination aus LMA und Festelektrolyt (FE) eine deutlich sichere Lösung dar. Der FE weist 

eine größere thermische Stabilität auf und ist im Fall von anorganischen FE nicht entflammbar. 

Trotzdem stellt die Verwendung der LMA in FKB eine Herausforderung dar. Aufgrund der hohen 

Reaktivität von Lithium kommt es oftmals zu chemischen Reaktionen an der Grenzfläche zwischen 

LMA und FE. Die entstehenden Reaktionsschichten können den Zellwiderstand erhöhen und so die 

Eigenschaften und Leistungsfähigkeit der FKB verschlechtern. Während diese Problematik weithin 

bekannt ist, wird eine andere Eigenschaft des für den Zellbau verwendeten Lithiums zumeist 

vernachlässigt: Lithiumfolien und andere Lithiumoberflächen sind immer mit einer Reaktions- 

bzw. Passivierungsschicht bedeckt, die ebenfalls die Grenzflächeneigenschaften in der Batterie 

beeinflusst. Während für LIB mit flüssigem Elektrolyten der Einfluss der Passivierungsschicht auf 

die Eigenschaften der Batteriezelle bereits nachgewiesen wurde, ist der Effekt für FKB noch nicht 

untersucht, obwohl stärkere Effekte zu erwarten sind, da sich die Passivierungsschicht nicht im FE 

lösen kann. Daher ist eine detaillierte Untersuchung des Einflusses erforderlich.  

Im Rahmen der hier vorliegenden Dissertation wurde zunächst eine verlässliche 

Charakterisierungsstrategie für Lithiumoberflächen mittels Röntgen-Photoelektronenspektroskopie 

und Flugzeit-Sekundärionen-Massenspektrometrie (ToF-SIMS) entwickelt. Dabei wurden auch 

Fehler, die in der bisherigen Literatur häufig zu falschen Ergebnissen führten, identifiziert, erläutert 

und Richtlinien für das experimentelle Vorgehen sowie die gesicherte Dateninterpretation erstellt. 

Auf dieser Grundlage wurden anschließend Lithiummetallfolien nach der Lagerung in Gloveboxen 

unter verschiedenen Bedingungen charakterisiert. Des Weiteren wurde der Einfluss der Dicke der 

Passivierungsschicht auf den Anodengrenzflächenwiderstand in FKB untersucht. Dabei wurde 

festgestellt, dass der Widerstand bereits durch eine wenige Nanometer dünne Passivierungsschicht 

erheblich zunimmt. Zudem konnte gezeigt werden, dass die Rauigkeit des FE und der angelegte 

Druck bei der Zellpräparation einen wichtigen Einfluss auf den Grenzflächenwiderstand haben. 

In einer weiteren experimentellen Studie wurde ToF-SIMS als Methode zur Charakterisierung von 

Li|FE-Grenzflächen etabliert. Dabei wurde die Stabilität der Grenzflächen mittels 

Tiefenprofilierung ermittelt und die 3D-Struktur von sich bildenden Reaktionsschichten 

visualisiert. Durch Kombination mit Rasterkraftmikroskopie konnte zudem die Dicke der sich 

bildenden Reaktionsschichten bestimmt werden. 

Die Ergebnisse dieser Dissertation erweitern das Verständnis für Lithiumoberflächen sowie für 

Li|FE-Grenzflächen in FKB und sind somit ein wichtiger Schritt hin zum erfolgreichen Einsatz von 

LMA in Sekundärbatterien. Die Arbeit erweitert zudem das Verständnis für die Reaktivität von 

Lithiumoberflächen gegenüber Atmosphärengasen und zeigt die Bedeutung der sich bildenden 

Passivierungsschichten für FKB auf, was bisher in der Literatur nicht ausreichend berücksichtigt 

wurde. Darüber hinaus bietet diese Arbeit die Grundlage für eine verlässliche Charakterisierung 

von Lithiummetalloberflächen und etabliert ToF-SIMS als Methode für die Charakterisierung von 

Li|FE-Grenzflächen. 
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1 Introduction 

The history of lithium metal anodes (LMAs) is not limited to research during the last years or 

decade. Already in the 1970s, the first primary batteries with LMAs were developed by Exxon.1 

Until today, these non-rechargeable batteries are widely applied. One well-known example are Li-

I2 primary batteries employed for instance in cardiac pacemakers. Also in the 1970s, Stanley 

Whittingham at Exxon used LMAs in the first viable lithium secondary batteries and Moli Energy 

even commercialized secondary lithium metal batteries in the late 1980s. The cells could be cycled 

hundreds of times and millions of them were sold. However, the safety of these secondary batteries 

was problematic and accidents occurred frequently.1 Mostly lithium dendrite formation led to short 

circuiting of the batteries causing thermal runaway with the risk of explosion and fires. 

Consequently, the secondary cells with LMAs lost their position on the commercial market.2 NEC 

and Mitsui tried to solve the safety issues in the following years, but failed despite of over 500,000 

tested lithium metal cells. Instead, Sony succeeded to commercialize reliable secondary lithium ion 

batteries (LIBs) with a carbonaceous intercalation anode instead of a LMA in 1991 and thus the 

efforts to commercialize LMAs in secondary batteries were stopped.1 Since then, the LIBs with 

intercalation anode became the predominant energy storage system in many application fields, were 

successfully optimized during the decades and revolutionized areas of modern life such as 

communication by enabling high performance mobile phones and laptops.2 In 2019, the success 

story of LIB development was even honored with the Nobel Prize in Chemistry.3  

However, the energy density of conventional LIBs nowadays reaches its theoretical limit, while the 

demand for batteries with higher energy and power densities increases.4,5 State-of-the-art LIBs can 

reach a gravimetric energy density of about 250 Wh kg-1 and a volumetric energy density of about 

700 Wh l-1, what is not sufficient for the demands of e.g. the transportation sector with a growing 

market for electric vehicles.1 Theoretically, the comeback of LMAs could serve this demand, as 

pure lithium provides the highest theoretical specific capacity of all metals.6 For practical lithium 

metal-air batteries, a specific energy of about 950 Wh kg-1 and a volumetric energy density of about 

1,100 Wh l-1 are predicted.1 Accordingly, there is on-going research aiming to allow the application 

of LMAs for instance through artificial solid electrolyte interphases.7 Still, dendrite formation, as 

well as uneven stripping and plating leading to safety issues and lithium loss are unsolved problems 

inhibiting the commercialization in secondary batteries.8–10 

Another and potentially more promising approach to allow the safe use of LMAs in secondary 

batteries is the replacement of the common liquid electrolytes by solid ones. Solid electrolytes (SEs) 

can provide higher stability at elevated temperatures, are in case of inorganic SEs even not 

flammable and therefore improve battery safety compared to combustible liquid electrolytes. In 

addition, SEs may improve other critical features in comparison to liquid electrolytes, e.g. stopping 

unwanted chemical cross-talk between the electrodes and preventing dendrite formation due to 

higher mechanical rigidity. In combination with LMAs, batteries with SEs can also reach higher 

energy or power density than conventional LIBs.5 A first practical example on the way to applicable 

systems are the LMA polymer batteries by Bolloré.11 However, for SEs the implementation of 

LMAs is also not straight forward. Challenges for solid-state batteries (SSBs) are volume changes 

of the electrodes, inhomogeneous electrodeposition, dendrite formation, interface delamination and 

pore formation.12,13 Furthermore, most SEs are reduced at low potential and therefore interphases 

form in contact with lithium metal.5  

The overall properties in SSBs mainly rely on the conductivity of the SE on the one hand and the 

characteristics and stability of the solid-solid interfaces on the other hand. While noticeable results 
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are achieved for the synthesis of SEs with ionic conductivities in the range of liquid ones, interfaces 

and interphases still limit the performance of SSBs.14 Importantly, the problem of interface stability 

is also not limited to the anode side. The interfaces on the cathode side of SSBs are critical, too. 

Consequently, literature often highlights that interfacial issues are the key points for SSBs and 

interphase formation is commonly discussed.15–17 For the LMA|SE interface on the anode side, 

modification of the lithium anode surface, either chemically or mechanically, is regarded as one of 

the key approaches to improve the battery performance.18,19 Besides, it is commonly agreed that 

detailed characterization is needed to understand and subsequently improve the interface 

stability.14–16 

Another challenge related to LMA|SE interfaces is not that much in focus. If the lithium anode is 

prepared from lithium foil, what is a common strategy in research, the resulting interface is not a 

direct Li|SE contact, as lithium metal is covered with a surface passivation layer.20 This surface film 

is directly formed on fresh lithium surfaces even with traces of reactive gases or is tailored for 

surface stabilization on commercial lithium foil.11 For liquid electrolytes, the important impact of 

the lithium surface passivation layer on the overall battery performance was already demonstrated.21 

For SEs, the effects are potentially even more severe, as the film cannot dissolve as in liquid 

electrolytes. The surface modification of LMAs is altered by the surface passivation layer, too.21 

Consequently, a critical evaluation of the lithium surface status, the origin of the status and the 

impact in the battery is very important for a successful implementation of LMA in SSBs. 

In this doctoral thesis, the surface passivation layer on lithium metal and its impact on the anode 

interface in SSBs are investigated. The overall aim is to understand the role of the lithium surface 

film for the development of SSBs to allow the successful implementation of LMA in general. In 

addition, time-of-flight secondary ion mass spectrometry (ToF-SIMS) is explored as 

characterization method for Li|SE interfaces and interphases to gain new insights for SSB 

development. 

In the first publication of this thesis, entitled: “In-Depth Characterization of Lithium-Metal Surfaces 

with XPS and ToF-SIMS: Toward Better Understanding of the Passivation Layer”, reliable 

characterization strategies for the investigation of lithium surfaces are explored and expanded (see 

chapter 3.1).22 X-ray photoelectron spectroscopy (XPS) and ToF-SIMS are presented as suitable 

complementary methods for lithium surface characterization, which can provide a complete 3D-

picture of the surface passivation layer. The chemical nature of the lithium surface passivation layer 

is described in detail as nanometer-thick film with an upper hydroxide- and carbonate-rich region 

on top of an inner oxide-rich one. Importantly, several pitfalls for the characterization of lithium 

surfaces like lithium plating through electron beam exposure, reactivity under ultra-high vacuum 

(UHV) conditions and decomposition of lithium compounds through argon sputtering are described 

and used to explain previous mistakes in literature. Besides, guidelines for experimental design and 

data interpretation of lithium surface characterization are summarized to help others avoiding these 

mistakes in the future.  

In the second publication, entitled: “Storage of Lithium Metal: The Role of the Native Passivation 

Layer for the Anode Interface Resistance in Solid State Batteries”, the characterization strategies 

and knowledge from publication 1 are used to investigate the effect of glovebox storage on the 

lithium surface passivation layer and the resulting impact on SSBs (see chapter 3.2).23 As a basis, 

it is important to understand the reactivity of lithium metal towards the atmospheric gases which 

are the main contaminants in common gloveboxes. With the help of reactivity experiments and 

corresponding XPS and ToF-SIMS analytics, water traces are identified to cause the steady growth 
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of the lithium surface passivation film during storage. Against the other atmospheric components, 

lithium metal is protected by a covering passivation layer. In case the layer is damaged, complete 

conversion of lithium metal to Li3N through reaction with nitrogen is identified. A growing 

passivation layer thickness is found to have an importantly detrimental effect on SSBs by increasing 

the anode interface resistance significantly. The preparation pressure of the cell and the roughness 

of the used Li6.25Al0.25La3Zr2O12 (LLZO) garnet SE also influence the determined interface 

resistances. Overall, the results let arise the question whether lithium metal foil can be used 

successfully in SSBs at all. Considering the potentially occurring surface changes and the 

detrimental effect of the surface film on the interface resistance, so-called “anode-free” concepts or 

vapor deposition of lithium on the SE appear to be more promising. 

In the third publication, entitled: “In situ Investigation of Lithium Metal - Solid Electrolyte Anode 

Interfaces with ToF-SIMS”, the focus of the thesis is shifted from the lithium surface passivation 

layer and its impact on the SSB to the reactivity of lithium towards SEs (see chapter 3.3).24 Learning 

from publication 2 that the passivation film on lithium foil may hinder the application in SSBs, it 

seems even more important to investigate the anode interphase formation through plating in anode-

free cells or vapor deposition of lithium on the SE. Both concepts are mimicked in the work through 

in situ lithium plating or vapor deposition with an effusion cell on SE pellets, respectively. To 

complement XPS and transmission electron microscopy (TEM) analyses that are commonly 

reported in literature for Li|SE interphase investigation, ToF-SIMS was explored. The method is 

capable to provide information on the sub-µm scale what is between the ones of XPS and TEM. In 

the publication, ToF-SIMS depth profiling through the described lithium layers on SE pellets is 

successfully used to classify the stability of Li|SE interfaces and to investigate the microstructure 

of forming interphases. Through combination with atomic force microscopy (AFM), additional 

roughness and thickness information are obtained. The experimental values reveal that previous 

estimations based on impedance spectroscopy underestimate the thickness of interphases between 

lithium and argyrodite-type SE. The more accurate values are vital to understand the interface 

behavior and tailor future battery concepts.  

Overall, the results expand the understanding of lithium surfaces, as well as Li|SE interfaces and 

can help to develop SSBs with a LMA. Especially, the work highlights the importance of the lithium 

surface passivation layer on lithium foil, which is commonly neglected in battery research, but may 

be a key factor hindering the development of competitive SSBs with LMA. Additionally, the results 

are expected to greatly improve the understanding for lithium metal reactivity and lithium surface 

characterization in the battery community and in general. With the given guidelines and 

explanations, other researchers have a reliable basis to set out on. Furthermore, this work highlights 

that ToF-SIMS is a valuable technique for the characterization of Li|SE interfaces and interphases. 

The information which are obtained with the developed method are complementary to the prior 

knowledge and can help to develop new strategies for stable Li|SE interfaces.  
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2 Fundamentals 

In the following, a summary of the fundamental knowledge which is important to understand this 

doctoral thesis is given. This includes a detailed description of the scientific context of the thesis. 

A special focus is set on the topic of lithium reactivity toward the atmospheric gases, which is only 

summarized and not elaborated in detail in the publications. However, the subject is vital to 

understand the formation of lithium surface reaction and passivation layers. The impact of those on 

SSB research is a core result of the thesis. 

 

2.1 Lithium metal and its reactivity 

2.1.1 Properties of lithium metal 

Lithium was discovered and classified as alkali metal in 1817 by the Swedish scientist August 

Arfvedson when analyzing the mineral petalite which is today known to be an aluminum-lithium 

silicate with the formula LiAl(Si2O5)2. The name lithium was derived from the Greek word lithos, 

meaning stone, as the element was found in minerals and not only in plants what was thought to be 

the case for other alkali elements at that time. In the following decades, lithium remained only a 

laboratory curiosity without any industrial application, mainly because it was very difficult to 

prepare in pure form. It took until 1893 to develop a method for lithium preparation in practical 

amounts, when Guntz discovered that electrolysis of molten lithium chloride worked much better 

when adding potassium chloride to lower the meting point. Being available in larger amounts, 

lithium became also more interesting for application and its properties were studied in detail.25 

Lithium is at room temperature a soft, ductile and malleable silver-white metal. Usual metallic 

properties of lithium are the high electronic and heat conductivities.26 The atomic number of lithium 

is 3 and its atomic weight is 6.941 u. Naturally, two lithium isotopes occur, namely 6Li with an 

abundance of 7.52 at% and 7Li with an abundance of 92.48 at%.27 At room temperature, lithium 

crystallizes in a body-centered cubic phase.28   

Beside these general properties, it became soon clear that lithium is in many ways a special and 

extraordinary metal. Importantly, lithium is the lightest and most electropositive metal. With a 

density of 0.59 g/cm3, the resulting theoretical specific coulometric capacity of lithium is 

3860 mAh/g. The reduction potential versus the standard hydrogen electrode is -3.04 V. These 

properties make lithium attractive for the use as anode material in batteries to reach high energy 

density.29 Disadvantageously, only 18 ppm of lithium have been detected in the earth’s crust, what 

is a very low abundance compared to other metals.30 Consequently, the amount of accessible lithium 

may not be sufficient to satisfy the demand. Furthermore, the production costs are relatively high 

in comparison to other potential anode metals like aluminum, zinc or magnesium.30 

Compared to the other alkali metals, lithium is regarded as anomalous. The main reason for the 

unexpected properties is the relatively small size of the lithium atom. With 1.50-1.56 Å lithium has 

the smallest atomic radius of all metals.27 Consequently also the Li+ ion, owning only 2 core 

electrons, exhibits an exceptionally high charge/radius ratio explaining anomalous properties of the 

lithium salts like stable nitride formation.31 In general, lithium forms highly stable binary 

compounds as the single “s” electron in the outer shell is easily removed to form a positive ion. The 

first ionization energy of lithium is only 5.39 eV. However, lithium is exclusively monovalent, as 

the remaining 1s core electrons are difficult to remove. The second ionization energy of lithium is 

75.64 eV.27  



6 

 

 

 

Even though lithium is least reactive toward the atmospheric gases in comparison to the other alkali 

metals, it is still highly flammable and reactive. Consequently, it does not occur as a metal in nature, 

instead usually only in ionic compounds such as lithium carbonate.26 For the application of lithium, 

the high reactivity poses the problem of potentially undesired reactions and the resulting products. 

Thus, the reactivity of lithium toward its surrounding needs to be carefully investigated. 

2.1.2 Reactivity of lithium toward the atmospheric gases 

The atmospheric gases are very likely to come in contact with the lithium surface as they are the 

main contaminations during processing, transport and handling.32 Therefore detailed knowledge 

about the interaction of lithium with the atmospheric gases is vital to understand the surface 

properties of lithium and accordingly the interface properties in later batteries. The first knowledge 

about lithium reactivity toward atmospheric gases was gained around 1900, however at this time, 

pure lithium was virtually unknown as working under inert atmosphere was not yet established. 

Starting in the 1950s, it became general knowledge that lithium needs to be handled and studied 

while paying attention to reactions in air and dry-box handling became common.33 Therefore, the 

following discussion will mainly focus on work done from 1950 on. Earlier works are only 

mentioned as the previous interpretation the discussed studies set out on. 

In general, the literature about the reactivity of lithium with the atmospheric components is 

inconsistent and was published from scientists working in various fields, not only on lithium for 

battery research. For example, lithium was regarded as potential primary coolant for nuclear fusion 

reactors or plasma facing surface for gettering in fusion devices.27 In other studies, lithium is 

investigated regarding its combustion properties for potential chemical energy storage.34 

Accordingly, the studies to investigate the interaction of lithium with the atmospheric gases are 

quite differently designed and put the focus on different kinds of samples and reaction parameters. 

For example, while the research based on combustion puts the focus on large scale samples and 

quickly occurring macroscopic sample changes, the research aiming to use lithium for gettering, 

investigates lithium thin films and their initial reactions under UHV conditions. Consequently, the 

applied characterization methods are also different and able to characterize the reactions on a  

different scale. For instance, a slow or surface passivating reaction which is not detectable in a 

thermal gravimetric analysis (TGA) study where the mass gain of a big lithium chunk is followed, 

may be easily followed with surface sensitive techniques probing only the upmost nanometers of a 

sample. For battery research both kinds of experiments are interesting. However, when discussing 

the different studies and drawing conclusions from them, it is important to take the perspective of 

the authors into account. In the following this perspective will be given by writing about studies 

focusing on the “macroscopic scale” and those dealing with the “surface scale”.  

In the next chapters, first, the reactivity of lithium toward the pure atmospheric gases is discussed, 

mentioning also potential effects of contaminations and mixtures with other gases. Afterwards, the 

reactivity in air is reviewed and finally conclusions for battery research are drawn considering the 

results from publication 2.  

Before, the concept of Pilling-Bedworth ratios (PBRs) is introduced as it will appear in the 

following sections. Pilling and Bedworth described that the relative molar volume of a metal and 

the corresponding metal oxide indicates, whether the metal oxide forms a covering and therefore 

potentially protective layer on the metal.35 The PBR is calculated as given in Equation 1 to classify 

the metal oxides regarding their protectivity. 
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If the calculated ratio is smaller than 1, the oxide film is porous and therefore unprotective. 

Consequently, the oxidation reaction is on-going. A covering and potentially protective film forms 

for ratios between 1 and 2, whereas a ratio larger than 2 will lead to cracking and an unprotective 

film. The ratio can also serve to estimate whether other compounds than oxides form covering films 

on a metal.36 However, it should be noted that the ratios are no irrevocable proof, but a valid basis 

to explain the nature of a reaction layer. Besides, a covering reaction layer does not definitely 

protect from high reaction rates as reactive species may diffuse through quickly. 

 

Equation 1 PBR = 
VOxide

n · VMetal

 = 
MOxide · ρ

Metal

n · MMetal · ρOxide

 

 

Vx : Molar volume of phase x  

n : Number of metal atoms in the formula of the oxide  

Mx : Molar mass of x  

ρ
x
 : Density of x  

 

i. Water vapor 

Already in 1953, Deal and Svec published their work about the kinetics of the reaction between 

lithium and water vapor on a macroscopic scale assuming that lithium and water react to LiOH and 

H2.37 The authors monitored the rate of hydrogen evolution as only parameter and observed for a 

water vapor pressure of 29.3 to 73.3 mbar a logarithmic rate which was independent of the water 

vapor pressure. The authors conclude from their experiment that diffusion through the forming 

LiOH reaction layer is the rate determining reaction step.37  

These results were complemented by Irvine et al. about 10 years later, who reported three different 

stages for the reaction of lithium with water vapor on the macroscopic scale.38 They measured the 

weight gain of lithium during reaction with water using a microbalance and studied the forming 

reaction products with X-ray diffraction analysis (XRD). First a LiOH film is formed showing a 

constant growth rate. After some reaction time, LiOH·H2O starts to nucleate locally on the LiOH 

and grows by spreading over the outer surface. In the third stage, LiOH formation and conversion 

to its monohydrate take place simultaneously until full conversion of the lithium metal. As the 

forming LiOH·H2O is found to be porous, transport of water molecules to the inner LiOH film is 

possible without lattice diffusion through the reaction product layer. The LiOH film is reported to 

be covering without any pores or cracks, accordingly the reacting species need to diffuse through 

the hydroxide film. The observed rate law depends on the water partial pressure as the rate 

determining step changes accordingly. For pressures below 6.1 mbar, the reaction rate was pressure 

dependent indicating that either the transport of water through the porous LiOH·H2O or the 

adsorption at the LiOH interface are rate-controlling. In the pressure range from 6.1 to 16.8 mbar, 

a linear growth rate which is pressure independent was observed. The authors explain the 

observation of a linear rate with the fact that the thickness of the hydroxide film remains constant 

through simultaneous reaction of lithium to LiOH and sequentially LiOH to LiOH·H2O. 

Consequently, the diffusion distance remains constant and no logarithmic rate is observed. At high 

pressures (>29.3 mbar), the conversion is pressure independent and diffusion controlled as found 

by Deal and Svec.38 

On the surface scale, the primary changes of lithium in contact with water were studied with XPS 

by Hoenigman et al. finding the initial formation of mostly Li2O and only little LiOH. Between 100 

and 200 Langmuir (L) exposure, the LiOH signal became more prominent and indicated a second 
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reaction stage with increasing LiOH formation.39 Full oxidation of one monolayer lithium was 

found for the exposure to 11-12 L water vapor.40 Also in other reports about the surface changes of 

clean lithium surfaces in contact with water vapor, the initial formation of oxide, followed by 

multilayers of hydroxide and oxide mixtures, is described.41,42  

In 2005, Phillips et al. summarized the previous studies about the reaction of lithium with water 

vapor on macroscopic and surface scale.43 The authors suggested a multi-layer corrosion structure 

and an extended reaction sequence to explain the previous studies. First, lithium reacts with water 

and forms Li2O and hydrogen (Reaction 1). The oxide reacts further with water to form hydroxide 

(Reaction 2) which subsequently forms LiOH·H2O with additional water in case the water vapor 

pressure is higher than the decomposition pressure of LiOH·H2O (Reaction 3). Accordingly, they 

propose a third layer of Li2O under the LiOH and LiOH·H2O reaction layers described by Irvine et 

al.38 The different rate laws which were observed experimentally are explained by the combined 

occurrence of the described reactions. For details the reader is referred to the described review.43 In 

addition, Phillips et al. hypothesize based on calorimetric and spectroscopic studies that there may 

be additional LiH forming between Li2O and lithium (Reaction 4), as hydrogen evolution is found 

to be delayed at low water vapor pressure. They propose a metastable steady state situation for the 

growth of the reaction layer with the Li2O and LiH layers reaching constant thickness and the LiOH 

(as well as LiOH·H2O at higher vapor pressure) layer growing with reaction time. Even though this 

model incorporates all previous experimental results, the authors themselves conclude that more 

studies are needed to illustrate e.g. the nature of the Li2O layer. Besides, knowledge about the 

diffusing species is still missing.43  

 

Reaction 1 2 Li + H2O → Li2O + H2 

  

Reaction 2 Li2O + H2O → 2 LiOH 

  

Reaction 3 2 LiOH + 2 H2O → 2 LiOH · H2O 

  

Reaction 4 4 Li + H2O → Li2O + 2 LiH 

 

Later studies do not give definite answers either. Skinner et al. described in 2013 that the upmost 

monolayer of lithium is oxidized by 1-2 L of water vapor, what is an about 10 times higher rate 

than found before on the surfaces scale.44 Wulfsberg et al. reported that H2O initially forms LiH 

and LiOH when reacting with lithium thin films, before H2O starts to physisorb. This may provide 

evidence that LiH is indeed part of the reaction layer as suggested by Phillips et al.43 Still, the 

detection of LiOH instead of Li2O does not fit with the proposed reaction sequence.45  

In general, all studies agree that lithium and water react on-going. The literature usually describes 

a covering LiOH reaction layer through which water diffuses for further reaction and indeed LiOH 

may form a covering layer on lithium according to its PBR of 1.26. However, some reports point 

out that LiOH may become brittle and develop cracks when getting thicker, leading not to diffusion 

but to reaction limitation and therefore a constant reaction rate.42 Still, the mechanism, the kinetics 

and even the chemical nature of the forming reaction products are a matter of debate. This highlights 

the complexity for lithium-gas reactions and constitutes the uncertainty about this topic. For the 

reaction with water the presence of contaminations and other gases seems to be of minor importance 

as the point is not highlighted in literature. The other way around, water is an important catalyst 

and influences the reactivity toward other gases as detailed in the following sections.  
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ii. Carbon dioxide 

In a TGA study on lithium combustion, Markowitz et al. summarized in 1962 that no detectable 

reaction between lithium and carbon dioxide occurs on the macroscopic scale up to temperatures of 

250 °C.33 However, on the surface scale, investigating the initial interaction of lithium surfaces with 

carbon dioxide, a reaction was observed. For example, David et al. found a reaction in an Auger 

electron spectroscopy (AES) study 46 and Etxebarria et al. reported an oxidation of lithium metal 

by CO2. Still, the reaction is described as slow and even after exposure of a fresh metal surface to 

1000 L of CO2, metallic lithium is detected by ultraviolet photoelectron spectroscopy (UPS).32 The 

slow kinetics explain why the reaction cannot be followed on the macroscopic scale. 

A possible explanation for the slow kinetics is the nature of the Li2CO3 reaction layer. The PBR of 

Li2CO3 on lithium is 1.34, what indicates a covering and potentially protective layer. Therefore, 

Li2CO3 is expected to reduce further corrosion. Besides, Li2CO3 is reported to be the most stable of 

the various reaction products between lithium and the atmospheric gases, forming a dense film 

protecting against further corrosion.47 Also, for the reaction of lithium with CO2 and O2, a thin and 

homogeneous coating layer is described due to the good passivation effect of Li2CO3.48  

A lithium carbonate coating on lithium metal can even significantly slow down the reaction with 

water vapor, as Li2CO3 shows low solubility in water also compared to other alkali salts.27 

Accordingly, Yang et al. described air-stable lithium after plating in a CO2-atmosphere. As reason 

for the air stability, a Li2CO3 surface layer which does not react with oxygen or nitrogen and is 

barely soluble in water is given. Corrosion at room temperature is only reported for relative 

humidity levels of 70% and more. Furthermore, the carbonate surface layer does not influence the 

electrochemical properties significantly in comparison to pure lithium metal as Li2CO3 is a decent 

lithium ion conductor.49 With about 6·10−2 mS·cm−1 at 300 K the lithium ion conductivity of Li2CO3 

is in the same order as the one of some SE.50 In other reports, a lithium surface with passivating 

Li2CO3 layer after CO2 exposure even showed superior cycling performance compared to lithium 

treated in Ar 47 and a Li2CO3 film was reported to help maintaining a low ionic resistance of lithium 

anodes in liquid cells.51  

In order to find out the reaction mechanism of the initial interaction between CO2 and lithium, 

Zhuang et al. conducted an XPS study.52 They suggest based on the species observed by XPS that 

CO2 first adsorbs on the lithium surface and reacts to Li2O with lithium leaving adsorbed CO on 

the surface. The adsorbed CO reacts with more lithium to elemental carbon and Li2O. The Li2O is 

subsequently converted to Li2CO3 through reaction with CO2. This reaction mechanism is shown 

as pathway A in Figure 1. Furthermore, the authors discuss that if carbonate is obtained without the 

formation of elemental carbon, the reaction requires another oxygen source like water.52 Based on 

these results, Etxebarria et al. investigated the reaction mechanism between lithium and CO2 in an 

ambient pressure XPS study.53 They discuss the reaction sequence proposed by Zhuang et al. as one 

possible option, but give another mechanism as favored sequence since the determined amount of 

elemental carbon was too small to explain pathway A. The alternative reaction mechanism is shown 

as pathway B in Figure 1. After initial formation of Li2O and adsorbed CO, the two species form 

an oxalate intermediate with additional CO2. The intermediate then reacts to Li2CO3 and CO. 

Continuous CO evolution is given as reason for the absence of elemental carbon formation in this 

pathway.53 An oxalate intermediate was also proposed earlier for the reaction between alkali metals 

and CO2 by Axelsson et al.54  
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Figure 1: Proposed pathways for the reaction mechanism between lithium and CO2, modified 

according to Etxebarria et al. 53 who favor pathway B. 

 

In general, Jeppson et al. noted in a report from 1978 that the purity of lithium and the materials 

with which it interacts play a significant role for the nature of most lithium reactions.27 While the 

interaction with water vapor is an exception from this, the reaction of lithium with CO2 is 

significantly influenced by other gases. For example, the presence of water may catalyze the 

reaction, even though the kinetics are slow compared to other wet gases.33 This makes it very 

difficult to study the intrinsic reactivity of the pure gas toward lithium since even under UHV 

conditions residual gas and contaminations are present. In publication 1 of this thesis, the UHV 

atmosphere in the used XPS chamber was found to be responsible for pronounced changes of 

lithium samples within standard measurement periods.22 Besides, the authors of several studies 

found considerable amounts of other gases in their reaction atmospheres, which will influence the 

results.47 Also the studied lithium surfaces themselves may cause problems as they are quite 

differently prepared. Described preparation methods are for example scraping, lithium plating or 

vapor deposition where film thickness and substrate may also influence the reactivity.44,45 

Furthermore, impurities such as sodium segregate to the surface of lithium metal and can influence 

the reactivity as found by AES.55 

At this point, theoretical calculations may help to answer the questions regarding reactivity and 

reaction products more reliably. A density function theory (DFT) study including molecular 

dynamics (MD) simulations indicates an interaction of lithium surfaces and CO2 as well as the 

formation of C2O2 and subsurface oxide products.56 Other DFT studies also support a chemical 

interaction between CO2 and lithium.32 However, molecular simulations and computed activation 

barriers indicate that the reaction of pure CO2 and lithium is not feasible at room temperature. Water 

or its reaction products with lithium are needed for the reaction.57  

Overall this gives an inconclusive picture for the reactivity of lithium toward CO2. Experimental 

studies suggest that a thin reaction layer forms which may be beneficial in terms of corrosion 

prevention and electrochemical performance. Still, theoretical studies about the reaction are not 

conclusive whether an initial reaction between lithium metal and carbon dioxide is even possible. 

The experimental studies seem to have low relevance in answering this question, as contaminations 

and traces of other gases which may act as catalyst, cannot be avoided completely.  

 

iii. Oxygen 

Similarly as for CO2, no detectable reaction between lithium and dry oxygen was reported on the 

macroscopic scale in a TGA study at temperatures up to 250 °C.33 In some reports, oxygen is even 

regarded as an inert carrier gas for reactions with lithium.38 Also, Jeppson et al. summarized the 

reactivity of lithium toward oxygen stating that lithium is highly resistant to oxidation and no 
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reaction occurs for solid lithium in dry oxygen at room temperature.27 Other older, as well as recent 

reports which investigate the interaction of lithium and oxygen on a macroscopic scale agree that 

solid lithium does not react in dry oxygen at room temperature.42 Some of the reports base their 

conclusions on irreproducible methods such as the visual impression of the lithium after air 

exposure.58 However, taking all reports into account, the overall conclusion seems to be valid for 

the macroscopic scale. 

As reason for the on macroscopic scale negligible reaction between lithium and oxygen, the 

formation of a passivating oxide film is given.59,60 Still, the PBR of Li2O on lithium is with only 

0.56 importantly smaller than one and therefore indicates a porous and non-protective reaction 

layer. Very slow reaction kinetics may be an alternative, but unproven explanation. 

For the reaction of lithium and oxygen, water may act as a catalyst and lead to reaction rates which 

are detectable at macroscopic scale. Schiemann et al. stated that small amounts of water vapor may 

catalyze the interaction and lead to an ongoing reaction.60 Equally, Jeppson et al. described that as 

soon as moist oxygen is brought in contact with lithium, the formation of Li2O takes place.27 Even 

though the explanation that the presence of water breaks the oxide film 59 is questionable regarding 

the PBR of Li2O, the overall statement that water increases the reaction rate seems accurate. 

Focusing on studies investigating the reaction between lithium and oxygen with surface sensitive 

techniques, gives a completely different impression, as all studies describe an ongoing reaction of 

lithium and dry O2 to Li2O.45,55 Furthermore, the reactivity is usually defined as high and in many 

cases described as comparable to the one of water, even though the given rates differ.44,46  

For example, Wang et al. determined a sticking coefficient of one for the reaction of a clean lithium 

surface and oxygen using AES and ellipsometry under UHV conditions. A 75 Å thick lithium film 

prepared by vapor deposition completely reacted to Li2O with continuous reaction probability of 

approximately unity.61 Etxebarria et al. reported complete oxidation of a lithium surface after 

exposure to 9 L of O2 as observed by UPS.32 In an XPS study by Hoenigman et al., the authors 

reported a faster initial reaction for oxygen with deposited lithium metal films than for water and 

concluded that molecular oxygen is more reactive to lithium than water vapor.39 Similarly, Zavadil 

and Armstrong found in an XPS, electron energy loss spectroscopy (EELS) and microgravimetry 

study that the reaction with O2 does not passivate a lithium surface and the reaction goes on forming 

a surface film of several hundreds of nanometers thickness. They found the reactivity of oxygen 

toward a clean lithium surface to be similar or initially even higher than for water.41  

In contrast, Li et al. studied the reaction of oxygen and freshly plated lithium inside a TEM 

instrument, finding for dry oxygen a diffusion limitation after an initial Li2O reaction layer had 

formed. If 1 mol% of H2O is added to the reaction gas, the thickness of the reaction layer grows 

linearly until all lithium is consumed and the main reaction product is LiOH instead of Li2O.62 As 

Zavadil and Armstrong report the presence of water traces (< 1 ppm) in their O2 dosing gas what 

leads to additional hydroxide formation at atmospheric pressure 41, the presence of contaminations 

and especially H2O could be the reason for contradicting rates and the observed high reactivities. 

Still, for examples, Etxebarria et al. identified with XPS Li2O as only product even after exposure 

of up to 1000 L O2, what does not indicate water contamination.32 

However, same as for CO2, it seems questionable whether the described experimental studies can 

really answer questions about the initial reactivity between lithium and O2. Theoretical calculations 

may help, yet still the available studies do not even agree if an interaction is possible. A DFT study 

shows that a metallic ad-layer is formed upon interaction of lithium and oxygen.56 Also other DFT 
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simulations support an interaction of lithium and oxygen.32 In contrast, based on Monte Carlo-

simulations and computed activation free energies at the DFT level of theory, Shang et al. conclude 

that the reaction of oxygen and lithium cannot take place at room temperature, but the presence of 

water may catalyze the reaction.57 

In summary, the studies which focus on the reaction of lithium and oxygen on a macroscopic scale 

all agree that the formation of reaction products is negligible. The formation of a protective oxide 

film is reported as reason, even though this is not in accordance with the PBR of Li2O on lithium. 

In contrast, reports investigating the reaction with surface sensitive methods mostly agree that the 

reactivity of oxygen toward lithium is initially high. The TEM study by Li et al. may give a hint 

that water is responsible for the observed ongoing reactivity and the reaction between lithium and 

oxygen is intrinsically slow after initial oxide formation. This would also explain the results on the 

macroscopic scale. However, reliable theoretical calculations are needed to answer this question. 

So far, the available theoretical studies do not agree whether a reaction between pure lithium and 

oxygen is possible.  

 

iv. Nitrogen 

Unlike the other alkali metals, lithium forms a stable nitride, namely Li3N. In early macroscopic 

studies about the reactivity of lithium and nitrogen, a reaction of lithium with dry nitrogen is only 

reported at elevated temperatures. This was confirmed in TGA experiments by Markowitz et al. 

who did not find any detectable reaction between nitrogen and lithium up to 160 °C.33 Conversion 

to lithium nitride was only reported for wet nitrogen. The authors interpret that the nucleation of 

lithium nitride is quite slow, however as soon as some lithium nitride or another contamination is 

present, e.g. LiOH after reaction with water, further nitridation can follow even at room 

temperature. At low water content, the main product is Li3N, with increasing water contamination 

more LiOH is detected.33 Also other authors agree that lithium does not react with dry nitrogen 

below 160 °C 27,42 and that water can catalyze the reaction at room temperature. The presence of a 

lithium hydroxide film or water as a catalyst is regarded as necessary for the reaction with 

nitrogen.42 Also other impurities like potassium or magnesium lead to a lithium-nitrogen reaction 

whereas oxygen and hydrogen in the nitrogen gas inhibit or even prevent the formation of nitride 

completely due to formation of protective reaction layers.42,59  

These macroscopic studies may fit with some more recent studies conducted with surface sensitive 

methods and describing a slow reaction between lithium and nitrogen that would not be detectable 

on a macroscopic scale. For example, David et al. conducted an AES study, finding that N2 only 

slowly reacts with lithium metal surfaces, especially compared to oxygen and water.46 The 

investigation of nitrogen interaction with freshly plated lithium inside a TEM instrument showed 

similar results as for oxygen. For dry nitrogen the reaction is diffusion limited after an initial and 

covering Li3N reaction layer formed. If 1 mol% of H2O is added to the reaction gas, the thickness 

of the reaction layer grows linearly until all lithium is consumed and the main reaction product is 

LiOH.62  

In contrast, Jain et al. studied the reaction of lithium and nitrogen at room temperature and found 

that the nitridation is importantly affected by the surface properties of the metal.63 They question 

the interpretations made previously based on weight gain studies. In their own studies using 

differential scanning calorimetry (DSC) they observe a reaction of dry nitrogen and lithium at room 

temperature and identify complete nitride formation by XRD. In addition, the authors report that a 

surficial oxide/hydroxide layer on the lithium passivates against further reaction with nitrogen at 
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room temperature. The passivated lithium starts to react with nitride at about 180 °C, what may be 

the reaction observed in previous reports targeting the macroscopic scale.63 

Also, the PBR of 0.64 indicates a non-protective reaction layer of lithium nitride on lithium metal 

and contradicts the reports about a covering reaction layer leading to diffusion limitation. 

Accordingly, Li3N which forms through reaction of lithium and nitrogen at room temperature was 

reported to be porous.64  

There are also several studies which investigate Li3N on lithium as anode coating layer in battery 

research to improve the electrochemical behavior of LMAs. In these cases, the Li3N is usually 

formed at room temperature, for example through conversion of lithium to Li3N in a nitrogen filled 

glovebox 65 or through other N2 gas treatment of lithium.48 Even though the direct reaction of fresh 

lithium foil and dry N2 at room temperature is claimed, these studies cannot be used to draw reliable 

conclusions as contaminations are very likely and partly even reported.66  

One recent study by Etxebarria et al. using UPS as surface sensitive method states that clean lithium 

metal cannot react with N2 at all.32 Lithium metal was exposed to 1000 L of N2 and no observable 

changes occurred. These results are supported by DFT calculations.32 Complementary, theoretical 

studies may be especially helpful to understand the reaction between lithium and nitrogen, as it 

seems to be dominated even more than for oxygen and carbon dioxide by contaminations and traces 

of impurities. Shang et al. also conclude based on their MD-simulations and computed DFT-

activation free energies that the reaction between lithium and nitrogen cannot occur at ambient 

conditions. But as for the other atmospheric gases, the presence of water and its reactions products 

can enable the reaction.57 In contrast, another density function theory study indicates initial 

reactivity for the interaction of lithium surfaces and nitrogen.56  

Overall, the reactivity between lithium and nitrogen is the most unclear case of the atmospheric 

gases. Neither investigations on the macroscopic scale, nor studies using surface sensitive 

techniques or theoretical calculations even agree within the research field and scale whether a 

reaction is possible or not. The reason for the contradicting experimental reports is probably that 

the reaction is strongly affected by other gases, as well as contaminations. Those may on the one 

hand catalyze the reaction, as described for water or one the other hand, prevent it through 

passivating surface layers. 

 

v. Air 

In early reports, the reactivity of lithium in air was summarized as formation of a black nitride 

tarnish. However, already in 1962, Markowitz et al. started to question this interpretation.33 Their 

findings indicate that water vapor must be crucial for the reactivity of lithium in air and that the 

primary reaction of lithium in the presence of wet gases is the formation of LiOH with water. Even 

though the authors also identify lithium nitride as reaction product in air, they suggest that the black 

color is caused by amorphous lithium metal viewed through a thin, transparent LiOH coating as 

wet Argon leads to a black coating on lithium metal, too.33 In a later review from 1990, Rhein et al. 

reported that when lithium reacts with water in air or nitrogen atmosphere, no nitride is formed and 

only products of the lithium-water reaction are identified.42 Additionally, lithium did not gain any 

weight in a TGA study during exposure to dry air. When traces of water were present, various 

reactions were reported to occur leading to the formation of LiOH, LiOH·H2O, Li2CO3 and Li3N.42  

Also, in more recent studies, it remains a matter of debate whether Li3N is formed upon exposure 

to air or not. Momma et al. deposited lithium under dry air or argon.67 Under argon a surface film 
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composed of LiOH, Li2CO3 and Li2O formed according to XPS analysis. In dry air a reaction layer 

consisting in addition of Li3N is formed and this treatment showed superior cycle life when the 

lithium was used as anode in batteries with liquid electrolyte. The authors conclude that the 

atmosphere for initial preparation of lithium anodes should be tuned to improve the battery 

performance.67 Hart et al. studied in 2016 the exposure of lithium to ambient and dry air.36 The 

authors themselves suggested that the surface of their samples is probably already covered with a 

surface film before they started the experiment. The mass gain of the lithium was tracked with a 

microbalance and showed the initial formation of LiOH and following conversion to Li2CO3. The 

results were also in accordance with the observed volume expansion of the lithium sample. The 

reaction slowed down with time and partly showed a square root behavior. If the water content of 

initially 44-51% relative humidity at room temperature was reduced, the reaction rate slowed down 

significantly.36 Otero et al. studied the interaction of metallic lithium with ambient air at 50% 

relative humidity at room temperature and found during the first 300 s of reaction only LiOH as a 

reaction product using XPS and energy dispersive X-ray analysis (EDX) characterisation.68 For the 

growth of the film they found a diffusion limitation which is attributed to the diffusion of water 

through the growing LiOH film.68  

In summary, it is possible to conclude from these studies that water is the major factor for the 

reactivity of lithium in air and that the main initial product is LiOH. With longer reaction, 

subsequent conversion to Li2CO3 was observed, what is reasonable in view of the Gibbs free energy 

of formation for the lithium compounds. Whether other products such as Li3N form in minor 

amounts remains unclear from the available literature. The previous chapters about the reactivity 

toward the pure gases showed that water can catalyze the reactions with O2, N2 and CO2. Therefore, 

it seems likely that the reactions occur to a certain extent that may depend on various factors such 

as the relative humidity. As these factors are different for the available studies, the products are 

detected in only some of the experiments. 

 

vi. Conclusions for battery research 

Looking at all the discussed reports about the reactivity of the atmospheric gases toward lithium 

and their contradicting conclusions, it seems hard to understand the interactions in detail. 

Nevertheless, important and valuable conclusions can be drawn for battery research and the 

handling of lithium in general.  

Firstly, the high and on-going reactivity of water toward lithium is a general agreement.43 In 

publication 2 of this thesis it was shown that lithium covered with a thin passivation layer composed 

of LiOH, Li2CO3 and Li2O, as well as freshly scraped lithium surfaces show high reactivity toward 

water.23 Therefore minimizing the interaction with water is important to avoid degradation of the 

lithium surface, what is generally done by working in gloveboxes or dry rooms.69 In gloveboxes 

water levels down to 0.1 ppm are achievable, what corresponds to a dewpoint of −90 °C at 

atmosphere pressure. For dry rooms a typical dewpoint is −60 °C, what equals 10.5 ppm of water 

at atmosphere pressure.  

Secondly, the actual reactivity toward the other atmospheric components (oxygen, carbon dioxide 

and nitrogen) may be a matter of debate, still it is mostly agreed that contaminations and water 

residuals influence the reactions quite significantly. Even ppm traces of moisture can catalyze the 

reaction of lithium with all gases.70 As this level of contamination cannot be avoided in gloveboxes 

or dry rooms, the reactivity under these conditions is more interesting for battery research than the 

question of initial reactivity. Experiments presented in publication 2 showed that the reactivity of 
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oxygen and carbon dioxide is negligible under typical glove box atmosphere.23 However, nitrogen 

may react on-going with fresh lithium surfaces under the same conditions. Consequently, the use 

of nitrogen filters to control the nitrogen content in gloveboxes is important for battery research. 

Last, some compounds on the lithium surface exhibit a protective effect against further corrosion. 

This was especially found for Li2CO3 which is reported to even slow down the reaction with water.27 

In publication 2, a thin passivation layer composed of LiOH, Li2CO3 and Li2O was shown to prevent 

the reaction with nitrogen under glovebox atmosphere.23 The reactivity of lithium foil with a surface 

passivation layer and fresh lithium surfaces toward the atmospheric gases under glovebox 

conditions is schematically summarized in Figure 2. Overall, surface reaction layers can be an 

effective way to protect the lithium from undefined changes and are important for lithium storage 

and handling. However, the effect of the protective layer on the battery performance needs to be 

carefully considered. Accordingly, the impact and characterization of surface passivation layers on 

lithium metal anodes is discussed in the next chapter.  

 

 

Figure 2: Schematic representation of the reactivity of different lithium samples under glovebox 

conditions.23  
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2.2 Surface passivation layers on lithium metal 

2.2.1 Relevance of the lithium surface passivation layers for battery research 

From the previous chapter it follows that a lithium metal surface will always react with residual 

gases and contaminations during transport, storage and handling, resulting in reaction and/or 

passivation layers on the surface.71 To avoid undefined and uncontrolled reactions, the 

manufactures of lithium products apply special treatments leading to protective surface passivation 

layers. Schmuch et al. summarized the production of lithium metal starting with concentration of 

the Li-containing raw materials, which are usually brines, through evaporation and conversion to 

LiCl.11 The next step is the electrolysis of molten LiCl to metal, followed by distillation for 

purification. Afterwards the final lithium product is formed, e.g. into foils by extrusion and/or 

rolling.11 Lithium strips as thin as 250 µm may be produced by extrusion. For lower thicknesses, 

which are usually required for batteries, extruded lithium cannot be produced with uniform 

thickness. Therefore, it is necessary to roll the lithium. As lithium sticks to metal rolls which are 

used for conventional rolling methods, the rolls are covered with a solid polymer such as 

polyethylene or polypropylene.72 As a last production step, stabilization of the lithium surface 

through passivation by gas treatment or coating layers is applied.11 Patents reveal that liquid 

lamination additives which ease the rolling process and passivate the lithium surface at the same 

time are used. Described are additives consisting of hydrocarbon segments and ester or ether links.73 

In other patents, P- and F-containing passivating agents 74, as well as polymers 75 are mentioned to 

produce surface passivated lithium. As discussed in the previous chapter, gas treatment with CO2 

leading to a Li2CO3 passivation layer is another option to passivate the lithium metal surface.49 In 

case lithium is produced in form of chunks, it is usually covered with heavier paraffin oils and 

mixtures of light hydrocarbons like benzene. In case these compounds are absolutely water-free, 

they can be used in contact with lithium without any corrosion.76 However, in battery research 

lithium foils with the described surface passivation layers are mostly used.11 

These surface passivation layers on commercial lithium foils are known for decades to significantly 

affect the battery performance.46 Importantly, dendrite formation, which is one of the main 

problems for the use of LMAs in secondary batteries, was linked with the lithium surface chemistry 

in many studies. For example, Schily et al. showed that lithium deposition leading to dendrite 

formation is related to the nature of the surface layer.55 Harry et al. found that crystalline impurities 

in the uncycled lithium anodes are a cause for dendrite formation.77 Similarly, Maslyn et al. 

described that impurity particles near the lithium anode surface are nucleation points for dendrite 

formation and reduction of these impurities increases the cycle life importantly.78 Meyerson et al. 

agreed that the initial surface chemistry dominates dendrite nucleation. In their study, 

inhomogeneously distributed organics lead to an inhomogeneous SEI which then favors dendrite 

formation.79 Also in general, defects such as secondary phases affect the uniformity of stripping 

and plating during cycling of secondary batteries.80 Consequently, also the surface morphology, 

which is additionally important for dendrite formation, is affected.81,82 

Beside dendrite formation, Becking et al. demonstrated in 2017 that the lithium surface passivation 

layer has an important impact on the overall cell resistance of batteries with liquid electrolyte.21 

Through roll-pressing of the as-received lithium foil, the authors prepared a lithium foil with thinner 

and flatter passivation layer. The modified foil showed lower resistance in a symmetric lithium cell 

during the first cycles and the lithium deposition was more homogeneous than without treatment. 

With increasing cycle number the effect decreased.21 Similarly, Wang et al. described that a freshly 

sliced lithium anode exhibits lower interfacial impedance and electrode overpotential in a battery 
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with liquid electrolyte compared to an anode with a native passivation film.83 Furthermore, the 

results of the electrochemical measurements are more consistent when using the sliced lithium as 

anode.83 In publication 2 of the presented work, the impact of the lithium surface passivation layer 

on the interfacial resistance in batteries with solid electrolyte is evaluated.23 For a LLZO garnet SE 

with an intrinsically negligible small charge transfer resistance towards lithium 84,85, a huge impact 

of the lithium passivation layer thickness was demonstrated and an important effect of preparation 

pressure and SE roughness is described as shown in Figure 3.23 

 

 

Figure 3: Influence of LLZO SE roughness and cell preparation pressure (p) on the obtained 

Nyquist-Plots of lithium foil with different passivation layer thicknesses.23 The tested lithium foils 

were stored for 5 or 20 weeks in closed plastic boxes in a glovebox resulting in overall passivation 

layer thicknesses of about 130 and 35 nm, respectively. (a) LLZO SE with an average roughness 

of 160 nm and cell preparation pressure of 40 MPa: No significant difference is observed for the 

tested lithium foil, as the SE may penetrate through both passivation layers. (b) LLZO SE with an 

average roughness of 160 nm and cell preparation pressure of 400 MPa: The interface contribution 

becomes negligible small as mostly direct Li|LLZO contact is present. (c) LLZO SE with an average 

roughness of 30 nm and cell preparation pressure of 40 MPa: The interface contribution is high for 

both lithium foils as the SE can rarely penetrate through the passivation layers. The thicker 

passivation layer shows an importantly higher interface contribution. (d) LLZO SE with an average 

roughness of 30 nm and cell preparation pressure of 400 MPa: The interface contributions become 

smaller for both tested lithium foils as the higher pressure leads to flattening and penetration through 

the passivation layers. However, for the SE with low roughness, there is still a difference present 

between thinner and thicker passivation layer.23  
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2.2.2 Characterization of the lithium surface passivation layer 

2.2.2.1 Short introduction into XPS and ToF-SIMS 

At this point the methods XPS and ToF-SIMS are shortly introduced to provide the reader an 

overview about the measurement principles and the information that are accessible with the 

techniques. Those readers who are familiar with the methods may skip the chapter.  

 

i. XPS 86  

For XPS analysis, the sample is irradiated with monochromatic soft X-rays. Common X-rays 

sources are Mg Kα (1253.6 eV) and Al Kα (1486.6 eV). These photons interact with the sample 

atoms and cause electron emission by the photoelectric effect. Even though the X-rays penetrate 

µm-deep into the sample, only electrons emitted in the surface near nanometers leave the sample, 

as the electrons undergo inelastic energy loss processes on their way to the surface. Electrons which 

are emitted from deeper sample regions lose all their kinetic energy before reaching the surface. 

For the electrons which are emitted without loss processes, the kinetic energy (KE) is given by 

Equation 2. 

 

Equation 2 KE = hν − BE − Фs 

 

hν : Energy of the photon  

BE : Binding energy of the atomic orbital from which the electron originates 

Фs : Spectrometer work function  

 

The KE of the electrons is measured in XPS analysis, usually by a scanning analyzer that only 

allows electrons within the specified energy range to pass through to the detector. To minimize the 

collision of the electrons with gas molecules, the samples are characterized under UHV conditions. 

Knowing the photon energy, as well as the spectrometer work function, the kinetic energy is used 

to determine the corresponding binding energy. As each element has a unique set of binding 

energies, XPS is capable to identify the elements in the surface region of the sample. In addition, 

the number of emitted electrons for an element is proportional to its concentration in the analyzed 

sample volume. Therefore, XPS can be used for quantification within the detection limit of about 

0.1 at% and an error range of about ± 5 at%. As the binding energy of the electrons in an element 

is influenced by its chemical state, variations in the elemental binding energy can be used to identify 

the compound the electron is bound in. Combination of XPS analysis with sputtering also allows to 

characterize sub-surface regions and to determine the qualitative depth distribution of elements and 

compounds. 

 

ii. ToF-SIMS 87  

For ToF-SIMS analysis, primary ions are accelerated to the sample surface. The bombardment 

induces a collision cascade leading to the emission of secondary species from the uppermost surface 

layers. Most of these ejected particles are neutral, but about 1% are charged secondary ions. These 

are not necessarily species which are present in this form in the sample. They can also result from 

impact-induced fragmentation and/or reaction in the gas phase. Consequently, ToF-SIMS is not 

inherently compound-specific. However, the characteristic fragmentation of compounds can be 

determined by measuring reference samples and compound-specific methods such as XPS provide 

additional prior knowledge for the interpretation of ToF-SIMS data.   
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The secondary ions are extracted by an electric field and analyzed with a ToF mass analyzer. Same 

as for XPS, the samples are characterized under UHV conditions, to avoid collision with gas 

molecules and resulting energy loss of the detected species. Other than for XPS, the signal intensity 

of secondary ions in ToF-SIMS analysis is not directly dependent on the concentration in the 

analyzed sample surface. Importantly, the signal intensity depends also on the ionization probability 

which is affected by the chemical matrix surrounding the corresponding element or compound. The 

correlation is given in Equation 3. 

 

Equation 3 I s
x = I p · y

 x
 · a ± · Ɵx · ɳ 

 

I s
x : Secondary ion current  

I p : Primary ion current  

y
 x

 : Sputter yield  

a ± : Ionization probability  

Ɵx : Fractional concentration of species x 

ɳ : Transmission of the used SIMS instrument 

 

What is on the one hand a disadvantage, since quantification with ToF-SIMS requires time-

consuming calibration and is for complex systems nearly impossible, enables on the other hand 

detection of trace amounts. With ToF-SIMS, detection in the ppm to ppb range is possible under 

favorable conditions. Other advantages of ToF-SIMS are the high lateral resolution in the sub-µm 

range, as well as the high depth resolution of below 1 nm which can be achieved for depth profiles. 

 

2.2.2.2 Methods for the characterization of lithium surfaces 

Considering the important influence of the lithium surface passivation layer, detailed 

characterization is necessary to gain knowledge about its properties and subsequently understand 

the performance of lithium metal anodes. However, most literature neglects the initial lithium 

surface status leading to the conclusion by Etxebarria et al. that the lack of knowledge about the 

pristine lithium anode hinders strategies for effective stabilization in secondary batteries.32 In this 

context, the target of publication 1 of this thesis was to develop reliable surface characterization 

strategies for lithium metal surfaces.  

In the literature, several techniques were applied to study the surface of lithium, with XPS being 

the most common one. On as-received lithium all authors observed only carbon, oxygen and lithium 

as elements with XPS. Kanamura et al. identified signals for LiOH and Li2CO3, as well as for 

hydrocarbons before argon sputtering.20 After sputtering additional signals for Li2O and Li2C2 

appeared. The authors interpret that Li2O is present in a second layer under an upper one consisting 

of hydroxide and carbonate. Carbide is attributed to sputter damage.20 After even longer sputter 

time, an additional peak was observed in the Li 1s spectrum which is attributed to lithium metal.88 

In general, these observations are in agreement with most other studies, only the thickness of the 

passivation layer is found to differ in a range of 10-100 nm.89–91 Yen et al. show similar XPS spectra 

as the other authors, but interpret that a Li2O/CO2 adduct is present on a Li2O layer.92 However, as 

shown in publication 1, comparison with XPS spectra of reference samples indicates that the 

presence of Li2CO3 is more likely.22 Also from a chemical point of view the presence of Li2CO3 is 

expected, as it is the most stable lithium compound composed of carbon, oxygen and lithium.36 
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In addition to XPS, infrared spectroscopy (IR) and Raman spectroscopy are used in several studies 

to investigate the passivation layer on pristine lithium. Using Fourier transform infrared 

spectroscopy (FTIR) for untreated lithium foil, Aurbach et al. identified peaks which are typical for 

Li2CO3 and a broad band which indicates the presence of Li2O and Li-N compounds.59 In other 

FTIR studies additional organic compounds and hydroxides were observed.93,94 Using Raman 

spectroscopy, Schmitz et al. observed carbide and highlighted it as important contaminant on the 

surface of battery grade material.95 To support their findings, the authors hydrolyzed lithium in 

water and analyzed the evolving gases by mass spectrometry. The presence of m/z 26 attributed to 

H2C2 is given as indicator for the presence of carbide in lithium. As origin, carbon or mild steel 

electrodes used during fused salt electrolysis are suggested.95 However, it remains a matter of debate 

whether carbide is initially present on the lithium surface or only produced during the Raman 

spectroscopy measurement through carbonate decomposition resulting from local heating as stated 

by Naudin et al.94  

Other techniques which are less commonly used to characterize lithium surfaces include EDX 95, 

which can be used to study the elemental contaminations, Scanning AES 93 and ToF-SIMS 79, which 

are capable to localize the surface chemistry in the sub-µm range, as well as X-ray tomography 78 

to visualize impurity particles near the surface and throughout the lithium metal. To study the 

morphology of lithium surfaces, scanning electron microscopy (SEM) and AFM are commonly 

used.93 Surface defects and pinholes on the lithium metal surface can be visualized with SEM.92 

Beside the general structure and topography with grain-boundaries, ridge-lines and flat areas, the 

overall roughness is accessible with AFM.21,96  

In conclusion, most of the available studies on lithium surface passivation layers agree on an outer 

carbonate and hydroxide layer of 1-20 nm thickness on top of a 10-100 nm thick Li2O layer, as well 

as additional local contaminations.94 This picture fits well with the reaction layer described after 

exposure of lithium to CO2 atmosphere.53 Consequently, the lithium surface passivation through 

CO2 gas treatment is probably a common method in industry. Based on all these information, the 

combination of XPS and ToF-SIMS was chosen to develop a reliable characterization strategy for 

the native passivation layer on lithium surfaces.22 The two methods provide complementary 

information and in combination all features of the lithium surface passivation layer can be 

characterized as shown in Figure 4.22  

 

 

Figure 4: XPS and ToF-SIMS analysis of lithium metal surfaces: the provided complementary 

information are listed for both techniques.22   
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2.3 Lithium metal | solid electrolyte interfaces 

In the previous chapters it became clear that a surface passivation layer cannot be avoided for 

lithium foil or exposed lithium surfaces. At the same time, the passivation film can be highly 

detrimental for the performance of SSBs. Accordingly, cell preparation methods which avoid 

lithium foil or exposed lithium surfaces may be favorable. Possible alternatives are lithium vapor 

deposition directly on the SE or anode-free concepts, for which lithium is chemically stored in the 

cathode active material (CAM) and plated during the first battery charging.97 These concepts may 

also help to reduce costs for excess lithium, as well as cell manufacturing since the preparation of 

thin lithium foils is a complex and expensive process.11,98 On the other hand, the problem of 

interphase formation may be especially critical and needs thoughtful investigation as freshly vapor 

deposited or plated lithium is more reactive than lithium foil with a surface passivation layer. 

Therefore, the following chapter deals with Li|SE interfaces and interphases, discussing their 

properties and characterization. 

 

2.3.1 Types of lithium metal | solid electrolyte interfaces 

In order to find out whether a SE is stable in contact with lithium, the corresponding electrochemical 

stability window (ESW) needs to be evaluated. The ESW takes the two driving forces for a reaction 

between SE and lithium into account, which are the chemical and the electrochemical potential of 

the contacted materials.12 The relationship of the two variables for lithium is given in Equation 4. 

Up-to-date quantum mechanical calculations can predict the position of the ESW reliably. For a 

rough approximation of the Li|SE stability, the electronic band gap estimation can be used. In this 

approach, the (electro-)chemical potential of the lithium is evaluated. In case it is higher than the 

lowest unoccupied molecular orbital (LUMO) of the SE, a reduction of the SE takes place.99 

However, the band gap approach only considers an upper limit of the ESW and may therefore be 

misleading in some cases.12 

 

Equation 4 μ
 Li

 = μ
 Li
°  −  eV 

 

μ
 Li

 : Electrochemical potential of lithium metal  

μ
 Li
°  : Chemical potential of lithium metal  

e : Elementary charge  

V : Applied voltage  

 

In general, there are three different possibilities what may happen at the Li|SE interface as 

visualized in Figure 5.100 The first option is a stable interface for which no reaction takes place. This 

is the ideal, but quite rare, case. Only few SEs are chemically and additionally in application 

electrochemically stable in contact with lithium.99 The reason is the very low reduction potential of 

lithium versus the standard hydrogen electrode of −3.04 V. Consequently, the SEs are mostly 

reduced and interphases form. If the interphase consists of ionically and electronically conductive 

reaction products, it is called mixed ionic-electronic conducting interphase (MCI). In this case, the 

reaction between lithium and SE is on-going which leads to self-discharge of the battery.101 If the 

reaction products are ionically conductive, but electronically insulating, a kinetically stable 

interphase forms upon reaction. The corresponding third interface type was named kinetically 

stabilized solid electrolyte interphase (SEI) by Wenzel et al.101 It is important to note that the 

electronic conductivity of materials is never zero, but may be very small. Usually interphases are 

named SEI if the interphase growth is regarded as negligible, which naturally depends on the 
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considered application and time scale. For SSBs, either a stable Li|SE interface or an interphase 

with low resistance is required. If this is not the case, protective films may help to stabilize the 

interface.5 

  

Figure 5: Interface types between SEs and lithium: (a) thermodynamically stable interface, (b) 

ionically and electronically conductive interphase (MCI) and (c) ionically conductive but 

electronically isolating interphase (SEI).100 Reprinted with permission. Copyright © Elsevier  

 

2.3.2 Characterization of lithium metal | solid electrolyte interfaces 

i. Challenges 

The biggest challenge for the characterization of Li|SE interfaces is that they are inherently buried 

and therefore difficult to access.14 There are several strategies to make the interfaces analytically 

available, for example mechanical disassembling or sample preparation through various etching 

and sputtering techniques. However, rigid Li|SE interfaces are difficult to penetrate with most tools. 

Furthermore, the interfaces can be damaged during disassembly or other preparation.102 Model 

systems can help to avoid these difficult preparation steps and lead to samples which are more 

appropriate for characterization. However, it is important to consider in which parts the model 

systems differ from the real sample. For example, Li|SE interfaces are often mimicked by depositing 

small amounts of lithium on SE surfaces and analyzing the resulting reaction products. For this kind 

of strategy, Connell and Fuchs et al. highlighted that the result critically depends on the energy 

impact upon characterization and interface preparation. They described this challenge for Li|LLZO 

interfaces.103 Accordingly, the lithium deposition in model systems should imitate the deposition 

for real SSBs to allow meaningful conclusions. In this context, Gibson et al. emphasized that more 

energetic lithium deposition, such as sputter deposition, can induce interfacial mixing and surface 

damage which is not present for vapor deposition and plating.104 As lithium vapor deposition and 

plating resemble actual preparation methods for SSBs, they may be more suitable to study the actual 

interface properties.  

Another challenge is to find the analytical methods that can detect and characterize the whole 

interphase including the smallest concentration and dimensions of the reaction products at the 

interface.14 A proper detection limit is required as well as sufficient spatial and depth resolution. 

When interpreting the results of a method, it should be kept in mind that only a certain detection 

range is covered and reaction products may occur outside this range.102  Similarly to the challenge 

that one method cannot cover the entire detection range, a single analytical method can hardly 

provide all necessary information about a Li|SE interface.102 Commonly, information about 

elemental concentration, chemical composition, as well as compound distribution are needed to 

fully understand an interface. Thus, a combination of complementary techniques is usually needed. 

A particular challenge for the Li|SE interface characterization is the high reactivity of the 
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compounds as detailed in chapter 2.1 for lithium itself.105 Accordingly, samples need to be handled, 

transferred and analyzed under inert conditions. In situ and operando approaches can help to avoid 

this difficulty as the chances for contaminations are reduced. Furthermore, sample changes through 

the analysis itself need to be considered as many materials are sensitive to high energetic ion or 

electron beams.106  

 

ii. Methods 

The most common method for investigating Li|SE interfaces is XPS.102,107–109 In 2015, Wenzel et 

al. presented an in situ XPS method using the internal argon sputter gun to deposit lithium from a 

target on the investigated SE.100 XPS analysis was performed between the deposition steps to follow 

the interphase growth. This strategy was used to investigate various SEs and combined with time 

resolved electrochemical impedance spectroscopy to follow the interphase formation in a 

battery.101,108,110 Liu et al. investigated the stability of Li2S, P2S5, Li7P3S11 and Li2P4S6 against 

lithium through stepwise lithium evaporation and subsequent XPS analysis to identify the 

decomposition products.109 In another study, synchrotron-based high energy XPS was used to study 

the stability of Li1.5Al0.5Ti1.5(PO4)3 (LATP) protected against lithium with a Li3PO4 film prepared 

by atomic layer deposition (ALD).111 Compared to the laboratory-scale XPS analyses, synchrotron 

radiation allows faster measurements at higher resolution and a tunable depth sensitivity leading to 

the option of static depth profiling to avoid sputtering and thus potential damage.111  

Still, XPS analysis alone usually does not provide sufficient information on the lateral scale, as the 

analytical spot size cannot be smaller than 3-5 µm for conventional instruments. In some cases, the 

combination with AES, providing a lateral resolution down to tenths of nanometers, is used to 

overcome this limitation. For example, Wood et al. used operando XPS and in situ AES to 

characterize the Li|Li2S-P2S5 interphase during simulated cycling through virtual electrodes under 

UHV conditions.112 Lithium plating/charging was mimicked with the electron gun and discharging 

with an ultraviolet (UV) light source.112 Davis et al. studied the impact of an Al2O3 interlayer on the 

degradation of Li10GeP2S12 (LGPS) through lithium, applying operando XPS, AES and operando 

optical microscopy.113  

Another, by now established, technique for Li|SE interface investigations is TEM. Usually, battery 

materials are hard to investigate with TEM due to chemical reactivity and beam-sensitivity, but 

cryogenic conditions can allow the investigation of sensitive materials.106 Ma et al. applied TEM to 

investigate the stability of cubic LLZO towards lithium metal finding a tetragonal-like LLZO 

interphase that prevents further interface reactions at a thickness of only about 5 unit cells.114 Hood 

et al. used in situ electron microscopy to study the interaction of Li3.6PO3.4N0.6 (LiPON) with lithium 

metal.115 The authors could show that a stable and approximately 60 nm thick interlayer forms 

consisting of a P-rich region towards the LiPON and a P-deficient region towards the lithium. The 

findings explain the extended cyclability which is achieved in SSBs with LiPON SE indicating high 

stability, as well as theoretical calculations indicating that LiPON reacts with lithium.115  

Other applied techniques for Li|SE interface characterization are X-ray tomography, solid-state 

nuclear magnetic resonance (NMR) and neutron scattering techniques,116 as well as theoretical 

methods such as computational predictions.117 For more details about these methods and additional 

ones, the reader is referred to current reviews which provide an excellent overview.102,118,119 

So far, ToF-SIMS has not been established for the characterization of Li|SE interfaces. However, 

the method is well suited to characterize samples on the length scale between those accessible with 

XPS and TEM. Also, the information provided by ToF-SIMS analysis is complementary to that 
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obtained by the common methods. In publication 3, ToF-SIMS is introduced as valuable technique 

for Li|SE interface investigation, providing information about interface stability and interphase 

microstructure as visualized in Figure 6.24  

 

 

Figure 6: Information obtained by ToF-SIMS measurements for the characterization of Li|SE 

interfaces. The combination of ToF-SIMS with AFM gives additional information about the thickness 

and morphology of forming interphases.24  
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3 Results 

When starting the work for this doctoral thesis in 2019, the presence of surface passivation layers 

on LMAs was widely ignored in battery research. Although a number of reports on the influence of 

these surface layers in batteries with liquid electrolyte demonstrated its importance, the variety of 

literature about LMAs and their proposed use in SSB probably detracted from the topic. In addition, 

there was no awareness of the protective layer on industrial produced lithium foil or the rapid 

formation of lithium surface reaction layers under supposedly inert conditions such as glovebox 

atmosphere. Falsely, commercial lithium foils, as well as polished or freshly cut surfaces were often 

regarded as bare lithium. This misinterpretation is favored by the very inconsistent literature about 

lithium reactivity towards residual gases in inert atmospheres. Therefore, the objectives of this work 

were to understand the formation of lithium surface passivation layers under conditions that are 

typical for battery research, to reliably characterize these layers and to subsequently investigate 

their impact on SSBs. Consequently, the characterization of the Li|SE interface was also an 

important part of this thesis.  

In the first publication of this doctoral thesis, reliable strategies for lithium surface characterization 

with XPS and ToF-SIMS are presented. This includes guidelines for the characterization, as well 

as an explanation of pitfalls and common failures in literature. At the same time, a 3D structure of 

the lithium surface passivation film on commercially available lithium foils is derived from the 

measurements. The second publication addresses the effects of glovebox storage on the surface 

properties of lithium and explains the observed changes by the reactivity of lithium to atmospheric 

contaminants that are commonly found in gloveboxes. In addition, the impact of the lithium 

passivation layer growth on the anode interface resistance in SSBs is described. In the third 

publication, ToF-SIMS is used for systematic characterization of Li|SE interfaces. The method 

provides complementary information to data obtained with other established techniques, and the 

combination with AFM allows experimental determination of Li|SE interphase thicknesses.  

 

3.1 Publication 1: “In-Depth Characterization of Lithium-Metal Surfaces with XPS 

and ToF-SIMS: Toward Better Understanding of the Passivation Layer” 

In publication 1 of this doctoral thesis, the characterization of lithium surfaces with XPS, ToF-

SIMS and EDX was explored. Lithium foil and freshly cut lithium samples, which are often used 

as anodes, were studied to gain insights for battery research. 

The combination of XPS and ToF-SIMS characterization revealed a complete 3D picture of the 

lithium surfaces with their passivation layers. For all investigated lithium samples, mostly lithium 

carbonate and hydroxide were identified on top of a lithium oxide rich region, which is in contact 

with lithium metal. Using ToF-SIMS depth profiling, the thickness of the passivation layer was 

found to be in the range of several nanometers for all samples, although the exact composition and 

thickness depend on the storage and handling conditions. Unlike previous reports on the 

characterization of lithium surfaces, not only experimental data were given, but also the 

interpretation was explained in detail to provide guidance to other researchers. In addition, pitfalls 

for lithium surface characterization, which led to misinterpretation in previous studies, were 

identified and explained. For the first time, the effect of lithium plating through electron beam 

exposure of electrically contacted lithium samples was described and explained. Furthermore, it 

was pointed out that due to the decomposition of lithium compounds by argon sputtering and the 
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reactivity of lithium under UHV conditions, results can only be compared for lithium samples which 

were analyzed under exactly the same conditions. 

Overall, the results of the first publication provide a profound basis for the characterization of 

lithium surfaces with XPS and ToF-SIMS. Consequently, they can help to improve the quality of 

characterization done for these and similar kinds of samples. Furthermore, the work highlights that 

a surface reaction layer is present on all types of lithium used as anodes in battery research, which 

needs to be considered when interpreting electrochemical experiments.  

The experiments for this work were designed and planned by the first author under the supervision 

of A. Henss and J. Janek. Y. Moryson performed the XPS measurements and analyzed the 

corresponding data. J. Sann supported the analyses of the XPS data. The first author performed the 

EDX and ToF-SIMS measurements and analyzed the data. K. Peppler and A. Henss assisted the 

scientific discussion of the EDX and ToF-SIMS data, respectively. The manuscript was written by 

the first author and edited by six co-authors. 

Reprinted with permission from Otto, S.-K.; Moryson, Y.; Krauskopf, T.; Peppler, K.; Sann, J.; 

Janek, J.; Henss, A. In-Depth Characterization of Lithium-Metal Surfaces with XPS and ToF-

SIMS: Toward Better Understanding of the Passivation Layer. Chemistry of Materials 2021, 33 (3), 

859–867. DOI: 10.1021/acs.chemmater.0c03518. Copyright © 2021 American Chemical Society. 
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3.2 Publication 2: “Storage of Lithium Metal: The Role of the Native Passivation 

Layer for the Anode Interface Resistance in Solid State Batteries” 

In publication 2 of this doctoral thesis, the XPS and ToF-SIMS characterization elaborated in 

publication 1 was used to study lithium foil after storage in gloveboxes. The observed effects were 

explained by the reactivity of lithium under glovebox conditions and their impact on the anode 

interface resistance in SSBs was described. 

It was found that storage of commercial lithium foil under glovebox conditions did neither change 

the compounds of the surface passivation layer nor their qualitative depth distribution. However, 

the thickness of the surface film increased with storage time. The storage conditions and the 

contamination level in the glovebox influenced the extent of the layer growth. Only sealing the 

lithium foil in a pouch bag was found to be effective for minimizing the changes of the foil. Since 

mainly the hydroxide rich region of the surface passivation film grew, it was suspected that water 

dominated the sample changes. Reactivity experiments with model samples, namely commercial 

lithium foil and freshly cut lithium surfaces, showed that water exhibited high reactivity towards 

both types of samples. As expected, the commercial lithium foil with its covering passivation layer 

was protected against reaction with all other pure atmospheric gases including N2, what supports 

the assumption that residual moisture is the main factor for changes of lithium foil surfaces in 

gloveboxes. In contrast, the freshly cut lithium surfaces, as well as lithium foil with damaged 

passivation layer reacted with N2 until full conversion to Li3N. Accordingly, the nitrogen 

concentration in gloveboxes is highly important when working with unprotected lithium surfaces. 

Oxygen and carbon dioxide only lead to very thin reaction layers. 

To explore the effect of the lithium foil passivation layer for SSBs, foil with different passivation 

layer thickness was investigated in a model setup with LLZO SE and an ideal lithium counter 

electrode. It was found that the surface passivation layer can lead to extremely high interface 

resistances, which grow with the thickness of the layer. Importantly, the determined interface 

resistance mainly depends on the surface roughness of the LLZO pellet and the cell preparation 

pressure. A high roughness of the SE and a high preparation pressure allow the SE to penetrate 

through the passivation layer and thus reduce the interfacial resistance. However, a high SE 

roughness is detrimental in terms of homogeneous charge distribution and high preparation 

pressures in the range of 400 MPa are not realistic for application. Consequently, the surface 

passivation layer on lithium foil is an important obstacle for SSBs and alternative methods for 

lithium anode preparation or anode-free concepts may be favorable. 

Overall, the second publication expands the knowledge on the aging of commercial lithium foil 

during common glovebox storage and explains the changes with the reactivity of lithium towards 

the atmospheric gases as residuals in the glovebox atmosphere. Furthermore, the results 

demonstrate that the surface passivation layer on lithium foil needs to be considered for SSBs and 

may even hinder the successful use of the foil. 

The first author designed and planned the experiments for this work under the supervision of A. 

Henss and J. Janek. Y. Moryson performed the XPS measurements and analyzed the corresponding 

data. J. Sann supported the analyses of the XPS data. The first author performed the ToF-SIMS 

measurements and analyzed the data. A. Henss assisted the scientific discussion of the ToF-SIMS 

data. T. Fuchs and C. Lerch built the SSBs and conducted the electrochemical testing. T. Fuchs 

analyzed the data from electrochemical testing. The focused ion beam (FIB)-SEM measurements 

were performed by B. Mogwitz and the corresponding data analysis was done by the first author. 

The manuscript was written by the first author and edited by seven co-authors. 
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Reprinted with permission from Otto, S.-K.; Fuchs, T.; Moryson, Y.; Lerch, C.; Mogwitz, B.; Sann, 

J.; Janek, J.; Henss, A. Storage of Lithium Metal: The Role of the Native Passivation Layer for the 

Anode Interface Resistance in Solid State Batteries. ACS Applied Energy Materials 2021, 4 (11), 

12798–12807. DOI: 10.1021/acsaem.1c02481. Copyright © 2021 American Chemical Society. 
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3.3 Publication 3: “In situ Investigation of Lithium Metal - Solid Electrolyte Anode 

Interfaces with ToF-SIMS” 

Publication 3 of this doctoral thesis establishes ToF-SIMS as a method to systematically study the 

properties and stability of Li|SE interfaces and interphases. From the previous two publications, the 

surface passivation layer on lithium foil is known to affect the performance of SSBs. Therefore, 

model systems were chosen which resemble alternative preparation concepts of LMAs, namely 

lithium plating for anode-free cell concepts and lithium vapor deposition on the SE pellet. The Li|SE 

interfaces were prepared in situ, either by lithium vapor deposition using a low temperature effusion 

cell in a side chamber of the ToF-SIMS instrument or by lithium plating using the electron flood 

gun of the ToF-SIMS instrument as virtual electrode. The obtained layered systems with µm-thick 

lithium layers on top of the SE pellets were analyzed by ToF-SIMS depth profiling. Three different 

SEs, namely LLZO, LATP and Li6PS5Cl (LPSCl), as well as MgO as inert reference material were 

characterized. 

Based on the depth profiles through the vapor deposited lithium layers, the stability of the Li|SE 

interfaces could be classified. In order to distinguish between SEI and MCI, it proved necessary to 

measure multiple times, as only changes of the samples with time allow an assessment whether a 

thin, but growing MCI or a stable SEI with negligible growth rate is present. In addition to the 

evaluation of the interface stability, ToF-SIMS characterization allows the investigation of 

interphase microstructures, which was exemplified for the microstructure of the Li|LPSCl 

interphase. The interphase was found to consist of a covering Li2S- and an additional P- and Cl-rich 

layer. In situ AFM measurements were necessary to allow comparison of the two sample types, 

since the sample roughness of the vapor deposited and plated lithium films was too high for depth 

calibration using the sputtering yield of reference compounds. For the Li|LPSCl interphase, the 

thickness of the Li2S layer was found to be about 250 nm for lithium vapor deposition and plating. 

This is an order of magnitude more than calculated previously based on impedance spectroscopy 

measurements. 

Overall, the publication demonstrates for the first time the full potential of ToF-SIMS analysis for 

the investigation of Li|SE interfaces and interphases, showing that it is a valuable method to 

complement established techniques like XPS. The potential was further validated in a collaborative 

work, where ToF-SIMS was used to show for the newly developed SE Li7SiPS8 (LiSiPS) that a 

slowly, but steadily growing interphase forms in contact with lithium.120  

The experiments for this publication were designed and planned by the first author under the 

supervision of A. Henss and J. Janek. L. Riegger performed the XPS measurements and analyzed 

the corresponding data. S. Kayser performed the AFM-SIMS and P. Schweitzer the AFM 

measurements. The first author analyzed the AFM-SIMS and AFM data. The first author performed 

the ToF-SIMS measurements and analyzed the data. A. Henss and S. Kayser assisted the scientific 

discussion of the ToF-SIMS and AFM-SIMS data, respectively. The manuscript was written by the 

first author and edited by seven co-authors. 

Reprinted with permission from Otto, S.-K.; Riegger, L. M.; Fuchs, T.; Kayser, S.; Schweitzer, P.; 

Burkhardt, S.; Henss, A.; Janek, J.: In Situ Investigation of Lithium Metal-Solid Electrolyte Anode 

Interfaces with ToF-SIMS. Advanced Materials Interfaces 2022, 9 (13), 2102387. DOI: 

10.1002/admi.202102387. Copyright © 2022 Wiley-VCH GmbH. 
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4 Conclusions 

An important and central conclusion that can be drawn from this thesis and the three publications 

is rather general and should actually be known: Careful reading of older literature and reports from 

other scientific fields on one’s own topic is essential. Only against this background it is possible to 

obtain the complete state of knowledge on which the own research can be based. The knowledge 

about the existence of lithium surface passivation layers, as well as their effect on batteries with 

liquid electrolytes was already well known and accessible in literature at the beginning of this 

doctoral thesis. However, it is mostly neglected in current research. The same applies for the 

reactivity of lithium towards atmospheric gases. Current literature usually does not mention sample 

changes due to reactive lithium under glovebox atmosphere. Instead, lithium foil or samples 

prepared by polishing are considered and interpreted as pure lithium. The detailed literature review 

in the introduction clearly shows that this cannot be the case and lithium surfaces are always covered 

by some kind of reaction layer, which is the next important conclusion from this work. 

Accordingly, characterization of lithium surface properties is vital to understand and modify anode 

interfaces in batteries. By exploring the characterization of lithium surfaces for this thesis, pitfalls 

were identified that are generally important for the investigation of LMAs and other battery 

samples. As first obstacle, electron irradiation may lead to lithium plating on top of the passivation 

layer if the lithium sample is electronically grounded. In literature, this effect was described before, 

but never identified as plating.71 Importantly, the effect can occur with every sample covered by an 

ionically conductive, but electronically insulating film, which is an important finding for 

characterization in general. Next, the reactivity of lithium metal under UHV conditions was 

identified as important pitfall for lithium surface characterization. Even though a few authors 

previously mentioned reactions of lithium with residual gases in UHV 47,71,121,122, none of them 

concluded that varying background pressures and conditions, for example at different analyses 

days, make the comparability of measurements impossible. This conclusion should be considered 

for any characterization of LMAs. The next pitfall is sputter damage. Sputtering is needed for 

lithium surface characterization to reach the lower parts of the passivation film and get a full picture 

of the lithium surface layers. However, it is mentioned in early literature that argon sputtering leads 

to decomposition of LiOH and Li2CO3 to Li2O.20,123 Accordingly, the quantitative composition of 

the lithium passivation layer or other samples containing these compounds, determined with XPS 

after argon sputtering, is not reliable. Still, if the same measurement routine is used, a semi-

quantitative comparison of the samples is possible. The same accounts for potential decomposition 

by irradiation during measurements.47 This concept can be applied for all kinds of samples. 

Generally, potential sputter damage should be evaluated for all analyzed compounds using 

reference samples. The last important pitfall is the calibration of XP spectra. It is generally known 

that charging needs to be considered for XPS data interpretation 47, still the calibration of some 

features may be misleading 124 and depth profiling can be crucial for consistent data 

interpretation.125 Concluding from the presented work, the analysis of reference compounds is a 

useful concept to get reliable results for LMA characterization. Other authors suggest that the 

separation in binding energy between core levels present in a particular phase should be used to 

improve the reliability of phase identification 126, what is another reasonable approach. 

The lithium surface characterization with XPS and ToF-SIMS as presented in this work showed 

that commercial lithium foil, as well as freshly sliced lithium surfaces, which are exposed to 

glovebox atmosphere, are covered with nanometer-thick passivation layers consisting of an upper 

lithium hydroxide and carbonate rich region on top of an more oxide rich region, which is in contact 

with the lithium metal. The upper surface region is more carbonate rich for the lithium foil what 
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indicates a reaction layer formed upon CO2 exposure. Reaction with CO2 is described as surface 

modification for commercial lithium surfaces in literature and is according to the mentioned 

similarities of fresh lithium surfaces after CO2-exposure and commercial lithium foil probably a 

common strategy in industry. 

Generally, the literature review presented in the introduction on the reactivity of lithium towards 

atmospheric gases showed that the reports are quite inconsistent. Consequently, it is not possible to 

draw general, reliable conclusions about the reactivity of pure gases and defined mixtures. Still, 

most reports agree that traces of water contaminations influence the reactivity of lithium 

importantly. Therefore, it is more interesting for battery research to investigate the reactivity under 

actual handling conditions. For a typical glovebox environment, the presented work has shown that 

water is the main cause for degradation of lithium. However, the on-going reaction with nitrogen 

can become a problem for freshly sliced lithium samples or samples without covering passivation 

layer. Accordingly, tracking and minimizing the water and nitrogen contamination in the glovebox 

is most important for research with LMAs.  

Protection layers as the carbonate rich layer on commercial lithium foil, can prevent the reaction 

with nitrogen and reduce the reaction rate with water. Additionally, gloveboxes with very low 

degree of contamination and storage in pouch bags can minimize sample changes. However, already 

nanometer-thick lithium surface passivation layers were shown to have a detrimental influence on 

the anode interface resistance of the LMA in SSBs. Since the options which were identified to 

overcome the high interfacial resistances caused by the passivation film, namely rough SE pellets 

and high preparation pressures, cannot practically be implemented, the results of this work led to 

the conclusion that alternative concepts for LMA preparation in SSBs are more promising. In 

particular, anode-free cells and lithium vapor deposition could be a solution. 

Still, also for these anode-types, the Li|SE interface reactivity remains a challenge. Interphases, 

which form due to the high reactivity of lithium, may add high resistance and therefore reduce the 

SSB performance. Detailed characterization of the interphases is essential to understand their 

formation and to design suitable interfaces for battery applications. In this doctoral thesis, the 

potential of ToF-SIMS for the investigation of Li|SE interfaces was explored, concluding that ToF-

SIMS is a valuable method to provide additional information on the interface stability and 

interphase microstructure. Furthermore, the results are another example for the importance of 

combining analytical techniques that provide complementary scales and information type to obtain 

a complete picture of the samples.  

Overall, this doctoral thesis expands the understanding for LMA surfaces and interfaces in SSBs. 

The work shows how the surface properties of LMAs can be reliably determined and how typical 

handling can affect these properties. The results are set into the context of all available literature on 

lithium reactivity. Furthermore, the thesis demonstrates that the surface passivation layer on LMAs 

is important for the performance of SSBs. Finally, the full potential of ToF-SIMS for the 

characterization of Li|SE interfaces is described. 

  



5    Outlook  63 

 

 

 

5 Outlook 

To complement the results of the present thesis, several investigations are suitable and should be 

considered in future work. Especially, three different subject areas may be targeted. 

 

i. Theoretical studies about the reactivity of lithium toward atmospheric gases 

First, theoretical methods should be used to explore the reactivity of lithium towards the 

atmospheric gases in detail to get a better basic understanding of the on-going reactions. In 

particular, the reactivity of the pure gases towards clean lithium surfaces can probably only be 

studied theoretically since trace contaminations are always present in experimental studies. So far, 

only few theoretical studies are available and the results are mainly contradicting. Investigation of 

the impact of trace gases acting as catalysts would also be highly interesting as these may explain 

experimental observations and are expected to be highly important. Based on the theoretical results, 

new experiments could be designed to study and deeply understand the degradation phenomena 

which are interesting for battery research. For instance, the mechanism of the interaction of water 

with the lithium surface should be further explored, as water is regarded as main driving force for 

lithium degradation. Understanding the process may help to avoid degradation by tailored 

protection layers. In addition, investigating the changes of lithium samples under dry-room 

conditions should be targeted, as dry-rooms are an important handling option for LMA and are an 

alternative to gloveboxes. 

 

ii. Further exploration of the impact of lithium surface passivation layers on SSBs 

Next, the lithium surface status needs to be considered for future research on LMAs applying the 

developed reliable characterization strategies. Linking the surface status with the results in 

electrochemical testing will give more and highly important insights on the role of the lithium 

surface passivation layer on the battery performance. Specifically, the impact of the lithium surface 

passivation layer thickness should be tested for other SEs than LLZO to find out, how the different 

mechanical properties and the Li|SE reactivity influence the observed effects. SEs which are softer 

than the investigated LLZO are probably not able to penetrate through the passivation layer what 

will influence the effect of cell preparation pressure. Additionally, the cells should be cycled to 

investigate the long-term effect of the passivation layer thickness and its potential role for dendrite 

formation. Next, the composition of the lithium surface film may be changed to potentially 

overcome detrimental effects. Lithium surface modification is already a widely explored topic in 

literature, however, reliable studies which compare their results with reference systems and apply 

reliable characterization are rare. So far, untreated lithium foil is usually regarded as reference 

system to show the impact of surface modifications. However, without characterization of the 

lithium foil, a real comparison between the studies is impossible and the impact of modifications 

cannot be judged. Ideally, the lithium surface passivation layer may become a protective layer, 

reducing interface reactivity while adding no interphase resistance.  

 

iii. ToF-SIMS characterization of Li|SE interfaces 

The interface properties of many other Li|SE systems could be analyzed with ToF-SIMS to get 

additional insights on the forming interphases and their microstructure. So far, no polymer 

electrolytes were investigated, thus the method should be expanded to this class of SEs. 

Furthermore, the investigation of tailored interphases such as protective layers which are applied 

on the SE could be implemented easily. Also, combination with in situ electrochemical testing could 
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be targeted to link the ToF-SIMS characterization results with electrochemical data. At this point 

the experiments also nicely fit the previous section about lithium surface passivation layers as a 

comparison with resistances of direct Li|SE interfaces without any passivation layer becomes 

accessible. Comparison of the results would be highly interesting and help the understanding of 

both issues. 
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