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Abstract 
 

This thesis is a model study on (i) the SEI/EEI formation at anode model surfaces of Li-ion batteries in 

UHV under open circuit conditions and (ii) the EEI formation at the cathode side of Mg-air batteries during 

the electrochemical O2 reduction reaction. 

Regarding Li-ion batteries, the interaction of individual electrolyte components (EC and BMP-TFSI) 

with model electrode surfaces (Cu(111) and HOPG) was studied via a combination of surface science 

techniques (STM, XPS, UPS and FTIR). It was revealed that EC adsorbs intact on both Cu(111) and HOPG 

at 80 K. On Cu(111), well-ordered EC islands are formed and EC has mainly van der Waals interactions 

with the substrate. On HOPG, EC completely desorbs without decomposition at >200 K, while on Cu(111) 

there is competing desorption and decomposition to −C=O, −C−O−C− −C−C−, −C−H containing 

compounds. Addition of Li to the EC on HOPG at 80 K leads to formation of Li2CO3 and ROCO2Li, 

(CH2OCO2Li)2 and Li2O with trapped Li+/Liδ+ ions and Li+(EC)n, while other EC molecules remain intact. 

On the other hand, EC adsorbs intact on the lithiated graphite and completely desorbs above 200 K. 

Annealing after postdeposition of Li on EC preadsorbed on HOPG leads to formation of increasing amounts 

of decomposition products, while a small fraction of EC is still present on the surface at least at 220-240 K, 

before it completely disappears. BMP-TFSI adsorbs intact on Cu(111) below 200 K. Annealing of BMP-

TFSI reveals that the anions decompose between 300-350 K to CF3,ad, SOx,ad, Sad and other carbon 

containing adspecies. Post deposition of Li to a BMP-TFSI adlayer at 80 K leads to the anion decomposition 

to LiF, Sad, or Li2S, Li2O and cation decomposition to Li3N, LiCxHyN and / or LixCHy. Upon heating above 

300 K the amount of these products increases together with an intensity loss of the carbon from the cation. 

These resulting decomposition products are considered as the initial stages of the chemical SEI/EEI 

formation as they are formed just by the contact between the model electrode material and the electrolyte 

components without applying an additional potential. 

With respect to Mg-air batteries, ORR and OER were examined using RRDE measurements on different 

electrode materials (Pt, Au, GC, MnO2 and Mn2O3) in BMP-TFSI and with the addition of Mg-TFSI2 

followed by the physical characterization (SEM and XPS) of the resulting deposits. The ORR and OER in 

BMP-TFSI are quasi-reversible for all electrode materials and the effect of the electrode materials on the 

activity and on the reaction pathway appears to be negligible. In contrast, the addition of Mg2+ leads to an 

irreversible ORR and the formation of a passivation layer (MgO2 as the main product) with different 

morphology on each electrode surface. Thus, no catalytic activity of the electrode materials toward 

ORR/OER was observed. Therefore, a continuous ORR/OER, which would be needed in practical 

application for Mg-air batteries, is hardly possible with the electrolyte and catalysts tested in this thesis. 

  



 

Abstrakt 
Die vorliegende Arbeit ist eine Modelluntersuchung sowohl zur (i) SEI/EEI Bildung auf Modellanoden für 

Li-Ionen Batterien unter UHV Bedingungen und ohne angelegtes Potential als auch (ii) zur EEI Ausbildung 

während der elektrochemischen O2 Reduktionsreaktion an der Kathode in Mg-Luft Batterien. 

Bezüglich der Messungen zu Li-Ionen Batterien wurde die Wechselwirkung von Elektrolyt 

Einzelkomponenten (EC und BMP-TFSI) mit wohl-definierten Modellelektroden (Cu(111) und HOPG) unter 

Verwendung von Oberflächentechniken wie STM, XPS, UPS und FTIRS, untersucht. Es zeigte sich, dass EC 

sowohl auf Cu(111) als auch auf HOPG bei 80 K molekular intakt adsorbiert. Außerdem bildet EC auf Cu(111) 

wohl-geordnete Inseln; die Wechselwirkung mit der Oberfläche wird vorwiegend durch van-der-Waals 

Wechselwirkungen realisiert. EC desorbiert von HOPG bei 200 K, wohingegen auf Cu(111) eine Zersetzung 

und Desorption in diesem Temperaturbereich erst beginnt. Produkte sind −C=O, −C−O−C− −C−C−, −C−H 

haltiger Natur. Der Zusatz von Li zu adsorbiertem EC auf HOPG bei 80 K führt zur Bildung von Li2CO3 und 

ROCO2Li, (CH2OCO2Li)2 und Li2O zusammen mit stabilisierten Li+/Liδ+ Ionen und möglicherweise Li+(EC)n . 

Insgesamt verbleiben einige EC Moleküle aber auch intakt. Im Vergleich dazu adsobiert EC intakt auf lithiiertem 

HOPG und desorbiert komplett bei Temperaturen höher als 200 K. Das Aufheizen von nachträglich 

abgeschiedenem Li auf voradsorbiertem EC auf HOPG führt zur Bildung von höheren Mengen dieser 

Zersetzungsprodukte, wobei EC zumindest bis 220-240 K teilweise vorhanden ist. BMP-TFSI adsorbiert intakt 

auf Cu(111) unterhalb von 200 K. Beim Aufheizen der Oberfläche zeigt sich, dass die Anionen sich zwischen 

300 und 350 K zu CF3,ad, SOx,ad, Sad und anderen kohlenstoffhaltigen Spezies zersetzen. Nachträgliches 

Aufdampfen von Li bei 80 K führt zu Anionenzersetzung zu LiF, Sad, or Li2S, Li2O als auch zur Zersetzung der 

Kationen zu Li3N, LiCxHyN and / or LixCHy. Während des Heizens der Probe auf über300 K nimmt die Menge 

an Zersetzungsprodukten zu einhergehend mit einem Verlust an Kohlenstoff des Kations. Die gebildeten 

Zersetzungsprodukte können als Anfangsstufe der chemischen SEI/EEI Bildung angesehen werden. Da sie nur 

durch den Kontakt zwischen dem Modellelektrodenmaterial und den Elektrolytkomponenten gebildet werden, 

ohne ein zusätzliches Potential anzulegen. 

In Bezug auf Mg-Luft-Batterien wurden die ORR und OER unter Verwendung von RRDE-Messungen an 

verschiedenen Elektrodenmaterialien (Pt, Au, GC, MnO2 und Mn2O3) in BMP-TFSI und unter Zusatz von Mg-

TFSI2 untersucht und die resultierenden Abscheidungen wurden anschließend physikalisch charakterisiert (SEM 

und XPS). ORR und OER in BMP-TFSI sind für alle Elektrodenmaterialien quasi reversibel, wobei der Einfluss 

der Elektrodenmaterialien auf die Aktivität und den Reaktionsweg vernachlässigbar zu sein scheint. Im 

Gegensatz dazu führt die Zugabe von Mg2+ zu einer irreversiblen ORR und der Bildung einer 

Passivierungsschicht (MgO2 als Hauptprodukt) mit unterschiedlicher Morphologie auf jeder 

Elektrodenoberfläche. Somit wurde keine katalytische Aktivität der Elektrodenmaterialien gegenüber der 

ORR/OER beobachtet. Eine kontinuierliche ORR/OER, wie es in der Anwendung für Mg-Luft-Batterien 

benötigt würde, ist daher mit den in dieser Arbeit getesteten Elektrolyten und Katalysatoren kaum möglich. 



1 Introduction 
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The performance and stability of batteries are strongly related to the electrode|electrolyte 

interfase (EEI) layers, which  are  formed  between the electrode and the  electrolyte by the  

(electro-) chemical decomposition of the electrolyte and/or by the deposition of discharge 

products. Understanding the formation and composition of the EEI layer is challenging due to the 

complexity of batteries, which consist of a multitude of components, including solvents, salts and 

additives in the electrolyte, active material, binder and conductive carbon in the electrodes and 

operate at various potentials. This thesis mainly focuses on the fundamental molecular-scale 

understanding of the surface (electro-) chemical processes occurring during formation of the EEI 

layer in (i) Li – ion batteries (present technology) as well as in (ii) Mg – air batteries (possible 

future technology). These two systems have been selected due their potential for better and safer 

future batteries. Furthermore, due to the increasing demand of batteries, there is growing interest 

in metal-air batteries, which have a high energy density alkali compound or an alkali metal as 

anode and an air breathing cathode. Among the metal-air batteries, Mg-air batteries have attracted 

attention due to their high specific energy density and also since Mg is more abundant and is safer 

than Li. However, these batteries are still under investigation and they are far away from practical 

applications. 

In the present thesis, the EEI formed at the anode side of lithium ion batteries is studied, which 

is usually referred to as the “solid|electrolyte interphase” (SEI). This layer forms during the first 

charging cycle of the battery. It allows Li ion transport, but blocks the transport of electrons and 

therefore prevents further electrolyte decomposition. In this work I systematically investigated the 

chemical formation of the EEI without an applied potential (open circuit voltage), i.e. the formation 

of the EEI layer by the decomposition of the electrolyte, due to the interaction with the electrode 

surfaces. Simplified model systems have been studied, with the focus on the interactions of single 

components of electrolyte with well-ordered model electrode surfaces. For this purpose, the 

interfaces are probed by different surface science techniques, specifically by (molecular 

resolution) scanning tunneling microscopy (STM) and by spectroscopic techniques such as 

chemically sensitive X-ray and ultraviolet photoelectron spectroscopy (XPS/UPS) and 

vibrationally sensitive Fourier transform infrared spectroscopy (FTIRS). These experiments were 

combined with dispersion corrected density functional theory (DFT-D) which were performed in 

a close collaboration in the group of Prof. A. Groß (Institute of Theoretical Chemistry, Ulm 

University). In this respect, we have started to investigate the interaction of the key component of 
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standard solvents ethylene carbonate (EC) molecules and the battery-relevant ionic liquid (IL) 1-

butyl-1-methylpyrrolidinium bis(trifluoro-methanesulfonyl) imide (BMP-TFSI) with model 

electrode surfaces such as Cu(111) and graphite(0001). These two electrolyte components were 

chosen since EC is one of the major components in real Li-ion batteries, and ILs are considered to 

be promising electrolytes for future battery applications because of their high ionic conductivity, 

very low vapor pressure, low flammability, and high thermal and chemical stability. In addition, 

in order to be close to realistic battery systems and to mimic the real electrolyte, the interactions 

between these electrolyte components and Li on the electrode surfaces have been investigated. The 

measurements reveal fundamental insights into the chemical and structural properties of adsorbed 

mono -and multilayers on these surfaces, their thermal stability, and possible decomposition 

products after electrolyte components at the electrode|electrolyte interface. 

Switching to the other battery studied in this work, Mg-air battery, the two main challenges will 

be addressed: (1) finding a bifunctional cathode catalyst to enable reversible oxygen reduction 

reaction (ORR) during discharge of the battery and oxygen evolution reaction (OER) during charge 

of the battery (2) and to overcome / exclude the formation of an inhibiting layer formed at the 

surface of the air electrode composed of the discharge product, which will block the surface at the 

cathode side. Therefore, in the thesis at hand we aim to understand the ORR/OER mechanism of 

the EEI formation at the cathode side and to get insights into the role of different electrode 

materials for the ORR and OER, and their relevance for the operation in Mg-air batteries. With 

this objective, we investigated the ORR/OER in the ionic ligand BMP-TFSI in the absence and 

present of Mg2+ (Mg-TFSI2) by rotating ring disc electrode (RRDE) measurements and by 

characterizing the resulting EEI layer afterwards via ex situ XPS and SEM measurements. The 

ionic liquid based electrolyte, i.e. Mg-TFSI2 containing BMP-TFSI is a promising candidate for 

the Mg-air batteries due to the aforementioned properties and its stability against the superoxide 

anion, which is formed during the ORR. 

The thesis at hand is organized in 8 chapters. In chapter 1, formation, composition and methods 

used to analyze the EEI in Li-ion and Mg-air batteries are introduced, followed by the description 

of the experimental set up used in this thesis in chapter 2. The results, which were already 

published in peer reviewed journals, are presented in chapters 3 to 6, and each chapter has its 

individual abstract, introduction, results and conclusion. Finally, in chapter 7 I present a summary 

with a brief outlook. The theoretical calculations in chapter 3 was done in a collaboration in the 



I n t r o d u c t i o n   4  

group of Prof. Dr. Axel Groß in the Institute of Theoretical Chemistry at Ulm University. The 

work presented in chapter 6 is the result of a collaboration with the group of Prof. Dr. Werner 

Tillmetz and Dr. Ludwig Jörissen in Zentrum für Sonnenenergie- und Wasserstoff-Forschung 

Baden-Württemberg (ZSW) in Ulm. 

Overall, this work allowed to achieve a fundamental understanding of the processes at the EEI 

with the perspective for the subsequent improvement of future battery applications. 

1.1 Why Batteries? 

One of the most decisive challenges on earth to enhance the use of sustainable energy and its 

storage, with the motivation to avoid environmental harm.1 The main source of energy at present 

are fossil fuels, which are, however, limited. In addition, their combustion produces large amounts 

of CO2, which is a greenhouse gas. Therefore, there is an urgent need to lower the use of fossil 

fuels. This includes the development of new energy storage systems2 for the storage of sustainable 

energies, i.e., from renewable energy sources such as wind or solar, which unfortunately fluctuate 

between day, night and during seasons and in addition they are dependent on the weather 

conditions. In this context, it is important to look for electrochemical energy storage systems which 

are environmentally friendly, abundant and have a high energy density. Batteries, in the ideal case, 

fulfill these demands. They are one of the most widely used electrical storage technologies, which 

via redox reactions can convert electrical energy into chemical energy or vice versa. Among 

batteries, Li–ion batteries are successfully used in many applications due to their high energy 

density, high power density and long life.3 

1.2 Different Battery Chemistries and Materials 

Li–ion batteries, which have been studied intensively, are the main energy storage technology 

in portable electronic devices and electro-mobility.4,5,6,7,8,9 However, the theoretical capacity of 

Li–ion batteries is limited. Therefore, researchers are looking for new battery chemistries, such as 

rechargeable Metal-air batteries in aprotic media which have a high theoretical specific energy.10 

Among metal–air batteries, Li–air batteries have been studied the most but they are still in the 



I n t r o d u c t i o n   5  

process of optimization and improvement as they face crucial challenges.11 One of those is the 

formation of dendrites which leads to safety problems.12 This together with the scarcity of Li leads 

researchers to look for other suitable metals.13 Mg is particularly attractive, since it is 

environmentally friendly, more abundant, cheaper and less reactive and therefore safer than 

Li.14,15,16,17 Furthermore, it contributes two electrons per metal ion and therefore shows a higher 

volumetric energy density. In addition, Mg–air batteries are in their early stage of investigation 
16,18,19 and one can only try to transfer the knowledge from the Li–air and Mg–ion batteries to this 

subject. One of the main challenges which is reported for development of these batteries is suitable 

electrolyte which will be discussed in chapter 1.6.1. 

1.3 The Solid|Electrolyte Interphase and Electrode|Electrolyte Interface layer 

The main components of batteries are two electrodes, i.e., anode and cathode, which are 

connected via a suitable electrolyte. Between the electrode surfaces and the electrolyte an 

interphase layer might be formed during the battery operation, due to chemical and electrochemical 

reactions. Therefore, the properties of both electrode and electrolyte together with the potential 

applied have a direct influence on its formation. The solid electrolyte interphase (SEI), since is 

forming in a closed battery cell. Due to the difficulty of its characterization is difficult to find out 

its exact composition.20 Formation and composition of this layer are not well understood due to 

their dependence on several factors. In the battery community, the bulky layer is referred to as 

interphase, while the boundary between the electrode surface and the electrolyte is called interface. 

The interphase formed at the anode side of the Li–ion battery has been the topic of many studies 

and is particularly called SEI as it was first introduced by Peled on alkali or alkaline erath metals.21 

However, looking in general on both sides of cathode and anode this layer is often called 

electrode|electrolyte interface (EEI). The term EEI is also used for the interphase which is forming 

between the electrode and electrolyte for beyond Li–ion batteries (batteries which use different 

charge carriers). It is well known that the performance and safety of battery is highly dependent 

on the SEI/EEI layer.20 Therefore, a better understanding of this layer formation is essential for 

the further improvement of the performance of batteries. 
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In this thesis the result of my study on the interphases between model electrode materials and 

electrolytes on the anode side of Li–ion batteries and on the cathode side of Mg–air batteries will 

be discussed. For Li–ion batteries the interphases formed by chemical interaction are in the focus, 

whereas for Mg–air batteries the interphase, which is formed by either chemical interaction 

between electrodes and electrolyte or by electrochemical reactions in the ORR and OER are 

explored. For Mg–air batteries we also investigate the cathode materials to look at their 

bifunctional activity for ORR and OER. Therefore, in chapter 1.4 and 1.5, main result of previous 

studies related to the SEI/EEI on Li–ion batteries and Mg–air batteries are summarized 

respectively. 

1.4 Characterization of SEI/EEI in batteries 

First of all, it should be mentioned that analyzing an SEI layer is a challenging task due to the 

following issues: (1) It is difficult to determine the exact thickness of the SEI layer for 

characterization. (2) The SEI is often an inhomogeneous layer. (3) It is difficult to decide if the 

detected components are belong to the SEI layer or to residual electrolyte or solvents used for the 

rinsing before characterization. (4) The morphology and chemical components of the SEI layer 

may change during the washing, contact with air, contamination22 and characterization. (5) Usually 

the characterization is not in situ and the samples need to be transferred for the characterization. 

In order to reduce the contact with air and other contaminants, appropriate transfer containers are 

required.23,24 

1.5 SEI/EEI in Li–ion Battery 

The main components of Li–ion batteries are an anode (usually a graphite electrode), a cathode 

(mostly transition metal oxides25) and the aprotic electrolyte. The Li-ions transported in  
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Figure 1—1: SEI/EEI formation on the anode side of Li–ion batteries from 1970 to 2013. Reprinted from 
ref. [26] with permission from ref. [26] and references therein. 
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the electrolyte and electrons flow through external circuit between the cathode and anode during 

cycling.8,27,28,29 

It is well known that in the first charging cycle the electrolyte undergoes electrochemical 

reduction and oxidation due to side reactions with the electrolyte and also due to their instability 

at the potential operating window, which generates a layer on the anode surface. However, the 

formation of this layer will continue step by step in the next charge-discharge cycles.4,27 

An ideal SEI should have a high Li ion diffusivity, but very low electron conductivity in order 

to support transfer of Li+ ions through the SEI, and on the other hand prevent further electrolyte 

reduction.21,23,30,31,20 It should be uniform, since a non-uniform SEI layer may lead to the formation 

of lithium dendrites,32,33 and therefore a battery short circuit.32 The SEI layer should be very 

adhering to the electrode and insoluble in the electrolyte over a wide range of operating conditions. 

Different models which were proposed for the SEI in Li–ion batteries in literature over the last 

decades were summarized by Gauthier et al. and are illustrated in Figure 1—1. The variety of 

different models indicates that the SEI is still not completely understood and the suggested models 

are mainly valid for different investigation techniques and the subsequent interpretation of the 

results. Here three selected models will be briefly discussed. First of all Dey et al.34 suggested that 

on a Li anode a layer is forming, which is conductive for Li+ ions. In 1979 Peled et al.21 suggested 

that the layer which is forming instantaneously on the alkali and alkaline earth metals by contact 

with the electrolyte is an insoluble layer, which has the properties of a solid electrolyte and will 

not allow electrons to pass through it. Therefore, they specifically named it SEI. 

In 1997, Peled et al.35 introduced the mosaic model for the SEI layer which is still accepted 

today. This layer on Li or carbon anodes contains inorganic and organic products of electrolyte 

decomposition, which close to the electrode surface contain Li2O and LiF, while the next layers 

also contain Li2CO3. Close to the electrolyte semicarbonates and polyolefins are observed. 

Applying photoelectron spectroscopy and soft X-ray spectroscopy on graphite electrodes 

Edström et al.36 suggested in 2006 that the inorganic layer, which consists of Li2O, LiF and Li2CO3 

and is forming close to the electrode surface. They suggested that the Li2O and LiF formation 

could be caused by Ar+ sputtering, and that the formation of Li2CO3 depends on the graphite type, 

electrolyte quality and on the sealing of the battery cells. 
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Studying the SEI on a lithiated graphite anode with a combination of soft and hard photoelectron 

spectroscopy, Malmgren et al.37 suggested in 2013 that the SEI layer contains Li2O close to the 

electrode surface and (ROCO2Li)2 close to the electrolyte. 

1.5.1 Characterization of SEI/EEI in Li-ion Batteries 

Different in situ and ex situ techniques from surface sensitive to bulk sensitive methods have 

been applied to analyze the SEI layer, ranging from electrochemical methods, spectroscopy and 

microscopy to diffraction.23 Therefore, the SEI layer has been studied from different points of 

view, identifying the surface chemistry, imaging the surface features and morphology, its ordering 

and structure and its formation and degradation. Among these methods the two most widely used 

and complementary techniques are X-ray photoelectron spectroscopy (XPS)37,38,39,40,41 and ex situ 

Fourier transform infrared spectroscopy (FTIR).42,43 Both techniques give chemical information 

of the SEI layer, i.e., the molecular environment of the respective element and different functional 

groups based on their vibrations, respectively. 

1.5.2 Different Factors which affect the SEI Layer in Li–ion Batteries 

The formation of the SEI layer depends on the combination of chemical and electrochemical 

factors. Chemical factors are the surface properties of the electrode material, the composition of 

the electrolyte, including salts, solvents and additives22, electrochemical factors are the mode of 

cycling, mode of polarization and overpotential.44,45 Also the temperature during cycling plays a 

critical role because it will change the reaction kinetics.46 In the following the SEI layer formation 

will be discussed from a chemical point of view, due to its relevance to this thesis. 

1.5.3 Electrolyte 

The choice of the electrolyte will affect the formation and composition of the SEI, i.e., the 

solvent’s dielectric constant, polarity, reactivity47, and viscosity31 will influence the decomposition 

of electrolyte. From the thermodynamic point of view, the stability of the electrolyte against 

reduction is determined by the relative position of the lowest unoccupied molecular orbital 

(LUMO) level of the electrolyte and the Fermi level of the electrode material.27 The electrolyte 

can be reduced if the Fermi level of the anode is higher than the LUMO of the electrolyte.26 In Li-

ion batteries electrolytes usually consist of mixtures of carbonates, i.e., ethylene carbonate (EC), 

propylene carbonate (PC), and dimethyl carbonate (DMC), together with a Li salt such as LiPF6.48 
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The concentration Li salts in carbonate has a direct influence on the SEI formation.48 These 

carbonates have LUMO levels close to the Li+/Li couple.49,50 For all of these carbonates the 

electron transferred are localized at the carbonate group, therefore even with different carbon 

chain, very similar LUMO levels are calculated for all of them.26 The LUMO levels of these 

carbonates will decrease when they solvate Li ions 49,50, salt anions and impurities, which leads to 

a decrease in their thermodynamic stability against reduction which occurs on the negative 

electrode. The interactions between the electrolyte and electrode surface will also change the 

electrolyte energy. The aforementioned carbonates are thermodynamically unstable under the 

conditions in a LIB, and are reductively decomposed on the anode 21,30,35,42. Their reactivity 

towards electron transfer is in the order EC > PC > DMC > DEC47. However, it is reported that in 

the EC and PC (which differ only by one methyl group) containing electrolyte, the SEI layer 

properties and compositions are different.20,51 In EC containing electrolyte a protective SEI layer 

is formed, allowing reversible Li ion transfer. In contrast in PC containing electrolyte, 

cointercalation of PC leads to exfoliation of graphite and also the SEI layer has a poor adhesion, 

which leads to poor protection of the electrode surface and irreversible Li intercalation.20,52 The 

SEI layer in EC or PC containing electrolytes is mainly composed of lithium ethylene dicarbonate 

(CH2OCO2Li)2 or lithium alkyl carbonate (ROCO2Li).42,53 Formation of Li2CO3 is also possible, 

but it is under debate if this is forming in the cell due to the decomposition of electrolyte or due to 

side reaction of the carbonates with CO2. A number of experimental and theoretical studies have 

shown that Li2CO3 is indeed an SEI component, but some others disagree.20,23 In general, from the 

detected components it is known that (CH2OCO2Li)2 and Li2CO3 are making a better SEI layer 

than ROCO2Li, i.e., they are making a layer which passivates the electrode surface and is insoluble 

in the electrolyte, while ROCO2Li is making metastable and poorly passivating SEI.44 

Also the SEI formation in a mixture of EC-DMC (1w/2w) for different salts (LiPF6, LiTFSI, 

lithium 4,5- dicyano-2-(trifluoromethyl) imidazole (LiTDI), lithium bis(fluorosulfonyl) imide (Li-

FSI) and lithium fluorosulfonyl-(trifluoromethanesulfonyl) imide (LiFTFSI) on lithiated graphite 

were studied. It was confirmed that the SEI contains inorganic decomposition products close to 

the electrode surface and organic product close to the electrolyte. The SEI in the LiPF6, LiTFSI 

and LiTDI containing electrolyte is formed by solvent reduction, which leads mainly to the 

formation of poly(ethylene oxide) (PEO), ROCO2Li and Li2CO3. On the other hand, SEI formation 

in LiFSI and LiFTFSI results in a thinner film and is mainly due to the salt reduction. Furthermore, 
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and smaller amounts of PEO, ROCO2Li and Li2CO3 are formed. The reactivity of lithiated graphite 

in electrolytes containing these salts is in the order of: LiFSI. > LiTDI > LiTFSI > LiFTFSI > 

LiPF6 and LiFSI > LiFTFSI > LiPF6 > LiTFSI > LiTDI.54 

1.5.4 Electrode Surface 

The composition and structure of the SEI layer on different anode materials, i.e. Li, carbon and 

alloyed material, has been discussed in the literature.26 However, since carbon materials are widely 

used as negative electrode in Li–ion batteries and due to the relevance to this work, I will focus on 

the SEI layer on carbon materials, e.g. HOPG, graphite nanoparticles, graphite powder, etc.. Some 

of the properties of these materials, which influence the SEI formation are: 

 Adsorbed species like oxygen, which are present on the carbon surface, play an important 

role in the SEI formation. It is possible to add them on the surface by heat treatment in air 

atmosphere.55 

 The edge to basal plane ratio56, i.e., the ratio of the surfaces normal to the graphene layers 

to the surfaces parallel to the graphene layers is an important factor for the physical and chemical 

properties of SEI formation. The SEI formed on the edges plane (~35 nm) is 3−5 times thicker 

than on the basal plane (∼7 nm), and also of different composition.39,57 On the edge planes more 

inorganic compounds are formed, while on the basal plane more organic compounds are 

generated.23 It was proposed that this is due to the higher concentration and thus preferential 

decomposition of uncoordinated anions which are left behind when Li+ is intercalated to the edge 

planes.39,58,59 It was also suggested that there is a faster charge transfer kinetics on the edge plane 
60 which leads to the formation of more carbonates and alkoxides on the edge planes57 and 

oligomers on the basal plane.61,62 

 Another aspect affecting the SEI is the active carbon surface area, in other words, the 

number of active carbon surface sites, which is related to the presence of defects and vacancies on 

the electrode surface.63 A high active surface area of the graphite electrode leads to thicker SEI 

films, which hinders exfoliation of graphite.64 This means that on single crystal graphite a thinner 

SEI is formed (or on graphite exfoliate thicker) than on graphite powders.65 

Other properties of carbon materials, which also affect the SEI formation, are the surface 

crystallinity and roughness, particle size distribution and particle shape. Please note that the surface 
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morphology and chemistry of the carbon electrodes could be modified by various surface 

treatments, e.g., by electrochemical,66,67 thermal and air treatment 68 or a combination of them.  

1.6 Mg-air Batteries 

In Mg–air batteries the electric energy is produced from a Mg metal (as anode) and an air 

breathing electrode (as cathode). The performance of the rechargeable Mg-air batteries is highly 

dependent on the cathode where the oxygen reduction reaction (ORR) with the oxygen from air 

takes place during discharge and the oxygen evolution reaction (OER) should occur during 

charging. However, it is reported that using air as the oxygen source causes some problems, which 

is the question for all metal-air batteries. Water and other components present in the air will 

contaminate the electrolyte, and in the case of Li-air batteries also the stability of the Li anode will 

be affected.69,70,71 Thus, in most studies pure oxygen is used. However there is also a study related 

to Li–air batteries which demonstrated that an electrolyte containing small amounts of water leads 

to a better performance of the battery.72  

For the development of these batteries two main challenges are reported: (1) the proper cathode 

material for this battery which should allow the ORR during discharging and the OER during 

charge, is not yet known, (2) the EEI layer which is forming on the cathode side is an inhibiting 

layer, which blocks the surface for further electrochemical reactions.14,69,73,74,75 

1.6.1 Electrolyte 

A proper electrolyte for the Mg–air battery, compatible with both the anode (reversible plating 

and striping) and cathode (reversible ORR and OER reaction), is not yet known. Ionic liquids (ILs) 

such as BMP-TFSI are promising candidates for electrolytes in Mg-air batteries due to their low 

vapor pressure, non-flammability, wide electrochemical potential window and stability against the 

superoxide anion.76,77 The latter is under debate, as it is also reported that BMP-TFSI can be 

attacked by superoxide in the long run.78 Usually a Mg salt, which has the same anion as the IL, is 

added. In the review by Shterenberg et al. on the challenges of developing rechargeable 

magnesium batteries, Mg-TFSI2 is proposed as a promising salt for Mg rechargeable batteries, 

since it is possible to dissolve it in organic solvents and ionic liquids and also due to its conductivity 

and wide electrochemical stability window.14 However, it was shown experimentally for l-n-butyl-



I n t r o d u c t i o n   1 3  

3-methylimidazolium (BMIM)-TFSI and N-methyl-N-propylpiperidinium (PP13)-TFSI with Mg-

TFSI2 that passivation layers form on the magnesium anode while plating magnesium, which 

questions the use of this electrolyte for Mg-battery anodes.19 Moreover, the behavior of Mg-TFSI2 

salt in different solvents was modeled by Baskin et al..79 They found that most coordination 

spheres of the Mg-TFSI+ ion (or contact ion pair) exhibit a low stability versus reduction, leading 

to electrolyte decomposition. Furthermore, Rajput et al. calculated that the redaction of Mg-TFSI+ 

ion pairs proceeds via electron transfer to the Mg ion, which then leads to decomposition of the 

TFSI.80 

1.6.2 EEI in Mg–air Batteries 

It was reported that the EEI, which is forming on the cathode side of the Mg–air battery, is an 

inhibiting layer, which makes the electrochemistry irreversible.75 Therefore a major challenge in 

the development of rechargeable Mg-air batteries is the reversibility of the oxygen reduction 

reaction (ORR) during discharging and the oxygen evolution reaction (OER) during charging at 

the cathode side.75  

Reinsberg et al. studied the ORR in Mg2+ containing dimethyl sulfoxide (DMSO) using RRDE 

and DEMS techniques.16 They found that due to electrolyte decomposition by the reaction with 

the ORR products the EEI film will form on the electrode surface which deactivates the electrode 

and leads to irreversible reactions. Therefore, no OER takes place. Additionally, they measured 

that two electrons are transferred per oxygen molecule during the ORR in the presence of 

magnesium ions, suggesting the formation of magnesium peroxide.16. Recently the ORR/OER in 

(Mg-TFSI2 containing) BMP-TFSI was investigated by Law et al..75 In the absence of Mg2+ ions, 

a reversible one-electron-transfer with an outer sphere process was suggested. However, in the 

presence of Mg2+ ions, voltamograms indicate an irreversible ORR and the formation of EEI on 

the electrode surfaces (GC and Au). Ex situ characterization of the EEI on the working electrode 

surfaces indicated a predominace of MgF2 formation in the EEI layer. Furthermore, it was not 

possible to detect any ORR products (MgO or/and MgO2).75 Shiga et al. found that MgO instead 

of MgO2 is forming in the EEI at the cathode. They proposed two possible redox mediators to 

decompose the MgO product, either iodine-dimethylsulfoxide (I2-DMSO)18 or a 2,2,6,6-

tetramethylpiperidine-oxyl (TEMPO)-anion complex81, which as part of a catalytic cycle would 

result in an reversible formation of the MgO. In the former case, in the electrolyte containing 3I-
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/I3
- redox-couple during discharge at the cathode side MgI2 and MgO are forming. Next, during 

charging, MgI2 is electrochemically oxidized to iodine in the form of I2-DMSO which decomposes 

MgO into Mg2+ and O2, while the iodine is reduced again, closing the catalytic cycle.18 In the latter 

case, the TEMPO radical is oxidized at the electrode to a TEMPO cation which then chemically 

decomposes MgO releasing O2, while the TEMPO radical is regained.81 

1.7 Outline of the thesis 

As described in chapter 1.5, the formation and characterization of the SEI layer in a multi 

component system such as Li–ion batteries have already been studied with various methods. 

However, due to the presence of different components, and the fact that the characterization 

techniques often affect the SEI composition (e.g. Ar+ ion sputtering to make depth profiling of the 

SEI), there is still a limited understanding of the SEI formation process and how the single 

components of the electrolyte will affect the SEI formation. Therefore, in order to fill this gap, we 

made a fundamental model study under UHV conditions, i.e., in an ultraclean environment. Here 

we investigated the initial stages of the SEI formation only related on the surface chemistry. 

Different methods from microscopy such as STM, which requires using well defined and flat 

surfaces, spectroscopic methods such as XPS, UPS and FTIR and DFT-D calculations were 

applied to investigate our model systems. The aim is to understand the interaction of the single 

component of the electrolyte with the electrode surface. The temperature was varied from 80 K to 

room temperature or even higher temperature to explore the thermal stability of the adsorbed 

species. In our model study individual electrolyte components like EC and BMP-TFSI were 

selected since EC is the main component in the electrolyte of state-of-the-art Li–ion batteries, and 

BMP-TFSI is selected due to its promising physical and chemical properties as solvent for future 

Li–ion batteries. In the beginning, we first studied the interaction of the EC and BMP-TFSI 

molecules with a more reactive Cu surface (used as current collector in Li–ion batteries), whose 

preparation in UHV is well known. Afterwards, the interaction of EC on HOPG as a model for the 

graphitic anode in Li–ion batteries was studied. EC was adsorbed on pristine and lithiated graphite 

in order to mimic the charged and discharged state in the Li-ion battery. 
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Mg–air battery as shown in chapter 1.6 is in its initial stage of investigation and no rechargeable 

Mg-air battery has been demonstrated yet. According to the previous studies, the main challenge 

is to find a cathode material which is active both for the ORR and the OER. This includes also the 

film formation at the cathode surface. Here we made a model study on the ORR/OER in a glove 

box, using electrochemical methods such as RRDE. BMP-TFSI was chosen as the electrolyte, 

since it fulfills many requirements for the electrolyte in Mg-air batteries, and since it was well 

studied in our group under UHV conditions. After understanding this system in the absence of Mg, 

Mg2+ was added to the electrolyte in the next step. Ex situ characterization methods, such as XPS 

and SEM were employed, in order to characterize the film which is formed on the electrode 

surfaces. 

Before the results of our model studies are presented, in chapter 2, the experimental methods 

used in this thesis are given. 

In chapter 3, the interaction and structure formation of the sub-monolayer EC film with Cu(111) 

was investigated under UHV conditions at 80 K. Structural and chemical changes upon annealing 

were monitored from 80 to 420 K. In addition, the interactions of an EC multilayer with Cu and 

its thermal stability were investigated. The role of molecule-molecule and molecule-substrate 

interactions of the EC molecules on the Cu surface based on our STM images and DFT calculation 

will be discussed. 

In chapter 4, the interaction of sub-monolayers and multilayers of BMP-TFSI with Li on 

Cu(111) and decomposition products upon annealing of BMP-TFSI on Cu and after post-

deposition of Li on pre-deposited BMP-TFSI on Cu discussed. 

In chapter 5, we report on the adsorption of sub-monolayers of EC on graphite(0001) and 

lithiated graphite at 80 K. The thermal stability of the EC molecules on pristine graphite and after 

postdeposition of Li in the temperature range between 80 and 300 K is studied as well. Possible 

decomposition products appearing upon post deposition of Li are discussed. The electrode surface 

was probed by XPS, UPS and FTIR. 

In chapter 6, we report about results of electrochemical measurements in BMP-TFSI and Mg2+ 

containing BMP-TFSI on different model cathode materials (Pt, Au, GC, Mn2O3 and MnO2) for 

Mg-air battery using RRDE. The resulting deposits on the electrode surfaces were characterized 
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ex situ via SEM and XPS. The ORR and OER reactions in these two electrolytes together with the 

chemical changes on the electrode surfaces upon electrochemical measurements are discussed. 

Conclusions for each system are given at the end of the respective chapters and finally, in chapter 

7, the main results will be summarized and general trends regarding the EEI/SEI formation of the 

Li-ion and Mg-air batteries will be highlighted. 

  



2 Experimental 
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Our model experiments exploring the interaction of electrolyte components with well-

defined model electrodes for Li-ion batteries were performed in a SPECS UHV system (for 

more details of this chamber see ref.1). Part of the electrochemical measurements for Mg-

air batteries i.e. the deposition of electrodes and activity measurements in aqueous 

electrolyte were done by myself in the Institute of Surface Chemistry and Catalysis (IOK). 

The RRDE measurements on the ORR were done by myself with the help of Philipp Fischer 

at the ZSW Ulm, where I measured the manganese oxides and GC electrodes and Philipp 

Fischer measured the nobel metal electrodes (Au and Pt). The physical characterization was 

done at Ulm University (XPS by Dr. Thomas Diemant in the Institute of Surface Chemistry 

and Catalysis (IOK), SEM and XRD by Dipl. Phys. Alexander Minkow and Dr. Markus 

Mohr in the Institute of Micro and Nanomaterials and Raman by Dr. Attila Farkas in the 

Institute of Electrochemistry). A short introduction on the fundamental principles and 

experimental setups of the methods which I employed myself is given in chapter 2.1 and 

2.2. Materials used in this thesis are given in chapter 2.3. Some measurements essential for 

the evaluation of all further data are highlighted in chapter 2.4. 

2.1 Ultra-high vacuum (UHV) system 

The experiments were carried out in a commercial UHV system (SPECS) with a base pressure 

of 2  10-10 mbar. It contains three chambers; one chamber is equipped with an X-ray 

source (SPECS XR50, Al-Kα and Mg-Kα) with a hemispherical analyzer (SPECS, 

DLSEGD‒Phoibos‒Has3500), a He lamp (SPECS UVS 300), and a Bruker 70 v FR 

spectrometer equipped with a liquid nitrogen cooled MCT detector for XPS, UPS and 

FTIRS measurements, respectively. The other chamber is equipped with STM/AFM 

(SPECS SPM 150 Aarhus with SPECS Colibri sensor), and a SPECS Nanonis controller and 

software was used for data acquisition. It is also possible to store up to five samples in this 

chamber. The third chamber is the load lock which allows the transfer of the samples 

into/out of UHV system. The sample temperature can be varied also during measurements by 

cooling with liquid nitrogen and resistive heating. For more details for the UHV chamber please 

see ref.82. 
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2.1.1 Scanning Tunneling Microscopy (STM) 

In this work, STM was used to image the adsorption behavior and structure formation of EC and 

BMP-TFSI molecules and Li adatoms on Cu(111) at 80 K. Furthermore it was used after post-

deposition of Li on a pre-adsorbed BMP-TFSI adlayer and after post annealing of EC, BMP-TFSI 

molecules and BMP-TFSI+Li on Cu(111). 

STM is a method to image the electronic structure of the surface and it is based on the quantum 

mechanical tunneling effect. In STM an atomically sharp conducting tip (made of chemically 

etched tungsten or mechanically sheared platinum iridium) scans across a flat conducting or semi-

conducting surface. When tip and sample are separated, each of them has their own Fermi level. 

They are brought together to a vertical separation of a few atomic distances (~ 5 Å). For zero 

applied bias voltage, the Fermi level of the tip and sample are in equilibrium. But a bias voltage 

ranging from a few millivolts to a few volts is applied between the tip and the sample and the 

energy levels will shift and quantum mechanics predict that electrons can tunnel through this 

potential barrier. The sign of the applied voltage determines whether occupied or unoccupied states 

of the sample are probed. For positive bias voltage, electrons will tunnel from the occupied states 

of the tip into unoccupied states of the sample, and for negative sample bias voltage, electrons 

tunnel from occupied states of the sample into unoccupied states of the tip. Consequently, the 

tunneling current (in the range of 10 pA-10 nA) is measured which depends exponentially on the 

width of the gap between tip and the electron cloud of the surface orbitals and is proportional to 

the integral over the density of states (DOS) inside an energy range determined by the applied 

voltage. Therefore, by STM electronic structure of the surface is measured. 

STM can operate in two imaging modes, i.e. constant current mode and constant height mode. 

In the constant current mode, by using a feedback loop the tunneling current is kept at a defined 

constant value and scanning occurs by continuously adjusting the distance between the tip and 

sample. In this mode, the piezo voltage is recorded as a function of the position. This imaging 

mode can be used for imaging large and rough surface area. In contrast in constant height mode, 

the distance between tip and sample is kept constant and tunneling current is measured as a 

function of the lateral position. This mode allows a faster scanning and is used for imaging flat 

surfaces and small scanning areas. 
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Theoretical Description of the Tunneling Current 

The basic theory of STM was developed based on the Tersoff-Hamann model.83 This is based 

on Bardeen´s Transfer Hamiltonian approach. In this model, the tip is considered to be spherical 

and symmetric and the tip and sample are treated as two independent wave functions,84 which 

decay into the classically forbidden region of a potential barrier. Here I will give a brief 

introduction on this model, for more details please see literature 83,85,86. 

In 1961 Bardeen84 described electron tunneling between two flat metal electrodes by using the 

transfer Hamiltonian approach. He used the unperturbed wave functions of both electrodes and 

applied the tunneling as a perturbation. 

Bardeen used some assumptions in his transfer Hamiltonian approach. He assumed that tip and 

sample are in electrochemical equilibrium and there is no interaction between the electrons. He 

described the electrons by orthogonal wave functions and the transition probability for electrons 

to change from one state to another state is given by: 

| 𝜓 |𝜓 |                                                 (2-1) 

Where ψt and ψs are the wave functions of the sample and the tip, respectively. The occupation 

probabilities for the tip and sample are independent. According to these assumptions and using 

Fermi’s golden rule, Bardeen evaluated the transition rate or probability per time (R) of the 

electrons that are transferred from the completely occupied sample state to the completely vacant 

tip state of comparable energy by: 

𝑅 ∝  
ħ

|𝑀 | 𝑛 𝐸                     (2-2) 

Mts: Tunneling matrix element which couples the wave functions on both sides at the barrier, 

i.e., of sample and tip, 

nt(Et): Density of final tip states, 

Et: Eigen energies of the tip wave function in the absence of tunneling. 

To get a realistic transition rate, Eq. (2–2) is multiplied with the fraction of occupied sample 

states at Es and the fraction of unoccupied tip states at Et. Since tunneling can only appear from 

filled states to empty states, it is possible to use the Fermi-Dirac distribution function: 



E x p e r i m e n t a l   2 1  

𝑓 𝐸 ⁄
 /

               (2-3) 

In this formula, T is temperature and KB is Boltzmann’s constant. 

Therefore, the transition rate from occupied sample state to unoccupied tip state becomes: 

𝑅 𝑠𝑎𝑚𝑝𝑙𝑒 → 𝑡𝑖𝑝
ħ

1 𝑓 𝐸 𝑓 𝐸 |𝑀 | 𝑛 𝐸       (2-4) 

A similar transition rate from occupied tip states to unoccupied sample states is given by: 

𝑅 𝑡𝑖𝑝 → 𝑠𝑎𝑚𝑝𝑙𝑒
ħ

1 𝑓 𝐸 𝑓 𝐸 |𝑀 | 𝑛 𝐸            (2-5) 

To find the tunneling current, we need to multiply the elementary charge of an electron (e) to 

the difference of these two transition rates and sum over all wave functions since for negative 

tunneling current, the tunneling is from sample to tip plus a smaller tunneling from tip to sample: 

𝐼
ħ
∑ 𝑓 𝐸 1 𝑓 𝐸 1 𝑓 𝐸 𝑓 𝐸, |𝑀 | 𝑛 𝐸                    (2-6) 

Since at room temperature (RT) the thermal energy of the electrons does not overcome the 

energy barrier and reversed tunneling is negligible, the second term in the curly brackets of Eq.(2–

6) is neglected. It should also be noted that only elastic electron tunneling is considered; that means 

no energy is lost during the process and tunneling only occurs when initial and final state have the 

same energy. The tunneling current is usually given in the form of the first-order time dependent 

perturbation theory: 

𝐼
ħ
∑ 𝑓 𝐸 1 𝑓 𝐸 𝑒𝑉, |𝑀 | 𝑛 𝐸 𝛿 𝐸 𝐸               (2-7) 

Δ function: shows energy conservation through elastic tunneling of electrons, i.e. electron only 

tunnel from their initial (occupied) state to a final (unoccupied) state which has the same energy 

eV: the energy shifts due to the bias voltage. 

The formula of the tunneling current i.e. Eq. (2–7), depends on the matrix element which is a 

time dependent solution. Bardeen introduced the tunneling matrix element Mst, which connects 

many-particle states before and after tunneling of an electron through a vacuum barrier. He used 

the transfer Hamiltonian method in which tip and sample states are good solutions only on side of 

the junction and expressed the matrix elements through the current density operator. 
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𝑀
ħ

𝑑𝑆 𝜓∗ ▽ 𝜓 𝜓∗ ▽ 𝜓             (2-8) 

S: surface area between the two sides at the vacuum barrier 

If the bias voltage is small (eV≤Ф and eV≤EF), the numbers of the states will increase but the 

matrix element is constant. Therefore, the current is proportional to the bias voltage. 

In this formula in order to calculate the matrix element (Mst), the wave functions of the tip and 

sample need to be known. Since the atomic structure of the tip is not known. Therefore, Tersoff 

and Hamann considered the tip as a locally spherical potential well. The tip has a radius curvature 

R, r0 is the center of the curvature of the tip and it comes close to the surface at a distance d.83 

They assumed zero temperature and a very low bias voltage for the tunneling current. At T=0 K 

the Fermi-Dirac function is a step function, and the applied bias voltage on the sample results in a 

shift of the sample Fermi level by an amount eV. Hence, the product of the first two terms in Eq. 

(2-7) is now equal to the product of eV times the height of the Fermi function (i.e. 1). By assuming 

a low bias voltage (~ 10 mV), the relative shift of the energy levels is small, therefore both Et and 

Es can be set equal to EF. Therefore, the following equation is acquired: 

𝐼
ħ
𝑉 ∑ |𝑀 | 𝑛, 𝐸 𝛿 𝐸 𝐸 . 𝛿 𝐸 𝐸              (2-9) 

From Eq. (2–9), it is obvious that the bias voltage leads to an Ohmic (I/V) behavior of the 

current. In order to find the electronic structure of the sample, the evaluation of the matrix element 

is required. 

Tersoff and Hamann found a simple expression for the tunneling current when the surface waves 

decay exponentially into the vacuum and overlaps with the s-wave approximation for the tip: the 

matrix element is proportional to the amplitude of ψs at the position 𝑟⃗ of the spherical tip. The 

following expression for the tunneling current can finally be obtained: 

𝐼 ∝ 𝑉𝑛 𝐸 𝑒𝑥𝑝 2𝑘𝑅 |𝜓 𝑟 | 𝛿 𝐸 𝐸                (2-10) 

𝐾 2meФ/ħ  is the minimum inverse decay length for the wave functions inside a vacuum 

barrier 

me: Electron mass, 

Ф=1/2(Фs+Фt) is the local work function, 
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nt(EF): LDOS at the Fermi level of the tip, 

R: Effective tip radius. 

The last part of Eq. (2–10) is the local DOS ns(EF , r0) of the surface at the Fermi-level, which 

is evaluated at the position r0: 

𝑛 𝐸 , 𝑟 ∑ |𝜓 𝑟 | 𝛿 𝐸 𝐸                   (2-11) 

This gives the STM images at a low bias voltage in the constant current mode. It implies that 

using the STM in a constant current mode, the images will reflect the topography of the LDOS of 

the surface projected to the position of the tip apex. The image also contains structural and 

electronic information of the sample surface. Furthermore, this demonstrates that the outermost tip 

atom dominates the entire electron tunneling process. The geometric structure of the surface is 

obtained from the corrugation of the LDOS. For metals the LDOS shows exactly the positions of 

the individual atoms. 

Since the sample wave functions decay exponentially towards the vacuum region perpendicular 

to surface, therefore: 

|𝜓 𝑟 | ∝ 𝑒       (2-12) 

R: Radius of curvature of the tip, 

d: Distance from tip to sample surface. 

By substituting Eq. (2–12) in Eq. (2–10) and assuming a finite bias voltage, the exponential 

dependence of the tunneling current on the distance d is characterized by: 

𝐼 ∝ 𝑒 ……… (2-13) 

For metal surfaces and tunnel current of 1 nA, where k is the decay constant.87 

Eq. (–12) is not valid for large bias voltages. The influence of a finite bias voltage on the 

expressions in the tunneling current is given by Eq. (2–7). The amount of states which can 

contribute to the tunneling current is determined by the applied bias voltage. All electrons between 

EF and EF + eV can participate in the tunneling process. The bias voltage makes a shift in the DOS 

relative to the tip by an amount of eV. This means that the distortion of the tip and sample wave 

functions and modification of the energy eigenvalues due to the bias voltage are neglected. 
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With this assumption we can use the result of Tersoff and Hamann for low-bias voltages and 

integrate over the energy range between EF and EF + eV: 

𝐼 𝑉 ∝ 𝑛 𝑒𝑉 𝜀 .𝑛 𝜀, 𝑟 𝑑𝜀………….. (2-14) 

ε: Energy with respect to the Fermi level 

𝑛 𝜀 DOS for the tip 

𝑛  𝜀, 𝑟 : DOS for the sample surface which is evaluated at the center of the model tip r0 

By assuming the Wentzel–Kramers–Brillouin (WKB) approximation for the decay rate, the 

Fermi levels for the tip and the sample are the same and by applying a voltage, the barrier between 

tip and sample is approximated as a rectangular barrier. Therefore it is possible to write the DOS 

of the sample surface as:87 

𝑛 𝜀, 𝑟 ∝ 𝑛 𝜀 . exp 2 𝑑 𝑅
ħ

Ф Ф
𝜀                      (2-15) 

Ф and  Ф  denote the tip and sample surface work function respectively. 

The exponential term in this equation is the transmission coefficient (T(ε,eV)), which depends 

on energy, bias voltage and distance between tip and sample. 

It decreases exponentially with the distance to the sample, and for large distances to the sample 

it will vanish. It also depends on the mass of the particle; by increasing the mass, the transmission 

coefficient decreases exponentially. Hence the tunneling current can be written as: 

𝐼 ∝ 𝑛 𝑒𝑉 ∓ 𝜀 .𝑛 𝜀 .𝑇 𝜀, 𝑒𝑉 𝑑𝜀                                           (2-16) 

Therefore, tunneling current is proportional to the integral of the product of the LDOS of tip and 

sample and the transmission coefficient. Eq. (2–16) shows that all electrons between the Fermi 

energy and the applied bias voltage with their own tunneling probability participate in the 

tunneling process. From the formula for the transmission coefficient it is obvious that tunneling 

current decreases exponentially with the distance between tip and sample. 

In this work an Aarhus-type STM/AFM system (SPECS Aarhus SPM150 with Colibri sensor), 

which is capable of measurements in a temperature range between 90 and 370 K is used. Cooling 

down is possible by LN2. Cool down from 300 K to around 100 K took around 120 minutes for 

each measurement. Annealing of the sample in the STM occurred at similarly large time scales 
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(e.g., 100 min from 100 to 200 K).STM measurements were performed in the constant current 

mode with currents between 10 and 60 pA and bias voltages between around -2 and + 2 V (applied 

to the sample). 

2.1.2 X-ray Photoelectron Spectroscopy (XPS) 

In this work, XPS measurement was employed as main method to probe the chemical 

composition of the SEI/EEI layer at the electrode surfaces. The XPS measures energy 

distribution of electrons in the matter and is for qualitative and quantitative analysis.88 The 

fundamental principle of XPS is based on the photoelectric effect and is described 

schematically in Figure 2—1. An electron from the matter with a defined binding energy 

(BE) is excited into the vacuum by photon with an energy of hν. If the photon energy is 

larger than the BE of the electron, a photoelectron with the kinetic energy (Ekin) will be 

emitted to the vacuum.88,89,90 For XPS measurement usually monochromatic X-rays are used 

e.g. Mg-Kα and Al-Kα source with photon energies of hν=1253.6 eV or Al 1486.6 eV 

respectively or synchrotron radiation. The XPS excites electrons from the outer and inner 

core shells of the matter. 

The number of emitted electron and their kinetic energy is measured by the analyzer which 

depends on the energy of the incoming X-rays and energy resolution of the analyzer. 

Resolution of analyzer is adjusted by the pass energy and constant pass energy is used in 

order to have a constant energy resolution. Important, the BE relative to the fermi level is 

element specific and depends on the chemical environment of the sample and can be 

calculated from the measured EKin of the emitted photoelectrons from the following 

equation:91  

BE=hν-Ekin-Φs                                   (2-17) 

In this equation, Φs is the work function of the sample. 91,92 For each sample the work 

function has a specific value and it is inconvenient to use the work function of the sample. 

Therefore, sample and analyzer are electrically connected and grounded and have a 

common fermi level. In this way, the BEs are calculated from the work function of the 

analyzer which has a fixed value and is known from calibration of the spectrometer. The 

XPS spectrum is a plot of number of detected electrons (intensity) versus their measured 

Ekin or calculated BE. Since Ekin varies with the energy of the incoming X-rays but BE is 
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characteristic for each element and its chemical environment, therefore it is common to plot 

the XP spectrum as intensity versus BE. 

 

 

Figure 2—1: Principle of PES 

 

Angle resolved XPS (AR-XPS): 

The XPS is a valuable tool for investigation of surfaces and adsorbed molecules on the 

surface. Although X-ray photons penetrate the material in the order of 1-10 μm, but the 

escape depth of the detected electrons is on the order of 1–10 nm (following equation). The 

flux of electrons travelling through the solid will exponentially attenuate according to the 

Lambert-Beer’s law: 

Id=I0exp(-d/λ)                                   (2-18) 

In this equation, d is the distance that an electron can travel in the matter and λ is inelastic 

mean free path (IMFP) of the electron, i.e. the average distance that the photoelectron will 

travel in solid with intensity decay of 1/e. The IMFP depends on the kinetic energy of the 

photoelectrons and the media that electron is traveling.88 

By rotating the sample in respect to the detector, it is possible to vary information depth 

and improve the surface sensitivity by d´= d ×cos θ, thus: 

Id=I0exp(-d/λcosθ)                                   (2-19) 
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In this formula θ is defined as the angle between detector and surface normal. For the 

angles between zero and twenty degrees the bulk information is acquired and by increasing 

the angle between 60° to 90° the surface information is acquired. By increasing θ better 

surface sensitivity is obtained. Using this formula, it is also possible to determine the 

thickness of adsorbate layers on the substrate, for this, two spectra before and after 

deposition of adsorbates are needed. 

XPS spectral features: 

The XPS spectrum contains information of the photoelectrons which leave the surface 

without energy loss and the secondary electrons which undergo inelastic scattering before 

leaving the surface and forming the background at higher BEs. The XPS is a method to 

distinguish the different element in the matter and their chemical environment. Some of the 

effects (important in this thesis) which are present in the spectra are: 

A) Initial state effects in which the changes in the BE are independent of photoelectric 

process for example the chemical shift, i.e. the core electrons of an atom at different 

chemical environment has different BEies.90 

B) Spin-orbit splitting is also an initial state effect which is observable in the core level 

spectra of non-s orbital (i.e. p, d and f orbitals). For this, the coupling of angular momentum 

of the electron (l) with spin angular momentum number (s) results in the double lines in the 

XP spectra.93 As an example in this thesis for the Cu 3p core level, l=1, s=±1/2, therefore 

total angular momentum (j) is equal to 1±1/2=1/2 and 3/2. It means that for Cu 3p there are 

two sub-levels (i.e. 3p1/2 and 3p3/2) which depending on the relative orientation of magnetic 

moments (parallel or antiparallel), they appear at a lower or higher BE. The BE difference 

between these two doublets is given by the inverse of the average radius of the orbital and 

is increasing with increasing with l. The individual doublet has identical shape except for 

transition metals in which the 2p1/2 is broader than 2p3/2. The intensity ratio between these 

doublet is given by their degeneracy, e.g. for Cu3p it is 2:4, i.e. two electrons are present 

in the Cu3p1/2 and 4 electrons are present in the Cu3p3/2.94 

C) Final state effects in which the changes in the BE happens during photoelectric 

process. Examples are shake-up and shake-off satellites. They appear in the spectrum, after 

the core electron is removed and a second electron (valence electron) is excited into a higher 
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energy level. This leads to an additional peak at the high BE side. The second electron, can 

excite to an unfilled or filled energy level which are called shake-up and shake-off satellite, 

respectively.88 

In this thesis XPS measurements were performed in two different chambers. For the 

experiment for Li-ion battery (i.e. results presented in chapters 3, 4, 5), the measurements 

were performed in Helmholtz-Institute Ulm (HIU) chamber (SPECS), where the deposition 

of the solvent, addition of Li and heating were performed in the same chamber. For Mg-air 

battery (chapter 6), the measurements were performed by Thomas Diemant in another XPS 

chamber (PHI) where the samples after treatment in the glove box were transferred by 

transfer container to the chamber. 

The XPS measurements for Li-ion battery (results presented in chapter 3, 4, 5), we used 

an Al-Kα X-ray source (1486.6 eV), operated at a power of 250 W (U = 14 kV, 

I = 17.8 mA) and a hemispherical energy analyzer (DLSEGD-Phoibos-Has3500). The XP 

spectra were recorded at a pass energy of 100 eV at grazing emission (80° relative to the 

surface normal) to increase the surface sensitivity. Only samples are rotated respect to the 

detector and the angle between detector and X-ray source are kept constant at 45°. The 

adsorbate layer thickness (d) was calculated by analysis of the damping of the substrate Cu 

2p or HOPG C 1s levels, according to Id = I0 exp (-d / λ cos θ), with λ being the inelastic 

mean free path, which was calculated by Tanuma et al. to be ~1.9 nm at kinetic energies of 

~ 554 eV for Cu 2p and ~3.5 nm at kinetic energies of 1200 eV for C 1s for HOPG.95 For 

the fitting of these XP spectra we used a simultaneous fit of background (Shirley + slope) 

and signal, applying a pseudo-Voigt-type function96 (which is approximated by a weighted 

sum of Gaussian and Lorentzian functions). We note that the EC films are sensitive to beam 

damage upon extended irradiation. In the period of one hour of continuous X-ray exposure 

we observed an intensity decrease in both C 1s and O 1s regions of the carbonate related 

peaks and in average an intensity decay rate of ~ -0.003 min-1 was observed. Longer 

exposure times than a few minutes in total were never used in all performed experiments. 

Therefore, the duration of the XPS measurements was limited to one to three scans in the 

C 1s and O 1s spectral ranges, respectively, at a given temperature. IL films appeared to be 

less sensitive to beam damage, however, also here the exposure time was kept as short as 

possible. For the variable temperature XPS experiments, liquid nitrogen cooling was turned 
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off and consequently the temperature of the XPS manipulator increased slowly from 80 to 

around 240 K within around 100 min. While raising the temperature, after each 

measurement the X-ray beam was switched off. Furthermore, to reduce beam damage, the 

corresponding XP measurements were additionally carried out with larger temperature 

intervals and also limited to only liquid nitrogen temperature and room temperature. 

The XPS measurements for Mg-air battery (results presented in chapter 6) were 

performed with a PHI 5800 ESCA System (Physical Electronics) using monochromatized 

Al Kα radiation (1486.6 eV), with a pass energy of 29.35 eV at the analyzer, and an electron 

detection angle of 45°. The BE was calibrated setting the BE of the adventitious carbon 

peak in the C 1s spectra to 284.8 eV. For peak fitting we used pseudo-Voigt type peak 

shapes and a Shirley background. The full width at half maximum (FWHM) and the 

positions of the peaks of individual components were kept constant for all spectra. 

Peak fitting was performed by Igor Pro 6 software. The peaks were fitted with Pseudo-

Voigt peak shape (convolution of a Gaussian and Lorentzian function) and Shirley 

background subtraction was used. 

2.1.3 Ultraviolet Photoelectron Spectroscopy (UPS)  

In this work, UPS measurement was used to monitor the valance electronic structure and work 

function of the sample. Fundamental principle of UPS like XPS is based on the principle of 

photoelectric effect, in UPS, UV light which has a lower photon energies compared to the XPS 

source interacts with valence band region of the matter, which are responsible for formation of 

chemical bonds. Therefore, make it a suitable method for studying the valance electronic structure. 

Unlike XPS, UPS is not suitable for quantitative analysis, since at low photon energies there is no 

correlation between intensity and cross sections of energy level. 

For UPS measurements we used a He lamp (SPECS UVS 300), He I radiation with photon 

energy (hν) of 21.21 eV and He II with 40.81 eV at normal emission (0° to the surface normal). 

Figure 2—2 shows a UP spectrum obtained from a pristine HOPG(0001) sample by applying He-

I radiation. The work function of the sample is determined by the difference between the excitation 

energy and the secondary electron cut-off, i.e. Φgraphite(0001)= hν - Ecut-off= 21.2- 16.7= 4.5 ± 0.1 eV.  
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Figure 2—2 UPS spectra of (left panel): He I and He II spectra (right panel): with and without applying 
bias voltage 

The work function change (ΔФ) after deposition of adsorbate (adsorbate induced work function 

changes) and also during annealing can easily be calculated, some examples are presented in 

chapter 5. 

In general, the sample is at the potential of the spectrometer. In these measurements, we 

applied a bias voltage of ‒5 V to the sample to achieve a better visibility of the secondary 

electron cut-off and thus to measure the work function Φ. Figure 2—2 b) shows the He I UPS 

spectra of the HOPG sample with (black solid line) and without applied bias voltage (brown dashed 

line). Details about the features of the spectra are discussed in chapter 5. It is clearly visible that 

the spectrum with applied bias voltage is shifted by 5 eV to lower BE. Therefore, all spectra with 

applied bias were corrected by shifting the BE back by 5 eV to higher BE. The main reason for the 

applied bias is to accelerate the low energy electrons at the cut off into the analyzer (Pass 

energy, Epass = 1 eV) and to get a sharp secondary electron cut-off. 

The UV lamp (UVS 300-SPECSA) is operating in two different modes; 1A mode in 

which the discharge current is equal to one ampere which results in He I radiation. The 

other is 3A mode in which higher discharge current i.e. 3 A with lower helium pressure is 

used and the result is high intensity of He I with a considerable amount of He II radiation 

(HeI: HeII ~ 40:1).  
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Figure 2—3: UPS spectra of clean HOPG (0001) sample by applying He I (1A mode) and He II (3A mode) 
radiation 

Thus, one has to take into account that when using He II (i.e. 3A mode) radiation, it 

contains a significant contribution by He I radiation. This is due to the fact that the UPS gun 

is emitting largely He I radiation with a very small intensity of He II radiation. This is exemplarily 

shown for a clean HOPG sample using He I and He II  radiation, respectively, in Figure 2—

3. Between 0 and 17 eV we see the He I spectrum with two main features. Using He II we see 

very similar features but with very low intensity at the same BE. This is shown in the inset of 

Figure 2—3 in which the two features observed with He I are also obtained with He II. Please note 

that the peak which is at the BE of 13.2 eV is related to the inelastically scattered electrons into 

unoccupied states of the conduction band.97 The dominating features between 20 and 40 eV (red 

curve) are the results of He I and He II radiation, which, however, cannot be discriminated. Please 

note that after calculating the binding energy from kinetic energy, since the analyzer has a fixed 

energy of He II (40.81 eV), the photoelectrons which are the results of He I are shifting to a wrong 

binding energy. Thus for He II radiation we can only use the spectra in the binding energy range 

from 0 to around 20 eV. 
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2.1.4 Fourier Transform Infrared Spectroscopy (FTIR) 

Throughout this work (see chapters 3 – 5), FTIRS was used to monitor vibrational modes of EC 

and BMP-TFSI on graphite(0001) and Cu(111) surface at 80 K. Furthermore, vibrational changes 

of EC and BMP-TFSI on graphite(0001) and Cu(111) surfaces during annealing of these samples 

from 80 K to RT were studied in order to gain information on the temperature induced changes of 

the adsorbed molecules.  

FTIRS is a non-destructive method which is based on the excitation of vibrational modes of a 

matter due to the absorption of electromagnetic radiation with a wavenumber in the range of 100 

to14000 cm-1(far- and mid- infrared region). The main component of an FTIR spectrometer, the 

interferometer, is shown schematically in  

Figure 2—4. A beam of polychromatic IR light passes through the Michelson interferometer 

and generates interferograms. In the Michelson interferometer, first the incident beam is separated 

by a beam splitter in two beams, one of them is transmitted to a fixed mirror and other is reflected 

to the moving mirror which is perpendicular to the fixed mirror. Next the reflected or transmitted 

beams from these two mirrors which are traveling different distances interfere and pass through 

the sample and will detect in the detector. 

In order to get a spectrum from the measured interferograms, we need to use the Fourier 

transformation of the interferogram, i.e. the following formula should be used: 

𝐼 �̅̅� 𝐼 𝛿 𝑒 𝑑𝛿                                (2-20) 

In these formulas, δ is the difference in path length that the two beams are travelling, 𝜈 is the 

wavenumber and 𝐼 �̅�  and 𝐼 𝛿  are the measured intensity of the interferogram and spectral 

intensity respectively. 

An infrared spectrum is plotted as an intensity, absorbance or transmittance versus wavenumber. 

Transmission spectrum can be calculated according to following formula: 

T=R/R0                                   (2-21) 

where R and R0 are the intensity of the incident and transmitted light. 
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Figure 2—4: Schematic drawing of FTIR spectroscopy 

 

It is more common to use the absorbance which can be calculated according to the following 

formula: 

A=-log(T) =-log(R/R0)                            (2-22) 

In our experiment, a Bruker vertex 70v spectrometer equipped with a liquid nitrogen 

cooled mercury cadmium telluride (MCT) detector was used. The FTIR spectra were 

recorded at incidence and detection angles of 7° with respect to the surface plane at a 

spectral resolution of 2 cm−1. The deposition of the solvent / electrolyte on the electrode and 

FTIR measurement were not at the same position of the sample within the UHV chamber. For the 

spectra after the deposition of the solvent / electrolyte on the electrodes, first the spectra of the 

bare substrate is taken then the sample is moved to the deposition position and subsequently 

transferred back toward FTIR spectrometer. Due to this movement it was almost impossible to 

bring the sample in the exact position as it was previous measured and to get an identical 

background right after the deposition which does not allow reliable difference spectra. However, 

for the annealing the sample from 80 K to RT, the spectrum after deposition is used as background. 

For this, after deposition, a FTIR spectrum is measured which is used as background for the next 
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following spectra. In this case after first measurement, without moving the sample the LN2 is 

removed and the temperature is rising from 80 K to RT. Interferograms were co-added over a 

period of 5 min per spectrum. For calculating the absorbance, i.e. equation (2-22), R0 is the 

reflected intensities of the bare Cu(111) or graphite(0001) surface or of the EC or BMP-

TFSI adlayer covered surface at ~ 80 K, as indicated in the figure captions, while R 

describes the measured reflected intensity in the respective experiments (i.e., after 

deposition of EC or BMP-TFSI or at elevated temperature, respectively). This results in 

positive bands for increased absorbance. 

2.2 Electrochemical methods and procedure 

In this work three different cell set ups were used which are presented in chapter 2.2.1. For the 

deposition of manganese oxide electrodes, a beaker cell was used, whereas a flow cell set up was 

employed for comparing the activity of the Mn2O3 and GC electrodes in aqueous electrolyte. 

Finally, for the RRDE measurements in IL (chapter 6) a beaker cell in a glovebox was used. 

In our electrochemical measurements (except for RRDE measurements) a three electrodes 

setups is used, i.e. working electrode (WE), a CE and a refrence electrode which are electrically 

connected to the potentiostat. In this setup, the potential is applied to the WE which is controlled 

versus the RE and the current flows between the WE and the CE. For RRDE, the difference is 

instead of using one WE, two WEs are used. The second WE is the ring and allows online detection 

of the products which are formed on the disk electrode (for more information please see chapter 

2.2.4). 

MnO2 was deposited on the GC via stepping the potential from 0.4 to 1.1 V vs SCE for 30 s. 

For the deposition of Mn2O3 and comparison of its activity with GC electrode, cyclic voltammetry 

was used. Cyclic voltammetry was also used for RRDE measurements in the oxygen containing 

pure BMP-TFSI and Mg-containing BMP-TFSI. 
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2.2.1 Different Cell Set ups 

2.2.1.1 Electrochemical set-up for deposition of manganese oxide electrodes 

For the electro deposition of MnO2 and Mn2O3 on GC, a beaker cell setup (Figure 2—5) was 

used. The cell consists of a Teflon cell body where the WE is located underneath a hole (d = 9 

mm) centered in the bottom of the beaker, tightened with an o-ring made of FPM 75. A stainless 

steel base plate was used as current collector below the WE. This plate also contains four threaded 

holes, which are used to compress the whole cell set-up via screws. A mirror polished GC disc 

with a diameter of 9 mm (Sigradur G from Hochtemperatur Werkstoffe), was used as WE and a 

SCE was used as RE. A GC, CE was immersed from the top. 

For later experiments in ILs, GC disks with a diameter of 5 mm had to be used which are too 

small for the central hole in this cell. In this case, the WE was immersed in the hanging meniscus 

configuration and the GC disk at the bottom of the cell was used as CE. 

 

Figure 2—5: The beaker cell setup which consists of Teflon cell body which is screwed on the stainless 
steel base plate. The GC electrode is placed in the middle of the base plate underneath a hole in the bottom 
of the beaker. 
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2.2.1.2 Flow jet set-up for comparison the activity of Mn2O3 and GC electrodes in aqueous 

electrolyte 

Enforced or even well-defined mass transport conditions are commonly achieved by the use of 

flow cells and rotating (ring) disk electrodes (R(R)DE). 

In this thesis in order to compare the activity of the Mn2O3 model electrode with that of the GC 

substrate in aqueous, alkaline electrolyte, ORR measurements were performed on both electrode 

surfaces in 0.1 M NaOH. In order to have well-defined mass transport a modified version of the 

flow jet set up98 was used. A schematic drawing of this setup is shown in Figure 2—6. The beaker 

cell set up described above was used with the WE positioned at the bottom of the cell. An 

electrolyte reservoir is positioned on top of the cell in the way that the electrolyte is flowing 

directly on the WE. A Pt wire wrapped around the outlet capillary of the electrolyte supply bottle 

was used as CE and a SCE placed directly inside the beaker cell. The electrolyte was either 

saturated with N2 or O2 via bubbling in the electrolyte supply bottle. Due to the hydrostatic 

pressure, the electrolyte impinges at the WE. The excess electrolyte was pumped outside the cell 

with an ISMATEC pump at a flow rate of 2.75 mLS-2.  

 

Figure 2—6: Flow jet set up consisting of the beaker cell and an electrolyte supply bottle. An ISMATEC 
pump is pumping the excess electrolyte out of the cell. 
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2.2.1.3 Electrochemical cell for RRDE measurements in IL 

All electrochemical measurements with ILs as electrolyte were performed in a MBRAUN 

UNIlab glove box filled with Ar and 20 % O2, with water contents of less than 1 ppm. The cell 

body was purchased from Princeton Applied Research. It was modified by adding three glass tubes 

to the side, which connect to the cell body via glass frits. One tube was extended by a Luggin 

capillary, which ends shortly below the WE and which is introduced to the central compartment 

from above (see Figure 2—7). In that way, the tube with the Luggin capillary can be used as 

compartment for the RE. One of the other tubes was used for the CE compartment. The glass frit 

slows down the cross contamination of unwanted products from the CE. The third tube was used 

for purging the cell with gas (Ar or O2). The frit in this tube acts as a disperser to increase the gas-

liquid interface, leading to quick gas saturation of the electrolyte. CE and RE were Mg ribbons 

with a thickness of 0.2 mm and a width of 3 mm (Sigma Aldrich, 99.5 %), which were polished in 

the glove box with 1200 grit sand paper before being used in the electrochemical cell. The RE was 

connected with the cell via a Luggin-capillary. With this Mg quasi-RE the redox potential of the 

ferrocene/ferrocenium (Fc/Fc+) redox couple appears at 0.96 V. The gas saturation of the reference 

compartment cannot be controlled and it always contains O2 in our case. Therefore, we assume 

that the reduction of O2 on the Mg-ribbon defines the redox potential, which would explain why  

 

Figure 2—7: Glass cell for RRDE measurements (modified)211 
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we see the onset of the ORR at 0 V vs. Mg/MgO. Most important, however, the reference potential 

was stable and reproducible. A RRDE from PINE (E6R1 with Pt-Ring), which allows for 

exchanging the disk electrode, was used for the electrochemical measurements. A Pt ring with 

inner and outer diameters of 6.5 and 7.5 mm, respectively, was used to detect oxidizable reaction 

products. For controlling the potential of the WE and of the ring, we used VersaStat 4 and 3F 

potentiostats/galvanostats, respectively. 

2.2.2 Cyclic Voltammetry 

In cyclic voltammetry, the potential of the working electrode is varied linearly with time, i.e. at 

a constant scan rate, within a defined potential window like a triangular potential cycle (Figure 

2—8) and the current response is measured. The potential limits are defined as lower potential (El) 

and upper potential (Eu). The time in which the voltage is sweeping between these two potential 

limits is called scan rate. The measured current can be plotted versus potential and is called cylic 

voltammogram (CV). CV provides information on the reductive and oxidative reactions on the 

electrode surface. 

 

Figure 2—8: Applied potential vs time in Cyclic voltammetry 

2.2.3 Potential step voltammetry 

In potential step voltammetry as it is shown in  Figure 2—9, two potentials are defined and the 

potential of the WE is jumped from one potential to the other potential and the current response is 

measured as a function of time. Usually the latter potential is the potential where the reaction can 

occur. 
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Figure 2—9: Potential step voltammetry 

In this thesis potential step voltammetry was used for deposition of MnO2 on GC electrodes. The 

current can be plotted versus time which typically shows a spike followed by a time dependent 

decay. By integrating the area under the curve in the plot of current versus time, the coulombic 

charge (Q) can be calculated. The coulombic charge (Q) for these electrodes for 30s deposition 

was calculated and it was ~ 0.04 C.  From the coulombic charge, it is possible to calculate the 

thickness (d) of the MnO2 deposited film using following formula:99 

d=QMMnO2/zFsρ                                   (2-7) 

in which MMnO2 is the molar mass of MnO2 (86.94 g/mol), knowing that 2 electrons transfers in 

the redox reaction (z=2), Faraday’s constant (F=96485 C/mol), GC surface area which was used 

as WE (s=0.38 cm2) and density of manganese oxide (ρ=5.03 g/cm3) it is possible to calculate the 

thickness of deposited MnO2 film on GC electrodes which was around 100 nm. 

2.2.4 Rotating Disk Electrode (RDE) and Rotating Ring Disk Electrode (RRDE) 

The design of the RDE consists of an insulating and chemically inert cylinder material as a RDE 

tip which has a planar disk electrode (WE) embedded in its center. The RDE tip is immersed in 

the electrolyte and the rotation of the RDE tip generates a laminar flow of the electrolyte over the 

electrode surface. The rotation rate of the RDE tip can be varied (typically between 400 and 4000 

rpm), and thus the thickness of the Nernst diffusion layer can be controlled. This leads to a well-

defined transport of reactive species to the electrode surface. Usually a series of CVs at different 

rotation rates is recorded which allows Koutecky-Levich (linear increase of the limiting current  
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Figure 2—10: Schematic drawing of a RRDE set-up. 

with the square root of the angular rotation rate) and Tafel slope analysis (for more information 

please see equation 2-9 and 2-10). 

It is also possible to detect the intermediate products which are formed on the disk electrode 

with a second WE and this is possible with a RRDE configuration. It has a similar design to the 

RDE with the second WE (ring electrode) sourrounding the disk electrode and the intermediates 

being transported to the ring by the laminar flow caused by the rotation. The ring and disk 

electrodes are electrically isolated using a Teflon U-cup.The schematic configuration of a RRDE 

is shown in Figure 2—10. For the ring electrode polycrystalline Pt was used throughout this thesis. 

In RRDE measurement the RRDE tip is immersed in the electrolyte to the cell shown in Figure 

2—7. In RRDE in order to control the potential of the disk and ring individually and also to 

measure the current of the disk and of the ring a bipotentiostat is needed. Usually the potential of 

the ring is set to a constant potential and CVs of the disk electrode are recorded. In our experiment 

(results presented in chapter 6), a constant potential of 1 V vs Mg/MgO was applied to the ring 

electrode and corresponding current was measured which can provide information on the reaction 

occurring on the disk electrode regarding the reversibility and the number of electrons transferred. 

This potential is chosen since at this potential no reaction with the IL electrolyte will take place. 

Even for fully reversible reactions, not all products which are formed on the disk will be detected 

on the ring. Therefore, collection efficiency is defined as the fraction of species which are formed 

at the disk and can reach the ring. It can be calculated theoretically. It is also possible to calculate 

it experimentally using following formula: 

N=-IRing/IDisk                                   (2-8) 
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Furthermore, in order to determine the number of electrons transferred during the 

electrochemical reaction it is possible to use Koutecky-Levich or Tafel analysis. 

For Koutecky-Levich analysis, a series of CV with different rotation speed is measured and the 

limiting current which increases with the rotation rate is plotted versus (rotation rate)-1/2 and slope 

is determined. Next using the following formula100 it is possible to calculate the number of 

electrons transferred (n) during the reaction. 

n=1/0.62(slope)FAD2/3ν-1/6C                                   (2-9) 

in which F is the Faraday's constant, A is the geometric electrode area, ν is the kinematic viscosity, 

C is concentration of the electroactive species and D is the diffusion coefficient. 

For the Tafel analysis, the Tafel equation is derived from the Butler-Volmer equation, i.e 

following equation: 

j=ja+jc =j0{exp(αFzη/RT)-exp(-(1-α)Fzη/RT)}                                   (2-10) 

in which j is the current density, j0 is the exchange current density, ja and jc are anodic and cathodic 

term, R is the universal gas constant, T is temperature, η is the overpotential, z is the number of 

electron transferred during reaction and α is the transfer coefficient, F is Faraday’s constant. 

Close to the equilibrium, both terms in the equation (2-10) are important. However, at higher 

overpotential it is possible to neglect one of the terms in the equation (2-10), i.e. it is possible to 

use the Tafel equation:101 

η=-(RT/αFz)lnj0+(RT/αFzln│j│)                                   (2-12) 

For the Tafel plot, the data of the anodic or cathodic scan for a fixed rotation rate is used. The 

overpotential is plotted versus the logarithm of the kinetic current density i.e., JK=(|I*ILim|/|ILim-

I|)/A where ILim is the mass transport limited current and A is the geometric surface area. From the 

slope it is possible to determine the number of electron transferred (z) during electrochemical 

reaction if an assumption for α is made (in this case α = 0.5). 

2.2.5 Electrochemical procedure for RRDE measurements in IL 

All working electrodes were press fit into the RRDE tip and immersed into the electrolyte filled 

cell. Before starting any experiment, the electrolyte was purged for 1 hour by Ar or O2. Purging 

was assisted by stirring the electrolyte using the RRDE setup. The working electrode potential was 
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cycled between -1 and 3.3 V vs. Mg/MgO with 10 mV s-1 scan rate. Cyclic voltammograms were 

recorded for rotation rates of 0, 500, 1000, 1500 and 2000 rpm. 

For the film formation in the Mg2+ containing electrolyte, we followed the protocol used by Law 

et al. (potentials adjusted to our reference electrode): The potential was cycled between 1.2 and -

0.6 V vs. Mg/MgO with 5 mV s-1, ending at 1.2 V after 5 cycles. For structural and chemical 

surface characterization, the samples were subsequently washed with DMC for three times in order 

to remove residual electrolyte. 

2.2.6 Transfer Container 

For transferring the samples from the glove box to the UHV chamber for XPS measurements a 

transfer container (PHI model 04-110) was used. The transfer container is a closed and O-ring 

sealed cylinder which is shown in Figure 2—11. Using this transfer container allows us to transfer 

in an inert gas atmosphere without contact to air and contamination. The samples were mounted 

in the glove box with electrically conductive tab (PLANO Leit-Tabs- see below) to the sample 

holder and put into the transfer container and finally transferred to the XPS system. After 

connection of the transfer container to the load lock of the XPS system this was evacuated (p < 10- 
4 mbar), the container was opened and the sample holder was transferred to the transfer rod of 

 

Figure 2—11: Right: Transfer container PHI model 04-110. Left: zoom into the sample holder which has a 
25.4 mm diameter. 
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the system. After further pumping (for at least 2 hours) the sample could be transferred to the main 

chamber for XPS measurements. 

PLANO Leit-Tabs (PLANO GmbH, Germany) are discs made of polycarbonate foil which are 

adhesive and electrically conductive due to the addition of graphite. The survey scan on the 

PLANO-Leit tab is shown in Figure 2—12. In the XP spectra carbon, oxygen and silicon were 

observed. No changes in the pressure of the chamber were observed. Also we should note that the 

samples are tick and conductive tape is completely hidden under the sample. 

 

Figure 2—12: XP spectra of the PLANO Leit-Tab 

2.3 Materials (Electrolyte /Solvent and Electrodes) 

2.3.1 Ethylene carbonate (EC) 

Ethylene carbonate (1, 3-dioxolan-2-one or C3H4O3) is crystalline at RT and has a melting point 

of 309.5 K and a boiling point of 511 K102. Due to its high dielectric constant and low viscosity it 

is used as electrolyte solvent in Li-ion batteries.48 A ball-stick model of a single molecule of 

ethylene carbonate (EC) is shown in Figure 2—13. A neutron diffraction analysis of the crystal 

structure of EC at 15 K has shown that the molecular structure of EC has a twofold symmetry axis  
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Figure 2—13: Chemical structure of a single molecule of EC. Atoms are color coded O (red); C (dark gray) 
and H (light gray). 

and no planar configuration. The CO3 group is planar based on its C2 symmetry, but the five 

membered dioxalan ring is not planar.103,104 

The EC was purchased from Merck in ultrapure quality. The EC was heated to 360 K in a 

glass flask (the EC melting point is 310 K) and subsequently dosed via a leak valve into the 

UHV chamber onto the Cu(111) or graphite(0001) surface held at 80 K. During EC 

deposition, the background pressure in the UHV chamber was adjusted to 1  10-9 mbar. 

We define a monolayer (1 ML) coverage by the number of molecules in direct contact with the 

surface at saturation of the surface; EC molecules per unit area: 2.7 nm-2. Prior to deposition the 

EC reservoir was thoroughly cleaned by extended pumping and alternating freeze- thaw 

cycles. The purity of EC was confirmed with a quadrupole mass spectrometer (Pfeiffer HiQuad 

QMA 400). 

2.3.2 1-Butyl-1-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (BMP TFSI) 

BMP TFSI (99.9%) was purchased from Merck and Solvionic for UHV and electrochemistry 

respectively. The ionic liquid BMP-TFSI was purchased from Merck in ultra pure quality. For 

dosing the IL onto the different substrates in the UHV system it was filled into a quartz crucible, 

which was mounted in a Knudsen effusion cell (Ventiotec, OVD‒3). The IL was then degassed 

for at least 24 hours under UHV conditions at room temperature, followed by several hours of 

degassing at up to 400 K. The quartz crucible itself was also baked prior to use at 870 K in UHV. 

The cleanness of the IL vapor was tested by mass spectrometry. To generate IL adlayers on the 

Cu(111) or graphite(0001) surface the IL was evaporated at a temperature of the IL source of 

450 K. Under these conditions the deposition rate was around 0.1 ML min‒1. 
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Figure 2—14: Molecular representation of a BMP-TFSI. Atoms are color coded C (black), N (blue), O 
(red), S (gold), and F (green). 

 

For electrochemistry, BMP-TFSI (99.9 %) was purchased from Solvionic. The BMP-TFSI was 

used as received (always stored and handled in the glove box - for more information please see 

chapter 9.4.3). 

 

2.3.3 Magnesium(II)bis(trifluoromethanesulfonyl) imide (Mg-TFSI2) 

Mg-TFSI2 salt (99.5 %) was purchased from Solvionic. Mg-TFSI2 was dried in an ultrahigh 

vacuum (UHV) chamber at a pressure of 10-9 mbar at 250°C for 10 h. The BMP-TFSI was used as 

received (always stored and handled in the glove box). The electrolyte was prepared in an 

MBRAUN LAB-star glove box filled with only Ar. 25 ml of a 0.1 M solution of Mg-TFSI2 in 

BMP-TFSI were used for the electrochemical measurements. The water content of the electrolyte 

was determined by Karl-Fischer titration (756/831 KF Coulometer from Metrohm) to be approx. 

40 ppm (average value in a series of three measurements). 

2.3.4 Cu(111) 

The Cu(111) single crystal was purchased from MaTeck GmbH (purity 5N). It has a hat shaped 

form with a diameter of 9 mm. The polished side has a diameter of 7 mm with a roughness of the 

(111) surface smaller than 30 nm and an orientation accuracy of < 0.1° [MaTeck]. The Cu(111) 

surface was cleaned by Ar+ ion sputtering (with kinetic energy of 1 kV, emission current of 10 

mA, for 90 min and longer sputter times for strongly contaminated sample was used) and heating 

to 820 K with the manipulator head simultaneously being cooled by LN2.With this procedure 

atomically flat terraces (with the long terrace side of a few hundred nanometers and the short side 

up to around 100 nm). Apparent surface defects in the STM images, which we attribute to small 

amounts of adsorbed oxygen (ρ ≤ 0.016 nm-2), were far below the detection limit of XPS. LN2 

cooling of the manipulator head while annealing the copper substrate to 820 K was the key to 
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significantly reduce the amount of these residues. This way the head was continuously held below 

270 K during annealing. 

2.3.5 Highly Oriented Pyrolytic Graphite (HOPG) 

The HOPG(0001) single crystal was purchased from MaTeck (ZYA, mosaic spread 

0.4°± 0.1°), exhibiting a cuboid shape. Samples used for the XPS measurements exhibited a 

size of 10 mm  10 mm  < 1 mm and for STM measurements of 5 mm  5 mm  < 0.5 mm, 

respectively. The HOPG was freshly cleaved, fixed on a tantalum sample plate with silver 

conductive paste, heated in a nitrogen flooded oven for 30 minutes at 450°C to degas the 

conductive silver paste, transferred into the load lock and subsequently into the UHV 

chamber, where it was annealed at ~900 K for 1 h to generate clean graphite(0001). 

2.3.6 Electrode materials for electrochemistry (Au, Pt, GC, MnO2, Mn2O3) 

The planar working electrode disks (d = 5 mm) Au, Pt and glassy carbon (GC) were polished 

with various wet-polish SiN papers and diamond powder suspension. The final polishing step was 

with 50 nm alumina suspension. All samples were rinsed and afterwards cleaned by ultrasonication 

in deionized water for 10 min.  

Manganese oxide films (Mn2O3 and MnO2) were electrodeposited on the GC disk. Mn2O3 was 

prepared following the recipe by Gorlin et al.105: An aqueous solution of 0.1 M sodium sulfate and 

0.1 M manganous acetate was mixed and aged for 6 days. For electrodeposition, the potential of 

the WE was scanned between -82 and 520 mV vs. saturated calomel electrode (SCE) for 9 times. 

Then the electrode with the electrodeposited film was calcined in an oven for 10 h at 480°C. 

Afterwards, the electrode surface was characterized by XPS, SEM and XRD (cf.2.4). MnO2 was 

electrodeposited on the GC substrate according to the procedure described by Cherchour et al..99 

First the pH of an aqueous solution of manganese (II) sulfate was adjusted to 1.8 using sulfuric 

acid. Then, electrodeposition was performed by stepping the potential from 0.4 to 1.1 V vs SCE 

for 30 s. The composition and structure of the electrodeposited film was then characterized by 

SEM, XPS and Raman spectroscopy (cf.2.4).  

After preparation/characterization and before being transferred to the glove box, all electrodes 

were dried again in a Büchi oven at 110°C and 10-1 mbar for more than 10 h. 
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2.4 Initiatory measurements 

2.4.1 Li calibration 

Lithium metal dosing was carried out with an alkali getter source (SAES Getters). 

Exposures were made by resistively heating the source (7.1 A, 1.1 V) in line-of-sight of the LN2 

cooled Cu(111) or graphite sample (80 K) from a distance of around 6 cm. 

The deposition rate of approximately 0.04 ML min-1 was calculated from the damping of 

the graphite XP C 1s peak after successive vapor deposition of Li on clean graphite at 80 K 

(no Li intercalation under these conditions into graphite substrate) (seeFigure 2—15), 

assuming that a ML has a thickness d of 2.48 Å according to the (110) interplane distance 

of graphite in an body centered cubic crystal (the most stable configuration of a Li metal at 

r.t.). The layer thickness d was calculated by Id = I0 exp  (-d / λ cos θ), with an electron 

inelastic mean free path (IMFP) λ for Li of 46 Å106 at the position of the graphitic carbon 

peak at kinetic energies of ~ 1200 eV. 

 

Figure 2—15: (a, b) XP C 1s and Li 1s spectra after successive deposition of Li 

 

2.4.2 Characterization of manganese oxides by XPS 

In order to get information on the chemical composition of the passivation layer formed on the 

electrode surfaces, they were characterized ex situ by XPS. To avoid contact of the sample with 

air or moisture, the samples were transferred in a commercial transfer container (PHI model 04-

110, see 2.2.6) from the glove box to the UHV chamber for XPS measurements.The BE difference 

between Mn 2p1/2 and its satellite together with the BE difference of the Mn 3s splitting provides 

information on the manganese oxidation state.105 In Figure 2—16 we show  
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Figure 2—16: XPS of as prepared (a) Mn2O3 and (b) MnO2 model electrode surfaces.211 

spectra recorded in these two regions for our two deposited electrode materials. For the Mn2O3 

electrode the difference between the Mn 2p1/2 and its satellite and Mn 3s splitting are 10 and 5.3 

eV, which indicates a Mn (II) oxidation state of the manganese oxide. Similarly, for the MnO2 

electrode we obtained 11.7 and 4.7 eV for the BE difference between 2p1/2 and its satellite and for 

the Mn 3s splitting, which refers to the Mn(IV) oxidation state of our deposited film. 

2.4.3 Characterization of manganese oxides by SEM 

In order to get an idea on the morphology of the deposited manganese oxide films and for 

comparison with previous reports,99,105 we performed SEM measurements on the Mn2O3 and MnO2 

electrodeposited films. Note that the films were prepared following the synthesis procedures 

described in refs.99,105; accordingly the Mn2O3 film was calcined before characterization, while this 

was not the case for the MnO2 film electrode. SEM measurements were performed in a LEO 

(Zeiss) 1550 microscope. 

For the Mn2O3 electrode a cauliflower morphology was observed, which is similar to the 

morphology that was observed by Gorlin et al.105 
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Figure 2—17: SEM image of the (a) Mn2O3 after deposition and calcination and of the (b) MnO2 surface 
after deposition on a GC substrate.211 

For the MnO2 electrode, the entire sample is covered by needle like structures, which resembles 

the morphology reported by Cherchour et al. 99. For longer deposition times (> 30 s) we also 

observed cracks on the electrode surface. Therefore, we used 30 s deposition time in all of our 

experiments. As mentioned in the main text, the difference in surface morphology may be due to 

the fact that the MnO2 electrode was not calcined, since Gorlin et al. reported that calcining a 

MnOx sample also results in a cauliflower-type surface morphology.107 

2.4.4 Characterization of Mn2O3 by XRD 

X-ray diffraction measurements were performed (using an XRD instrument, Siemens D5005 

with the Cu Kα radiation) on the Mn2O3 surface right after the deposition in a Siemens D5005  

 

Figure 2—18: XRD of the as prepared Mn2O3 electrode surface.211 
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instrument using Cu-Kα radiation. Similar to Gorlin et al.,105 we observe a diffractograms with a 

reflection at 32.82°, which is related to the (222) reflection of the α-phase of Mn2O3 Figure 2—

18). The main peaks are related to the GC substrate. 

2.4.5 Characterization of MnO2 by Raman spectroscopy 

Raman measurements were applied by Bay Spec deep cool CCD detector “NUNAVUT” and 

optical probe was fiber coupled to peak finderTM, a Raman Probe 785 with 0.22 numerical 

apparatus was used. It has a 780 μm laser with 400 μW power. Raman spectroscopy was applied 

for the characterization of the Mn2O3 and MnO2 electrodes before the electrochemical 

measurements. 

Since we did not obtain any decent XRD reflection from the MnO2 electrode, we tried Raman 

spectroscopy for characterization of the deposited film. A characteristic spectrum is shown in 

Figure 2—19. It closely resembles the spectrum acquired by Cherchour et al..99 According to these 

authors, the bands in the range between 500- 700 cm-1 are characteristic of the γ-phase of the MnO2 

electrode. The band at 649 cm-1 is the stretching mode of the oxygen-manganese bond in the 

octahedral lattice. Therefore, we conclude that the MnO2 electrode is present in the γ-phase. 

 

Figure 2—19: Raman spectrum of the as-prepared MnO2 surface.211 
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2.4.6 ORR in alkaline solution 

In order to compare the activity of the Mn2O3 model electrode with that of the GC substrate in 

aqueous, alkaline electrolyte, ORR measurements were performed on both electrode surfaces in 

0.1 M NaOH using a flow jet set up (set up is shown elsewhere 98). For the CE we used a Pt wire, 

for the RE a saturated calomel electrode. As illustrated in Figure 2—20, the onset of the ORR for 

the Mn2O3 electrode (in the negative-going scan) is earlier than for the GC electrode. Furthermore, 

we find a higher transport limited current for the Mn2O3 electrode compared to the GC electrode, 

which, as discussed in the chapter 6, may be due to deviations from a laminar flow due to the 

roughness of the film (SEM image in Figure 2—17) compared to GC. Based on the earlier onset 

of the ORR we conclude that the Mn2O3 electrode is significantly more active for the ORR in 

alkaline solution than the GC electrode. This measurement was not performed for the MnO2 

electrode, since the film was not stable at this pH. 

 

Figure 2—20: Potentiodynamic ORR measurement of the Mn2O3 and GC electrodes in 0.1 M KOH (scan 
rate 20 mV s-1).211 

 

2.4.7 Characterization of magnesium powders 

MgO (Alfa-Aesar-99.99%) and a MgO2 complex (Aldrich-Technical grade) powder were 

calcined in Büchi-oven at 300 and 50°C at 10-1 mbar for 20 and 3 hours, respectively. Transfer to 

the XP-spectrometer was done without exposure to air. The resulting XP spectra in the Mg 2p and 

O 1s regions are shown in Figure 2—21. 
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For MgO2, there are single peaks in the Mg 2p region at 49.8 eV and in the O 1s region at 531.5 

eV. For MgO two peaks are fitted to the spectrum in the Mg 2p region at 49.4 and 48.4 eV, which 

together with the peaks at 528.0 and 529.9 eV correspond to MgO and MgOH. In the O 1s region 

of the spectra measured after the ORR in 0.1 M Mg-TFSI2 in BMP-TFSI electrolyte (Figure 6—

6), we also find a peak at 531.3 eV, which agrees perfectly with the reference spectrum of MgO2. 

In the Mg 2p region of the spectra recorded after the ORR (Figure 6—6), however, the peak related 

to MgOx appears at slightly higher BE (50.2 eV) than the MgO, MgOH2 and MgO2 reference 

peaks. The deviation from MgO2 (49.8 eV), is, however, only small. We therefore attribute the 

signal in the Mg 2p spectra after the ORR also to MgO2. 

 

Figure 2—21: (a, b) XP core level spectra of Mg 2p (left column), O 1s (right column) of MgO2 (top of the 
panel) and of MgO (bottom of the panel) powders after calcination.211 
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The content of the following section was published in reference [108] and is adopted with 

permission from (J. Phys. Chem. C, 2016, 120 (30), pp 16791–16803, DOI: 

10.1021/acs.jpcc.6b05012), Copyright (2016) American Chemical Society. The abbreviations, 

nomenclature of the organic molecules, the style and the numbering of the references and the 

figures have been adapted to fit the layout of the thesis. Moreover, the experimental and 

supplementary part of the paper is removed in this section. In chapter 2 the combination of 

experimental part of all chapters is given to avoid duplication. Supplementary information of the 

paper is added to the appendix of this thesis. The measurements, data evaluation and writing were 

done by the author of this thesis and Dr. F. Buchner. Dr. J. Schnaidt helped in the initial FTIRS 

measurements and discussion of the spectra. The DFT-D calculations were performed in the group 

of Prof. Dr. Axel Groß in the Institute of Theoretical Chemistry at Ulm University. 

3.1 Abstract 

In this work we aim at a molecular scale understanding of the interactions and structure 

formation at the EEI in Li-ion batteries. Therefore the interaction of the key electrolyte component 

EC with Cu(111) was investigated under UHV conditions. STM, XPS, FTIRS and DFT-D 

calculations were employed. After vapor deposition of EC (sub-) monolayers on Cu(111) at 80 K, 

STM measurements (100 K) reveal a well-ordered commensurate superstructure, in which EC 

molecules assume different configurations and whose total adsorption energy is mainly governed 

by van der Waals interactions, as demonstrated by DFT-D. In the temperature range between 150 

‒ 220 K, competing desorption and decomposition into -C═O, -C‒O‒C-, -C‒H and -C‒C- 

compounds, as derived by XPS and confirmed by FTIRS, result in distinct changes of the adlayer 

composition. Similar heating of an EC multilayer film from 80 K to RT results in a surface that is 

almost completely covered with adsorbed, carbon containing decomposition products. This can be 

interpreted as the initial stage of chemical EEI formation, the relevance of these results for battery 

applications is discussed. 
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3.2 Introduction 

One important technological problem for turning from fossil energy to alternative energy 

sources, like wind and solar energy is that their generation strongly depends on the weather. 

Therefore, it strongly fluctuates and is not well predictable. Future progress towards sustainable 

energy systems therefore demands the availability of highly efficient energy storage systems like 

rechargeable Li-ion batteries.8,27,109,110,111 Enormous work has been invested in recent years into 

the development of new battery materials112 and also in their theoretical investigation.113 One of 

the most crucial aspects for the development of stable, safe and efficient batteries is the interfacial 

film formed on the electrode during initial battery operation.21,23,26,35,43 This film is referred to as 

EEI,26 which essentially relates to the adsorbed molecular species in contact with the electrode in 

the monolayer range, or as SEI, which refers to molecular species in a bulky film (phase) between 

electrode and electrolyte. The EEI / SEI is generated by chemical and electrochemical 

decomposition of the electrolyte and is critical for the reversible cycling performance. It should be 

permeable for Li+, inhibit electron transport and prevent further electrolyte reduction. Standard 

electrolytes mostly consist of a number of different components, including a lithium salt (LiPF6), 

which is dissolved in mixtures of different solvents such as EC, PC, DEC or DMC, and other 

additives.48 

The multitude of components in electrolytes makes it extremely complicated to derive a 

fundamental understanding of the processes at the EEI in such a complex system as Li-ion 

batteries. Despite numerous studies investigating these processes by electrochemical methods, the 

understanding of the formation mechanism of the EEI / SEI and in particular of the electrode 

interface structure, on a molecular level, is still limited.26 Some insight was derived from 

spectroscopy measurements. For example, in situ FTIRS114 and Raman spectroscopy115 were 

employed to study the potential stability window of carbonate solutions. Yu et al116 observed an 

EC enrichment on a LiCo2O cathode from different carbonates in a solution by sum frequency 

generation (SFG) spectroscopy. They concluded that in the absence of an applied potential 60% 

of the EC molecules are slightly tilted and point with the carbonyl group toward the surface, while 

the remaining fraction points into the opposite direction. 

Besides these in situ investigations in solution, ex situ measurements have also been performed, 

in particular by XPS UHV conditions.42,117,118,119 The composition of the EEI was investigated 
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[e.g., by hard and soft X-ray photoelectron spectroscopy (HAXPES and SOXPES, respectively) 

measurements performed] before and after cycling in electrolyte.37 The authors of that study 

concluded that the film on the anode consists of C‒H and C‒O containing compounds in the outer 

parts and lithium oxide and alkoxides in the inner parts.37 Wang et al.120 vapor deposited a thick 

PC film (100 ‒ 200 Å) on Al(111) and derived from variable temperature XPS that at 220 K PC 

loses the carboxyl oxygen atoms, followed by the loss of the carbonyl oxygen atoms. Finally, at 

room temperature, no PC could be detected any more. 

Only few experiments have been reported, however, which focus on the direct interaction of the 

individual components of electrolytes with the electrode, directly at the interface. Becker et al. 

studied the interaction of DEC with LiCoO2 cathodes by XPS, using synchrotron radiation; the 

measurements showed chemisorption in the monolayer and van der Waals interactions in the 

multilayer range121 and presumably transfer of Li ions to the adsorbate phase.122 Song et al.123 

performed temperature programmed desorption (TPD) spectroscopy of EC on graphite(0001) for 

different initial EC coverages, which demonstrated weak interactions of EC with the surface. They 

extracted a desorption energy of 0.6 eV from the leading edge of the zero order TPD spectra. 

Despite these spectroscopy measurements on the adsorption behavior of ultrathin solvent films 

there is little information on the structure formation directly at the interface (i.e., on the electrode 

surface on the molecular scale). This is a topic of an ongoing study in our laboratory. In the present 

work, we report on the structure formation, the underlying adsorbate-adsorbate / adsorbate-

substrate interactions and on the thermal stability / decomposition of EC mono- and multilayers 

on a Cu(111) model electrode (Cu is used, for example, to improve the conductivity in Si-Cu alloy 

anodes.124 Furthermore, it is a typical current collector for the anode). This was investigated by a 

variety of methods, including combined (molecular resolution) STM and dispersion corrected 

DFT-D calculations as well as chemically sensitive XPS and vibrationally sensitive FTIRS at 

different temperatures. First preliminary results had been reported previously.125 We believe that 

there is an urgent need to study the reactivity of individual components of electrolyte and model 

electrodes to get a better understanding of the interfacial processes at the molecular scale, which 

may open new perspectives for improved next-generation Li-ion batteries.  
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3.3 Results 

3.3.1 Identification of EC at 80 K (STM, XPS, and FTIRS) 

After vapor deposition of EC on Cu(111) at 80 K, the STM measurements reveal a well-ordered 

(2D) crystalline phase (Figure 3—1, panels a and b). The STM images show several EC 

islands/domains on the different Cu(111) terraces (Tacquisition = 100 K). The island boundaries 

appear frizzy, which points to an exchange of adspecies with the surrounding two-dimensional 

(2D) gas phase and/or motion along the island boundary. To record STM images of the 2D 

crystalline phase, coverages of ∼1 ML (we define a monolayer (1 ML) coverage by using the 

 

Figure 3—1: (a and b) Large-scale STM images of (sub) monolayers of EC on Cu(111) after vapor 
deposition on the substrate at 80 K (measurement at ~100 K) ((a,b)) U = +1.5 V, I = 15 pA). (c and d) High-
resolution STM images of the well-ordered adlayer ((c and d)) U = ‒1.5 V, I = 20 pA). (d) The Cu(111) 
atomic lattice is superimposed on top of the image in (c), the lattice vectors a and b of Cu(111) are drawn 
in. The adsorbate layer lattice constants are: |A | = 2.05 ± 0.05 nm and, |B| = 1.15 ± 0.03 nm and α = 110 ± 
5°. 
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number of molecules in direct contact with the surface at saturation of the surface) are 

advantageous, since most likely this leads to a mutual stabilization of the admolecules in a stable 

molecular arrangement. The stripy features in the areas in between the islands are typical for a 2D 

gas/liquid phase in equilibrium with a 2D solid phase. Here, the molecules diffuse too fast to be 

resolved by STM. The six possible rotational domains, depicted by light blue dashed lines/arrows 

in Figure 3—1a, result from the symmetric alignment of the islands/domains with respect to the 

close-packed directions of the underlying Cu(111) lattice. High-resolution STM images such as 

those in Figure 3—1 (panels c and d) resolve the molecular arrangement. They show roundish 

protrusions, which we associate with individual, adsorbed EC molecules which are uniformly 

arranged. The dimensions of the adlayer unit cell are |A⃗| = 2.05 ± 0.05 nm and |B⃗| = 1.15 ± 0.03 

nm and α = 110 ± 5°, with six EC molecules within the unit cell. Interestingly, the protrusions at 

the corners of the unit cell appear higher than the other EC molecules, which points to a larger tilt 

angle of the five-membered ring of EC with respect to the surface (90° tilt angle is perpendicular 

to the surface). The elevated protrusions within each islands/domains are oriented along one main 

direction, which is oriented along the lattice vector B⃗. This results in an anisotropic appearance 

of the 2D crystalline phase. All six possible main directions are again marked in Figure 3—1d 

(light blue dashed lines/arrows); the Cu(111) atomic lattice is superimposed in Figure 3—1d on 

top of the high resolution STM image in Figure 3—1c, with the <110> directions along the closed-

packed Cu atomic rows indicated by white arrows. In this figure, only the long side of the adlayer 

unit cell is aligned parallel to the Cu(111) lattice vector A⃗. This points to a commensurate 

overlayer, which can be described by a 
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08  superstructure, using the standard matrix notation. 

These experimental results were used as an input structure for the DFT-D calculations described 

next. 

Figure 3—2 (panels a and b) illustrate the (most) stable structure of an isolated EC molecule 

adsorbed on Cu(111), the corresponding adsorption energy is Eads = −0.81 eV. The molecule is 

basically adsorbed in an almost flat geometry with its three oxygen atoms of the EC molecule 

being approximately located above the top sites of a Cu trimer. The Cu−O distance amounts to 

3.05 Å, indicating that no true chemical Cu−O bonds are formed. Indeed, dispersion forces 

contribute with −0.72 eV to the adsorption energy, showing that EC is mainly van der Waals 

bonded to Cu(111). 
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The search for a stable ordered EC adsorption structure was guided by the experimental STM 

images. A structure with 6 EC molecules per surface unit cell was chosen. As there are 40 Cu 

atoms in the surface unit cell, this corresponds to a coverage of 3/20 = 0.15. We note that we do 

not have any indications that additional molecules are adsorbed inside the large cavities of the 

structure, but we also cannot completely exclude this possibility. The optimized arrangement of 

the EC molecules in this structure is illustrated in Figure 3—2c. Most of the molecules adsorb in 

a geometry similar to that of the isolated molecule, but most of the oxygen atoms of the molecules 

are no longer located directly above the Cu atoms. The EC molecules at the corners of the surface 

unit cell indicated in Figure 3—2c, which we previously assigned to EC molecules with a larger 

tilt angle of the five-membered ring, are indeed tilted, such that only two oxygen atoms are bonded 

to the underlying Cu atoms. The adsorption energy per molecule in the ordered structure is Eads = 

−0.91 eV, which means that the ordered structure is stabilized by in average 0.1 eV per molecule. 

This must be due to intermolecular interactions. We also determined the adsorption energy of the 

separated EC molecules, taking the frozen adsorption geometry from the ordered phase but 

keeping the molecule separated in a 3 × 3 surface unit cell. Interestingly, the resulting adsorption 

energies of all EC molecules were rather similar, about −0.5 eV, in spite of their different 

adsorption geometries. Hence, the optimum structure shown in Figure 3—2c corresponds to a 

compromise between optimum molecule−surface interaction and optimum molecule− molecule 

interaction, with the intermolecular interactions contributing approximately −0.4 eV to the mean 

adsorption energy of −0.9 eV. Again, dispersion contributes with −0.69 eV to the total adsorption 

energy, so also the ordered structure is mainly stabilized by dispersion effects. 

Finally, we also performed simulated STM images using the Tersoff-Hamann approximation.86 

Constant-current images were simulated by a gray scale contour plot of the local density of states 

(LDOS) integrated between the Fermi energy of the system and the sample bias. Figure 3—2d 

shows the simulated STM image, calculated at a bias of −1.5 V as used experimentally (see STM 

images in Figure 3—1, panels c and d). Comparison with the experimental STM images shows 

good agreement between the calculated STM image derived from the structure in Figure 3—2c 

and the experimental STM images. In particular the tilted molecules at the corners of the unit cell 

in the simulated STM image in Figure 3—2d, which bind to the surface via two oxygen atoms, 

appear with an increased apparent height, which clearly reflects the observation in our 

experimental STM images. 
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The adlayer resulting after vapor deposition of monolayers (d ≈ 3 Å) and multilayers (d ≈ 12 Å) 

of EC on Cu(111) at 80 K was further characterized by grazing emission XPS (detection at 80° 

with respect to the surface normal, information depth ≈20 Å) and FTIRS measurements (Figure 

3—3). The layer thickness was calculated from the damping of the Cu 2p signal. The XP spectra 

reveal two peaks in the C 1s (Figure 3—3a) and O 1s (Figure 3—3b) spectral ranges for EC 

multilayers (top of each panel) and EC monolayers (bottom of each panel), respectively. Both XP 

C 1s spectra display two distinct peaks, a smaller one (yellow) at 290.5 and 291.2 eV for mono- 

and multilayers, respectively, which is assigned to the carbonyl carbon of EC (Ccarbonyl) and a larger 

one (blue) at 286.9 (monolayer) and 287.5 eV (multilayer), respectively, which is related to the 

carbon atoms of the ethylene group (Cethylene). The different contributions are illustrated in the 

schematic molecular representation inserted in the panel with the FTIR spectra in Figure 3—3c. 

In agreement with the stoichiometry of the molecule, the intensity ratio of the peak areas (Ccarbonyl): 

(Cethylene) is 1:2, in the limits of the experimental accuracy. In the O 1s region, the main peak at 

534.0 (monolayer) and 534.7 eV (multilayer), respectively, is assigned to the two oxygen atoms 

in the five-membered ring (Oring). 

The two smaller peaks at 532.4 (monolayer) and 533.1 eV (multilayer) are associated with the 

carbonyl oxygen (Ocarbonyl). As in the case of the C 1s signal, the intensity ratio of the peak areas 

of the two chemically different oxygen species matches with the molecular stoichiometry. The 

binding energy shift between mono- and multilayers is explained by a more efficient metallic 

screening of the core hole in the monolayer, where it is closer to the metal.126,127 Note that a weak 

signal with negligible intensity, which is visible at the low BE side (530.8 eV) of the O 1s peak, 

originates from tantalum oxide of the sample holder. The ratio of the total peak areas in the C 1s 

and O 1s region, corrected by the sensitivity factors, reflects (in the limits of accuracy) the ratio of 

carbon to oxygen atoms in the molecule (C3H4O3) (note that the tantalum oxide peak area was 

subtracted before the calculation). The XPS measurements strongly suggest that molecularly 

adsorbed species are present in the mono- and multilayer range on Cu(111) upon deposition at 80 

K. The absolute intensities of the O 1s and C 1s signals for a EC monolayer fit approximately to  
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Figure 3—2: (a) Top and (b) side view of the calculated energy minimum structure of an isolated EC 
molecule on Cu(111). Atoms are color coded C (blue), O (red), and H (white). (c) Illustration of the 
calculated ordered 
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08 energy minimum EC structure on Cu(111) with six molecules in the surface unit 

cell. (d) Simulated STM image obtained according to the Tersoff-Hamann scheme86 assuming a bias of -
1.5 V. An experimental STM image is inserted in the bottom left corner. 

the coverage derived from STM imaging (0.15 ML EC in the monolayer film), but the precision 

would not allow us to decide whether there is, for example, an additional seventh EC molecule in 

the unit cell, which is not resolved by STM images. In the FTIR spectra in Figure 3—3c, seven 

vibrational modes are identified for mono- and multilayers, respectively, which are rather similar 

to those recorded in aqueous EC solutions.128,129,130,131 The bands at 1091 and 1190 cm−1 are 
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attributed to vibrational modes of the ring, the bands at 1398 and 1423 cm−1 to CH2 wagging 

modes, and the band at 1482 cm−1 to a CH2 bending mode. Due to the Fermi resonance of the 

carbonyl stretching mode at 1780 cm−1 with an overtone of the ring breathing mode, a further band 

evolves at 1815 cm−1.129,132 The observation of a carbonyl stretching mode indicates that the C=O 

bond of EC is not parallel to the surface, since otherwise the detection of this mode would be 

excluded by the surface selection rule. Overall, the XP core level signals and the FTIRS bands 

prove that molecular adsorbed EC is present on Cu(111) at 80 K, which also supports that the 2D 

crystalline phase is composed of EC molecules. 

3.3.2 Thermal Stability of Adsorbed Ethylene Carbonate Films 

3.3.2.1 STM Measurements 

The STM images in Figure 3—4 (panels a−d) show the surface after annealing to 300 K and 

subsequent cooling to 100 K, both for a (sub) monolayer (Figure 3—4, panels a and b) and a 

multilayer film (Figure 3—3, panels c and d), respectively. The images in Figure 3—4 (panels a 

and b) indicate an irreversible transformation from a well-ordered (2D) crystalline phase before 

annealing (see Figure 3—1, panels a−d) to adsorbate islands which consist of dots and coexist with 

apparent indentations (dark spots) on the Cu(111) areas in between the dots. The morphological 

changes point to chemical changes of the adlayer, which will be analyzed by XPS. The apparent 

indentations are assigned to adsorbed oxygen; they closely resemble the appearance of adsorbed 

oxygen on different metal surfaces.133,134,135,136,137 After vapor deposition of EC multilayers on 

Cu(111) at 80 K, heating to 300 K and subsequent cooling (Figure 3—4, panels c and d), the STM 

images reveal larger coalesced islands, which largely cover the surface. Apparently, upon dosing 

larger amounts of EC on Cu(111) at 80 K, the amount of residual species which remain on the 

surface upon heating to room temperature also increases. 

3.3.2.2 XPS Measurements 

3.3.2.2.1 EC Monolayers.  

To gain information on the chemical changes induced by annealing of an EC monolayer film 

covered surface (d ≈ 4 Å, calculated from the damping of Cu 2p peaks, this corresponds to ∼1−2  
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Figure 3—3: (a and b) C 1s and O 1s XP spectra of EC monolayers films (1 ML, d ≈ 3 Å) on a Cu(111) 
surface recorded at 80 K (bottom of each panel); multilayer spectra (d ≈ 12 Å) are shown in the top part of 
each panel. (c) FTIR spectra of a monolayer and a multilayer film after vapor deposition of EC on Cu(111) 
at 80 K. A molecular model of EC is inserted. 

ML), the surface composition was probed by XPS as a function of temperature (Figure 3—5, 

panels a and b). Sequences of XP C 1s and O 1s core level spectra are shown as color-coded density 

plots (top of each panel) and as waterfall plots (bottom of each panel). The color-coded maps are 

advantageous for following the evolution of the intensities and the position of the peaks, the 

waterfall plots allow for a better visibility of the shape of the XP spectra. After a qualitative 

description of these spectra, we focus on the quantitative analysis of a few selected 
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Figure 3—4-. STM images recorded after vapor deposition of EC monolayer (a and b) and EC multilayer 
films (c and d) on Cu(111) at 80 K, post-annealing to 300 K and subsequent cooling to ~100 K. (a) U = -
1.4 V, I = 25 pA, (b) U = -1.4 V, I = 19 pA, (c) U = -1.4 V, I = 27 pA, (d) U = -1.2 V, I = 21 pA. 

spectra at different temperatures. 

As already mentioned above (see discussion of the spectra in Figure 3—3), the two maxima in 

the XP C 1s region (Ccarbonyl and Cethylene peaks) in Figure 3—5a point to the presence of 

molecularly adsorbed EC on Cu(111) at 80 K. In the temperature regime from about 80−150 K, 

the intensities of all C 1s and O 1s features decrease continuously, without significant changes in 

the form of the spectra, which we attribute to desorption of EC. 

With further increasing temperature (150−220 K), the intensity in the C 1s region continues to 

decrease, and furthermore a new feature (Cnew) emerges at the low BE side. In contrast to the 
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Figure 3—5: (a and b) C 1s and O 1s XP spectra of ~1.5 ML (d ≈ 4 Å) of EC after vapor deposition of EC 
on a Cu(111) surface at 80 K and subsequent slow annealing (~100 K/h) to ~400 K. The temperature interval 
between the spectra is 10 K, respectively. XP spectra are shown as color-coded density plots and waterfall 
plots, respectively. 

initial loss of intensity of the two C 1s peaks due to desorption of intact molecules, this feature 

must be due to fragmentation, leading to new carbon-containing species on the surface. 

At the same time (violet spectra in the waterfall plot), the EC-related O 1s features (Ocarbonyl and 

Oring peaks, cf. Figure 3—3b) also decrease in intensity (Figure 3—5b), the spectrum changes its 

characteristic shape and is getting more symmetric. This process is accompanied by the appearance 

of a new signal (Onew) at the low BE side of the previous peaks. With further increasing 



C h a p t e r  3   6 6  

 

 

 

temperature, up to about 400 K, the new peaks (Cnew, Onew) decrease in intensity. The density and 

waterfall plots illustrate both the changes in the chemical state of the adlayer (>150 K) and the 

desorption of adsorbed molecular species. 

Next, four spectra in the C 1s and O 1s spectral ranges, recorded at temperatures of 80, 180, 220, 

and 290 K, shall be quantitatively analyzed in detail, focusing on changes with respect to EC and 

possible decomposition products (Figure 3—6, panels a and b). For the deconvolution and peak 

fitting of the XP spectra with increasing temperatures, we fixed the energy separation between the 

EC-related peaks [Ccarbonyl (yellow), Cethylene (blue), Oring (blue) and Ocarbonyl (yellow)]. 

Furthermore, the ratio of the respective peak areas and the positions of new peaks were held 

constant (indicated by dotted lines). 

After annealing to 180 K, the total peak area in the C 1s spectrum (Figure 3—6a) decreases by 

∼40%, which to a large extent is attributed to desorption of carbon-containing species. However, 

the area of the Ccarbonyl and Cethylene peaks indicative for adsorbed EC decreases by ∼70%, which 

means that part of the adsorbed EC molecules must have been converted to another carbon-

containing species. Already at 180 K, the C 1s spectrum cannot be explained by the remaining EC-

related features alone, and decomposition products of EC have to be considered. Theoretical 

predictions on the reductive49 and oxidative138 decomposition of EC, performed on free EC 

molecules upon addition/removal of an electron, revealed a manifold of products. This provides 

information about possible product formation in our adsorption experiment, where charge transfer 

is not initiated or enforced by the experiment and can only happen as part of the thermally activated 

decomposition of adsorbed EC. For reductive decomposition upon transfer of one or two electrons, 

respectively, Leung et al. 49 reported products like CO, CO3 2−, C2H4, ethylene glycol, ethylene 

dicarbonate, and oligomers; for oxidative decomposition Xing et al.138 obtained products such as 

CO2, an ethanol radical cation, oligo (ethylene carbonate), and aldehyde. For the XPS peak fitting, 

we take into account possible decomposition  products/fragments containing –C=O, −C−O−C−, 

and−C−C− (−C−H) species, which based on XPS measurements of molecular entities in the 

literature are expected at BEs of around 288, 287, and 284−285 eV, respectively.139,140 A 

satisfactory fit is achieved by using the two EC related and four additional peaks, at 288.5 (green), 

286.4 (orange), and 284.7 eV (red), plus a peak at lower BE (283.1 eV), which we attribute to 

carbidic carbon (Ccarbide). 
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In the O 1s spectral range (Figure 3—6b), the total peak area also decreases by ∼40% when 

going from 80 to 180 K. Analogous to the C 1s region, the intensity of the EC related Ocarbonyl and 

Oethylene peaks also decreased by ∼70%. In agreement with the –C=O and −C−O−C− fragments 

suggested above, we expect two new peaks in the O 1s region, which appear at BEs of around 

532−533 eV. Actually, for an appropriate fit, only a single peak was added at 532.5 (green), 

assuming that the peaks related to –C=O and −C−O−C− species have relatively similar BEs in the 

O 1s range,141 and cannot be resolved in our measurement, keeping in mind that according to the 

C 1s spectrum two species are present. To reasonably fit the experimental O 1s spectrum at 180 

K, we have to add an additional peak at 530.9 eV (purple), which is interpreted as atomic oxygen 

(Oad) adsorbed on Cu(111). This agrees well with our previous assignment of the dark spots in the 

STM image displayed in Figure 3—3 (panels a and b). Analysis of the peak areas at 180 K [taking 

into account the atomic sensitivity factors for C 1s (0.205) and O 1s (0.6), respectively] reveals 

that the adlayer is now composed of 52% EC and 48% decomposition products, which contain 

11% −C=O, 7% C− O−C, and 10% C−C species, furthermore 4% Ccarbide and 16% Oad. 

In the C 1s range, the total peak area further decreases by ~ 40% when going to 220 K. The 

Ccarbonyl and Cethylene peaks are still visible; however, they lost again 80% of their intensity with 

respect to the state at 180 K. The four new peaks [288.5 (green), 286.4 (orange), 284.7 (red), and 

283.1 eV(gray)] related to C=O, −C−O−C− and −C−C− (−C−H), and Ccarbide species were again 

used to generate a proper fit. Here, the main change with respect to the spectrum at 180 K is the 

strong increase in intensity of the −C−C− (−C−H) species at 284.7 eV. 

In the O 1s spectrum, the total peak area decreases further by ∼40% up to 220 K. The Ocarbonyl 

and Oring peaks are still present, but again lost 80% of their intensity, meaning that only a negligible 

amount of molecularly intact EC species are still present. The two new peaks (−C=O/−C−O−C− 

and Oad) were again applied for a satisfactory fit, with a significant increase in intensity of the 

adsorbed oxygen species. The adlayer at 220 K now contains 17% EC together with 83% 

decomposition products, including 10% −C=O, 15% −C−O− C−, and 21% −C−C− containing 

species, in addition, 7% Ccarbide and 30% Oad. 
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Figure 3—6: XP core level spectra in the (a) C 1s and the (b)O 1s spectral ranges, recorded from an EC 
monolayer covered Cu(111) surface during slow annealing; the temperatures at which the measurements 
were carried out are indicated in the figure (Tdepos = 80 K, ~1.5 ML (d ≈ 4 Å)). Peaks related to different 
decomposition products are indicated (peak fitting procedure and interpretation see text). 

When reaching 290 K, the peak intensity in the C 1s and O 1s spectral ranges further decreased. 

The EC related peaks (Ccarbonyl, Cethylene, Ocarbonyl, and Oring) can no longer be used for the peak 

fitting, meaning that no intact EC remained on the surface. In the C 1s region, the XP signal mainly 

decreases on the high BE side, in agreement with the absence of EC (disappearance of the yellow 

and blue peaks) and a smaller contribution of –C=O species. Both, in the C 1s and in the O 1s 

region, the spectra are dominated by decomposition products, in the case of carbon by the −C−C− 

peak and for oxygen by the Oad related peak. Smaller contributions to both spectra arise from 

adsorbed –C=O and −C−O−C− species. At 290 K, the adlayer is free of EC and composed of 7% 

−C=O, 14% −C−O−C−, and 30% −C−C− containing species, additionally 9% Ccarbide and 40% 

Oad. 
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To conclude, the total C 1s and O 1s peak areas decrease by about 70−80%, and the even stronger 

decrease of the EC related peaks together with the observation of new peaks reflect the desorption 

of molecular entities at lower temperatures accompanied and followed by the decomposition of 

EC on Cu(111) upon heating. Consequently, at room temperature no EC could be detected on the 

surface any more. Instead, only a low (sub) monolayer coverage of mainly aliphatic −C−C− (C 1s) 

(30%) and Oad species (O 1s) (40%) is present on t<he surface. A very low amount of residues is 

also indicated by the STM image in Figure 3—3a, which was recorded in an analogous experiment. 

The decomposition products derived from the new peaks not related to EC, which were observed 

during the  temperature rise to room temperature, are assigned to (i)  carbonyl carbon (−C=O) as 

it is present in ketones/aldehydes (C 1s: 288.5 eV, O 1s: 532.5 eV), (ii) −C−O−C− carbon (C 1s: 

286.4 eV, O 1s: 532.5 eV), as it is found in polyether [−(CH2CH2O)−], ethylene oxide (CH2)2O, 

ethylene glycol (C2H6O2), or ethylene dicarbonate (CH2OCO2)2 species, (iii) aliphatic −C−C− 

carbon (C 1s: 284.7 eV), (iv) carbidic carbon (C 1s: 283.1 eV), and (v) adsorbed oxygen (Oad) at 

O 1s: 530.9 eV (purple). 

Overall, the evolution of the XP peaks upon annealing of EC (sub) monolayers from 80 K to 

room temperature reveals a rapid loss of EC (total EC loss: 70% at 180 K and 94% at 220 K; EC 

content of the adlayer: 52% at 180 K, 17% at 220 K, and EC free at 290 K). On the other hand, the 

–C=O containing decomposition product makes 11% of the adlayer at 180 K and remains almost 

constant (10% at 220 K and 7% at 290 K), the −C−O−C− related product (7% of the adlayer at 

180 K) reaches a nearly constant value at 220 K (15%), Ccarbide remains little (4 to 9%), while the 

−C−C− and the Oad decomposition products continuously increase up to 31 and 40%, respectively, 

at 290 K. The calculations of the reductive decomposition of EC upon electron transfer136 mainly 

predict –C=O and −C− O−C− containing decomposition products. Overall, we conclude from the 

variable temperature XPS spectra that components like these are formed in the adlayer upon 

heating; however, their amount on the Cu(111) surface at room temperature is negligible. Instead, 

we find predominantly −C−C− and Oad species on the surface (∼71%). The deviation from the 

trends derived in previous calculations is attributed to the chemical interaction with the Cu(111) 

surface, which was not included in those calculations. 
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Figure 3—7: (a and b) C 1s and O 1s XP spectra of a multilayer EC film (d ≈ 12 Å) after vapor deposition 
of EC on a Cu(111) surface at 80 K and subsequent slow annealing (~100 K/h) to 400 K. The temperature 
interval between the spectra is 10 K, respectively. The XP spectra are shown as color-coded density plots 
and as waterfall plots, respectively. 

 

3.3.2.2.2 EC Multilayers.  

Next, XPS was applied to probe the chemical changes of EC multilayer films (d ≈ 12 Å) during 

annealing (Figure 3—7, panels a and b). Similar to the EC monolayer experiment (see Figure 3—

5), the XP C 1s and O 1s spectra are shown as color-coded density plots (top of each panel) and as 

waterfall plots (bottom of each panel) in Figure 3—7. After a qualitative discussion of these plots, 
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we again concentrate on the quantitative analysis of a few selected spectra at different temperatures 

(Figure 3—8). 

As in the EC monolayer regime, the maxima at BEs typical for Ccarbonyl, Cethylene, Ocarbonyl, and 

Oring species (Figure 3—7, panels a and b) confirm the presence of molecularly intact EC 

multilayers at 80 K. The temperature-dependent variation in the C 1s region is displayed in the 

density plot (top of Figure 3—7a), showing the decrease of the intensity in the carbonyl species 

and a similar but less pronounced effect in the ethylene related peak. Moreover, both peaks 

successively shift to lower BE (also indicated by dash-dotted lines in the waterfall plot), which we 

assign to a final state effect (core hole-screening)126,127 induced by the decreasing layer thickness. 

Gradual changes of the BEs between mono- and multilayers were also demonstrated, for example, 

for Xe on Pd (initital state effects can be ruled out for rare gas atoms)126 and more recently for 

ionic liquids adsorbed on Au and Ag.142,143 The BE shift (∼0.7 eV) between EC mono- and 

multilayers was already described in Figure 3—3. 

Generally, the behavior in the C 1s regime is comparable to the situation for the EC monolayer 

(cf. Figure 3—5). However, the changes of the XP spectra also reveal some differences compared 

to the monolayer case. Both, the density and the waterfall plot clearly show the presence of a new 

single asymmetric peak at a BE of about 285 eV at higher temperatures (Cnew). In the O 1s regime, 

the total peak area decreases significantly more slowly than for the EC monolayer. These data also 

display an even more pronounced shift of the broad peak (Oring + Ocarbonyl) to lower BEs, which 

stems from two individual contributions, a general shift to lower BEs as in the case of the C 1s 

region, and the decrease of the Oring species. 

In detail, in the temperature interval between 80 and 150 K, the total peak areas in the C 1s and 

O 1s regions display a moderate but continuous decrease due to the desorption of EC molecules. 

All peaks mainly decrease in intensity, without the formation of new peaks. Similar to the EC 

monolayer situation, the two maxima (violet spectra in the waterfall plot) further decay upon 

heating from 150 to 220 K and a new peak (Cnew) emerges at the low BE side (Figure 3—7a), 

reflecting the decomposition of EC. In agreement with the C 1s region, the O 1s spectra also 

decrease in intensity between 150 and 220 K (violet spectra in the waterfall plot) (Figure 3—7b). 

Furthermore, the envelope of the XP signals clearly changes from the typical signal of molecularly 

adsorbed EC to a broad symmetric signal, which indicates chemical changes in the  
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Figure 3—8: XP core level spectra in the (a) C1s and (b) O1s spectral ranges, recorded from an EC 
multilayer (d ≈ 12 Å) covered Cu(111) surface during slow annealing to the temperatures indicated in the 
figure (Tdepos = 80 K). Peaks related to different decomposition products are indicated (peak fitting 
procedure and interpretation see text). 

EC film besides the desorption of EC, similar to observations for EC monolayers. Interestingly, 

the spectra do not reveal a new oxygen signal (Onew), which appeared upon annealing an EC 

monolayer. Similar as for EC monolayers, the intensity of the new carbon peak (Cnew) is nearly 

constant between 220−290 K, but with four to five times higher intensity, though the overall O 1s 

peak intensity decreases monotonously. Annealing the sample to higher temperatures (400 K) 

results in a gradual shift of all peaks toward lower BEs, which we assign to final state effects, as 

described above. 

For a more detailed quantitative peak analysis, we again use four characteristic spectra from the 

C 1s and O 1s spectral ranges (Figure 3—8), at the same temperatures as used for EC monolayers 
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(see Figure 3—6). The constraints for the peak fitting of the XP spectra were again to fix the energy 

differences between the EC-related peaks and their intensity ratio; in addition, since the layer 

thickness gradually decreased during annealing, we allowed all peaks to moderately shift to lower 

Bes (due to the final state effect mentioned above).  

Upon annealing to 180 K the situation changes, both with respect to the situation at 80 K and 

compared to the temperature-dependent measurements of EC monolayers on Cu(111). Although 

the total peak areas of the C 1s and O 1s spectral ranges do not change significantly (−20% in 

average), the spectra look quite different. The peak areas of the EC related peaks, indicative for 

adsorbed EC, decreased by ∼50% in the C 1s and O 1s regions. For the C 1s spectrum, a new peak 

evolves at the low BE side at 285.2 eV (red) and the pronounced minimum between the two C 1s 

peaks starts to be filled up by a peak at 288.6 eV (green). Both new components are already known 

from the EC monolayer discussion (−C=O and −C−C−), but the peak at 285.2 eV is much more 

prominent compared to the EC monolayer situation. Additionally, a peak with rather low intensity 

emerges at 286.9 eV (orange), also this state is already known from EC monolayers  (−C−O−C−). 

The situation is different for the O 1s region. Here, the Oad feature is nearly completely missing, 

whereas the peak at 533.0 eV (green) (−C=O and −C−O−C−) is rather similar to that for EC 

monolayers. This leads to a broad, nearly symmetric peak in the O 1s region. Finally, upon 

annealing to 180 K, the remaining adlayer is composed of 64% EC and 36% of species containing 

–C=O (16%), −C−O−C− (6%), and −C−C− (14%) groups. 

Upon further warming to 220 K, the peak area remains nearly constant in the C 1s spectral range, 

while in the O 1s spectrum it decreases by ∼25% compared to the spectrum at 180 K (i.e., the C/O 

ratio increases). EC related C 1s and O 1s peaks lose again ∼50% in intensity compared with 180 

K; nevertheless, there is still some molecularly intact EC adsorbed. Furthermore, the C=O peak 

located at 288.4 eV (green) and the −C−O−C− peak at 286.7 eV (orange) slightly increase in 

intensity, and the C−C peak at 285.0 eV (red) grows significantly (∼+60%). The rather symmetric 

peak shape in O 1s requires the presence of a –C=O, −C−O−C− related peak at 532.7 eV (green) 

with higher intensity compared to 180 K. The remaining adlayer at 220 K is composed as follows: 

40% EC, 20% −C=O, 15% −C−O−C−, and 25% −C−C−, that is, the adlayer already consists of 

60% decomposition products. 
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Finally, upon warming to 290 K, the total peak area in the C 1s region remained almost constant, 

while the peak area in the O 1s spectrum further decreased in intensity by 30% compared to that 

at 220 K, which means the C/O ratio further increased to a value of nearly 2. Hence, more oxygen 

than carbon desorbed. Both the spectrum in the C 1s and the O 1s region reveal a very weak 

contribution of EC related peaks (peaks in yellow and blue). The −C−C− related peak at 284.9 eV 

(red) clearly dominates the spectrum, while the peaks at the high BE side related to –C=O, 

−C−O−C− species decrease in intensity (as the latter peak and Cethylene exhibit very similar 

intensities and BEs, only their sum is shown). For the O 1s spectral range, the –C=O, −C−O−C− 

signals slightly decrease. At 290 K, the remaining adlayer is composed of 21% EC, with the rest 

being made up of decomposition products, 15% −C=O, 22% −C−O−C−, 37% −C−C−, and Oad 

5%, that is, the −C−C− is the dominating species on the surface. 

Overall, upon heating of a EC multilayer covered Cu(111) surface from 80 to 290 K, we see the 

EC related peaks to decrease with temperature (total EC loss: 50% at 180 K, 70% at 220 K, and 

87% at 290 K; EC adlayer content: 64% at 180 K, 40% at 220 K, and 21% at 290 K). The –C=O 

containing decomposition products assume values between 16 and 20% of the film, and the amount 

of the −C−O−C− related products (6% at 180 K) grows up to 22% at 290 K. We expect that both 

products in this adsorption experiment are related to one of the fragments obtained for 

reductive/oxidative EC decomposition in the gas phase.49,138 The −C−C− decomposition product 

is most prominent and continuously increases up to 25% at 220 K and 37% at 290 K. Interestingly, 

in comparison to heating an EC monolayer covered Cu(111) surface, more adsorbed EC and a 

considerable amount of –C=O and −C−O−C− containing decomposition products remain at 290 

K, the Oad species is missing, and again the −C−C− species is dominating. 

Altogether, upon annealing EC multilayers, we see both desorption and decomposition of EC 

into largely the same fragments as obtained after heating of EC monolayers [i.e.,−C=O, 

−C−O−C−, −C−C− (−C−H)], as present in ketones or aldehydes and polyether, ethylene oxide, 

ethylene glycol, or ethylene dicarbonate, respectively. There are, however, some differences in the 

variable temperature XPS measurements compared to the EC monolayer situation. First of all, 

upon annealing, all peaks gradually shift to lower BE as the layer is getting thinner, which we 

again relate to final state effects (more efficient metallic screening). In contrast to EC monolayers, 

we see a marginal loss of carbon (15%) in EC multilayers and a large loss of oxygen (60%) upon 
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warming from 80 to 290 K. The resulting −C−C− (−C−H) peak is much more prominent (five 

times of the intensity obtained upon annealing the monolayer covered sample), and the Oad species 

observed for EC monolayer warming is missing. The latter is most easily explained by a surface 

blocking effect, if the Cu(111) surface is largely covered by carbon-containing adsorbates, which 

prevent the formation of Oad on the surface and concomitantly leads to the desorption of largely 

oxygen containing species such as CO2. 

3.3.2.3 FTIRS Measurements 

For further characterization, we performed FTIRS measurements at increasing temperatures on 

Cu(111) surfaces covered by an EC monolayer (d ≈ 3 Å) (Figure 3—9a) and by an EC multilayer 

film (d ≈ 7 Å) (Figure 3—9b), respectively. Again the thickness was calculated from the damping 

of the XP Cu 2p peaks determined directly before the FTIRS measurements. The absorbance in 

the FTIR spectra was calculated using the spectrum recorded after vapor deposition of EC on 

Cu(111) at 80 K as background spectrum (see Experimental Methods). Since the first spectrum at 

105 K (Figure 3—9a) shows a flat line, the absorbance does not change in between 80 and 105 K. 

In the temperature regime from 105 to 160 K, the spectra reveal no pronounced changes, neglecting 

some features with very low intensities. A more prominent growth of bands is obtained in the 

spectra at ∼170 K. Here we note that the evolution of bands with negative amplitudes originates 

from the intensity loss of vibrational modes of adsorbed EC, while positive amplitudes are related 

to a temperature induced increase of the absorbance, due to the formation of new adsorbed species 

or due to changes of the configuration of EC in the adlayer. 

At ∼170 K, bands with negative amplitudes emerge at 1092, 1187, 1399, 1781, and 1817 cm−1, 

respectively, which belong to the vibrational modes of EC (see the reference spectrum at 80 K in 

Figure 3—3c). The evolution of these modes reflects the loss of EC from the surface, in good 

agreement with the XPS results. Simultaneous to the onset of negative bands, we also recognize 

bands with weakly positive amplitudes appearing at 1183 and 1220 cm−1 and rudimentarily a band 

at 1397 cm−1. The bands at 1220 and 1397 cm−1 were already detected with weak intensity in the 

reference spectrum in Figure 3—3c and are assigned to one of the four ring  
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Figure 3—9: Variable temperature FTIR spectra after vapor deposition of (a) an monolayer EC film (d ≈ 3 
Å) and (b) a multilayer film (d ≈ 7 Å, ~ 2 ‒ 3 ML) (b) on the Cu(111) surface at 80 K. 

stretching modes and CH2 wagging modes;128,129 the band at 1183 cm−1 is very close to the EC 

related band at 1189 cm−1 (see Figure 3—3c). Thus, the band at 1183 cm−1 originates most likely 

from the same vibrational ring mode, which is shifted to lower wave numbers (red shift), most 

likely due to changes of the configuration of EC in the adlayer. Thus, we assume that also the band 

at 1183 cm−1 stems from adsorbed EC and does not result from decomposition 
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products/intermediates. Furthermore, the finding of a positive absorbance in vibrational ring 

modes is in contrast to ring opening reactions in EC, which is the most probable route in EC 

decomposition reactions. The positive bands at 1183 and 1221 cm−1 grow initially upon further 

heating from 170 to 200 K, before they suddenly disappear at ∼200 K (the spectra between 170 

and 200 K are marked violet).Concomitantly, the negative intensities of the bands at 1092, 1189, 

1399, 1781, and 1817 cm−1 grow and reach steady-state values, indicating that the EC is completely 

desorbed or decomposed. This is consistent with the findings in the XPS measurements, which 

revealed that above 220 K only negligible amounts of molecularly intact adsorbed EC are present. 

The simultaneous growth of the bands with positive (1183 cm−1) and negative (1189 cm−1) 

amplitudes, which are very close to each other, results in a bipolar band, which at ∼200 K abruptly 

changes to a band with a solely negative amplitude.  

The fact that we see almost no new vibrational bands arising from adsorbed residues in FTIRS 

is most simply explained by the rather low amount of decomposition products, which was observed 

already by STM and XPS. However, having a closer look at the FTIRS waterfall plot, we find four 

modes with very weak intensities at 1263, 1364, 1583, and 1608 cm−1 (highlighted by arrows in 

Figure 3—9a). The band at 1263 cm−1 could be due to a C=O stretching frequency in an epoxide, 

ester, or ether species and that at 1364 cm−1 might stem from a CH2 deformation mode. The two 

bands at 1583 and 1608 cm−1 could arise from a C=C vibrational mode of an unsaturated carbonyl 

compound or an aromatic compound.144 All of these fragments are compatible with those 

suggested from the variable temperature XPS measurements. 

FTIR spectra acquired upon annealing of an ∼7 Å thick multilayer EC film (∼2−3 layers) are 

shown in Figure 3—9b. The spectra already show some very weak features in the temperature 

range between 105 and 160 K (i.e., bands with negative amplitudes at 1817 cm−1 and positive ones 

at 1781 cm−1, respectively), which we tentatively explain by a temperature-induced enhancement 

of the above-described Fermi resonance (see section 2.1).130,145 With increasing temperature, the 

overtone band at about 1781 cm−1 gains more and more intensity at the expense of the carbonyl 

band at about 1817 cm−1. Finally, in the same temperature interval, a band with positive amplitude 

at 1187 cm−1 appears, whose origin is, however, unclear. 

Much more prominent bands evolve at 1183 and 1220 cm−1 between ∼160−200 K, with much 

higher intensity compared to the monolayer film, which abruptly disappear at ∼200 K (spectra are 
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marked violet). Bands with negative amplitudes reveal a loss of EC and are reproducibly found at 

1091, 1187, 1399, 1781, and 1817 cm−1. As discussed above, the positive band at 1183 cm−1 

appears most likely due to a red shift of the EC-related vibrational ring mode from 1189 to 1183 

cm−1 and is therefore not related to the formation of an adsorbed decomposition 

product/intermediate. The superposition of the bands at 1183 and 1189 cm−1 with positive and 

negative amplitude, respectively, again results in a bipolar band, which abruptly transforms at 

∼200 K in a band with only negative amplitude. In addition to the bands already discussed for the 

monolayer film, the spectra in Figure 3—9b reveal three additional bands at 1397, 1421, and 1473 

cm−1, respectively. These are attributed to CH2 wagging modes and a CH2 bending mode of EC 

(cf. reference spectrum in Figure 3—3c) which, as also described above, experience a weak red 

shift. This shift is most likely also related to temperature-induced changes of the configuration of 

EC. 

Generally, the vibrational modes, which were detected during annealing of EC mono- and 

multilayers, reflect vibrational modes, which are well-known from FTIR spectra of adsorbed EC 

molecules. Hence, we assume that the changes in the spectra upon heating from ∼160 to 200 K 

are induced by desorption (bands with negative amplitudes) and/or decomposition of EC and 

concomitantly by changes of the configuration of adsorbed EC (bands with positive amplitudes) 

related to the decreasing EC coverage. Support for our assumption that the bands with positive 

amplitudes are no new species is given by the absence of any intermediate species in the variable 

temperature XPS measurements in this temperature range. The bands at 1263, 1364, 1583, and 

1608 cm−1, which we had attributed to possible decomposition products on the surface in the 

discussion of the monolayer film, are again identified in the FTIRS waterfall plot in Figure 3—9b 

(highlighted by arrows).  

Finally, we would like to note that the present findings on the chemical interaction of EC with 

Cu(111) are of relevance for battery applications insofar as they reflect the situation at the open 

circuit potential (in the absence of an applied potential between electrode and electrolyte) and in 

the absence of (solvated) Li ions. The interactions between bulk electrolyte and the interface near 

region are not expected to strongly modify these interactions and processes, as evident also from 

the little difference in the thermal decomposition behavior between EC monolayer and EC 

multilayer films. Hence, it seems that the reaction is not (or not significantly) catalyzed by the 
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surface. In the present experiments, where the EC multilayer measurements were limited to few 

layers, we cannot rule out, however, that decomposition occurs at the surface, simultaneously with 

desorption, with decomposition products being accumulated at the surface. In that sense, it is 

highly interesting that already the chemical interaction of these EC multilayers and Cu(111) at 

room temperature results in a more or less complete coverage of the Cu(111) surface with adsorbed 

decomposition products. This can be considered as the possible initial stage of SEI formation. 

Future work will concentrate on elucidating the impact of battery relevant cations such as Li+ on 

the adsorption and decomposition process. 

3.4 Conclusions 

On the basis of the results of a systematic, multimethod study, employing STM, XPS, and FTIRS 

measurements as well as DFT-D calculations, we arrive at the following conclusions on the 

structure formation and thermal stability/decomposition behavior of EC interacting with a Cu(111) 

surface under UHV conditions. (1) The observation of a well-ordered adlayer with a commensurate 

superstructure upon vapor deposition of EC on the sample held at 80 K indicates that the barrier 

for surface diffusion of adsorbed EC species on Cu(111) is rather low, allowing ordering already 

at this temperature. Also the attractive interactions between adsorbed EC molecules must be 

relatively weak, since even at that temperature adsorbed EC molecules can either detach from 

monolayer islands or diffuse along their edges. On the other hand, interactions with the Cu(111) 

substrate, more precisely the lateral variation therein, are strong enough to enforce a commensurate 

adlayer structure. The DFT-D calculations reveal a compromise between optimum 

adsorbate−substrate and adsorbate−adsorbate interactions, such that the intermolecular 

interactions in the ordered structure contribute in average by −0.4 eV per molecule to the total 

adsorption energy of −0.9 eV. The interaction between EC and substrate is mainly due to van der 

Waals interactions, which also stabilize the ordered arrangement. XPS and FTIRS measurements 

performed at 80 K verify molecular adsorbed EC. (2) At least two different configuration of EC 

molecules with different tilt angles with respect to the surface are concluded from the appearance 

of different-heighted protrusions in the unit cell in high-resolution experimental STM images. This 

is confirmed also by DFT-D calculations, which reveal that the EC molecules at the corners of the 
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unit cell are pointing with only two oxygen atoms to the surface, while the majority of EC 

molecules are lying almost flat on the Cu(111) substrate, with three oxygen atoms pointing to the 

surface. This results in a more upright geometry of the corner molecules and thus in an increased 

apparent height in the simulated STM images, in agreement with experimental findings. Indeed 

the observation of a C=O stretching mode in the FTIR spectra requires that not all EC molecules 

are lying flat on the surface. (3) The barriers for thermal desorption and for decomposition of 

adsorbed EC molecules are of similar magnitude, as derived from the competition between these 

processes upon annealing of EC monolayers from 80 K to room temperature. EC nearly completely 

disappears between 150−220 K, and decomposition intermediates/products are formed, including 

carbonyl (−C=O)-containing species as in ketones and aldehydes, −C−O− C− containing species 

as in polyether, ethylene oxide, ethylene glycol, or ethylene dicarbonate, aliphatic hydrocarbons 

(−C− C−, −C−H) and adsorbed oxygen (Oad). Cooling to ∼100 K leads to island formation of 

adsorbed EC decomposition products which coexist with adsorbed oxygen atoms (Oad). (4) A 

similar competition between EC desorption and EC decomposition is observed upon annealing of 

EC multilayers. In this case, the total amount of adsorbed decomposition products is significantly 

higher; they almost completely cover the surface. The nature of the EC decomposition products is 

similar to those obtained for EC monolayer covered surfaces; only the Oad species are missing, 

which we relate to a surface blocking of the Cu(111) substrate by carbon-containing adsorbates. 

Overall, the present work convincingly illustrates the detail of molecular scale information and 

insight that can be obtained in such kind of model studies and their potential for an improved 

understanding of the processes going on at the interface between (model) electrodes and battery 

electrolytes, which are essential for the development of improved future batteries. 
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The content of the following section was published in reference [146] and is adopted with 

permission from (J. Phys. Chem. C, 2015, 119 (29), pp 16649–16659, DOI: 

10.1021/acs.jpcc.5b03765), Copyright (2015) American Chemical Society. The abbreviations, 

nomenclature of the organic molecules, the style and the numbering of the references and the 

figures have been adapted to fit the layout of the thesis.  

Moreover, the experimental and supplementary part of the paper is removed in this section. In 

chapter 2 the combination of experimental part of all chapters is given to avoid duplication. 

Supplementary information of the paper is added to the experimental part and to the appendix of 

this thesis. The author of this thesis contributed significantly in the coverage dependent STM 

imaging and data evaluation of Li on Cu(111) and writing the corresponding manuscript text. 

4.1 Abstract  

The IL BMP-TFSI is a promising candidate for improved next‒generation rechargeable lithium‒

ion batteries. We here report results of a model study of the reactive interaction of (sub‒) 

monolayers and multilayers of BMP-TFSI with lithium (Li) on Cu(111), employing STM, XPS 

FTIRS under UHV conditions. Upon post‒deposition of Li on BMP-TFSI multilayers at 80 K we 

identified changes in the chemical state of the TFSI anion and the BMP cation, as well as in the 

IR absorption bands related to the anion. These changes are most likely due to the decomposition 

of the IL adlayer into a variety of products like LiF, Li2S, Li2O upon anion decomposition and 

LiN3, LiCxHyN and / or LixCHy upon cation decomposition, where the latter includes cracking of 

the pyrrolidinium ring. Deposition of Li on BMP-TFSI (sub‒) monolayer covered surfaces led to 

similar decomposition patterns, and the same was observed also for the reverse deposition order. 

The addition of the corresponding amounts of Li to a BMP-TFSI adlayer resulted in distinct 

changes in the STM images, which must be due to the surface reaction. After annealing to 300 K, 

the core level peaks of the cation lose most of their peak area. Upon further heating to 450 K, the 

anion is nearly completely decomposed, resulting in LiF and Li2S decomposition products that 

dominate the interface. 
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4.2 Introduction  

ILs, which are mostly molten organic salts with a melting point below 100°C, received 

tremendous attention in both fundamental research and in new applications, ranging from materials 

science, electrochemistry, and catalysis to medical chemistry.147,148,149,150 This is due to their 

unique physical and chemical properties, which can furthermore be varied widely and adapted to 

specific applications by making use of the multitude of different anion‒cation combinations. The 

background of the present study is their potential application in the area of electrochemical energy 

storage, for example, as solvents in lithium ion and lithium air batteries.8,151,152  

The systematic optimization of ILs towards this application requires a fundamental 

understanding of the processes at the IL | solid interface at the molecular level. Accordingly, 

numerous studies on the interaction between ILs and solid electrode surfaces have been reported, 

which were conducted either in situ, under electrochemical conditions,153,154,155,156,157,158,159 or ex 

situ, in UHV.23,142,143,160,161,162,163,164,165,166,167,168,169 Nevertheless, studies aiming at and resolving 

details on the adsorption at the IL | metal interface at the (sub–)molecular scale are just at the very 

beginning.23,143,166,167,168,169 This is topic of an ongoing study in our Institute on the interaction of 

ILs, which are relevant for battery application such as BMP-TFSI, and well–defined model 

electrode surfaces (i.e., noble and transition metal surfaces) under UHV conditions. In previous 

reports we focused on the self–assembly of the molecules, the intermolecular interactions, the 

intramolecular conformation and the thermal stability of the adspecies on the surface.23,143,167,168,169 

It has been demonstrated, e.g., that on Ag(111) and Au(111) BMP-TFSI adsorbs intact, without 

decomposition, at least at temperatures below ~400 K, while on Cu(111) the anion decomposes in 

the temperature range between 300 and 350 K.23 

Battery electrolytes, however, are mostly complex multicomponent systems which consist of 

one or more organic solvents (ILs and / or carbonates) and a lithium (Li) salt (e.g. LiPF6, Li-TFSI). 

These components determine formation and properties of the so‒called SEI, which is a function 

determining layer formed at the EEI during initial potential cycling.170 Molecular scale studies on 

the interactions between different electrolyte components including ILs have been extremely 

scarce so far. Kurisaki et al. reported XPS measurements on a droplet of a mixture of 1‒ethyl‒3‒

methylimidazolium bis¬(trifluoromethylsulfonyl)imide (EMIM-TFSI) and Li-TFSI under 

potential-free conditions, and proposed that the TFSI anion is concentrated near the surface, with 
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the lithium ion coordinated by the oxygen atoms of the anion.171 Very recently, Oschlewski et al. 

studied the interaction of Li with a 7 nm thick 1-octyl-3-methyl¬imidazolium bis-

(trifluoromethylsulfonyl) imide (OMIM-TFSI) or BMP-TFSI film on a copper foil. XPS resolved 

a variety of reaction products such as LiF, Li2O and LixCH, reflecting the instability of the IL 

against lithium. In contrast, vapor deposition of the IL on an oxygen passivated lithium layer 

revealed nearly unaffected anions and partially decomposed cations.172 Other studies focused on 

the chemical composition of the SEI after potential cycling, e.g., in Li-TFSI and different solvents 

or polymer electrolyte, employing subsequent in vacuo characterization of the SEI by XPS. Ismail 

et al. characterized the surface layer formed on a lithium-metal electrode after this had been in 

contact with a Li-TFSI salt doped solid polymer electrolyte. The resulting layer was found to 

consist of decomposition products of the anion such as LiF, indicated by a F 1s peak with a BE of 

685.5 eV, together with compounds of the as-received Li-foil as Li2CO3/LiOH and Li2O.173 Xu et 

al. detected a peak at 685.0 eV in the F 1s BE range of spectra recorded at the interface between 

graphite and a lithium | solid polymer electrolyte, which they ascribed to the formation of LiF 

during the first discharge process. They tentatively attributed this to either originate from the 

binder and / or from decomposition of Li-TFSI salt.174 They also found further degradation 

products like Li2S, Sx, Li2SO3 and Li3N, which fit well into the canon of decomposition fragments 

proposed by Aurbach et al..124 The latter authors suggested that reductive decomposition of Li-

TFSI during potential cycling may lead to the following compounds: Li3N, LiF, C2FxLiy, Li2S, 

Li2S2O4, Li2SO3 and SO2CFx. Nguyen et al. reported on the reductive decomposition of the cation 

and the TFSI anion on a Si‒Cu anode during initial cycling to species like SOx, CFx, Li3N and 

LiF.125 

Overall, these in situ and ex situ spectroscopic measurements suggested that the formation of 

the SEI mainly results from a potential–dependent decomposition of the TFSI anion during the 

cycling process. They did not gain, however, direct molecular scale information on the processes 

going on at the electrode | electrolyte interface. This is topic of the present communication, where 

we report on the co‒adsorption of BMP- TFSI and Li and the Li-induced decomposition under 

UHV conditions on a well–defined Cu (111) model electrode surface, employing STM, XPS and 

FTIRS. Following previous studies on the adsorption behavior of the individual components of the 

electrolyte,23,143,167,168,169,175 the present work aims at identifying molecular building blocks of the 

SEI and to unravel the interactions at the model EEI for (sub‒)monolayer coverage with atomic / 
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molecular resolution. We consider model studies like this and the resulting detailed understanding 

of the processes at the EEI as essential for a systematic improvement of next‒generation 

rechargeable lithium–ion batteries. 

4.3 Results 

4.3.1 Pristine adlayers of BMP-TFSI and Li 

Before exploring the interaction between the coadsorbed BMP-TFSI and Li, both species were 

separately adsorbed and characterized on Cu(111). A (sub‒) monolayer of BMP-TFSI was 

prepared by vapor deposition on the sample held at 80 K and subsequent imaged by STM around 

100 K. The images depicted in Figure 4—1a‒e display partly IL covered surfaces at different 

scales. The surface is covered by a 0.4 ML BMP-TFSI adlayer (the monolayer coverage (1 ML) 

is defined by the number of adsorbed ions in direct contact with the metal surface atoms at 

saturation). The adsorbed IL species are agglomerated into islands with relaxed dendritic shapes, 

which are homogeneously distributed over the terraces. In the regions close to steps they start to 

grow both from the ascending and the descending side of the step edges (Figure 4—1a-d). Higher 

resolution images as shown in Figure 4—1d,e illustrate that the islands are composed of round and 

elliptic protrusions which are arranged in a disordered way with an average nearest neighbor 

distance of 0.85 ± 0.05 nm, which agrees quite well with the maximum diameter of either an anion 

or a cation (see also ref 168.) In contrast to BMP-TFSI adsorption on Ag(111) and Au(111),167,168,169 

we did not find any highly ordered 2D crystalline phases. Furthermore, these images do not allow 

to identify and discriminate between adsorbed anions and cations, which had been possible for 

adsorption on Ag(111) and Au(111). In the latter cases a round protrusion could be associated with 

the upstanding alkyl chain of the cation, while two parallel elliptic protrusions were in good 

agreement with the calculated STM image of the adsorbed anion, specifically with the two CF3 

groups of the anion. Most likely, the different arrangement and possibly also intramolecular 

conformation of the adsorbed ILs on Cu(111) as compared with those on Ag(111) and Au(111) 

result from kinetic effects, hindering the adlayer to reach a well ordered, stable configuration. 
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Figure 4—1: STM images recorded upon vapor deposition of (sub-)monolayer amounts of BMP-TFSI on 
a Cu(111) substrate held at ~200 K and subsequent cool down to ~100 K. The large-scale STM image in 
panel a shows islands with relaxed dendritic shapes (Ut=+1.5 V, It=15 pA). Panels b and c resolve that the 
islands consist of aggregated protrusions which are arranged in a disordered manner (Ut=+1.5 V, It=15 pA). 
The small-scale STM image in panels d and e reveals that the protrusions appear either roundish or elliptical 
(Ut=+1.5 V, It=15 pA) 
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Second, a small amount of Li was deposited on the Cu(111) substrate held at 80 K and the 

resulting surface was characterized by STM. The STM micrographs in Figure 4—2a,b show 

protrusions which are dispersed over the surface (Li = 0.02 nm-2). These features are very similar 

to those observed by Simic‒Milosevic et al. and by Krull et al. for Li adsorption on Ag(001) and 

Ag(100) at liquid helium temperature.176,177 Therefore, they are tentatively attributed to individual 

Li adatoms or small clusters. A majority of the protrusions exhibits an apparent height of 1.9 ± 0.2 

Å, while a minority is slightly higher with 2.6 ± 0.2 Å under the given tunneling conditions. Similar 

observations were also reported by Simic‒Milosevic et al., who assigned the higher features to 

vertical Li dimers.176 It should be noted, however, that they could equally well result also from 

double-layered clusters. 

STM images recorded at a magnified scale are shown in Figure 4—2c,d (the copper atomic 

lattice is resolved and depicted in Figure 4—2d). Additional local indentations resolved in these 

images are attributed to adsorbed oxygen species, which even after careful preparation are still 

present on the surface at very low concentrations (≤ 0.015 nm-2) and cause a local decrease in the 

density of states. The full width at half maximum (fwhm) of the dispersed protrusions is 1.4 ±0.2 

nm and 1.7 ± 0.2 nm, respectively, which is much more than expected for a single Li adatom. It 

may be justified, however, when considering electronic effects and tip effects, due to convolution 

of the surface feature with the STM tip, which results in an apparently larger size of the imaged 

feature. From the fact that we observe a decoration of the steps (see Figure 4—5 centre , Figure 

9—1 and Figure 9—2) we assume that the impinging Li atoms can diffuse on the surface over a 

distance which is at least as long as the terrace width at 80 K. The Langmuir‒Gurney model claims 

a dispersion of Li over the surface due to positively charged Li ions with dominantly repulsive 

short‒range interactions. If the adsorbed species are significantly charged, one would not assume 

the formation of adsorbed aggregates, but from our STM images we cannot distinguish between 

these two because due to tip effects even adsorbed atoms may look much larger. 

4.3.2 Li post-deposition on BMB-TFSI multilayers (XPS, FTIR) 

Prior to the post‒deposition of Li, a BMP-TFSI film of approximately six layers (deposition rate 

= 0.1 ML/min) was vapor deposited on a Cu(111) substrate held at 80 K and subsequently heated 

to examine the thermal stability of the BMP-TFSI film by FTIRS. The IR spectra, which 
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Figure 4—2: STM images of adsorbed Li on a Cu(111). After Li was vapor deposited on the sample held 
at 80 K the STM measurements were carried out at ~100 K. (a,b) The large-scale STM image shows 
individual protrusions (Ut=+1.0 V, It=20 pA). Panel c shows a magnified STM image; in the small-scale 
STM image in panel d, the copper atomic lattice is resolved. (Ut=+0.5 V, It=30 pA). 

were successively acquired (tac = 5 min), are presented as difference spectra with the background 

spectrum of the BMP-TFSI covered sample at 80 K subtracted in Figure 4—3a. Therefore, these 

spectra reflect the changes in the vibrational structure of the film due to either decomposition or 

desorption. Correspondingly, the first spectrum at 80 K shows a featureless line exhibiting no 

changes. Upon heating weak bands start to evolve, indicating the onset of thermally induced 
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change in the adlayer. In the following, these bands are more pronounced mainly in the range 

between 1000 and 1500 cm‒1 and successively increase in intensity. It should be noted that from 

technical reasons no correct temperature readings were possible in this experiments and that the 

spectra were taken every 5 min, until no changes were visible any more (complete desorption). 

Because of the pronounced nonlinear heating rate this does not correspond to constant temperature 

steps between the spectra. The most intensive bands are observed at 1062, 1140, 1148, 1218, 1233, 

1245, 1330 and 1358 cm‒1. Bands with similar wavenumbers were observed in IR spectra of 

adsorbed multilayers of an IL with identical anion (i.e., 1‒butyl‒3‒methyl¬imidazolium bis-(tri‒

fluoro‒methylsulfonyl)imide BMIM-TFSI) on Al2O3/NiAl(110) recorded at low temperatures and 

assigned to intact adsorbed molecules.177,178 The assignment of the TFSI related bands in the mid‒

IR regime has been previously discussed in detail, and the modes attributed to the cation were 

found to be weak and appear above 1400 cm‒1, while the most intense bands in the spectrum were 

all related to the anion.179,180 The band around 1062 cm‒1 is assigned to the asymmetric stretching 

mode of the S–N–S group (νas,SNS). The absorption band around 1140 cm‒1 (νs,SO2) and that at 1330 

and 1358 cm‒1 (νas,SO2) are attributed to the symmetric and asymmetric stretching modes of SO2, 

respectively. Finally, the three bands at 1218 (νas,CF3), 1233 (νs,CF3) and 1245 cm‒1 represent the 

fingerprint of the CF3 stretching modes. Thus, all features resolved in our experiment are attributed 

to BMP-TFSI, demonstrating a loss of the IL upon warm up. Our previous XPS study revealed 

that (sub-)monolayers of BMP-TFSI adsorb intact on Cu(111) at 80 K with a balanced ratio of 

anions to cations.23 Furthermore, temperature-dependent STM and XPS measurements 

demonstrated that the TFSI anion decomposes during annealing in the temperature interval 

between 300 and 350 K into anion fragments such as Sad, SOx, CF3.23 Interestingly, we found no 

bands related to the latter species in the current FTIRS measurements, in contrast to findings in 

STM and XPS measurements, which may be explained either by a too small amount of residues 

on the surface or by species that are not infrared-active. Finally, the detected bands are most likely 

related to multilayer desorption. 

In the following experiments, both FTIRS and XPS measurements were performed on the same 

sample under identical conditions in the same UHV chamber. XP spectra of the neatly  
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Figure 4—3: (a) FTIR difference spectra recorded after vapor deposition of multilayers of BMP-TFSI on a 
Cu(111) substrate held at 80 K (~6 ML) and subsequent slow annealing, showing the spectral range between 
1000 and 1400 cm‒1 with the vibrational modes of the anion (background: spectrum recorded upon 
deposition at 80 K). (b) After vapor deposition of the same amount of BMP-TFSI on a clean Cu(111) held 
at 80 K and subsequent Li postdeposition, the FTIRS difference spectrum displays the same changes in the 
vibrational modes. 

adsorbed BMP-TFSI film at 80 K were recorded first. Second, FTIR spectra were recorded both 

on the same Li-free BMP-TFSI film, followed by a second measurement after postdeposition of 

Li to resolve the Li-induced changes. In the third step, also XP spectra were recorded on the BMP-

TFSI + Li covered sample. To begin with, we show isothermal FTIRS experiments at 80 K, 
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monitoring the changes in the IR spectrum upon subsequent postdeposition of Li on the BMP-

TFSI multilayer film, which was prepared as described before. Difference spectra (baseline 

corrected), obtained using the spectrum recorded on the Li-free multilayer film as background 

spectrum, show the same vibrational modes (S–N–S, SO2 and CF3) as found upon heating (Figure 

4—3b). These changes at 80 K clearly point toward a Li-induced decomposition of the TFSI anion 

already at the low deposition temperature. 

Subsequently to the FTIRS measurements, the BMP-TFSI multilayer + Li covered Cu(111) 

sample was transferred to the XPS measurement station at constant temperature and the chemical 

state of the multilayer was probed. Figure 4—4 shows a comparison of representative F 1s, N 1s, 

C 1s and S 2p core level spectra, which were recorded once on the Li-free multilayer (spectra at 

the bottom of each panel) and once after post-deposition of Li (spectra on top of each panel). The 

F 1s region (Figure 4—4a) reveals a single peak (Fanion) at 689.0eV which originates from the TFSI 

anion. After codeposition of Li, the initial TFSI peak (Fanion) slightly shifts by +0.2 eV to higher 

binding energy and a new peak is formed at the low BE side at 685.5 eV, which in agreement with 

previous reports is assigned to LiF.173 This assignment is corroborated by observations in the Li 

1s region (Figure 9—3), where a LiF peak evolves at 56.0 eV. This is close to the BE of the Li 1s 

peak of ~55.9 eV reported for the alkali metal halide LiF.181 In combination, these data indicate 

that fluorine atoms are abstracted from the TFSI anion upon Li post‒deposition at 80 K. Note that 

also other Li containing components like Li2O, Li2S, Li3N might contribute to the Li 1s peak, 

which will be discussed in the following. 

The N 1s signal of the as‒deposited IL film reveals two components, which are related to the 

nitrogen atoms of the cation (Ncation) at 402.4 eV and to that of the anion (Nanion) at 399.5 eV, 

respectively (Figure 4—4b). The Ncation / Nanion intensity ratio is around one, reflecting a balanced 

ratio of cations to anions in the multilayer film. After post‒deposition of Li, the initial BMP-TFSI 

peaks (Ncation and Nanion) shift by around + 0.8 eV to 403.1 and 400.4 eV, respectively. Additionally, 

a new peak appears at the low BE side at 397.9 eV, mainly at the expense of the Ncation related peak 

intensity, which must therefore arise predominantly from a reaction product of BMP with Li. But 

also the intensity of the Nanion signal decreases slightly, which indicates that the new peak includes 

also contributions from a reaction product of TFSI and Li. This binding energy (397.9 eV) is 

characteristic for Li3N, which based on electrochemical measurements was suggested as TFSI 
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decomposition product by Xu et al. and Aurbach et al..124,174 On the contrary, Oschlewski et al.172 

who had post-deposited Li on a 7 nm thick BMP-TFSI multilayer film adsorbed on a copper foil 

(deposition at RT) and found a very similar peak, assigned this new peak to a chain-like LiCxHyN 

structure, which was created by an opening of the pyrrolidinium ring. Thus, the new peak at 397.9 

eV could either be ascribed to Li3N or LiCxHyN. 

The C 1s XP signal in Figure 4—4c exhibits three peaks at 285.4, 286.6 and 293.1 eV 

respectively. The peak referred to as Calkyl (285.4 eV) is related to the two carbon atoms in the 

pyrolidinium ring and the three carbon atoms in the butyl chain.163,164,167,168 The Chetero peak (286.6 

eV) is due to the four carbon atoms with nitrogen neighbors, and the Canion feature (293.1 eV) is 

related to the two carbon atoms in TFSI. The nominal ratio of these carbon atoms of 5:4:2 is close 

to the experimentally determined ratio of the peak areas. Hence, also the C 1s signals reflect an 

anion to cation ratio of 1:1, indicative of molecular adsorption of anions and cations. After the 

addition of Li, the Canion peak decreases by 40% in intensity and shifts to a marginally higher BE 

(+0.15 eV). The Chetero and Calkyl peaks shift by 0.5 eV to higher BE and decrease by 37% and 18 

%, respectively. In addition to the decrease of the Ncation signal, the pronounced decrease of the 

Chetero signal points toward a reaction of BMP and Li on the copper surface. A similar decrease of 

the peak area of Canion and of the ratio between Chetero/Calkyl was recently found by Olschewski et 

al. in the XP spectra of thick BMP-TFSI films, which were deposited at RT on a lithium film, and 

attributed to a pyrrolidinium ring breakup.172 

The S 2p XP spectrum (Figure 4—4 d) shows a doublet with features at 168.8 and 170.2 eV, 

which is associated with the sulfone (-SO2) group in the TFSI anions (Sanion). Upon post‒deposition 

of Li the main peak TFSI broadens and a new doublet appears at 161.6 and 163.0 eV respectively. 

The latter could either be assigned to adsorbed atomic sulfur or to Li2S. The broadened main peak 

could also include two doublets to obtain a satisfactory fit: the initial TFSI doublet (Sanion) at 168.8 

and 170.2 eV plus an additional doublet at 167.6 and 168.9 eV. From the XP spectra we cannot 

distinguish between these two possibilities. XP S 2p peaks with similar BEs arising from TFSI 

anion decomposition during charging and discharging on sulfur cathodes were observed by Diao 

et al. and related to either S–O, S–S or Li–S bond containing species.182 

The O 1s region exhibits a characteristic peak at 532.8 eV, which is associated with the oxygen 

atoms in the TFSI anions (Oanion), plus a weak peak at 530.8 eV which results from  
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Figure 4—4:.XP spectra recorded after vapor deposition of multilayers of BMP-TFSI on a Cu(111) 
substrate held at 80 K (~ 6ML) (bottom) and upon post‒deposition of Li (top).Molecular representation of 
BMP-TFSI. Atoms are color coded C (gray), N (blue), and F (yellow) 

oxygen of the tantalum sample holder (Figure 9—3). The addition of Li results in the evolution of 

two more peaks at 531.6 and 529.1 eV, respectively, which we assign to LiOH and Li2O as reaction 

products of TFSI and Li. Here, we follow Oschlewski et al., who observed similar new peaks upon 
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codeposition of Li and a 7 nm thick BMP-TFSI film on a Li foil at RT and assigned them to LiOH 

and Li2O species.172 Overall, the XPS core-level spectra for BMP-TFSI multilayers reveal that 

upon the addition of Li the TFSI anions decompose into LiF, Li2O, Li2S, or atomic sulfur species 

and probably other sulfur-containing components like Li2S2O4, Li2SO3, or LiSO2CF3, in good 

agreement with the Li-TFSI degradation mechanism suggested by Aurbach et al..124 In addition, 

our data suggest that the pyrrolidinium ring of the BMP is opened and LiN3 or LiCxHyN species 

are formed, which, in turn, agrees well with the interpretation given by Oschlewski et al. 172 

4.3.2.1 Li postdeposition on BMP-TFSI (sub-) monolayers (XPS) 

After having characterized the adsorption behavior of both components on Cu(111), Li was 

successively post‒deposited on a 0.6 ML BMP-TFSI pre‒covered surface at 80 K. Subsequently, 

the surface was analyzed by XPS. Representative F 1s and Li 1s as well as S 2p and C 1s core-

level spectra recorded on the sample held at 80 K are shown in Figure 4—5 (F 1s, Li 1s) and Figure 

4—6 (S 2p and C 1s). In this coverage regime, the N 1s peak is superimposed on a background 

feature which can hardly be removed because of the low coverage of adsorbed N atoms; therefore 

the N 1s signal is not discussed in the following. To calibrate the approximate amount of post‒

deposited Li, three different Li doses were vapor deposited onto the pristine Cu(111) surface at 

100 K and characterized by STM at 100 K as shown in the images next to the XP spectra. The 

corresponding densities of Li surface features, Li were evaluated as Li = 0.02 nm-2, Li = 0.05 

nm-2 and Li = 0.07 nm-2. Because of the unknown mean number of Li atoms per Li feature an 

absolute Li coverage cannot be given. On the copper surface with the highest Li particle density 

the XP Li 1s region was recorded (spectrum at the bottom of Figure 4—5) revealing a single Li 

peak centered at 55.1 eV.183 The peak position at 55.1 eV is indicative of metallic Li on Cu(111), 

which is also supported by the observation of a similar BE for a sputtered Li foil, where the native 

film had been largely removed ( see Figure 9—4). 

Now we concentrate on the changes of the F 1s signal upon post‒deposition of Li. After 

deposition, the 0.6 ML BMP-TFSI (sub‒) monolayer film reveals a single peak (Fanion) at 689.1 

eV, which is related to the CF3 groups of TFSI (Figure 4—5a). After a first Li dose the initial TFSI 

peak Fanion shifts to higher BEs and an additional small peak emerges at 685.8 eV (Figure 4—5b). 
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Figure 4—5: XP spectra of the F 1s region after vapor deposition of 0.6 ML of BMP-TFSI on a Cu(111) 
substrate held at 80 K (a) and successive post‒deposition of small amounts of Li (b‒d). STM images next 
to the spectra show Cu(111) surfaces at 80 K after vapor deposition of the corresponding amounts of Li on 
clean Cu(111) (particle densities 

Li
 were evaluated to 

Li
 = 0.02 nm-2, 

Li
 = 0.05 nm-2 and 

Li
 = 0.07 nm-

2.) (Ut=+1.0 V, It=20 pA (top), Ut=+2.1 V, It=50 pA, (middle), Ut=+1.3 V, It=20 pA (bottom)). The XP 
spectrum corresponding to the lower STM image shows a small peak related to adsorbed Li. Subsequently 
the sample was heated to RT (e) and to ~ 450 K (f). For comparison, we also show XP spectra recorded 
after similar treatment on Li-free adlayer covered surfaces in panels g and h. 
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The Fanion peaks shifts by +1.1 eV to 690.2 eV. After a second dose of Li (Figure 4—5c) the 

intensity of the new peak at the low BE side (now located at 686.4 eV) increased and again shifted 

by +0.65 eV with respect to its previous position (Figure 4—5b). In addition, the original Fanion 

signal further decreased and shifted by an additional +0.2 eV to 690.4 eV. After a third dose of Li 

(Figure 4—5d), the new F 1s peak continued to grow and again shifted by +0.3 eV to now 686.7 

eV. At this point, it exhibited nearly the same intensity as the Fanion peak, which has further 

decreased and shifted by +0.25 eV to 690.65 eV. The changes of the total F 1s peak intensity upon 

postdeposition of Li at 80 K are insignificant. The new F 1s signal appears several electronvolts 

lower BE than the initial TFSI peak (Fanion) peak, which indicates that the organic fluorine 

compound in the TFSI anion is transformed into a highly ionic inorganic LiF compound as we had 

already suggested after post-deposition of Li to BMP-TFSI multilayers at 80 K. Interestingly, the 

LiF signal appears narrower than the initial  TFSI peak (Fanion), instead of the full width half 

maximum (fwhm) of ~2.4 eV obtained for Li-free TFSI, the fwhm of the new peak is only ~1.8 

eV (Figure 4—5c,d). We tentatively explain this by a broadening of the TSFI related peak, which 

may result, e.g., from different adsorption sites of the TFSI species. In contrast, for LiF we assume 

a strong adsorbate‒substrate coupling, where the molecules bind to identical adsorption sites, 

which results in a lower fwhm. 

Additional XPS measurements shown in the Figure 9—5 revealed that the characteristic 

formation of a LiF-related species does not depend on the sequence of BMP-TFSI and Li 

deposition. Spectra recorded on a surface prepared by Li pre-deposition and subsequent BMP-

TFSI deposition closely resemble those shown in Figure 4—5d, which were recorded on a surface 

generated by BMP-TFSI pre-deposition, followed by Li postdeposition at 80 K. In particular, the 

spectra show the TFSI related F 1s peak (Fanion peak, 690.5 eV) and also the LiF related F 1s peak 

at the low BE side (686.2 eV), which is absent for pure adsorbed BMP-TFSI. Only the intensity 

of the LiF related F 1s peak was found to be slightly smaller when Li was pre-deposited, which 

could originate from a reaction of adsorbed Li on Cu(111) with residual gases in the UHV chamber 

in the time period before postdeposition of BMP-TFSI. In conclusion, the reaction between the 

adsorbed TFSI anion and adsorbed Li on Cu(111) at 80 K occurs independent of the order of the 

deposition processes. 
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Figure 4—6: XP spectra of the S 2p and C 1s regions, respectively, after vapor deposition of 0.6 ML of 
BMP-TFSI on a Cu(111) substrate held at 80 K (a) and after successive co‒deposition of small amounts of 
Li (b,c). Subsequently the sample was heated to RT (d) and to ~450 K (e), and XPS was performed at the 
given temperatures. For a comparison of the temperature‒dependent behavior, XP spectra recorded without 
addition of Li are shown in panels f and g. 

Next we will evaluate changes in the S 2p and C 1s spectral ranges upon sequential Li post-

deposition and annealing. For the BMP-TFSI (sub‒) monolayer the S 2p region displays a doublet 

at 168.9 and 170.3 eV, which is due to the sulfur of the adsorbed TFSI species (Sanion) (Figure 4—

6a). In the corresponding C 1s spectrum we find three peaks at 285.2, 286.5 and 292.9 eV (Calkyl, 

Chetero, Canion), respectively. The peak areas exhibit the 5:4:2 ratio of atoms with equivalent atomic 

neighbors in BMP-TFSI as described in Figure 4—4c for multilayer films. After deposition of a 

first dose of Li (Li = 0.05 nm-2, see Figure 4—5)), two new doublets evolve in the S 2p region on 
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the expense of the initial TFSI doublet peak Sanion. In addition to loosing intensity (-40 %), the 

latter also shifts by +0.7 eV to 169.6 eV and 171.0 eV, respectively (Figure 4—6b). The new 

doublet with the S 2p3/2 peak at ~166.2 eV exhibits a rather low intensity; based on its BE it could 

be related to Li2S2O4-, Li2SO3-, or LiSO2CF3- type intermediate species. The other new doublet at 

162.0 and 163.4 eV, respectively, is attributed to adsorbed sulfur (Sad) or Li2S. For comparison the 

S 2p BEies of different sulfur-containing species96,184,185 are listed in a Table 9-1. The total changes 

in S 2p peak area, however, are small (-11 %), indicating that the losses due to S desorption are 

small. In the C 1s region, the most significant change is the loss of intensity of the Canion peak, 

which drops by ~40% and shifts by +1.1 eV to 294.05 eV. In addition, the Calkyl and Chetero signals 

are shifted by around +1.6 and 1.4 eV, respectively, to 286.9 and 288.1 eV. This shift goes along 

with a decrease of the Chetero/Calkyl ratio from 0.8 to 0.64 (‒ 16%) due to an increase of the intensity 

of Calkyl and a decrease of Chetero, which even considering possible errors in the fit procedure is 

significant, indicative for a reaction of BMP and Li on the copper surface. Very similar changes 

in the peak area of Canion and the ratio between Chetero : Calkyl were found in the XP spectra of 

multilayers of BMP-TFSI, which were deposited either on a copper foil or on a lithium film at RT; 

the changes observed in the latter case were attributed to an opening of the pyrrolidinium ring.172 

Furthermore, at 284.5 eV a new low-intensity peak appears in the BE region characteristic for 

hydrocarbons or carbon bound to lithium (LixCHy). The total C 1s peak area remains more or less 

constant. After deposition of a second dose of Li (Li = 0.07 nm-2), the TFSI related S 2p doublet 

Sanion shifts by another + 0.2 eV to 169.8 and 171.2 eV, respectively, and decreases by another 20 

% in intensity (Figure 4—6c). Also the doublet with the S 2p3/2 peak at ~166.2 eV fades, while the 

doublet related to Sad / Li2S species at 162.2 and 163.6 (+ 0.2 eV) increases in intensity, becoming 

almost as intense as that related to TFSI. The total S 2p peak area, however, changes very little. In 

the C 1s region, the Canion signal decays in total by 55 % of the initial peak area and also shifts by 

+0.25 eV to 294.3 eV. A similar shift is also observed for all other peaks in the C 1s range. The 

Chetero/Calkyl ratio decreases moderately, while the shoulder at the low BE side at 284.5 eV grows 

slightly. The total C1s peak area nearly does not change. 

In general, the XP spectra of adsorbed (sub-)monolayers of BMP-TFSI on Cu(111) exhibit a 
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Figure 4—7: (a) Large‒scale STM image of the adsorption structure after vapor deposition of BMP-TFSI 
and subsequent co‒deposition of Li on Cu(111) at  ~100 K (Ut=+1.3 V, It=20 pA). (b‒d) High‒resolution 
STM images of the same surface, resolving the islands as areas with a lower apparent height, which are 
decorated by a sequence of protrusions at the boundaries (Ut=+1.3 V, It=30 pA). Islands are observed also 
at the ascending and descending side of the step edges in panel b. In panels c and d, additional molecular 
features are visible inside the islands. 

distinct shift of all peaks to higher BEies upon post-deposition of Li; the BE shifts are summarized 

in a Table in the Table 9-2. A local coordination of Li to the IL in the initial state cannot account 

for the observed shifts for all elements and, even more, it also is not plausible that coordination of 
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Li leads to a general BE increase. Thus, we rule out initial state effects and assume that the 

observed BE shifts must originate from other (electronic) effects. 

4.3.3 Li post-deposition on BMP-TFSI (sub-) monolayers (STM) 

Next we focus on structural aspects of the coadsorbed species as evaluated by STM for 0.4 ML 

BMP-TFSI and post‒deposited Li. The STM images in Figure 4—7a–d reveal marked differences 

compared to adsorbed BMP-TFSI on Cu(111) (see Figure 4—1). Now islands are observed with a 

contrast inversion of the inner part under similar tunneling conditions as applied before and an 

additional decoration of the perimeter by a sequence of equidistant protrusions with a distance of 

~1 nm. The island exhibit oblong and elliptical shapes and start to grow both at the ascending and 

descending side of the steps. In the high‒resolution STM images in Figure 4—7c,d even molecular 

features (dots) are visible in the inner part of the islands, whose exact nature, however, is not yet 

clear. Furthermore we recognized a standing wave pattern in between the islands which is created 

by the adsorbate islands on the surface acting as barrier that scatter surface‒state electrons. Most 

interestingly, independently of the amount of co‒deposited Li (Li = 0.02 - 0.07 nm-2), we never 

observed Li as shown in Figure 4—2 in between the BMP-TFSI islands; therefore we assume that 

statistically impinging Li atoms hit the surface and diffuse until they interact with the adsorbed IL. 

Thus the protrusions located at the perimeter of the islands are tentatively assigned to Li containing 

molecular entities. A more definite assignment is not possible at present. Interestingly, the inner 

part of the islands appears lower in the STM images than the surrounding Cu(111) surface, which 

differs from the higher appearance of BMP-TFSI islands in the absence of Li, indicating that the 

adsorbed Li has modified also the inner part of the islands. This is also supported by new structural 

features in these regions (see Figure 4—7c,d). 

4.3.4 Thermal decomposition of pure and Li containing BMP-TFSI (sub-) monolayers 

The BMP-TFSI + Li covered surface was slowly heated to RT to elucidate temperature-induced 

changes and to move toward more realistic conditions. Upon annealing to 300 K, the intensity of 

the XP signals changes only slightly. The Fanion signal shifts back to 689.8eV (‒0.85 eV), the LiF 

peak shifts by the same amount to 685.9 eV (Figure 4—5e). Upon annealing to ~450 K, the Fanion 

signal has almost disappeared, with a weak state remaining at ~689.15 eV (Figure 4—5f). The LiF 

related peak (now at 686.2 eV) has increased further and now dominates the spectrum. Finally, at 
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450 K the total F 1s peak area decreases moderately by 9% compared with the peak area at RT. 

From the fact that the LiF-related F 1s peak grows upon heating we conclude that the 

transformation into that species is kinetically hindered at lower temperatures.  

After annealing to 300 K, the peak areas in the S 2p region remain relatively similar (Figure 4—

6d), except for a back-shift in BE by ‒0.7 eV to 169.1 and 170.5 eV and 161.5 and 162.9 eV, 

respectively. We assume that the unusual backshift of the XP peaks upon annealing cannot be 

explained by initial state effects and must therefore result from other electronic effects. In contrast, 

the peak area of the C 1s signal decreases significantly upon annealing to 300 K (-60%), which is 

mainly related to a decrease in the peak area of the cation-related signals (Calkyl and Chetero) 

indicating that much of the carbon of the cation desorbed. Indeed, also Oschlewski et al. observed 

that the C 1s peaks of the cation of OMIM-TFSI lose ~84% of their intensity when Li is 

postdeposited at RT on a 7 nm thick OMIM-TFSI film adsorbed on a copper foil. After annealing 

to 450 K, mainly Sad/Li2S persist with S 2p peaks at 161.3 and 162.7 eV respectively (Figure 4—

6e). The total peak area decreased a little by 16 % compared to RT. 

To demonstrate the impact of the post-deposited Li we also show temperature dependent XP F 

1s spectra of a Li-free BMP-TFSI adlayer (0.4 ML) in Figure 4—5g,h. Figure 4—5g shows the 

intact adsorbed adlayer on Cu(111) at 80 K, and Figure 4—5h that obtained upon heating to 300 

‒ 350 K. The shift of the Fanion signal to lower BEies (688.2 eV) was associated with the 

decomposition of the anion to CF3,ad by Uhl et al..23 The thermal evolution of the XP S 2p and C1s 

signals for the Li-free surface is shown in Figure 4—6 f,g. Figure 4—6f shows XP spectra of the 

intact adsorbed adlayer on Cu(111) at 80 K and Figure 4—6g spectra recorded upon heating to 

300 ‒ 350 K. Upon annealing, the S 2p spectrum exhibits new peaks, which following our previous 

work23 are attributed to surface decomposition products. The main new doublet peak at 168.0 and 

166.8 eV is attributed to SOx and that at 162.5 and 161.3 eV to Sad. In the C 1s region, the Canion 

signal shifts by 1.1 eV to lower BE (291.6 eV), which is most likely due to the formation of 

CF3,ad.23 Note that the latter decomposition products of the Li-free BMP-TFSI were not observed 

upon annealing a BMP-TFSI + Li adlayer. Instead, in the latter case Li2S and LiF dominate the 

interface and we see a massive Li-induced loss of carbon from the cation, which  
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Figure 4—8: (a) Large-scale STM images (500 nm × 500 nm) (a), (200 nm × 200 nm) (b) and (100 nm × 
100 nm) (c), recorded after vapor deposition of BMP-TFSI on Cu(111) held at 100 K, subsequent 
postdeposition of Li, heating to ~450 K and final cool down to 100 K (Ut=‒0.33 V, It=150 pA). 

did not occur in the absence of Li. The distinct difference again illustrates a clearly modified 

interface with different surface decomposition products of the Li-free BMP-TFSI adlayer (SOx,Sad, 

CF3) compared with the BMP-TFSI + Li adlayer (LiF, Li2S) upon annealing to slightly above RT. 

The resulting surface morphology of a Cu(111) surface covered by 0.4 ML of BMP-TFSI 

(deposition at 80 K) after postdeposition of Li, heating to 450 K and subsequent cool down to 

around 100 K is illustrated by the large scale STM images in Figure 4—8 (XP spectra of the F 1s 

and S 2p region recorded on the same surface are shown in the Appendix (Figure 9—6). The STM 

images display large islands, which are homogeneously distributed on the terraces. Some of them 
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are attached to the step edges, both at the ascending and descending side. Furthermore, the steps 

are decorated by lines of small protrusions. The additional heating procedure as compared to the 

surface imaged in Figure 4—7 results in larger island structures, reflecting the thermal mobility of 

the adspecies during annealing. Furthermore, the mean height of these islands (1.6 Å) and its 

variation (± 0.3 Å) indicate that they are due to adsorbed features and do not result from 3D 

structures, for example, of inorganic compounds. Details of the internal structure of the islands, 

however, could not be resolved so far. 

4.4 Conclusions 

Aiming at a more detailed understanding of the processes going on at electrode surfaces during 

the formation of the SEI we have investigated the interaction of multilayers and (sub‒) monolayers 

of the IL BMP-TFSI and Li on a Cu(111) model electrode by a combination of STM, XPS and 

FTIRS measurements. This model study, which was performed under UHV conditions, led to the 

following conclusions:  

1) Multilayers and (sub‒) monolayer BMP-TFSI films are found to adsorb intact at temperatures 

below 200 K. (Sub‒) monolayers of BMP-TFSI are forming islands with relaxed dendritic 

shapes. Adsorbed Li is identified as small isolated protrusions on Cu(111) at 80 K, which are 

attributed either to individual Li adatoms or to small aggregates. 

2) The interaction of multilayer BMP-TFSI films with post‒deposited Li leads to decomposition 

of anions even at 80 K, as indicated by FTIR difference spectra. This is confirmed by XPS 

measurements, which reveal a decay of signals typical for the TFSI anions and the formation 

of new species such as LiF, Sad, or Li2S. The reactive decomposition of the BMP cations, 

reflected by an intensity decay of the XP N 1s signal, leads to the formation of new adspecies, 

for example, adsorbed Li3N or LiCxHyN species. 

3) Post‒deposition of Li on surfaces covered by (sub‒) monolayers of BMP-TFSI causes 

significant changes in the adlayer even at 80 K. Structural changes are manifested by a contrast 

inversion of the interior of the islands and a decoration of their perimeter by round protrusions. 

Coexistent isolated Li was never observed, indicating that Li adatoms are sufficiently mobile 
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to reach IL adlayer islands in their vicinity and react with the IL forming Li containing 

molecular entities. 

4) Based on XPS postdeposition of Li this is connected with decomposition of the adsorbed TFSI 

anions, leading to LiF and Sad or Li2S surface species. At 80 K, however, this process is 

kinetically hindered, and occurs only to a limited extent. The reactive decomposition of the 

adsorbed cation upon Li post-deposition is indicated by changes in the C 1s signal.  

5) The presence of Li on the surface causes drastic changes in the thermally activated 

decomposition pattern of BMP-TFSI (sub‒) monolayers on Cu(111). Annealing BMP-TFSI 

films without Li present on the surface leads to the formation of mainly CF3,ad, SOx,ad, Sad and 

other carbon containing adspecies, whereas annealing the BMP-TFSI adlayer in the presence 

of coadsorbed Li results in mainly LiF- and sulfur- containing components (Sad and Li2S 

surface species), while the initial BMP and TFSI signatures disappear. Carbon containing 

species decrease at ≥300 K and nearly completely disappear at 450 K.  

Overall, the study gained detailed insight into the Li induced reactive decomposition processes 

of the BMP-TFSI adlayer and also in the nature of the resulting decomposition products, while the 

structural characterization of the Li induced changes of (sub-) monolayers of BMP-TFSI by STM 

is hindered by the absence of ordered structures on Cu(111), as they were observed on other 

substrates such as on Ag(111). Further efforts will concentrate on the interaction of Li and 

adsorbed ILs on more realistic and battery relevant substrates such as TiO2 or graphite. 
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The content of the following section was published in reference [186] and is adopted with 

permission from the Langmuir, 2018, 34 (29), pp 8451–8463. The abbreviations, nomenclature of 

the organic molecules, the style and the numbering of the references and the figures have been 

adapted to fit the layout of the thesis. Moreover, the experimental and supplementary part of the 

paper is removed in this section. In chapter 2 the combination of experimental part of all chapters 

is given to avoid duplication. Supplementary information of the paper is added to the appendix of 

this thesis. The measurements, data evaluation and writing were done by the author of this thesis 

and Dr. F. Buchner. The DFT-D calculations were performed by K. Forster-Tonigold from the 

Institute of Theoretical Chemistry, Ulm University 

5.1 Abstract 

Aiming at a better understanding of the solid-electrolyte interphase formation in Li ion batteries 

(LIBs), we have investigated the interaction of ultrathin films of ethylene carbonate (EC), which 

is a key solvent of battery electrolytes, with pristine and lithiated highly oriented pyrolitic graphite 

(HOPG) and with post-deposited Li. Employing XPS and UPS as well as FTIRS under UHV, in 

combination with DFT, we find that EC adsorbs molecularly intact on pristine HOPG in the entire 

temperature range between 80 K and desorption at 200 K. Features in the UP spectra could be 

related to the molecular orbitals of EC obtained from DFT calculations, and a similar adsorption / 

desorption behavior is obtained also on lithiated HOPG. In contrast, stepwise post-deposition of 

~0.5 and 1 ML of Li0 on a pre-adsorbed EC adlayer leads not only to stabilization of Li+/Liδ+ at 

the surface, possibly as adsorbed Li+(EC)n species, but also to EC decomposition, forming 

products such as Li2CO3, ROCO2Li (CH2OCO2Li)2 and Li2O. Consequences on the electronic 

surface properties and on the stabilization of the resulting adlayer are discussed. Upon annealing 

up to room temperature, some residual Li-containing decomposition products remain on the 

surface, which is considered as the initial stage of the solid|electrolyte interphase formation at the 

electrode|electrolyte interface. 
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5.2 Introduction 

A detailed molecular scale understanding of the formation and composition of the so-called 

SEI23 at the EEI26 in LIB would be highly desirable, since this has a major impact on the 

performance of these batteries.23,24,26,48 The SEI is generated during the initial battery operation, 

either by electrochemical decomposition of the electrolyte (reduction and oxidation) or by 

chemical reaction with the electrode. Ideally, it forms a mechanically stable film, which is Li ion 

conducting, but non-conducting for electrons, and which, once formed, inhibits further electrolyte 

decomposition.23,24,26 

In LIBs, electrolytes usually consist of a lithium salt such as lithium hexafluorophosphate 

(LiPF6), lithium tetrafluoroborate (LiBF4) or lithium perchlorate (LiClO4), which is dissolved in a 

mixture of organic solvents such as ethylene carbonate (EC), propylene carbonate (PC), diethyl 

carbonate (DEC), dimethylcarbonate (DMC), or vinylcarbonate (VC) together with other 

additives.48 Obviously, the presence of these various components, together with their different 

potential-dependent electrochemical stabilities, severely hampers if not precludes a detailed 

understanding of the processes leading to the SEI formation, and accordingly the role of the 

different components in these processes is far from being well understood at present.26 

One approach to reaching such kind of detailed, molecular scale mechanistic understanding 

involves studies of simplified model systems, starting from well defined electrode materials / 

surfaces, electrolytes and experimental conditions, where the latter allow the use of various surface 

science techniques. This approach, exploring the interaction of individual components of 

electrolytes such as carbonates and ionic liquids with well-defined and increasingly realistic model 

electrodes, has been applied in ongoing work in our laboratory.108,125,143,169,187,188  Here we report 

results of a spectroscopy study on the interaction of EC with neat and lithiated HOPG (0001) 

surfaces as model system for graphite electrodes, employing XPS, UPS and FTIRS under UHV 

conditions, in combination with DFT based calculations of the molecular orbitals of EC. We are 

particularly interested in the influence of Li as the electroactive species (‘shuttle ion’) in LIBs on 

the EC-HOPG adsorption system, which is modelled by pre- or post-deposition of Li.  

Before presenting and discussing the results, we will briefly summarize previous work relevant 

for our study. Several in situ electro- and spectro-electrochemistry studies26,114,189,190 and a few ex 
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situ spectroscopy studies37,42,191,192 have been reported to characterize the chemical composition of 

the resulting SEI, where the latter studies were performed under UHV conditions, subsequent to 

electrochemical treatment. In addition, a few theory studies were conducted that focused on the 

reduction mechanism of EC.49,193 An overview of the literature on the reduction of EC molecules 

by electron tunneling from the anode, which concluded on decomposition products such as CO 

and OC2H4O2-, CO3
2-, C2H4, O2COC2H4OCO2

2- and oligomers was given recently by Leung et 

al..49 

Furthermore, the adsorption and reaction of carbonates on / with different single-crystal surfaces 

has been investigated in a few model studies performed under UHV conditions. In a previous study 

on the interaction of mono- and multilayers of EC with Cu(111), employing STM and XPS in 

combination with dispersion corrected DFT calculations (DFT-D), we found that adsorbed EC 

molecules self-assemble into a well-ordered two-dimensional arrangement on Cu(111) at 80 K, 

and that upon heating both desorption and decomposition set in at 170 K.108,125 Based on XPS and 

UPS measurements, Wang et al. reported that a condensed PC film (~100 - 200 Å thickness) on 

Al(111) loses the carboxyl oxygen atoms at around 220 K and subsequently the carbonyl oxygen 

atoms, before at room temperature (r.t.) no PC was detected any more.120 Synchrotron-based soft 

XPS measurements performed at r.t. by Fingerle et al. and Becker et al. revealed a partial 

decomposition of EC and DEC in contact with LiCoO2 and condensed molecules in the multilayer 

regime.121,122,194 Applying TPD and TPR, Song et al. determined that desorption of an adsorbed 

EC monolayer on HOPG sets in at ~200 K, indicating that EC interacts only weakly with the 

surface (adsorption energy ~0.60 eV), and that desorption follows zero-order.123 Furthermore, for 

adsorption of an EC monolayer on a metallic lithium (Li0) film at 100 K, followed by annealing to 

600 K, they reported that EC decomposes, forming Li ethylene dicarbonate (CH2OCO2Li), Li 

ethylene glycolate (ROCO2Li) and Li carbonate (Li2CO3) as most likely decomposition 

products.123 The latter conclusion was based on the temperature-dependent desorption of 

fragments such as C2H4, C2H4O and CO2, which could result from the decomposition of the Li-

containing species. More detailed molecular scale information on the interaction of EC with 

potential electrode surfaces, obtained, e.g., from surface sensitive techniques such as XPS, UPS 

and FTIRS and on the temperature-dependent reactive interaction of EC and Li on pristine and 

lithiated HOPG surfaces are to the best of our knowledge not available. 
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We believe that model studies like this are urgently needed to get a better fundamental 

understanding of battery interfaces, with the perspective to improve the safety and stability of Li-

ion batteries. 

5.3 Results 

5.3.1 Adsorption of EC mono- and multilayers on pristine / lithiated HOPG at 80°K  

To begin with, we show O 1s and C 1s XP core level spectra (recorded at an electron emission 

angle of 80° with respect to the surface normal, information depth 1 – 3 nm, “surface sensitive” 

mode) of pristine HOPG and during stepwise vapor deposition of EC at 80 K in Figure 5—1. 

(calculated layer thicknesses between ~1 and 5 Å, as derived from the damping of the CHOPG peak; 

the inelastic mean free path (IMPF) of 35 Å was taken from Tanuma et al.95). For pristine HOPG, 

the core level spectra display a characteristic asymmetric peak in the C 1s region at 284.6 eV 

(CHOPG) and its shake-up satellite at ~290.9 eV (Figure 5—1, black dashed lines). The sample is 

free of oxygen as indicated by a featureless spectrum in the O 1s region. After vapor deposition of 

EC at 80 K, the O 1s spectra show for all coverages a broad peak with a low-energy shoulder. This 

peak grows gradually with BEs of ~532 eV (shoulder) and 534 eV (main peak). Concomitantly, 

the CHOPG peak and its shake-up satellite in the C 1s regime are getting more and more damped 

and two clearly distinguishable peaks appear and grow in between at ~287 and 291 eV. The four 

new EC-related peaks in the C 1s and O 1s spectra reflect the two types of carbon and oxygen 

atoms with different chemical environments, respectively, with -C=O and H-C-O- bonds. While 

stepwise increasing the EC coverage up to θmax ~ 1.3 monolayers (ML) (as calculated from the 

damping of the CHOPG peak), the BEs of the EC-related peaks remain constant, both in the C 1s 

and in the O 1s region, as expected for coverages up to the monolayer regime or slightly above.  

Deconvolution of the peaks in the detail spectra recorded after the highest EC dose demonstrates 

that the O 1s spectrum can be fitted by two peaks at 534.3 eV (filled cyan) and 532.6 eV (filled 

yellow). The first peak is related to the two oxygen atoms in the five-membered ring of EC (Oring) 

and the second one at 532.6 eV to the oxygen atom in the carbonyl group  
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Figure 5—1: O 1s and C 1s core level XPS spectra of pristine HOPG (black dashed lines) and after stepwise 
vapor deposition of EC on HOPG at 80 K (different colors). Peak deconvolution of the O 1s and C 1s levels 
is indicated at the bottom of each panel. The different atoms are indicated in the molecular representations 
beside the spectra. 

(Ocarbonyl). The intensity ratio of the Oring : Ocarbonyl signals is 2:1 (within the limits of accuracy), 

which fully agrees with the nominal ratio of the two chemically different oxygen atoms in the EC 

molecule (C3O3H4). The C 1s region was fitted with three peaks, including the CHOPG peak (the 

low-intensity shake-up satellite was included in the fit (black dashed line)) and two additional 

peaks at BEs of 287.1 eV (filled cyan) and 290.9 eV (filled yellow), respectively. The first peak 

(287.1 eV) is related to the two carbon atoms in the ethylene group (Cethylene), and the second one 

(290.9 eV) to the carbon atom in the carbonyl group (Ccarbonyl). Also in this case we obtain an 

intensity ratio (Cethylene:Ccarbonyl) of 2:1, in full agreement (within the limits of accuracy) with the 

nominal amounts of chemically different carbon atoms in EC (C3O3H4). Moreover, the peak area 

ratio of adsorbate-related peaks in the O 1s and C 1s regions, divided by the respective sensitivity 

factors (O : 0.6; C : 0.3), is ~3:3, which also agrees rather well with the nominal ratio of oxygen 

and carbon atoms in the EC molecule. Overall, the XPS measurements clearly demonstrate that 

EC molecules are molecularly adsorbed on HOPG at 80 K for mono- to multilayer coverages. 

Identical EC-related core level peaks have been observed also for adsorbed EC on Cu(111) at 80 

K previously.108,125 
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Figure 5—2: (a,b) He I and II UPS spectra of pristine HOPG (dashed lines) at 80 K, He I spectra after 
successive vapor deposition of EC mono- to multilayer coverages (a) and He II spectrum after one EC dose 
(comparable with the second EC dose in (a)) in (b), respectively. 

Next, we investigated the valence band region for pristine HOPG and during successive vapor 

deposition of EC (sub-)monolayers at 80 K, using excitation energies in the ultraviolet range (He 

I line: 21.2 and He II line: 40.8 eV) (Figure 5—2). For pristine HOPG (dashed solid lines), the 

work function Φ was determined from the cut-off energy (Ecut-off) to 4.5 ± 0.1 eV (Φgraphite(0001) = 

hν - Ecut-off) ( Figure 5—2a). The UP spectra in Figure 5—2a shows a characteristic feature at ~ 

13.6 eV, which was previously assigned to electrons that are inelastically scattered into a region 

of a high density of unoccupied states in the conduction band.195 The features at ~4.5 and 7.8 eV 

in Figure 5—2b had been assigned to electron emissions from the σ and π-bands of HOPG.196 

After successive vapor deposition of EC on HOPG at 80 K, several new features emerge and the 

HOPG related peaks are getting more and more attenuated. As shown in Figure 5—2a (He I), three 

main features appear at ~5.8, 7.6 and 9.2 eV, respectively, together with an additional low-intensity 

feature at ~11 eV. These result from emissions from the EC molecules, they become more  
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Figure 5—3: He I and He II UP spectra after vapor deposition of EC on HOPG at 80 K. The calculated total 
density of states (DOS), its projection (pDOS) on special (groups of) atoms and the discrete spectrum of 
molecular orbitals (MOs) are plotted. The pDOS is shown in a stacked way (Ocarbonyl: green, Oring: yellow, 
Cethylene: blue, Ccarbonyl: violet), i.e. they sum up to the total DOS. The energy zero of the calculated energies 
was appropriately shifted resulting in a perfect match between all experimental and calculated data. 
Isosurfaces of the electron density at a value of ±0.02 e/ Å3 of a selection of molecular orbitals of EC are 
shown on the right. 

prominent upon increasing the EC dose. Previous gas phase UPS measurements,197,198 resolved 

three very similar features at ~11.5, 13.5 and 15.5 eV for EC.197,198 The up-shift to ~6 eV higher 

BE compared to the present measurements can be explained by the different reference levels 

(vacuum level vs Fermi energy)199 and differences in the initial and / or final state effects for EC 

in the adsorbed state. Yokoyama et al. and Sweigart et al. had assigned the feature at ~11.5 eV, 

which corresponds to our peak at ~5.5 eV, to a combination of electron emissions from the 

carbonyl oxygen lone pair orbital and two non-bonding π2 orbitals.197,198 No assignment was given 

for the two other peaks observed in their experiment.197,198 Using He II radiation (Figure 5—2b), 

we observed three additional features at 11.6, 14.2 and 16.2 eV, respectively, in addition to those 

described above for using He I radiation. The feature in He II measurement at 11.6 eV corresponds 

to the low-intensity feature observed using He I at ~11 eV. 
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B3LYP eV Ocarbonyl Ccarbonyl Cring Oring H 

HOMO -8.44 78 5 4 13 1 

H-1 -8.85 51 6 6 34 2 

H-2 -8.89 0 2 24 62 11 

H-3 -10.7 1 4 5 90 0 

H-4 -10.75 0 3 53 33 11 

H-5 -12.3 67 9 11 9 5 

H-6 -12.36 22 25 23 16 14 

H-7 -12.47 7 2 30 32 29 

H-8 -14.17 7 12 39 27 16 

H-9 -14.5 9 4 35 37 14 

H-10 -15.2 3 10 37 30 21 

H-11 -16.92 5 16 25 54 1 

H-12 -18.89 3 11 43 28 16 

Table 5-1: Selection of molecular orbitals of EC calculated using B3LYP/aug-cc-pVTZ. Their energetic 
position (in eV), and the relative contribution (in percent) of (groups of) atoms are shown. These calculated 
energies have been rigidly shifted by -3 eV, which resulted in a perfect match between the experimental 
and calculated data as shown in Figure 5—3. 

To determine the origin of the experimentally observed molecular orbital emissions, we 

performed B3LYP calculations (Figure 5—3 and Table 5-1). The energy zero of the calculated 

energies was appropriately shifted leading to a perfect match of all experimental UPS features with 

the calculated peaks. As the experiments were done for EC deposited on HOPG and the 

calculations for isolated EC, this perfect match also indicates a rather weak chemical interaction 

between EC and HOPG. This was already demonstrated previously using periodic DFT 

calculations which showed that the binding of EC to HOPG is mainly due to dispersion 

interaction.108 Comparison of the UPS spectra with the density of states (DOS) of EC (or the 

eigenenergies of a selection of molecular orbitals of EC) shows that the peak at ~5.8 eV results 

from the three highest occupied molecular orbitals (HOMO, HOMO-1, HOMO-2). The HOMO is 

dominated by contributions of the electron lone pair orbital of the carbonyl oxygen atom.  
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Figure 5—4: XPS C 1s and O 1s core level spectra recorded after vapor deposition of ~1 ML of EC a) on 
pristine HOPG, b) on lithiated HOPG and c) after postdeposition of Li to adsorbed  EC on HOPG and 
subsequent stepwise  heating. XP spectra were recorded after vapor deposition of a monolayer of EC on 
HOPG at 80 K (bottom of the panel, blue solid lines), after post-depostion of ~0.5 and ~1.0 ML of Li, 
respectively, and during stepwise annealing up to 340 K. 

According to a Mullikan population analysis, 78 % of the HOMO can be assigned to contributions 

from the carbonyl O-atom (see Table 5-1). The almost degenerate HOMO-1 and HOMO-2 orbitals 

correspond to a large extent to the non-bonding π2 orbitals of the carbonate group. The HOMO-1 

largely (51 %) results from the carbonyl oxygen atom, 34 % come from the two equivalent oxygen 

atoms in the ring. The HOMO-2 constitutes to 62 % of atomic orbitals of these two ring oxygen 

atoms. 

Next, the peak observed experimentally at about 7.6 eV can be related to the molecular orbitals 

HOMO-3 and HOMO-4. These MOs show hardly any contribution from the carbonyl group. 

Instead, the HOMO-3 largely (90 %) results from the two oxygen atoms of the ring. The largest 

contribution to the HOMO-4 stems from the CH2 groups (64 %), from the binding MOs of C-H σ 

bonds and the C-C σ-bond. 
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Figure 5—5: FTIR spectra recorded after vapor deposition of EC on HOPG (~1 – 2 ML) at 80 K (blue solid 
line, top of the panel) (a) and during annealing from 95 to 225 K (red to black solid lines) (b). The spectrum 
at 80 K (blue solid line) was used as a background for the variable temperature FTIR measurement (see 
experimental section). (c) Selected FTIR spectra recorded after vapor deposition of a EC mono- and 
multilayer (~ 1-2 and 4 ML, respectively) on HOPG at 80 K and subsequent annealing. The topmost 
spectrum in Figure 5—1c (blue solid line) is identical with the topmost spectrum in Figure 5—1 a (blue 
solid line). 

The feature appearing at about 9.2 eV in the experimental spectrum can be related to the HOMO-

5, HOMO-6 and HOMO-7 orbitals. HOMO-5 is dominated by the antibonding C-O σ bond. The 

contribution from the carbonyl O-atom is 67 %. HOMO-6 resembles the binding π orbital of 

carbonate. 63 % of the MO are attributed to the carbonyl group and the ring oxygen  

atoms. The remaining part is due to C-H σ bonds. The main contributions to HOMO-7 stem from 

the CH2-groups and O-atoms within the ring. The HOMO-8, HOMO-9 and HOMO-10 orbitals, 

which are about 1.7, 2.03 and 2.55 eV lower in energy than HOMO-7 and which appear as small 

features in the experimental spectrum, also mainly result from the CH2-groups and the O-atoms 

within the ring. Looking at the He II spectrum, the additional peaks at 11.6 (see low-intensity 
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feature at ~11 eV in the He I measurement), 14.2 and 16.2 eV are related to the HOMO-8, HOMO-

9, HOMO-10 and HOMO-11 and HOMO-12, respectively.  

FTIRS measurements performed after vapor deposition of ~1-2 ML of EC on HOPG at 80 K 

(Figure 5—4, top of the panel), closely resemble each other for mono- and multilayer (not shown) 

coverages. For the experimental data, the absorbance was calculated using the spectrum recorded 

on pristine HOPG at 80 K as a background spectrum (see experimental section). The bands at 

higher wavenumbers (Figure 5—4a, blue solid line) are related to the C=O stretching frequency 

and its Fermi resonance (1781 and 1820 cm-1), to the CH2 wagging (1424 and 1400 cm-1) and 

bending mode (1473cm-1), and to the vibrational ring modes (1221, 1188, 1093 cm-1). These modes 

are very similar to those observed for adsorbed EC adlayers on Cu(111) at 80 K108 and to the 

spectra reported for EC in aqueous solution.128,129,130,131,132 Thus, the observed FTIR spectra are 

representative for vibrational modes of molecularly adsorbed EC on HOPG at 80 K. Furthermore, 

the observed carbonyl stretching mode points to a vertical dipole component in the C=O 

vibrational mode of EC, which is plausible due to the general non-planarity of EC. The 

temperature-dependent FTIRS measurements in Figure 5—4b will be shown and discussed in 

5.3.2. 

In addition, we investigated the interaction of EC with lithiated HOPG (charged state of the 

anode in Li-ion batteries) by XPS (Figure 4—5b). Similar to the measurements on pristine HOPG, 

~1 ML of EC was vapor deposited on lithiated graphite at 80 K (Figure 4—5b). As described 

previously,187,188 lithiated HOPG was generated by Li intercalation into HOPG at r.t. during vapor 

deposition of ~1 ML of Li0 on HOPG. Interestingly, also after vapor deposition of EC (Figure 4—

5b) on lithiated HOPG at 80 K, the XP spectra reveal molecularly adsorbed EC, similar to our 

findings for pristine HOPG (cf. Figure 5—1) with no indication for any effect caused by the 

presence of Li. This fully agrees with expectations, since it was recently demonstrated that the 

mobility of intercalated Li in HOPG is low at 80 K and Li deintercalation from HOPG can only 

be observed (based on a dynamic equilibrium between bulk Li+ and surface Liδ+) at temperatures 

of 230 K and above.187,188 

Overall, deposition of EC on HOPG at 80 K results in molecularly adsorbed EC, both in the 

(sub-)monolayer and multilayer regime, as identified by XPS, UPS and FTIRS. DFT calculations 
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fully reproduce the occupied molecular orbitals of EC (HOMO – HOMO-12) observed in UPS. 

Furthermore, EC adsorbs molecularly also on lithiated HOPG at 80 K. 

5.3.2 Thermal stability of EC on HOPG / lithiated HOPG (XPS, FTIRS) 

To gain information on the thermal stability of EC adsorbed on (lithiated) HOPG, we performed 

variable temperature XPS (Figure 5—4a) and FTIRS measurements (Figure 5—5) on a sample 

covered by ~1-2 ML of EC, while slowly raising the sample temperature from 80 K to r.t. (100 K 

/ h). 

XP spectra, recorded after adsorption of EC on HOPG at 80 K (Figure 5—4a, blue solid line) 

and stepwise heating, reveal almost no changes of the O 1s and C 1s signals upon heating to 160 

K (Figure 5—4a, light green solid line). After heating to 180 K, the EC-related peaks O 1s and C 

1s peaks significantly decrease in intensity, but do not show any significant changes in shape or 

BE. At 200 K the EC molecules have completely desorbed (Figure 5—4a, dark green solid line). 

From the fact that i) there are no new signals or changes in existing signals other than a loss of 

intensity and ii) there are no residues detected after molecular desorption is completed we 

concluded that EC desorbs intact in the temperature range between 160 and 200 K from pristine 

HOPG, without any indications for thermal decomposition. 

The temperature-dependent FTIR spectra acquired during slow annealing from 95 to 225 K, 

which are shown as a waterfall plot in Figure 5—5b, display the absorbance spectra obtained after 

subtraction of the background spectrum, where the latter was recorded after vapor deposition of 

EC on HOPG at 80 K (Figure 5—5a). For better visibility, selected variable temperature FTIRS 

spectra from Figure 5—5b were extracted and are shown in Figure 5c. The first spectrum at 95 K 

is essentially featureless, i.e., the absorbance does not change compared to the spectrum at 80 K 

and this is also true upon further annealing up to 150 K. Generally, bands with negative amplitudes 

reflect the disappearance of molecular EC due to desorption or decomposition, positive amplitudes 

are related to a temperature-induced increase of the absorbance, which could either be related to 

the formation of new adspecies or a configurational change of EC. At around 150 - 160 K, bands 

with negative amplitudes start to appear at 1093, 1188, 1221, 1780 and 1820 cm-1, respectively, 

which all are related to the modes of molecular EC as shown in Figure 5—5a and c. Hence, the 

emergence of these modes results from EC desorption. Interestingly, the bands related to the  
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Figure 5—6: XPS O 1s, C 1s and Li 1s core level spectra after vapor deposition of a monolayer of EC on 
HOPG at 80 K (bottom of the panel), after post-deposition of ~0.5 and ~1 ML of Li and during stepwise 
annealing to the temperatures indicated. 

carbonyl stretching band (1780 and 1820 cm-1) monotonously decrease, while at the same time 

additional bands with positive amplitudes show up (1184, 1217, 1397 and 1470 cm-1) at slightly 

lower wavenumbers (~3 – 4 cm-1). This points to a red shift of the EC related vibrational ring 

modes, which is most likely related to configurational changes of EC in the adlayer during slow 

annealing. Similar effects were observed also in variable temperature FTIRS measurements of 

adsorbed EC films on Cu(111), and interpreted accordingly.108,125 In contrast to our measurements 

on Cu(111),108,125 we can exclude that decomposition products contribute to these bands, as the 

EC molecules have completely desorbed intact at 200 K (see above). The superposition of these 

negative and positive bands results in bipolar bands in the temperature range between ~160 and 

205 K. The FTIRS spectra in Figure 5—5c between 150 and around 200 K also illustrate that 
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beside the contribution with negative amplitude at 1188 cm-1 and the positive contribution at 1184 

cm-1, which make up the bipolar band, also a negative contribution at 1179 cm-1 at the red side of 

the positive band appears, which is indicative of a sharpening of these bands. One possible 

explanation for this band sharpening could be structural changes in the adlayer. In total, the FTIR 

spectra reveal (i) EC desorption (bands with negative amplitudes at the wavenumbers of the EC 

bands at 80 K), (ii) configurational changes of the EC (red-shifted band of EC with positive 

amplitude), and (iii) structural changes in the adlayer (band with negative amplitudes at the red 

edge of the positive main band). 

At ~200 K, this suddenly changes and unipolar bands with solely negative amplitude appear. 

This abrupt change from the bipolar bands at 205 K (red solid line) to unipolar bands at 208 K is 

illustrated in the spectrum marked by a green solid line (Figure 5—5b).  This change is even more 

clearly visible in the selected spectra shown in Figure 5—5c (top panel). This sudden change, 

which is particularly visible for the CH2 bands and the vibrational ring modes of EC, is, however, 

not observed for the –C=O stretching mode and the mode at 1093 cm-1, which both show a 

continuous decrease of the negative amplitude. This difference is most likely related to a different 

influence of the change in EC configuration on the respective vibrational modes. In the next 

spectrum at 210 K, the intensity of the bands with negative amplitudes reaches a constant value, 

indicating that EC desorption is completed. 

Comparable variable temperature FTIRS measurements performed with EC multilayers (~ 4 

ML) (Figure 5—5c, bottom of the panel), show a very similar behavior as the monolayer spectra, 

with an onset of bands with negative amplitudes at wavenumbers typical of EC (1188. 1221, 1780 

and 1820 cm-1) between ~ 150 and 160 K, the simultaneous appearance and growth of bands with 

positive amplitudes (1184 cm-1) between ~ 150 and 200 K, and the appearance of a band with 

negative amplitude at 1179 cm-1 in the same temperature range. As already discussed before for 

EC monolayer films, this behavior is attributed to a combination of effects, including the onset of 

EC desorption as well as configurational and structural changes in the adlayer. The relative 

intensities of the carbonyl band and of the CH2 related bands at 1401/1422/1473 cm-1 (relative to 

the ring modes at 1188/1221 cm-1) change very little when going from monolayer to multilayer 

films, indicating that the EC molecules are arranged in rather similar configurations in both cases. 
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Next, we performed variable temperature XPS measurements on EC covered, lithitated HOPG 

(Figure 5—4b). To begin with, the lithiated graphite was generated by vapor deposition of 1 ML 

of Li on HOPG at r.t., where it is known that Li intercalates (cf. refs. 187,188), followed by 

subsequent cooling with liquid nitrogen, and vapor deposition of EC on lithiated HOPG at 80 K. 

As described before, under these conditions the O 1s and C 1s core level spectra show molecularly 

adsorbed EC. The variable temperature XP spectra reveal a negligible intensity decrease of the 

EC-related O 1s and C 1s signals after heating to 160 K (light green), while this is more pronounced 

after heating to 200 K (dark green) (Figure 5—4b). The EC-related peaks have completely 

disappeared in the O 1s and C 1s spectral ranges at 220 K (light brown), indicating complete 

desorption, except for a negligible amount of adsorbed oxygen. The latter species were already 

present in before EC adsorption at 80 K on the lithiated HOPG (see black dashed line in the O 1s 

regime in Figure 5—4b), In the variable temperature experiment no Li could be detected in the Li 

1s range for all measured temperatures (see featureless lines in the Li 1s range in Figure 5—4b), 

i.e., Li deintercalation can be excluded. The corresponding variable temperature FTIRS 

experiment for an adsorbed EC film on lithiated HOPG and subsequent heating from 80 to 198 

and 208 K is shown in the Supporting Information (Figure 9—7). The spectra indicate complete 

desorption at 208 K and in general the same positive and negative bands at almost the same 

temperatures as in the corresponding FTIRS measurements on pristine HOPG (see Figure 5—5and 

description above). The almost identical adsorption and desorption behavior of EC on pristine and 

lithiated HOPG is most likely related to the too low mobility of Li+ in the bulk of lithiated HOPG 

at the desorption temperature of EC at 200 K. This behavior is in distinct contrast to very recent 

observations for adsorption of an ionic liquid on lithiated HOPG surfaces. In the presence of these 

adsorbed species, which desorb only at higher temperatures (desorption temperature 400 ‒ 450 K), 

Li de-intercalates from the bulk of lithiated HOPG at temperatures >230 K. Driving force for this 

process is the stabilization of Li at the surface by reaction with the IL, which shifts the dynamic 

equilibrium between bulk and surface Li,187,188 resulting in the segregation of intercalated Li to the 

surface once the temperature is sufficiently high to overcome the Li diffusion barrier. Comparing 

with that situation we conclude that because of the low adsorption energy of EC on HOPG EC 

desorption is completed before the mobility of bulk Li+ is sufficient to allow Li+ de-intercalation 

to the surface. This precludes a surface reaction of Li+ and EC. 
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In total, the temperature-dependent FTIR spectra are consistent with our XPS results, 

demonstrating the onset of desorption molecular in the temperature range between 160 and 180 K. 

At ~200 K EC is completely desorbed from HOPG, as indicated by both FTIRS and XPS 

measurements. The FTIR spectra additionally indicate changes in the configuration of EC in the 

adlayer at even lower temperatures. Furthermore, EC also adsorbs intact on lithiated HOPG at 80 

K. Here, desorption starts in the temperature range between 160 and 200 K, and somewhere 

between 200 and 220 K, EC desorption is completed, i.e., there is no significant difference in the 

desorption behaviour of EC from HOPG and lithiated HOPG. Also in this case thermally induced 

decomposition can be excluded, similar to the adsorption / desorption behavior on pristine HOPG. 

5.3.3 Interaction of Li with adsorbed EC on HOPG and thermal stability of EC+ Li 

adlayers  

 

Figure 5—7: UPS spectra (He I line) of adsorbed EC on HOPG at 80 K (blue solid lines, bottom of the 
panels), after postdeposition of ~1 ML of Li (violet solid line) and after heating to r.t. (red solid line, top of 
the panels). 
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To reveal molecular scale details on the reactive interaction of EC with Li, ~0.5 and 1 ML of Li 

were successively post-deposited on a HOPG surface covered by a pre-adsorbed EC monolayer at 

80 K. XPS (Figure 5—4 and Figure 5—6) and UPS (Figure 5—7) measurements were performed 

at 80 K before and after Li deposition and during slow annealing from 80 K to  

around r.t. (heating rate ~100 K h-1). Sequences of C 1s, O 1s and Li 1s core level spectra are 

shown as waterfall plots in Figure 5—4c, to easily follow the temperature-dependent evolution of 

the shape of the XP spectra. A quantitative analysis of the spectra based on the peak deconvolution 

of selected spectra at different temperatures will be presented in Figure 5—6.  

The C 1s, O 1s and Li 1s core level spectra of adsorbed EC at 80 K on the Li-free surface are 

shown as blue solid lines in Figure 5—4c. The Ccarbonyl, Cethylene, Ocarbonyl and Oring peaks are clearly 

visible (cf. Figure 5—1 and related description in the text). As expected from the absence of Li, 

the Li 1s spectrum is a featureless line.  

After vapor deposition of a first Li dose (~0.5 ML) (violet solid lines), a peak emerges in the Li 

1s range. In the O 1s range, the two EC-related peaks (Oring and Ocarbonyl) shift by ~+2 eV to higher 

BEs, as indicated by arrows in Figure 5—4c, and a weak-intensity shoulder arises at the low BE 

side at ~532 eV. In the C 1s region, the two EC-related peaks (Cethylene and Ccarbonyl) also experience 

a significant up-shift in energy by around +2 eV (indicated by arrow in Figure 5—4c). In addition, 

also the CHOPG peak (284.6 eV) is shifted by 0.3 – 0.4 eV to higher BE (panel in Figure 5—4c on 

the right side). 

Such kind of up-shift of BE of the C 1s graphite substrate peak was also observed previously 

after vapor deposition of 0.1 – 1.6 ML of Li on HOPG at 80 K after the first deposition step (no 

changes upon further Li deposition)188 and upon deintercalation of Li from lithated HOPG in the 

presence of an adsorbed IL adlayer.187,188 Similar up-shifts of the C 1s peak have also been reported 

in a number of studies upon intercalation of graphite (HOPG) or graphene layers by alkali 

metals.200,201,202,203 Intuitively, considering the charge transfer from alkali metal to graphite / 

graphene, one would expect a down-shift of the C 1s BE from initial state effects, and because of 

the better core hole screening in the lithiated graphite also a downshift of the apparent BE due to 

final state effects. Building also on previous interpretations, Schröder et al.203 explained this 

upshift by a rigid band shift induced by transfer of charge into states at EF, which due to the small 

density of states (DOS) in graphite around the charge neutrality point can result in a considerable 
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up-shift of EF with respect to the band structure. Since BEs are referenced to EF, an up-shift of EF 

implies also a corresponding increase of the C 1s core level BE. Only at higher doping levels 

contributions from the common initial and final state effects described above come into play.203 

The much more pronounced up-shift in BE of the EC-related peaks (around +2 eV) must have a 

different origin and will be discussed with the UPS measurements in Figure 5—7. 

After the second Li dose (~1 ML of Li) (light blue solid lines), the peak area of the Li 1s signal 

increases in intensity by a factor of around two. The shape of the XP spectrum in the O 1s range 

is getting broader due to the intensity increase at lower BEs, probably resulting from the formation 

of new species. Furthermore, there is an intensity decrease at the higher BE side due to the loss of 

molecularly adsorbed EC. The EC-related peaks in the C 1s region (related to molecularly 

adsorbed EC) also decrease in intensity and the shape of the spectrum changes a bit (more details 

follow in the quantitative analysis). The position of the CHOPG peak remains virtually unchanged. 

Note that due to experimental reasons we could not perform FTIRS measurements after adsorption 

of EC and post-deposition of Li, due to changing background after sample transfer into the UHV 

chamber and changes of the exact sample position. 

During heating the EC+Li adlayer, in the temperature regime between 80 ‒ 160 K, the C 1s and 

O 1s features reveal almost no changes, except for a little back-shift to lower BEs, whose origin is 

unknown. This is clearly visible in the C 1s range at temperatures higher than 120 K, as indicated 

by dashed lines. With further increasing temperature (160 ‒ 240 K), the EC-related O 1s features 

(Ocarbonyl and Oring peaks) decrease in intensity, which is particularly visible when raising the 

temperature from 200 to 240 K. In addition, the O 1s spectra are getting more symmetric, which 

is mainly due to an increasing intensity of the low BE shoulder (532 – 533 eV), together with a 

decrease in intensity of the EC-related peaks at the high BE side. In the C 1s range the EC-related 

peaks continue to shift to lower BEs between 160 and 200 K (see the dashed lines serving as a 

guide for the eye). Similar as in the O 1s region, the intensity of the EC-related peaks decreases 

significantly when going from 200 to 240 K. This is clearly different for adsorbed EC on pristine 

HOPG at 80 K, where EC has completely desorbed intact at 200 K (cf. Figure 5—4a). The Li 1s 

peak remains virtually unchanged after the second Li deposition step, except for a moderate shift 

to lower BEs. At temperatures > 240 K, a broad signal is still visible in the O 1s regime (see spectra 
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at 270, 320 and 340 K). In the C 1s regime, in contrast, it is difficult to distinguish between the 

signal of the HOPG substrate and other adsorbate-related features at > 240 K.  

Overall, the waterfall plots of the O 1s and C 1s ranges reveal desorption of EC in the 

temperature range between 200 – 240 K, and changes in the chemical state of the adlayer starting 

from 80 K, i.e., the formation of Li-containing decomposition products. The O 1s spectra show 

adsorbate-related features even at 320 K, which is most likely related to adsorbed decomposition 

products. This is in clear contrast to the complete desorption of EC on pristine HOPG at 200 K 

(cf.Figure 5—4a). In addition, at 320 K the substrate peak CHOPG has almost completely returned 

to the BE of HOPG (will be discussed later).  

Next, selected spectra in the C 1s, O 1s and Li 1s spectral ranges, acquired at sample 

temperatures of 80,120, 200, 220, 240 and 320 K will be quantitatively analyzed (Figure 5—6), 

focusing on changes in the amount of adsorbed EC and the possible formation of new Li-

containing decomposition products (Figure 5—6). For the peak deconvolution in the O 1s and C 

1s spectral ranges, we constrained the separation between the EC-related peaks (Oring, Ocarbonyl and 

Cethylene, Ccarbonyl, respectively) as well as their intensity ratio according to the nominal amount of 

carbon and oxygen atoms in the molecule (C3H4O3) (cf. Figure 5—1). In addition, we used a 

simultaneous fit of background and signal with an only slightly modified Shirley background for 

all fitted C 1s spectra. The shake-up satellite of the CHOPG peak was included in the fitting 

procedure (peak shown as black dashed line). 

After post-deposition of a first Li dose (0.5 ML of Li) to a preadsorbed EC monolayer (Figure 

5—6), all EC-related peaks (Oring, Ocarbonyl and Cethylene, Ccarbonyl) reveal a significant up-shift in 

BE, in average by +2 eV (indicated by dashed lines as a guide for the eye), whose origin will be 

discussed below, in combination with the UPS measurements shown in Figure 5—7. At the same 

time the CHOPG peak up-shifts by +0.3 – 0.4 eV, which, as discussed before, is attributed to charge 

transfer from Li to the uppermost graphene layer(s) (rigid band shift, see above). In addition, a 

peak emerges in the Li 1s range at 57.3 eV, which, as expected, is different than that of adsorbed 

metallic Li (BE of ~55 eV, cf. ref.188), indicating the formation of a chemical bond with EC or with 

decomposition products (or other electronic effects contribute). Different Li-containing species are 

likely to exist (see below), but cannot be resolved in the Li 1s range. The peak area of the EC-

related peaks (filled cyan and yellow) now decreases by around 27 % in average, in the O 1s and 
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C 1s range compared to the Li-free case, while in the Li 1s range it increases. In combination, this 

indicates that part of the adsorbed EC molecules were converted to other species. The O 1s and C 

1s spectra cannot be explained by the remaining EC-related features alone, and decomposition 

products of EC have to be considered as well. For the XPS peak fitting, we assume possible EC 

decomposition products / fragments such as -C═O, -C‒O‒C- and -C‒C- (-C‒H) containing 

moieties, which based on XPS measurements of molecular entities are located at BEs of around 

288, 287 and 284 ‒ 285 eV, respectively.108,125 Furthermore, it is highly probable that the fragments 

are Li-containing decomposition products. Based on the TPR measurements performed upon vapor 

deposition of different amounts of EC on thin Li films, Song et al.123 concluded on adspecies such 

as lithium carbonate (Li2CO3), lithium ethylene dicarbonate (CH2OCO2Li) and lithium alkyl 

carbonate (ROCO2Li). To obtain a proper fit of the XP spectra of the EC+Li adlayer at 80 K, two 

new peaks are needed in the O 1s and C 1s regime, respectively, at ~532.9 and 534.8 eV (peaks 

filled pink and green) and at 287.5 and 290.1 eV (peaks filled red and orange), respectively. In the 

C 1s region the additional peaks are most likely related to C-H and -C=O containing decomposition 

products, respectively. The new peak at 534.8 eV in the O 1s region is most likely related to a -

C=O containing decomposition product and that at 532.9 eV to Li2O. The peaks at 290.1 and 534.8 

eV (peaks filled orange and green) are both expected to be related to -C=O containing 

decomposition product(s). According to the peak area analysis, the adlayer is now composed of 64 

% molecularly intact EC and 36 % Li- and / or non-Li-containing decomposition products. 

After post-deposition of ~1 ML of Li, the Li 1s peak area and that of the decomposition products 

increased in intensity, which is mainly caused by the intensity increase of the peak related to the 

Li2O component. In contrast, the peak area of the EC-related peaks decreased compared to post-

deposition of 0.5 ML Li. The adlayer is now composed of 46 % EC and 54 % decomposition 

products. No additional peak shifts are observed after the second Li dose. Compared to the 

situation of the Li-free EC adlayer at 80 K, the intensity of the EC-related peaks decreased in total 

by around 40 % in average in the O 1s and C 1s regime, compared to the Li-free case.  

Upon annealing from 80 to 200 and 220 K, respectively (O 1s at 220 K and C 1s at 200 K), the 

peak areas of the EC-related peaks (filled cyan and yellow) stay constant within the limits of 

accuracy, and also those of the decomposition products. The peak in the Li 1s range does not 
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change, except of a back-shift in BE, which is observed for all peaks (see dashed lines exemplarily 

shown for the EC-related peaks as a guide for the eye). 

Upon further raising the temperature to 240 K, we now find more pronounced changes. The total 

peak area, of the C 1s, O 1s and Li 1s peaks, decreases by around 15 % compared to the situation 

at 200 and 220 K in the C 1s and O 1s spectra, respectively. This is due to a decrease of the EC-

related peaks, resulting from desorption of EC. The adlayer is now composed of 28 % EC and 72 

% decomposition products. Here the peak area of the EC-related peaks has already decreased by 

68 % compared with that of the pure EC adlayer at 80 K. This is different from the complete 

desorption of EC at 200 K from the Li-free surface. For the EC+Li adphase there is still a small 

amount of EC present at 240 K, pointing to a significant stabilization of the adspecies on the 

surface by coadsorbed Li. Again, the peak area in the Li 1s region does not change and all adsorbate 

related peaks (C 1s, O 1s), both EC-related peaks and peaks related to decomposition products, 

experience a slight back-shift in BE (see dashed lines exemplarily shown for the EC-related peaks 

as a guide for the eye). 

Further heating to 320 K leads to almost complete desorption of the remaining EC, while the 

peaks related to decomposition products persist. In the C 1s range we did not continue peak fitting 

at temperatures above 240 K due the overlap of low-intensity peaks related to the adsorbate phase 

with the increasingly intense shake-up satellite of the CHOPG peak (during the gradual thinning of 

the adlayer), which does not allow for a reliable quantitative analysis any more. The Li 1s peak 

area remains almost constant at 320 K compared to the situation after the second Li dose at 80 K, 

which indicates that most of the Li remains on the surface, most likely as Li-containing 

decomposition products.  

UPS measurements (He I) (Figure 5—7), performed in the same way for an adsorbed EC 

monolayer on HOPG at 80 K after postdeposition of ~1 ML of Li led to the following results: After 

deposition of an ultrathin EC film on HOPG at 80 K (blue solid lines, bottom of the panels), the 

UP spectrum displays the EC-related features, which have been described and identified before 

(cf. Figure 5—2 and Figure 5—3).  

Most important, after postdeposition of ~1 ML of Li (blue solid lines, panel in the middle), the 

cut-off energy shifts massively by ~1.9 ± 0.1 eV to higher BE, i.e., Φ decreases from the value of 

4.5 ± 0.1 eV of pristine graphite (see Figure 5—2) to 2.6 ± 0.1 eV. A similar lowering of the work 
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function Φ was observed upon vapor deposition of metallic Li0 on pristine HOPG at 80 K (ΔΦmax 

~ -1.7 ± 0.1 eV at θLi ~ 0.2 ± 0.05 ML).187 A similar size of the work function decrease was 

observed also after deintercalation of Li+ from the bulk of lithiated HOPG in the presence of an 

adsorbed IL adlayer (ΔΦmax ~ 1.2 eV),187,188 which was assigned to the formation of partially 

charged surface Liδ+ species that are stabilized by electrostatic interactions in the IL adlayer. For 

the present case we therefore assume that, similar to our results at the IL+Li|HOPG interface,187,188 

partially charged Liδ+ is stabilized at the EC+Li|HOPG, which is responsible for the lowering of 

Φ and the upshifts of all EC-related peaks.  

The EC-related features are strongly reduced in intensity after Li deposition, but are still visible 

with low intensity. Furthermore, two additional valence band features arise, which are most likely 

induced by charge transfer from Li to the uppermost graphene layers. These are a new feature at 

the Fermi edge (Figure 5—7, right panel, peak filled violet) and at 14.4 eV. At the same time the 

13.6 eV substrate peak shifted up by ~0.3 eV. A similar increase of the intensity at the Fermi edge 

was also reported for the K/HOPG,204,205,206 which the authors assigned to a charge transfer from 

K to the graphite π* band. The feature at ~13.9 eV is assigned to an up-shifted contribution from 

the substrate peak at 13.6 eV due to a rigid band shift upon charge transfer of Li to HOPG states. 

The origin of the new feature at 14.4 eV is unclear at present. Hence, both the new feature at EF 

and the up-shifted substrate peak in the valence band region (Figure 5—7) are due the same charge 

transfer from Li to the topmost HOPG layer(s), which was responsible also for the shift of C 1s 

core level substrate peak (see Figure 5—5) (rigid band shift). 

Next we will discuss the much more pronounced energy up-shift of the EC-related peaks upon 

post-deposition of Li to a pre-adsorbed EC adlayer, which cannot be explained by the rigid band 

shift alone. Combining our XPS and UPS observations for adsorbed EC + Li adlayers on HOPG 

at 80 K, we assume that the up-shifts of the O 1s and C 1s peaks related to molecularly adsorbed 

EC (EC-related core level peaks) (see Figure 5—5 and Figure 5—6) are most likely related to the 

adjustment of the electronic states of the weakly bound adsorbate at the vacuum level of the solid 

(vacuum-level pinning). This interpretation is supported by the rather similar decrease of the work 

function Φ, as evidenced by the up-shift of the energy cut-off by around 1.9 eV, and the up-shifts 

of the EC-related C 1s and O 1s peaks by around 2 eV. Such behavior is well-known for the 

adsorption of rather weakly adsorbed species such as Xenon, which do not couple strongly with 
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the substrate .207. Similar shifts in BE of the core level peaks were also reported during deposition 

of alkali metals on pre-adsorbed organic molecules, e.g., for K deposition on a 1-dodecandethiol 

monolayer on Au(111).208 or for Li deposition on an ionic liquid adlayer on HOPG,188 Cu(111)169 

and TiO2(110).188,209 Note  that normally the BEs of the core levels of the adsorbate do not shift 

upon changes in the work function, since they are referenced to the Fermi level of the solid. If the 

adsorbate is aligned, however, to the vacuum level (see above), such changes in the dipole layer 

will result in a shift of the electron BE when referenced versus EF. 

In total, post-deposition of Li on a pre-adsorbed EC adlayer on HOPG at 80 K results in the 

partial decomposition of the EC adlayer, due to reaction with part of the Li. Another part of the 

deposited Li is stabilized in the adlayer as surface Li+/Liδ+ by interaction with molecular ECad 

species, for example as Li+(EC)n. These latter species are held responsible for the charge transfer 

to the HOPG substrate, which results in the work function decrease (negative ΔΦ) for the related 

up-shift in BE of all EC-related peaks due to vacuum level pinning, and for the moderate shift of 

the CHOPG peak and the up-shifted substrate peak in valence band region (rigid band shift).  

After subsequent annealing to r.t. (Figure 5—7, red solid line, top of the panels), the spectra 

show a back-shift of the cut-off energy, which now displays only a slightly higher value (+0.3 eV) 

than for pristine HOPG (before Li post-deposition). Features assigned to the EC+Li adlayer are no 

more visible. The increase of Φ upon heating to r.t., relative to the value obtained after Li 

deposition at 80 K, is likely related to the intercalation of most of the surface Liδ+ into the deeper 

regions of HOPG. This is plausible as it is well known from the literature that Li intercalates210 

and deintercalates187 on pristine HOPG at temperatures well below r.t., in the temperature range 

between 200 - 230 K.  

These results agree well with the XPS data in that both data sets indicate that the features related 

to molecularly adsorbed EC, which is stabilized by interaction with Liδ+, have completely 

disappeared upon heating to r.t. This includes i) the EC related core level peaks and valence states, 

ii) the up-shifts of the CHOPG core level peak and the main HOPG valence band peak, iii) the new 

valence band substrate features (peak at 14.4 eV and Fermi edge) upon postdeposition of Li to a 

preadsorbed EC adlayer at 80 K (assigned to stabilized Liδ+/Li+ at the surface), and iv) the decrease 

of the work function Φ, which essentially returns to its former value for pristine HOPG. All of 
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these effects can be explained by complete desorption of stabilized EC and an almost complete 

loss of surface Liδ+/Li+, most likely by intercalation into the HOPG. 

Interestingly, this is rather different from our observations for the IL+Li|HOPG interface,188, 

where surface Liδ+ (+ IL decomposition products) remains trapped in the IL adlayer on HOPG at 

r.t. (Φ of ~ 3.2 eV at r.t.).187 This discrepancy can be explained by the higher desorption 

temperature of the neat IL, which is about 400 ‒ 450 K. In contrast, for the system EC+Li/HOPG, 

EC desorbed already well below r.t., even when stabilized by interaction with Liδ+, and only 

decomposition products remain on the surface at r.t. (seeFigure 5—4 and Figure 5—6). As a 

consequence, trapped surface Liδ+ cannot be stabilized anymore at r.t. and intercalates, while Li 

bound in Li-containing decomposition product remains on the surface. 

Overall, from the XPS and UPS measurements performed upon postdeposition of 0.5 and 1 ML 

of Li on an ultrathin EC film, which was pre-adsorbed on HOPG at 80 K, and subsequent heating 

to r.t., we conclude that the adlayer consists of adsorbed EC, Liδ+/Li+, which is stabilized by 

electrostatic interactions in the adlayer, possibly as Li+(EC)n or in other constellations, and of 

decomposition products such as Li2CO3, CH2OCO2Li and ROCO2Li and Li2O. The stabilized 

surface Liδ+ causes a simultaneous up-shift of all adsorbate-peaks together with the energy cut-off 

by ~2 eV by vacuum-level pinning and a smaller up-shift of the CHOPG substrate peak and the main 

HOPG valence band peak by 0.3 - 0.4 eV (rigid band shift) in combination with a new valence 

band substrate feature (peak at 14.4 eV and Fermi edge) due to charge transfer from Li to the 

uppermost graphene layers.  

In contrast to the neat EC adsorbate phase, were EC desorption sets in between 160 – 180 K and 

desorption is complete at 200 K, the EC+Li|HOPG interface reveals that desorption of EC sets in 

only between 220 – 240 K. Adsorbed EC is still clearly visible at 240 K, (as indicated by peak 

deconvolution), before above 240 K we see a strong decrease of the EC content on the surface (at 

320 K intensity of EC-related peaks in negligible). This points to a mutual stabilization of the 

adspecies (Liδ+/Li+, EC, Li+(EC)n and Li-containing decomposition products). Above 200 - 230 K 

the stabilized surface Liδ+ starts to intercalate into the bulk of HOPG, as indicated by the gradual 

energy back-shift of EC-related peaks, which are clearly visible at least up to 240 K (at 320 K with 

negligible intensity), as derived by peak deconvolution. In addition, at r.t., Li intercalation is 

indicated by the reversion of changes induced by stabilized surface Li+/ Liδ+ of the substrate core 
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level and valence band spectra and of the work function Φ as already discussed above. At r.t. some 

residual decomposition products, which we tentatively identify as Li2CO3 and ROCO2Li, 

(CH2OCO2Li)2, Li2O and maybe other products, remain on the surface.  

Finally, we would like to emphasize that the atomic/molecular scale insights gained in this 

model study, using a well-defined model electrode like HOPG and studying the interaction with 

individual components of electrolytes, are highly interesting for the development of future batteries 

as they reveal details of the surface chemistry during the initial formation of the SEI (at the open 

circuit potential). Interestingly, the chemical interaction of EC and Li on a model electrode such 

as HOPG, without applying an electrochemical potential, results already in the formation of a 

decomposition layer at r.t., which can be considered as the initial stage for SEI formation. We 

believe that these kinds of investigations are urgently needed for the generation of new 

perspectives for the development of improved future battery chemistries. 

5.4 Conclusions 

Aiming at a detailed understanding of the processes at the electrode|electrolyte interface 

contributing to the formation of the solid|electrolyte interphase in Li-ion batteries, at the 

atomic/molecular scale, we have investigated the interaction of the main component of many 

battery electrolytes, EC, with well-defined pristine and lithiated HOPG model electrode surfaces 

under UHV conditions. We also examined the influence of coadsorbed Li, which is the 

electroactive species (‘shuttle ion’) in Li-ion batteries, on the EC|solid interface. In this model 

study we arrive at the following main results and conclusions:  

(1) Ultrathin films of EC adsorb on HOPG as intact molecules and over the entire temperature 

range from 80 K up to the onset of desorption between 160 and 180 K. At 200 K the EC has 

completely desorbed from the pristine HOPG surface, i.e., EC is only weakly adsorbed on HOPG. 

The observation of a carbonyl stretching vibration in the FTIRS measurements points to a non-

planar adsorption configuration of the EC molecules. The FTIR spectra furthermore indicate 

configurational changes of EC in the adlayer at ~160 K, evidenced by new bands with positive 

amplitudes and bands with negative amplitudes. The experimentally observed electronic states in 
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the He I and He II UP spectra could be completely reproduced by the DFT calculations and 

assigned to the orbitals of molecular EC.  

(2) Adsorption of EC on lithiated HOPG at 80 K also results in molecularly adsorbed EC 

species, which start to desorb in between 160 and 200 K and have completely desorbed reversibly 

at ~220 K. Hence, EC adsorption on lithiated HOPG largely resembles that on Li-free HOPG and 

there is no reaction between adsorbed EC and Li+, which may have segregated from the bulk of 

lithiated HOPG to the surface. The absence of such kind of surface reaction is explained by kinetic 

effects, with EC desorption taking place before the small amounts of previously intercalated Li+ 

become sufficiently mobile to segregate to the surface.  

(3) The existence of a thermodynamic driving force for reaction between adsorbed EC and Liad 

is demonstrated by Li induced partial EC decomposition upon stepwise post-deposition of 0.5 and 

1 ML of Li on a pre-adsorbed ultrathin EC film (coverage ~1 ML) at 80 K. This results in an 

adlayer which is composed of adsorbed EC and Li+/Liδ+ species, which are stabilized by 

electrostatic interactions in the adlayer, possibly as Li+(EC)n, and decomposition products such as 

Li2CO3 and ROCO2Li, (CH2OCO2Li)2) and Li2O. The stabilized surface Li+/Liδ+ species cause a 

decrease of the work function, a simultaneous BE shift of the EC-related XPS peaks (~2 eV) due 

to vacuum-level pinning, and a moderate up-shift of the CHOPG core level and the main HOPG 

valence band peak by +0.3 – 0.4 eV (rigid band shift). Furthermore, the charge transfer to the 

HOPG surface results in an additional substrate valence band features at 14.4 eV (shift of the 

substrate peak at 13.6 eV) and in additional states close to the Fermi edge. 

(4) Together with the onset of EC desorption from the EC + Li adsorbate phase (220 – 240 K) 

the surface Liδ+ species start to intercalate (diffuse into the graphite bulk) between 200 - 230 K, 

which is accompanied by an increase of the work function Φ and its almost complete return to that 

of the pristine HOPG at r.t.. Hence, adsorbed EC is stabilized by interaction with surface Li, 

leading to an increase of the temperature for onset of desorption / complete EC desorption from 

160 K / 200 K on pristine HOPG to an the onset of desorption between 220 and 240 K and a 

significant loss of EC above 240 K. The Li-containing decomposition products such as Li2CO3 

and ROCO2Li, (CH2OCO2Li)2, Li2O and possibly other products, which were formed upon Li 

deposition and partly also during heating, are more stable and remain on the surface up to r.t. They 

are considered as the initial stage of the SEI formation at the electrode|electrolyte interface. 
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Overall, the results underline the importance of model studies like this for the molecular scale 

understanding of the interfacial processes responsible for and contributing to SEI formation. 
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The content of the following section was published in reference [211] and is adopted with 

permission from the Journal of ChemElectroChem 2018, 5, 2600-2611. The abbreviations, 

nomenclature of the organic molecules, the style and the numbering of the references and the 

figures have been adapted to fit the layout of the thesis. The experimental set-up, characterization 

and data from the supporting information are added partly in the experimental part (Chapter 2) and 

partly in the appendix of this thesis. My contribution to this publication is the preparation of the 

manganese oxide samples, their characterization and testing their activity in the alkaline solutions. 

The RRDE measurements on the ORR were done by myself with the help of Philipp Fischer 

at the ZSW Ulm - Centre for Solar Energy and Hydrogen Research Baden-Württemberg, Ulm 

Germany where I measured the manganese oxides and GC electrodes and Philipp Fischer 

measured the nobel metal electrodes (Au and Pt). XPS measurements were performed by 

Thomas Diemant in Institute of Surface Chemistry and Catalysis, Ulm University. SEM and XRD 

measurements were performed by Mr. A. Minkow and Dr. M. Mohr in Institute of Micro and 

Nanomaterials, Ulm University. Raman measurement was performed by Dr. A. Farkas in Institute 

of Electrochemistry, Ulm University. Data evaluation and writing were done by me together with 

P. Fischer in ZSW. Dr. J. Schnaidt has contributed to discussions and revisions of the manuscript. 

6.1 Abstract  

Aiming at a better understanding of the air electrode processes in Mg-air batteries, we have 

investigated the activity of different electrode materials, viz., Pt, Au, glassy carbon (GC) and 

manganese (III)- and (IV)-oxides (Mn2O3 and MnO2) for the electrocatalytic oxygen reduction 

(ORR) and oxygen evolution (OER) reactions in the ionic liquid 1-butyl-1-methylpyrrolidinium 

bis(trifluoro¬methanesulfonyl) imide (BMP-TFSI) and the influence of Mg2+ thereon. Employing 

planar model electrodes in a rotating ring disk electrode (RRDE) setup, we used cyclic 

voltammetry at different rotation rates to test the reversibility of these reactions and quantify the 

number of electrons transferred during the ORR. Reversible ORR and OER are observed for all 

electrodes in neat BMP-TFSI electrolyte, while in the Mg2+ containing electrolyte (Mg-TFSI2) the 

OER is strongly hindered for all electrode materials. This goes along with the rapid build-up of a 

passivation layer during cycling, which increasingly inhibits also the ORR. The morphology and 
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chemical composition of the passivation layer were characterized by SEM and XPS, indicating 

that MgO2 is the main product formed by the ORR. 

6.2 Introduction  

Metal-air or metal-oxygen batteries, which henceforth will be summarized as metal-air batteries, 

are very attractive systems due to their high theoretical specific energy.10 The most prominent 

example are Li-air batteries, which have been studied over many years.11 Nevertheless, they are 

far from being close to application, with the main challenges being dendritic Li growth and other 

safety issues. Moreover, lithium metal is rather expensive, and prices may increase further due to 

its limited abundance and the rapidly increasing demand.12 This has triggered a lot of interest for 

other metal and battery chemistries. Among these, magnesium batteries appear promising since 

metallic magnesium for the anode has a high theoretical energy density, particularly its volumetric 

energy density, and at the same time it is more abundant and cheaper than lithium. Furthermore, it 

is safer due to nondendritic metal plating and less reactive compared to lithium metal.14,15,16,17  

However, several challenges are reported for rechargeable magnesium ion batteries, most 

important the unresolved question of suitable electrolytes, the selection of appropriate cathode 

materials and the formation of a passivation layer on the anode, which is reported for numerous 

electrolytes.14,69,73,74,75 

ILs such as 1-butyl-1-methylpyrrolidinium bis(trifluoro¬methanesulfonyl) imide (BMP-TFSI), 

have been discussed as promising candidates for electrolytes in Mg-air batteries due to their low 

vapor pressure, non-flammability, wide electrochemical potential window and their stability 

against the superoxide anion (O2
●-) formed during the ORR.212,213,214 On the other hand, there are 

also reports which claim that BMP-TFSI can be attacked by the superoxide in the long run.78 In 

their review on the challenges of developing rechargeable magnesium batteries, Shterenberg et al. 

proposed Mg-TFSI2 as a promising salt for rechargeable Mg batteries since it is possible to dissolve 

it in organic solvents and ionic liquids and also due to its conductivity, and its wide electrochemical 

window.14 On the other hand, Rajput et al. conducted a broad survey on the magnesium metal-

electrolyte-interface and found that contact ion pairs ([Mg2+-anion-]+) in general significantly 

lower the reductive stability of any anion, including also that of TFSI.80 Modelling, the behavior 
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of the Mg-TFSI2 salt in diglyme, Baskin et al. found TFSI decomposition upon reduction of the 

Mg-TFSI+ ion pair.79 There has also been experimental evidence for passivating film formation 

upon interaction with TFSI-, which questions the suitability of TFSI based electrolytes for 

Mg/batteries.215 On the other hand, mixtures of Mg-TFSI2 with MgCl2 were shown to circumvent 

this problem by the formation of a [Mg2(µ-Cl)2]2+ complex, which is active for magnesium 

stripping and plating in TFSI- containing electrolyte.216 

In the present paper we report results of a details study on the oxygen reduction reaction (ORR) 

during discharging and oxygen evolution reaction (OER) during charging at the cathode side and 

in particular on the effect of the presence of Mg2+ ions in BMP-TFSI based electrolytes. 

Furthermore, we evaluated the suitability of manganese oxides as electro-catalysts under these 

conditions. A major challenge is the reversibility of the ORR and OER at the cathode side.75 Very 

recently Reinsberg et al. studied the ORR in Mg2+ containing dimethyl sulfoxide (DMSO) using 

RRDE and DEMS techniques. They found that the OER does not take place due to irreversible 

reactions like the electrolyte decomposition by the reaction with ORR products, which leads to 

film formation and deactivation of the electrode surface. Additionally, they measured that two 

electrons are transferred per oxygen molecule during the ORR in the presence of magnesium ions, 

suggesting the formation of magnesium peroxide.16 They did not observe any O2 evolution. Shiga 

et al. proposed that iodine-dimethylsulfoxide (I2-DMSO) decomposes MgO, which is according to 

them formed on the electrode surface during discharging, to Mg2+ and oxygen. They measured the 

presence of triiodine, which they suggested is electrochemically oxidized back to I2, making iodine 

a redox mediator for this system.18 

Recently, the ORR/OER in (Mg-TFSI2 containing) BMP-TFSI was investigated by Law et al..75 

In the absence of Mg2+ ions, an outer sphere process with one electron transfer was suggested. 

However, in the presence of Mg2+ ions, irreversible voltamograms were observed. Ex situ 

characterization of the working electrode surfaces (glassy carbon (GC) and Au) indicated the 

predominant formation of MgF2 in the EEI layer. Furthermore, it was not possible to detect any 

ORR products (MgO or/and MgO2).75 

In the present study, we extended our investigation of the ORR/OER in (Mg-TFSI2 containing) 

BMP-TFSI. In order to gain more insight into the role of the electrocatalysts for ORR and OER, 

we investigated these reactions on different cathode materials, namely, Pt, Au, glassy carbon (GC) 
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and manganese oxides (Mn2O3 and MnO2). The latter materials were chosen because manganese 

oxides showed bifunctional activity for ORR and OER in alkaline solution (see Gorlin et al.105and 

Figure 2—16 to Figure 2—20). Furthermore, while previously75 we used a flow cell set-up driven 

by a peristaltic pump at a constant electrolyte flow rate of 0.05 mL s-1, we now employed a RRDE 

set-up for controlling and varying the mass transport conditions, which allows us to determine the 

number of electrons transferred during the electrochemical measurements. Using the RRDE, 

soluble reduced species, which were formed at the disk, will be forced to move to the ring by 

rotation. By holding the ring potential well above the reduction onset potential, these species can 

be oxidized and the ring current can thus be used to detect them. Similar to Law et al.,75 ex situ 

physical characterization (XPS and SEM) was used to identify the chemical composition and 

morphology of deposits. The electrochemical experiments were performed in an O2/Ar filled glove 

box. Using an air tight transfer system between the glove box and the XP spectrometer, the XPS 

measurements were performed without any prior contact of the sample to the atmosphere. 

6.3 Results 

6.3.1 ORR/OER in BMP-TFSI electrolyte 

For a first overview and as a reference for the effect of adding Mg2+ ions, we recorded cyclic 

voltammograms on Pt, Au, GC, Mn2O3 and MnO2 electrodes at different rotation rates in the 

voltage range between +3.3 and -1.0 V vs. Mg/MgO in O2-saturated, Mg2+-free BMP-TFSI (left 

column, Figure 6—1). (For CVs recorded in O2-free electrolyte see Figure 9—9) The lower 

potential limit was chosen since this coincides with a flat part in the CV, which may be related to 

mass transport limitations. In control experiments performed in O2-free, but Mg2+-containing 

electrolyte, neither electrolyte decomposition nor Mg plating took place in this potential window, 

although the lower potential limit was at -1 V vs. Mg/MgO. As stated above, we assume that the 

reference potential differs significantly from the Mg/Mg2+ potential due to the presence of O2 in  
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Figure 6—1: Left column: CVs in O2-saturated Mg-free BMP-TFSI electrolyte for (a) Pt, (b) Au, (c) GC, 
(d) Mn2O3 and (e) MnO2 electrode at 10 mV s-1 with different rotation rates. Middle column: corresponding 
ring currents at 1 V ring bias, right column: collection efficiencies. 

the reference compartment. Therefore, the potential scale may be shifted significantly and we 

attribute the current observed in the RRDE experiment to the ORR. 

The general characteristics of the steady-state CVs in Mg-free electrolyte for the different 

electrode materials are quite similar in agreement with results of a study comparing the ORR on 

Pt, Au and GC in imidazolium ILS,217 and can be summarized as follows: at stagnant electrolyte, 

duck-shaped peaks are formed with the oxidative and reductive peaks being displaced to each other 

(see below for the exact position and separation for each catalyst), which is typical for quasi-

reversible processes. Similar shapes have been reported before for the ORR in BMP-TFSI on Pt, 

Au and GC electrodes.77,218,219,220,221The authors of those studies agreed that the 
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reduction/oxidation current results from a one-electron transfer, namely the reversible reductive 

formation and oxidation of the superoxide anion (O2
.-). With increasing rotation rate the cathodic 

currents of superoxide formation increase, whereas the peak of the superoxide oxidation vanishes 

since superoxide is transported away and is not available any more for re-oxidation. In our recent 

flow cell study on the ORR in BMP-TFSI we had observed a second increase of the reduction 

current after the first ORR peak, with the onset about 0.4 to 0.6 V more negative than the onset of 

the first peak on Pt, Au and GC electrodes, which might be attributed to a second electron transfer 

(peroxide formation).75 Considering that the potential scan in the present study extends by about 

0.9 V after the initial onset of the ORR one would expect to see this feature again, but it was neither 

observed in stagnant electrolyte nor for any of the rotation rates applied. We tentatively explain 

this difference by a lower water content in the present study under controlled glovebox atmosphere, 

as water is known to have a promoting effect on the ORR in aprotic electrolytes.222,223,224 Between 

approx. 0.5 V, i.e., when the oxidation current disappears, and 2.3 V an almost featureless region 

appears, which is dominated by the capacitive current for charging the electric double layer. At 

potentials above 2.3 V, an oxidative process sets in, which shows increasing currents with 

increasing rotation rate. This process is attributed to the oxidation of a possible contamination of 

the electrolyte with an unknown species, possibly impurities in the BMP-TFSI itself. Basis for this 

interpretation is that i) this feature appears also in O2-free, Ar-saturated electrolyte (see Figure 9—

9) and that ii) the concentration of the species causing this signal must be rather low in order to be 

limited by mass transport. The current measured at the ring (Ering= 1 V), which is shown in the 

middle column of Figure 6—1, shows a hysteresis between cathodic and anodic scan direction. 

(Note that for better resolution of the hysteresis we used an expanded potential scale.) This 

hysteresis is attributed to the high viscosity of the BMP-TFSI electrolyte, which results in a slow 

diffusion of the superoxide anion to the ring.225 When analyzing the ring currents, we find only a 

weak dependence on the rotation rate. As expected, for 0 rpm there is no current, but for rotation 

rates from 500 to 2000 rpm, the currents are nearly identical, despite the significant change in the 

corresponding disk current. This reflects a drop of the collection efficiency (IRing/IDisk) with 

increasing rotation rate (see right column of Figure 6—1), which is surprising, since the collection 

efficiency is generally expected to be constant (24.9 % for our RRDE set up). Similar 

measurements performed using a gold ring lead to identical results, contrasting previous reports of 

a constant collection efficiency.225 



C h a p t e r  6   1 4 0  

 

 

In the following, we discuss deviations from this general shape of the CV and of the ring current 

described above for the respective electrode materials in more detail: For the Pt electrode, the most 

obvious difference compared to the other electrodes is that the cathodic and anodic scans do not 

coincide in the ORR/OER region below 0 V. The onset of the ORR in the cathodic scan occurs at 

more negative potentials than on all other electrodes and exhibits a peak close to the lower potential 

limit. The anodic scan in contrast is very similar to that on the other materials, starting with a 

region with almost constant current. The difference in the activity of the Pt surface in the negative 

and positive scan may tentatively be explained by the presence of an inhibiting film on the surface, 

which can be removed reductively during the cathodic scan. Note that this loop and hysterises do 

not appear for stagnant electrolyte (0 rpm) due to the oxygen starvation. The redox peaks for the 

superoxide at 0 rpm appear at EPeak,an =  0.077 V and EPeak,cat = -0.489 V. The collection efficiency 

decreases from 17.5 % to 12.4 % from the lowest (500 rpm) to the highest (2000 rpm) rotation 

rate. Moving now to the positive potential region, we found the oxidative currents close to the 

upper potential limit to be less dependent on the rotation rate, in contrast to the behavior observed 

for all other electrodes. Most simply, this can be explained by the formation of an inhibiting layer 

(possibly Pt oxide formation or products of oxidative IL decomposition), in good agreement with 

the above interpretation of the cathodic current signal in the cathodic scan. In the subsequent 

cathodic scan, after oxidation at high potentials, we find a peak at 1.53 V, which is related to the 

preceding oxidation reactions, since it does not appear if the potential is reversed before the onset 

of oxidation. 

For the Au electrode, the redox peaks for 0 rpm appear at EPeak,an = -0.112 V and EPeak,cat = -0.286 

V, respectively hence with a smaller potential difference than on Pt, in good agreement with 

findings in a previous study.226 The CVs follow the general characteristics described above for all 

rotation rates. Also in this case the cathodic currents increase and the collection efficiency drops 

with increasing rotation rate, from 19.5 % (500 rpm) to 12 % (2000 rpm). Similar to Pt, there is a 

reductive peak in the cathodic scan after oxidation at 1.76 V, and another very small peak at 0.66 

V. Since these peaks are not observed for the other electrodes, they may be related to catalytic 

processes taking place only on the noble metals Pt and Au. For the anodic scan at potentials above 

2.3 V, the currents increase with potential, followed by a flat, mass transport limited region above 

2.8 V. 
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Figure 6—2: (a) Koutecky-Levich analysis. For MnO2 there are no data plotted since a mass transport 
limited current was not reached. (b) Tafel plots of the ORR in BMP-TFSI. 

The shape of the CVs for GC is very similar to the ones on Au except for the absence of the 

small peaks at 1.76 and 0.66 V, respectively. The reversible ORR/OER peaks in stagnant 

electrolyte is observed at EPeak,an = -0.088 V and EPeak,cat = -0.308 V, respectively . The collection 

efficiency declines from 21.4 % at 500 rpm to 14.4 % at 2000 rpm. The cathodic and anodic 

currents increase with increasing rotation rate. 

The general trend for the ORR/OER on Mn2O3 is very similar to that of the Au and GC 

electrodes, with the peak for ORR/OER on Mn2O3 at EPeak,an = -0.133 V and EPeak,cat = -0.384 V. 

The collection efficiency is lower than for the previous electrodes and decreases from 15.1 % to 

12.6 %, which we explain by non-ideal laminar flow conditions along the rough electrode surface. 

This would fit to the rougher surface morphology indicated by SEM images (cf. Figure 2—17). 

The most obvious deviation of the Mn2O3 electrode from the characteristics of the other electrodes 

is the broader double layer region, which indicates a larger active surface, which also fits to the 

rough surface morphology and to the highest ORR currents found at the lower potential limit on 

this electrode material. Another deviation from the Au and GC characteristics is that the oxidative 

currents above 2.3 V do not reach the mass transport limit. 

Finally, on MnO2 the ORR peak is at 471 mV and the OER takes place at -145 mV. Similar to 

the other electrodes the current increases with increasing rotation rate. Even though the ORR 
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currents at the lower potential limit are higher than those on Pt, Au and GC, due to the higher 

specific surface area (see SEM image in the Figure 2—17), we did not observe the formation of a 

clearly mass transport limited current on MnO2. We relate this to the Ohmic drop in this electrode, 

which was not compensated in the measurements. When extending the low potential limit to -1.5 

V (not shown), the current profile shows a decreased slope, but does not reach constant values as 

it would be expected for a purely mass transport limited process. The collection efficiency on 

MnO2 is even lower than on Mn2O3, decreasing from 10 % to 5 %, which we also explain by non-

ideal laminar flow conditions (see above). In contrast to all other electrodes, a small current peak 

appears on MnO2 just before the onset of the ORR. Since we could observe this feature also in Ar 

saturated electrolyte, it is not related to the presence of O2, but must be due to a reaction between 

electrolyte and electrode. Similar to the Mn2O3 electrode the mass transport limited region is not 

reached for the oxidative process above 2.3 V. 

Comparison of the cyclic voltamograms of all electrode materials reveals that Pt, Au and GC 

electrodes exhibit roughly the same mass transport-limited ORR current, as it is expected for flat 

disks. In addition, the onset potential of the ORR is very similar for all electrode materials, 

indicating that there is no catalytic effect for the first electron transfer, which points to an outer-

sphere reaction. Furthermore, also the redox potentials for the ORR in the absence of rotation and 

the drop in collection efficiency with increasing rotation rate are very similar for all electrodes, 

pointing also to little or no influence of the catalyst material. 

In the next step, the mass transport limited current was used for a Koutecky-Levich analysis, 

which describes the limited current as a function of the rotation rate (Figure 6—2a). Note that the 

MnO2 data are not plotted, since the mass transport limited current was not reached for this 

electrode, as discussed above. The slope in the Koutecky-Levich plot of each electrode material 

was used for calculating the number of electrons transferred in the rate determining step of the 

electrochemical reaction via the following relation:100 (Table 6-1) 

n=1/0.62(slope)FAD2/3 ν-1/6 C                            (6-1) 

In this relation, n is the number of electrons transferred, F is the Faraday constant (96485 A s 

mol-1), A is the geometric electrode area (cm2), and ω is the angular rotation rate. Furthermore, C  
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Electrodes Slope / 

µA-1 s-2 

n e- Tafel slope / 

mV dec-1 

Pt 0.005 0.80 119 

Au 0.004 1.06 127 

GC 0.007 0.64 133 

Mn2O3 0.004 1.04 123 

MnO2   123 

Table 6-1: Linear regression for the calculation of the electron transfer number (n e-) from the Koutecky-
Levich equation and Tafel slope in the ORR in Mg-free O2-saturated electrolyte on the different electrodes 

is the concentration of the electroactive species (0.0001 mol cm-3, see experimental section). D is 

the O2 diffusion coefficient which was taken from Vranes et al. (2.5 10-6 cm2 s-1) for O2 in BMP- 

TFSI227 Finally, the kinematic viscosity ν was taken from the specification sheet of the supplier 

Solvionic (0.5516 cm2 s-1). For all electrodes investigated, this analysis arrives at an electron 

transfer number of approximately one. A single electron transfer (as rate determining step) in the 

ORR reaction in an imidazolium chloride/aluminum chloride mixture, and in ILs such as 1-ethyl-

3-methylimidazolium bis-(trifluoromethylsulfonyl)imide (EMI-TFSI) and BMP-TFSI was also 

reported in previous studies.228,229 

Tafel plots of the currents at 1500 rpm are shown for all electrodes for the positive-going scan 

in Figure 6—2, because the surface blocking on the Pt electrode (additional limitation to the 

current, see discussion above) is removed in the course of the (preceding) negative-going scan. 

There are only slight differences for the other rotation rates at high overpotentials, which show 

that the electron transfer process does not vary with increasing rotation rates. The kinetic current 

density used for the figure is defined by the equation 

JK = (|I * ILim| / |(ILim - I)|)/A                                      (6-2) 
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Tafel slope values for each electrode material are listed in Table 6-1, they are around 120 mV 

dec-1. This fits to former reports by Monaco et al., relating this to a typical one-electron transfer 

in the rate determining step, for which ideally 120 mV dec-1 are expected.218 Another study using 

BMP-TFSI as electrolyte, in contrast, reported a Tafel slope of 60 mV dec-1.225 Interestingly, 

despite of this difference, the authors of the latter report also interpreted the slope of 60 mV dec-1 

as being due to a one-electron process, explaining this by a Nernstian diffusion overpotential.225 

6.3.2 ORR in 0.1 M Mg-TFSI2 in BMP-TFSI  

CVs measured in O2-saturated 0.1 M Mg-TFSI2 in BMP-TFSI on the different electrode 

materials at a rotation rate of 1500 rpm are presented in Figure 6—3. Since the shape of the CVs 

recorded in the presence of Mg2+ ions changes with the number of cycles (in contrast to the CVs 

obtained in the absence of Mg2+ ions, see Figure 6—1), the first, the second and a later cycle are 

shown. 

Already in the first cycle the CVs of the five electrode materials are very different from those 

recorded in Mg2+-free electrolyte (Figure 6—2), and these differences are much more pronounced 

than differences between different electrode materials. The ORR currents reached in the cathodic 

scan are much lower in the presence than in the absence of Mg2+. After reaching the lower potential 

limit, the current traces of the anodic scan do not follow the trace of the cathodic scan, indicating 

a change in the electrode surface upon the potential scan, e.g., by formation of a passivation layer 

on the electrodes, which continues also in subsequent cycles (see below).75 The ongoing surface 

passivation prohibits the evaluation of the kinetic region via Tafel analysis and hinders the 

evolution of a mass transport limited region, which could be the basis for Koutecky-Levich 

analysis. Therefore, the number of electrons transferred in the rds cannot be determined via these 

methods. Similarly, we could not find a clear trend of an increasing ORR current in the first cycle 

with increasing rotation rate (Figure 9—9), which is most likely due to counteracting effects of the 

enhanced educt mass transport and the formation of a passivation layer. 

Furthermore, the ORR also appears to be irreversible in the presence of Mg2+, as there is no 

corresponding OER feature in the anodic scan, independent of the rotation rate (0 – 2000 rpm) 

which fully agrees with previous results in Mg-containing BMP-TFSI electrolyte obtained in flow 

cell experiments75 and results of an ORR/OER flow cell and RRDE study in Mg2+ containing  
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Figure 6—3: CVs recorded in O2-saturated 0.1 M Mg-TFSI2 in BMP-TFSI (10 mV s-1, 1500 rpm) for (a) 
Au, (b) Pt, (c) GC, (d) Mn2O3, (e) MnO2 . 

DMSO.16 It is important to note that the lack of a clear OER peak in the anodic scan is not caused 

by a too fast off-transport of the superoxide due to the high rotation rate (1500 rpm), as it was the 

case in the comparable experiment in Mg2+-free electrolyte, since we also do not see a ring current. 

The suspected surface passivation is also held responsible for the change in shape of the CVs 

with increasing cycle number, with decreasing cathodic currents for all electrode materials, until 

reaching a steady state after a number of cycles. The last of the three cycles shown in Figure 6—

3 for the respective electrode materials is representative for the steady-state CV. Interestingly, the 
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electrodes are not completely passivated electrode at this point. There is some reversible or quasi-

reversible process taking place, which results in an anodic peak in the anodic scan in the later 

cycles. Current and potential of this peak differ for the different electrode materials. A similar peak 

was also observed previously and attributed to an ORR/OER on or within the passivation layer, 

with some of the O2/O2
- trapped.75 The differences between the different electrode materials might 

be related to differences in the morphology/composition of the passivation layer (see also the 

following sections). 

The currents recorded at the Pt ring at 1 V vs Mg/MgO (not shown) do not show any indication 

of superoxide oxidation even at the highest rotation rate of 2000 rpm. Assuming that the initial 

step of the ORR is still the formation of O2
- via a one electron transfer, this means that i) in the 

presence of Mg2+ the superoxide is either adsorbed at the surface, where it could also be subjected 

to a second electron transfer (O2
- + e- → O2

2-), or that ii) any further reaction takes place in solution, 

e.g., a disproportionation of superoxide into oxygen and peroxide (2O2
- → O2

 + O2
2-), or that iii) 

the Mg2+ assisted decomposition of BMP-TFSI by (su-)peroxide is faster than the transport of the 

superoxide to the ring. The time for transporting O2
- from the ring to the disk electrode in Mg2+ 

free BMP-TFSI was determined to be around 5 s at 400 rpm by Herranz et al..225 Note that peroxide 

formation via a second electron transfer at the surface or via disproportionation in solution were 

also discussed for the ORR in the presence of Li+.230 In an RRDE study of the ORR in Mg(ClO4)2 

in DMSO, a clear current at the ring was measured, with the collection efficiency increasing with 

the rotation rate.16 This was interpreted in a mechanism where the soluble intermediates are 

unstable and react with DMSO on the way between the disk and the ring electrode.16 Furthermore, 

based on the fact that the reaction order with respect to Mg2+ is close to 0, the authors of that study 

concluded that the second electron is transferred to an adsorbed intermediate.16 Considering that 

i) we find a much more pronounced surface passivation compared to the study using Mg(ClO4)2 

in DMSO and that ii) we do not observe any oxidation of (su-)peroxide at the ring, it is most 

plausible that intermediates such as MgO2-TFSI in BMP-TFSI based electrolyte are also adsorbed 

on the electrode surface, where they react further and form stable products, which do not desorb. 

The absence of a related signal at the ring, when the quasi-reversible peak is seen on the disk in 

the later cycles, is in agreement with the previous proposal that the superoxide is adsorbed on or 

trapped in the passivation layer.75 
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6.3.3 Characterization of the deposited films  

For the characterization of the deposited EEI films we used a slightly different electrochemical 

procedure than employed in the ORR/OER measurements discussed in section 6.3.2, in order to 

have similar parameters as in our previous study.75 In this case we cycled the potential from 1.2 to 

-0.6 V vs Mg/MgO for 5 cycles in O2 saturated 0.1 M Mg-TFSI2 in BMP-TFSI (scan rate 5 mV s-

1). The resulting ORR charge accumulated during the cycles is used to estimate the thickness of 

the deposited layer by assuming that MgO2 (unit cell with 12 atoms, i.e., 4 × MgO2 with a = 4.84 

× 10-10 m231) is the only product formed on the electrodes (see section 6.3.3.2) and that it is 

distributed homogeneously over the (geometric) surface area of the electrodes. Considering the 

passivation of the electrode found in the electrochemical measurements, the blocking deposits 

should cover most of the surface area. The resulting thicknesses are between 4 and 13 nm. 

6.3.3.1 Characterization by SEM  

Figure 6—4 shows the corresponding SEM images of the passivation layer formed on the Mn2O3 

and Pt electrode surfaces. For comparison, we show in the Figure 2—17 SEM images recorded on 

the original surfaces, before formation of the passivation layer. For MnO2 a needle like structure 

was found, whereas Mn2O3 exhibits a cauliflower-type surface morphology. This difference might 

be due to the absence of a calcination step in the preparation of MnO2, since a transition to a 

cauliflower morphology was found by Gorlin et al. also upon calcining MnOx films at 450°C.107 

 

Figure 6—4: SEM images of the Mn2O3 and Pt electrode surfaces after cycling the potential from 1.2 to -
0.6 V vs. Mg/MgO for 5 cycles in O2 saturated 0.1 M Mg-TFSI2 in BMP-TFSI (5 mV s-1). 
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For the Mn2O3 electrode the original morphology is still clearly visible, which is in line with a 

thin layer of deposits as estimated from the charge evaluation. A similar result was also obtained 

for the Pt electrode, where the scratches formed during the polishing procedure are clearly visible 

in the images. Similar conclusions on the morphology and thickness of the deposited layer can 

also be drawn for Au, GC and MnO2 electrode materials. Sometimes additional round or worm 

shaped structures were also found in the SEM images, which might be due to insufficient rinsing. 

 

6.3.3.2 Characterization by XPS 

Information on the chemical composition of the passivation layer formed by the cycling 

procedure in Mg-TFSI2 containing electrolyte described above was obtained by XPS 

characterization. XP core level spectra of the C 1s, S 2p and N 1s regions, obtained on the different 

electrode surfaces (Pt, Au, GC, Mn2O3 and MnO2), are shown inFigure 6—5. Spectra of the O 1s, 

F 1s and Mg 2p regions are shown in Figure 6—6. 

For the peak deconvolution of the spectra we used a comprehensive approach, which was 

described previously.75 In the first step of this approach, we introduce the corresponding XPS 

peaks for all compounds expected. A priori, we expected the presence of the electrolyte 

components BMP-TFSI and Mg-TFSI2, where relative intensities of different peaks related to one 

compound were calculated using their atomic sensitivity factors. Next, further peaks were added 

to obtain a reasonable fit to the measured peak(s). Some of them could be clearly assigned to newly 

formed species (e.g., MgO2). The BEs of the peaks related to the electrolyte compounds and of the 

additional peaks were fixed for all electrode materials. For BMP-TFSI and Mg-TFSI2  
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Figure 6—5: XPS core level spectra of the C 1s (left column), N 1s (middle column) and S 2p (right column) 
spectral regions on the Pt, Au, GC, Mn2O3 and MnO2 electrode surfaces (from bottom to top of each panel), 
after cycling the potential from 1.2 to -0.6 V vs. Mg/MgO for 5 cycles in O2-saturated 0.1 M Mg-TFSI2 in 
BMP-TFSI. 
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Figure 6—6: XPS core level spectra of the Mg 2p (left column), F 1s (middle column) and O 1s (right 
column) spectral regions on the Pt, Au, GC, Mn2O3 and MnO2 electrode surfaces (from bottom to top of 
each panel), after cycling the potential from 1.2 to -0.6 V vs. Mg/MgO for 5 cycles in O2-saturated 0.1 M 
Mg-TFSI2 in BMP-TFSI. 
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we used essentially the values reported by Law et al. (see75 and references therein 146,181), the 

only deviations are for the CF3 of TFSI in the C 1s (292.7 instead of 293.1 eV) and F 1s (688.9 

instead of 688.7 eV) regions.146 Table 6-2 summarizes the BEs of the peaks used in the peak 

deconvolution. 

In the C 1s range, BMP-TFSI and Mg-TFSI2 lead to peaks related to the CF3 groups of the TFSI 

anion (at 292.7 eV) and to two more peaks at 286.6 eV and 285.4 eV, where the latter are assigned 

to C atoms in the BMP cation, either adjacent to the N atom in the ring (Chetero) or bonded to other 

C atoms (Calkyl), respectively. This assignment corresponds to the findings for a multilayer of 

BMP-TFSI on a Cu(111) surface acquired under UHV conditions.146 The intensity of the peak 

related to CF3 groups is generally very small, for the Mn2O3 and MnO2 electrodes it is even below 

the signal-to-noise ratio. For the Pt electrode it cannot be fitted with the CF3 moiety of TFSI alone, 

since the corresponding amounts of N, S, and O are much lower. Thus, another peak at 292.1 eV 

was added, which is most likely related to CFx products from TFSI decomposition. 

The two electrolyte molecules also lead to a common XPS peak feature in the F 1s range at 688.9 

eV, caused by the CF3 groups of the TFSI anion. According to the work of Law et al.,75 BMP-

TFSI and Mg-TFSI2 lead to different features in the S 2p, O 1s and N 1s regions. The S 2p3/2 and 

S1/2 peak components of the two compounds are located at 168.8 and 170.0 (BMP-TFSI) and 169.5 

and 170.7 eV (Mg-TFSI2), respectively. In the O 1s BE range, peaks at 532.8 and 533.4 eV are 

assigned to oxygen atoms in TFSI, together with BMP+ or Mg2+, respectively. For the N 1s spectra, 

a peak at 402.4 eV is related to the N atom in BMP+, additional peaks at 399.4 and 400.1 eV are 

attributed to N in the TFSI anion bound to Mg2+ or BMP+, respectively. Finally, for the Mg-TFSI2 

a peak is added in the Mg 2p range at 51.8 eV. This feature has a very low intensity for all electrode 

surfaces studied, which can be explained by the relatively low atomic sensitivity factor of the Mg 

2p peak. Here only single peaks were used, since the spin-orbit splitting of the Mg 2p peaks (0.28 

eV)232 is much smaller than their peak width. 

It was demonstrated before that MgF2 is one of the possible decomposition products of Mg- 

TFSI2 in BMP-TFSI mixtures upon electrochemical cycling.75 The absence of the typical fluoride 

related peak at 685.0 eV in the F 1s XP spectra (cf. Figure 6—6), however, evidences a negligible 

amount of MgF2 in the present case for all electrodes studied. We performed a number  
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Region Binding energy / eV Peak assignment 

C 1s 284.8 Adventitious carbon 

285.4 Calkyl of BMP 

286.6 Chetero of BMP 

292.7 CF3 anion of TFSI 

289.2 CF fragments 

286.5 C-O 

288.0 C=O 

N 1s 399.4 TFSI of BMP 

402.4 BMP 

400.1 TFSI bonded to Mg2+ 

399.2, 400.4 Decomposition of the electrolyte 

S 2p 168.8 with 170.0 TFSI paired with BMP 

169.5 with 170.7 TFSI paired with Mg2+ 

167.2 with 168.5 S bonded to N 

O 1s 531.5 MgO2 

532.8 TFSI of BMP 

533.4 TFSI of Mg2+ 

532.0 C-O surface contaminatin 

530.2 Manganese oxide 

F 1s 688.9 CF3 of BMP-TFSI and Mg-TFSI2 

Mg 2p 50.2 MgO2 

48.8 Mn 3p 

51.8 Mg-TFSI2 

51.7 Pt 5p 

Table 6-2: BEs used for fitting the XPS spectra 
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of additional tests to clarify this discrepancy, varying the electrode material, the water content, the 

Mg2+ concentration, the electrochemical procedure (potential scanning or holding), the lower 

potential limit, the mass transport conditions, and finally post-treatment and ageing procedures. 

This is discussed in more detail in the supporting information. So far, however, we could not find 

the parameters/conditions which result in mainly MgF2 formation in the deposits. 

The peak deconvolution in the Mg 2p region (cf. Figure 6—6a) shows for all electrodes that 

besides Mg-TFSI2, which we had already identified (at 51.8 eV) there has to be at least one other 

species with a peak at significantly lower BE (50.2 eV). Under the given conditions (in O2 saturated 

electrolyte) it is plausible to assume that this species is MgO2 (Figure 2—21). This assumption is 

based on the fact that we find an atomic ratio of 1:2 for magnesium to oxygen in MgOx, using the 

remaining O 1s intensity after subtraction of the Mg-TFSI2 and BMP-TFSIrelated signals, and also 

on the BE of the Mg 2p peak, which is in complete agreement with the results of a reference 

measurement of MgO2 powder. In contrast, the peak of MgO appears at much higher BE (cf. Figure 

2—21). Finally, for the Pt electrode an additional broad contribution has to be added in the Mg 2p 

region (centered at 51.7 eV), which we attribute to the Pt 5p3/2 peak from the Pt substrate. The 

intensity of the latter peak was determined by using the Pt 5p3/2 to Pt 4f intensity ratio for the pure 

Pt substrate. Furthermore, for the manganese electrodes the Mn 3p peak (centered at 48.8 eV) 

contributes to the peak in the Mg 2p region. The O 1s peak of MgO2, which is set to 531.5 eV,233 

dominates the spectra in the O 1s region together with another peak at 532.0 eV, which we 

tentatively attribute to O-containing organic contaminations, whose presence is supported also by 

the large C 1s peak for adventitious carbon. Please note that for both manganese oxides this peak 

at 532.0 eV is shifted to 532.4 eV. The additional peak at 530.2 eV found on both oxidic electrodes 

is due to manganese oxide. 

Going to the C 1s region, we had to add three more peaks at 286.5, 288.0 and 289.2 eV with 

relatively low intensities for all five electrodes in order to get a reasonable fit. According to the 

literature peaks at these binding energies can be attributed to C-O, C=O and CFx fragments, 

respectively.75 The first two species are related to surface contaminations, which could be either 

due to the rinsing of the electrode surface with DMC (DMC will most probably desorb in vacuum, 

but its decomposition products are likely to be stable adsorbed), or they are collected on the surface 

in the glovebox, in the transport container or in the XP spectrometer atmosphere (see also the  
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Electrodes 

Chemical 

composition / at.% 

 Pt Au GC Mn2O3 MnO2 

Deposits MgO2 27.7 33.3 31.1 2.9 10.2 

Electrolyte, 

solvent and 

electrolyte decomposition 

products 

BMP-TFSI 15.0 12.2 3.5 1.9 1.8 

Mg-TFSI2 4.3 4.7 3.6 4.8 0.9 

CFx 4.4 4.9 3.4 0.4 1.9 

S -compounds 0.3 0.2 0.2 0 0 

N-compounds 0.9 0.9 0.8 0.5 0.3 

Surface 

contaminations 

Adventitious carbon 30.0 23.7 36.3 65.7 64.8 

 C-O  and C=O 

surface contamination 

8.0 7.8 7.1 20.4 11.5 

 O- 9.4 12.3 14.1 3.4 8.5 

Table 6-3: Surface composition of the EEI, including contributions from the MgO2 deposit, electrolyte 
residues, electrolyte decomposition products and surface contaminations (at.%). 

discussion of the quantitative analysis and of a blank experiment without the electrochemical ORR 

measurement below). The CFx fragments (289.2 eV) are most probably a product of electrolyte 

decomposition. 

The spectra in the S 2p range for Pt, Au and GC electrodes show another double peak at slightly 

lower BE (S 2p3/2 at 167.2 eV) in addition to the peak doublets assigned to the TFSI anion. This 

feature was not observed before by Law et al.75 and points to an S-containing decomposition 

product of the TFSI anion (called S-compounds in the following). Considering the shift to lower 

BE, it is reasonable to assume that this species results from the cleavage of the electronegative CF3 

group(s) from the TFSI anion. It remains unclear, however, if the S- N bond is also broken and if 

the CF3 group is replaced by another ligand. Therefore, we refrained from 
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correlating this feature with peaks in other BE ranges. Similarly, there are additional peaks in the 

N 1s range at 399.2 and 400.4 eV, which are most likely also related to decomposition products of 

the electrolyte. The atomic percentages of the surface species formed in the passivation layer are 

collected in Table 6-3. Here we should remind that XPS as a surface sensitive measurement method 

reflects the surface composition in the topmost few nm and that due to the exponential decay of 

the signal intensity with sampling depth, the concentration of species on top of the surface is 

overestimated compared to species which are in deeper layers. Table 6-3 demonstrates that 

adventitious C has the highest fraction of ~66 at.% for all electrodes. This is not surprising, since 

a blank experiment with a Au electrode including all steps except of the electrochemical 

measurements (polishing, drying, transfer to glovebox, transfer to XP spectrometer, XPS 

measurement) showed a similarly high C contamination level (~60 at.%). Also the other C 1s and 

O 1s contributions (C-O, C=O and oxygen) are tentatively explained in a similar way. 

Quantitatively, the contributions vary little for the C 1s signal (C-O and C=O species between ~7 

% (GC) and ~8 % (Au and Pt)) and more for the O 1s peak with oxygen contaminations between 

~11 % (MnO2) and ~20 % (Mn2O3). 

Apart from the adventitious carbon and other surface contaminations, the results suggest that the 

passivation layer is mainly built up by MgO2. The concentration of MgO2, which is the main 

product of ORR, differs depending on the electrode material between 3 % (for Mn2O3) and 33 % 

(for Au). Furthermore, there are mainly remainders of the electrolyte components Mg-TFSI2 and 

BMP-TFSI detected on the electrode surfaces. Finally, also decomposition products of the 

electrolyte are seen (CFx fragments, S- and N-compounds), but only the CF fragments seem to 

contribute substantially to the EEI layer. 

6.4 Conclusions 

Aiming at a better understanding of the electrochemical processes at the EEI of the cathode of a 

Mg-air/oxygen battery, and in particular on the influence of the Mg2+ ions thereon, we have 

investigated the ORR and OER in the ionic liquid BMP-TFSI with and without Mg2+ ions on 

different cathode model electrodes. Electrochemical measurements and physical characterization 

of the deposits led to the following conclusions: 
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1. In Mg2+-free BMP-TFSI ORR and OER proceed reversibly for all model electrodes studied 

here, as indicated by cyclic voltamograms in O2-saturated electrolyte. Based on the negligible 

effect of the different electrode materials on the ORR activity we assume that the reaction proceeds 

via an outer-sphere reduction process, which based on the Tafel slopes and the Koutecky-Levich 

analysis includes a one-electron transfer for all electrode materials, indicative of the formation and 

reduction of a superoxide species (O2
 + e- ⇌ O2

●-) 

2. In the presence of Mg2+ ions in the electrolyte, in 0.1 M Mg-TFSI2 containing BMP-TFSI, 

the ORR becomes irreversible on all electrode materials. In addition, reaction between electrolyte 

and Mg2+ results in the formation of a passivation layer (EEI), which grows with increasing number 

of cycles and increasingly blocks the access of O2 to the electrode. 

3. Although under these conditions neither a Tafel slope nor a Koutecky-Levich analysis is 

possible, the detection of MgO2 as main ORR product indicates that the reaction proceeds via a 

transfer of two electrons. This is true for all electrode materials investigated. 

Since MgO2 instead of MgO was found as main ORR product, there may be the chance to 

reoxidize it by the use of a suitable redox mediator, which chemically oxidizes the MgO2, as it has 

been shown for Li2O2.234 
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7 Summary
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This work aimed at a fundamental understanding of the surface chemistry and electrochemistry 

at the interface between (model) electrodes and battery electrolyte components with the motivation 

to generate a detailed knowledge about the interfacial processes in Li-ion as well as Mg-air 

batteries. 

In the case of Li-ion batteries the focus was on the formation of this layer at the anode side, via 

simplified model systems, i.e. the molecules (model electrolyte / solvent) were studied on the 

surface under UHV conditions without applying any potential. For Mg-air batteries the formation 

of the EEI layer at the cathode side was studied by electrochemical methods. In the later case, the 

system is more complex and factors such as applied potential, metal salts, O2, varying potential 

and possible contaminations affect the formation of SEI/EEI layer which makes understanding of 

this layer more challenging. Therefore the knowledge gained by XPS analysis in the UHV studies 

was used as a reference for the understanding of the XPS spectra in the electrochemical studies. 

The main results related to the SEI/EEI formation in Li-ion and Mg-air batteries give important 

insights for a better understanding of the SEI/EEI formation and are summarized in chapter 7.1 

and 7.2, respectively. 

7.1 Surface Chemistry of the SEI/EEI formation in Li-ion batteries 

Here, the focus was on the interaction of the individual components of Li-ion battery electrolytes 

with model electrode surfaces under clean UHV conditions in order to find out molecular scale 

details about their adsorption behavior, thermal stability and reactivity upon deposition of Li. The 

latter was added to mimic the electrolyte in Li-ion batteries, where Li+ acts as shuttle ion. As 

electrolytes/solvents EC, which is the main component of standard electrolytes and the IL BMP-

TFSI as a promising solvent for future Li-ion batteries were chosen in this study. The interaction 

of these components was studied on a single crystalline Cu(111) surface (model electrode) and in 

order to come closer to realistic battery electrodes, on HOPG, as a model for graphitic anode 

materials. These systematic model studies under UHV conditions are equivalent to open circuit 

condition without applying a potential. Different surface science techniques, i.e., a combination of 

STM, XPS, UPS, FTIR together with DFT calculations (performed in the group of Prof. Dr. Axel 
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Groß, Institute of Theoretical Chemistry, Ulm University) were applied. I arrive at the following 

results and conclusions: 

7.1.1 Influence of the surface material on the adsorption of electrolyte/solvents 

Mono- and multilayers of EC adsorb intactly on both Cu(111) and HOPG surfaces at 80 K as 

derived from XPS and FTIRS measurements. In addition, the UPS measurements on HOPG reveal 

EC molecular orbital emission, which could be clearly identified in combination with DFT-D 

calculations (AG Groß) (no UPS measurements on Cu). 

On both surfaces, the EC related bands in the FTIR spectra appear nearly at the same 

wavenumbers (indicative for a similar adsorption). The observation of the carbonyl stretching 

frequency in both cases is assigned to a vertical dipole component, which is most likely induced 

by the non-planarity of adsorbed EC molecules. The fact that the intensity of the C=O band was 

higher on Cu(111) is tentatively assigned to a larger tilt angle on Cu(111) than on graphite. 

While we did not succeed in resolving molecular features of EC on HOPG by STM, the STM 

images of EC on Cu(111) at 100 K reveal well-ordered EC islands. The formation of these islands 

indicates that there are weak intermolecular interactions between EC molecules and that the barrier 

for surface diffusion of adsorbed EC species is rather low. The interactions between EC and the 

Cu(111) substrate were found to be mainly van der Waals interactions. This van der Waals 

interaction stabilizes the ordered arrangement, however, it is mainly determined by intermolecular 

interactions between EC molecules. The DFT calculations (based on the experimental STM 

images) of adsorbed EC reveal present of six EC molecules per unit cell with at least two different 

molecular configurations, i) the EC molecules at the corners of the unit cell, which are pointing 

with only two oxygen atoms to the surface leading to a more upright geometry of the corner 

molecules, and ii) the majority of EC molecules, which are pointing with three oxygen atoms 

toward the surface. 

The thermal stability measurements demonstrate that EC mono- and multilayers completely 

desorbed from HOPG at ~200 K, i.e., the molecules are only weakly bound to the surface. This is 

quite different on the more reactive Cu surface as shown in 7.1.2. 

Molecularly adsorbed IL ion pairs could be adsorbed on Cu(111) at <200 K (to be discussed 

below). On HOPG, the IL was adsorbed at r.t and afterwards the sample was cooled down to ~100 
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K.235 Subsequent STM imaging reveals a long-range ordered 2D arrangement, consisting of 

adsorbed ion pairs (as also proofed by XPS),235 while at the same temperature on Cu(111) they 

form islands with relaxed dendritic shapes. The quite different arrangement of the adsorbed ILs on 

the two surfaces is most likely the result of a different interplay between stronger adsorbate-

substrate interactions and adsorbate-adsorbate interactions on Cu(111). We assume that this could 

also lead to different intramolecular conformations of the adsorbed IL anion-cation pairs. The 

absence of an ordered structure is most likely related to kinetic effects caused by more pronounced 

surface diffusion barriers, which hinder the IL adsorbates to self-assemble into an ordered 

arrangement at lower adsorption temperatures. 

7.1.2 Influence of the surface material on the thermal stability and decomposition of 

electrolyte/solvent 

As described before, annealing of EC mono- and multilayers on HOPG reveals that the 

molecules completely desorb without decomposition at >200 K. On Cu(111), in contrast, 

annealing of EC mono- and multilayer leads to competing desorption and decomposition of the 

molecules so that at 200 K hardly any intact EC molecules, but only decomposition products are 

left on the surface. This goes along with configurational changes of the EC during annealing, as 

demonstrated by FTIRS. For mono- and multilayers of EC on Cu(111) decomposition products 

are assigned as carbonyl (−C=O) containing species as in ketones and aldehydes, −C−O−C− 

containing species as in polyether, ethylene oxide, ethylene glycol, or ethylene dicarbonate, 

aliphatic hydrocarbons (−C−C−, −C−H). These decomposition products were probed as stable 

islands by STM. For monolayer coverages we observed the coexistence with adsorbed oxygen 

(Oad), appearing as depressions in the STM images. For multilayer coverages higher amounts of 

adsorbed, decomposition products were observed which completely cover the surface. By 

annealing to 420 K aliphatic carbon is the only residual which is left on the surface. 

Annealing of BMP-TFSI mono- and multilayers on HOPG reveals that the molecules 

completely desorb between 450-500 K,235 while on Cu(111) the anions start to decompose between 

300-350 K, leading mainly to the decomposition of the anions into products such as CF3,ad, SOx,ad, 

Sad and other carbon containing adspecies, demonstrating the more reactive nature of copper. 
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7.1.3 Effects of added Li 

Vapor deposition of Li on HOPG at r.t. reveals that Li intercalates, while at 80 K it adsorbs on 

the surface as Liδ+ (demonstrated by XPS and UPS in ref. 187). On Cu(111), Li could be identified 

as small isolated protrusions at 80 K, which might either be ascribed to individual Li adatoms or 

to small aggregates. 

Addition of Li to the EC film on HOPG at 80 K leads to the decomposition of some of the EC 

molecules, while other EC molecules remain intact. The decomposition products are assigned to 

Li2CO3 and ROCO2Li and (CH2OCO2Li)2 and Li2O, which coexist with some trapped Li+/Liδ+ ions 

and Li+(EC)n, which is stabilized in the adlayer. Interestingly, the trapped Li+/Liδ+ ions lead to a 

massive lowering of the work function Φ , together with a collective BE shift of all XPS peaks 

(vacuum level pinning) and shift of the HOPG related peak (rigid band shift). On the other hand, 

EC adsorb intact on the lithiated graphite without decomposition. After post deposition of Li on to 

a preadsorbed EC on HOPG, Li will reach the molecules at the surface, however, for lithiated 

graphite, EC desorbs already at lower temperatures than ~200 K, where the mobility of Li+ in the 

bulk is still rather low and tLi will not reach the surface. Hence, no reaction of EC with Li takes 

place on lithiated HOPG. 

Stepwise annealing of an Li+EC film on HOPG from 80 K to r.t. leads to formation of a more 

temperature stable adsorbate phase compared with pure EC on HOPG, maybe due to a mutual 

stabilization of different adspecies of Li2CO3 and ROCO2Li, (CH2OCO2Li)2 and Li2O with EC. 

This leads to an increase of the desorption temperature of EC (220-240K) which for pure EC on 

HOPG was completed 200 K. It was observed that the trapped Liδ+ ions start to intercalate (diffuse) 

into the bulk graphite at T ~ 200-230 K and completely disappears at 300 K, as indicated by the 

reverse back shift of all XP peaks and the work function Φ to the position of pristine HOPG. 

After post deposition of Li to a BMP-TFSI adlayer at 80 K, no isolated Li adatoms could be 

observed, indicating that Li adatoms are sufficiently mobile to reach the IL islands (as described 

before) and react with the BMP-TFSI, which leads to the formation of the Li containing 

decomposition products. Post-deposition of Li to both sub-monolayer and multilayer of the BMP-

TFSI on Cu leads to significant changes even at 80 K. At sub-monolayer coverage mainly the TFSI 

anions decompose and new species such as LiF, Sad, or Li2 S form on the surface. For multilayers 

we also observed decomposition of the BMP cations and formation of adsorbed Li3N or LiCxHyN 
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species. Comparison with the decomposition product upon annealing indicates that Li induces a 

reactive decomposition of the adlayer and that the nature of the decomposition products is different 

than upon annealing the IL adlayer under Li-free conditions. 

For the BMP-TFSI on Cu, the presence of Li on the surface causes drastic changes in the 

thermally activated decomposition of BMP-TFSI and leads to mainly formation of LiF and sulfur-

containing components (Sad or Li2S surface species), while the initial BMP and TFSI signatures 

disappear. The intensities of the carbon-containing species decrease at T ≥ 300 K and nearly 

completely disappear at 450 K. The decomposition products upon heating with and without Li 

indicate that Li could make bonds with the possible decomposition of the anion during heating, 

i.e., formation of LiF and Li2S.. However, an intensity loss in the C 1s signal related to the carbon 

from the cation in the presence of Li was observed, which was not the case without Li. Comparison 

of the annealing of the BMP-TFSI and its decomposition products with EC + Li indicate that BMP-

TFSI is more stable than EC on HOPG. 

7.2 Electrochemical formation of the EEI in Mg-air batteries and its 

composition 

In second part of the thesis in cooperation with the group of Prof. Dr. Tillmetz and Dr. Ludwig 

Jörissen in ZSW Ulm, the focus turned to the processes taking place at the cathode side of the Mg 

– air battery, i.e. oxygen reduction (ORR) and oxygen evolution (OER) reactions. For this study 

RRDE measurements were performed in a glove box with an O2/Ar (20%) atmosphere. In order 

to test the electro-catalytic activity towards ORR and OER, different electrode materials were 

examined, from noble metal catalysts Pt and Au, to manganese oxides, i.e. MnO2, Mn2O3 and GC. 

This was systematically investigated first in the ionic liquid BMP-TFSI and afterwards with the 

addition of Mg-TFSI2. This ionic liquid was selected since its well-known physical and chemical 

properties such as broad electrochemical stability window, low volatility and flammability appear 

promising for the use in batteries. Besides electrochemical measurements, also physical 

characterization of the deposits (via SEM and XPS) was performed. Here the resulting XP spectra 

are rather complex, due to the presence of different components of the electrolyte, electrolyte 

decomposition products and the ORR product(s). Therefore, the knowledge for the peak fitting of 
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the less complex XPS spectra of BMP-TFSI adlayers formed under UHV conditions was used for 

the spectral deconvolution of the XP spectra after the electrochemical treatment. In this regard, the 

binding energy values for intact BMP-TFSI as determined in the adsorption experiments under 

UHV conditions were transferred. 

The ORR and OER in pure BMP-TFSI were reversible for all electrode materials and the effect 

of the electrode materials on the activity and on the reaction pathway appears to be negligible. In 

contrast, the addition of Mg2+ results in an irreversible ORR on all electrode materials and in the 

formation of a passivation layer, which is growing in mean thickness with the number of potential 

cycles. Even though the passivation layer has different morphology on each electrode material, the 

layer is blocking the surface of all electrodes. Thus, no catalytic activity of the electrode materials 

toward ORR and OER in BMP-TFSI containing Mg2+ electrolyte was observed. Therefore, a 

continuous ORR/OER, which would be needed in practical application for Mg-air batteries, is 

hardly possible with the electrolyte and catalysts tested in this thesis. 

Considering the chemical composition of the passivation layer formed, MgO2 was found on all 

electrode surfaces as the main ORR product, which means that the main reaction includes transfer 

of two electrons. The main electrolyte decomposition products on all electrode materials were CF, 

sulfur and nitrogen compounds. Also adventitious carbon together with O-, C-O, and C=O 

containing compound were observed. The chemical composition of the deposits poses a major 

difference to the result of a former publication in our group.75 In the latter it was found that MgF2 

is the main compound, besides other decomposition products containing O-, C-O and C=O 

moieties, and adventitious carbon. 

The reason for this discrepancy could not be identified even though several parameters were 

varied, including the electrode material, the water content, the Mg2+ concentration, the lower 

potential limit, potential cycling vs potential holding, the electrochemical cell (flow cell vs RRDE), 

the post treatment and aging of the deposits. 

Overall, our model studies on (i) the SEI/EEI formation at anode model surfaces in Li-ion 

batteries in UHV under open circuit conditions and (ii) the EEI formation at the cathode side for 

Mg-air batteries in a glovebox at different applied potentials revealed: 
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(1) molecular scale details on the structure formation and surface chemistry of adsorbed 

electrolyte/solvent components and coadsorbed Li on flat model electrodes. The resulting 

decomposition products are considered as the initial stages of the chemical SEI/EEI formation, 

(2) and a wealth of details about the EEI formation for Mg–air batteries for selected electrode 

materials in an electrochemical environment.  

Finally, these studies have the potential to get a better understanding of the interfacial processes 

between battery electrodes and electrolytes and are expected to provide important information for 

the improvement of future batteries.



   

 

8 Zusammenfassung 
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Das Ziele der vorliegenden Arbeit ist ein grundlegendes Verständnis der Oberflächen- und 

Elektrochemie an der Grenzfläche zwischen Modellelektroden und Einzelkomponenten von 

Batterieelektrolyten. Die Motivation dabei ist, detaillierte Kenntnisse über die ablaufenden 

Prozesse an der Grenzfläche in Li-Ionen und Mg-Ionen Batterien zu gewinnen. 

Bei Li-Ionen-Batterien lag der Schwerpunkt auf der Untersuchunge der Grenzfläche auf der 

Anodenseite, wobei vereinfachte Modellsysteme analysiert wurden., d. h. die Adsorption der 

Einzelkomponenten des Elektrolyten (Modellelektrolyt / Lösungsmittel) auf der Oberfläche wurde 

unter UHV-Bedingungen ohne Anlegen eines externen Potentials untersucht. Darüber hinasu 

wurde für Mg-Luft-Batterien die Bildung der EEI-Schicht auf der Kathodenseite mithilfe 

elektrochemischer Methoden untersucht. Im disem Fall ist das System komplexer (da es 

realistischerist) und Faktoren wie das angelegte Potential, Metallsalze, O2, das sich ändernde 

Potential und mögliche Verunreinigungen beeinflussen die Bildung der SEI / EEI-Schicht. 

Dadurch wird ein detailliertes Verständnis dieser Schicht deutlich erschwert. Ein Vorteil der 

kombinierten Untersuchungen, war, dass die XPS-Analyse der UHV-Studien als Referenz für das 

Verständnis der XPS-Spektren in den elektrochemischen Studien verwendet werden konnte. Die 

wichtigsten Ergebnisse zur SEI / EEI-Bildung in Li-Ionen- und Mg-Luft-Batterien liefern 

Erkenntnisse für ein besseres Verständnis der SEI / EEI-Bildung und sind in den Kapiteln 8.1 und 

8.2 zusammengefasst. 

8.1 Oberflächenchemie der SEI/EEI Bildung in Li-ion Batterien 

Hierbei lag der Schwerpunkt auf der Wechselwirkung der einzelnen Komponenten von Li-

Ionen-Batterieelektrolyten mit Modellelektrodenoberflächen unter sauberen UHV-Bedingungen, 

um molekulare Details zu ihrem Adsorptionsverhalten, ihrer thermischen Stabilität und ihrer 

Reaktivität bei der Abscheidung von Li zu bestimmen. Letzteres wurde gewählt, um den 

Elektrolyten in Li-Ionen-Batterien nachzuahmen, wobei Li+ als Shuttle-Ion fungiert. Als 

Elektrolyte / Lösungsmittel wurden in dieser Studie EC (Hauptbestandteil von 

Standardelektrolyten), und der IL BMP-TFSI (vielversprechendes Lösungsmittel für zukünftige 

Li-Ionen-Batterien) ausgewählt. Die Wechselwirkung dieser Komponenten wurde auf einer 

einkristallinen Cu (111) -Oberfläche (Modellelektrode) und, um realistischen Batteriebedingungen 
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näher zu kommen, auf HOPG (Modell für graphitische Anodenmaterialien) untersucht. Die 

systematischen Modellstudien in dieser Arbeit unter UHV-Bedingungen entsprechen 

Bedingungen ohne zusätzlich angelegtes externes Potential. Verschiedene 

oberflächenwissenschaftliche Techniken, d. h., eine Kombination aus STM, XPS, UPS, FTIR 

zusammen mit DFT-Berechnungen (durchgeführt in der Gruppe von Prof. Dr. Axel Groß, Institut 

für Theoretische Chemie, Universität Ulm) wurde angewendet. Schließlich komme ich zu 

folgenden Ergebnissen und Schlussfolgerungen: 

8.1.1 Einfluss des Oberflächematerials auf die Adsorption von Elektrolyten / 

Lösungsmitteln 

Sowohl im Multi- als auch im Monolagenbereich adsorbieren EC Moleküle intakt auf Cu(111) 

und HOPG bei 80 K. Dies konnte mittels XPS und FTIRS Messungen gezeigt werden. Zusätzlich 

zeigen UPS Messungen Emissionen aus Molekülorbitalen, welche in mittels DFT-D Rechnungen 

(AG Groß) identifiziert werden konnten (keine UPS Messungen auf Cu). 

Auf beiden Oberflächen erscheinen die EC Banden der FTIRS Messungen nahezu bei gleichen 

Wellenzahlen (vermutlich aufgrund ähnlicher Adsorptionsgeometrien). Das Auftreten einer 

Carbonyl Streckschwingung ist in beiden Fällen einer vertikalen Dipolkomponente zuzuschreiben, 

welche wahrscheinlich daraus resultierte dass EC Moleküle bedingt durch ihre Struktur nicht flach 

adsorbieren können. Die Tatsache, dass die Intesität der C=O Schwingung auf Cu(111) höher war, 

könnte daran liegen dass der Kippwinkel des EC Moleküls auf Cu(111) größer ist als auf Graphit. 

Während es nicht gelang, EC Moleküle mittels STM auf HOPG aufzulösen, zeigen die STM 

Bilder auf Cu(111) wohlgeordnete EC-Inseln. Die Ausbildung solcher Inseln impliziert schwache 

intermolekulare Wechselwirkungen und eine niedrige Diffusionsbarriere. Die Wechselwirkung 

zwischen EC und Cu(111) sind hauptsächlich van-der-Waals-Wechselwirkungen. Diese 

stabilisieren geordnete EC Inseln, welche jedoch hauptsächlich durch intermolekulare 

Wechselwirkungen zusammengehalten werden. Die DFT Rechnungen (basierend auf STM Daten) 

zeigen sechs EC Moleküle pro Einheitszelle mit mindestens zwei Konfigurationen, i) die 

Eckmoleküle zeigen mit zwei Sauerstoffatomen zur Oberfläche, was einer stehenden Geometrie 

entspricht, (ii) die Mehrheit der EC Moleküle zeigt allerdings mit drei Sauerstoffatomen zur 

Oberfläche. 
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Thermische Stabilitätsmessungen zeigen, dass die adsorbierten EC Mono- und Multilagen auf 

HOPG bei ca. 200 K desorbieren, d.h., EC ist nur schwach auf der Oberfläche gebunden. Dies ist 

ein signifikanter Unterschied zu deutlich reaktiveren Cu(111) Oberfläche (siehe 8.1.2). 

In diesem Fall, adsorbieren Ionen-Paare <200 K molekular auf Cu(11) (siehe spätere 

Diskussion). Auf HOPG wurde IL bei R.T. aufgedampft und anschließend auf ~100 K gekühlt.235 

Die folgenden STM Messungen zeigen eine weitreichende 2D Anordnung, welche aus Anion-

Kation Paaren zusammengesetzt ist (nachgewiesen mit XPS),235 während auf Cu(111) unter 

denselben Bedingungen relaxierte Dendriten entstehen. Die unterschiedlichen Anordnungen der 

adsorbierten ILs auf diesen beiden Oberflächen resultieren vermutlich daraus, dass sowohl die 

Wechselwirkung zwischen Adsorbat und Substrat auf Cu(111) stärker ist als auch die Adsorbat-

Adsorbat Wechselwirkung. Wir vermuten, dass dies einhergehen könnte mit unterschiedlichen 

intramolekularen Konformationen der adsorbierten Anion- Kation Paare. Außerdem begründet 

sich das Abhandensein einer geordneten Struktur vermutlich in kinetischen Effekten, verursacht 

durch höhere Diffusionsbarrieren, welche die IL daran hindern, eine geordnete Struktur bei tiefen 

Temperaturen einzunehmen. 

8.1.2 Einfluß der Oberfläche auf die thermische Stabilität und Zersetzung des Elektrolyten 

/ Lösungsmittels 

Wie schon zuvor beschrieben, führt das Heizen von EC Mono- und Multilagen auf HOPG auf 

>200 K zur vollständigen Desorption. Auf Cu(111) hingegen findet sowohl Desorption als auch 

Zersetzung statt, was dazu führt, dass bei 200 K kaum mehr EC auf der Oberfläche zu finden ist, 

lediglich Zersetzungsprodukte. Dies geht während des Heizens einher mit Änderungen der 

Konfiguration der EC Moleküle, wie mit FTIRS gezeigt werden konnte. Für adsorbierte EC Mono- 

und Multilagen auf Cu(111) werden die Zersetzungsprodukte Carbonyl (−C=O) haltigen Spezies 

(Ketone und Aldehyde), −C−O−C− haltigen Spezies (Polyether, Ethyleneoxid, Ethyleneglycol, or 

Ethylendicarbonat oder aliphatische Kohlewasserstoffen (−C−C−, −C−H) zugeschrieben. Diese 

Zersetzungsprodukte zeigten sich in STM Messungen als stabile Inseln. Für Monolagen 

Bedeckung zeigten sich außerdem adsorbierter Sauerstoff (Oad) der als Kavitäten in den STM 

Bildern zu erkennen ist. Für EC Mulitlagen zeigten sich höhere Mengen an Zersetzungsprodukten, 

welche die komplette Oberfläche bedeckt. Nach dem Heizen auf 420 K blieb nur aliphatischer 

Kohlenstoff auf der Oberfläche zurück. 
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Das Heizen von BMP-TFSI Mono- und Multilagen auf HOPG ergab deren Desorption bei 450-

500 K,235 während auf Cu(111) die Anionen beginnen, sich bei 300-350 K zu zersetzen. Mögliche 

Zersetzungsprodukte sind CF3,ad, SOx,ad, Sad aber auch andere kohlenstoffhaltige Spezies. Dies 

zeigt die deutliche reaktivere Nature der Kupfer Oberfläche. 

8.1.3 Effekte durch zugesetztes Li 

Das Aufdampfen von Li auf HOPG bei R.T. zeigt, dass Li interkaliert, währende es bei 80 K als 

Liδ+ adsorbiert (gezeigt mittels XPS und UPS, Ref.187). Auf Cu(111) konnte Li als kleine, runde 

Erhebung in den STM Messungen identifiziert werden, welches vermutlich einzelnen Li 

Adatomen oder kleineren Aggregaten zuzuschreiben ist. 

Die Zugabe von Li zu adsorbierten EC Filmen auf HOPG bei 80 K führt zu einer teilweisen EC 

Zersetzung. Die Zersetzungsprodukte sind vermutlich Li2CO3, ROCO2Li, (CH2OCO2Li)2 und 

Li2O, welche zusammen mit Li+/Liδ+ Ionen und Li+(EC)n auf der Oberfläche vorliegen. 

Interessanterweise führen die Li+/Liδ+ Ionen dazu, dass die Austrittsarbeit deutlich sinkt, was 

wiederum einhergeht mit einer kollektiven Verschiebung aller Adsorbatpeaks zu höherer 

Bindungsenergie (‚vacuum level pinning‘) und einer geringeren Verschiebung des Substratpeaks 

in dieselbe Richtung (‚rigid band shift‘). EC Moleküle adsobieren molekular auf lithiertem 

Graphit. Bei nachträglichem Aufdampfen von Lithium auf eine adsorbierte EC Schicht auf HOPG 

ist es möglich, dass Li mit EC reagieren kann, jedoch ist dies auf lithiertem Graphit anders, da EC 

bereits bei ca. 200 K desorbiert und dort die Mobilität von Li+ im HOPG Volumen sehr gering ist 

und Li+ nicht an die Oberfläche kommt. Deshalb kommt es hier nicht zur Reaktion zwischen Li 

und EC auf lithiertem HOPG. 

Schrittweises Heizen des Li+EC Films auf HOPG von 80 auf 300 K führt zur Ausbildunng einer 

stablileren Adsorbatphase verglichen mit EC auf HOPG. Dies liegt vermutlich an einer 

gegenseitigen Stabilisierung der adsorbierten Spezies, wie Li2CO3 und ROCO2Li, (CH2OCO2Li)2 

und Li2O mit EC, was sich an einer erhöhten Desorptionstermperature von 220 – 240 K zeigt. 

Hingegen war EC auf HOPG schon bei 200 K komplett desorbiert. Außerdem zeigte sich, dass 

Liδ+ Ionen zwischen 200 – 300 K interkalieren und bei 300 K komplett verschwunden sind, was 

daran zu sehn ist, dass alle XPS Adsorbat Peaks in der Bindungsenergie zurückverschoben sind 

und auch die Austrittsarbeit Φ auf den Wert für sauberes HOPG zurückgeht. 
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Nachträgliches Aufdampfen von Li auf eine adsorbierte BMP-TFSI Adschicht bei 80 K, zeigte 

keine isolierten Li Atome in den STM Bildern, was darauf schließen lässt, dass diese so mobil 

sind, dass sie die vorher beschriebenen IL Insel erreichen können und mit BMP-TFSI reagieren. 

Dies führt zur Bildung von Li-haltigen Zersetzungsprodukten. Nachträgliches Aufdampfen von Li 

zu BMP-TFSI Mono- und Multilagen führt auf Cu(111) sogar bei 80 K zu deutlichen 

Veränderungen. Hier Zersetzten sich hauptsächlich die TFSI Anionen in Produkte auf der 

Oberfläche wie LiF, Sad, or Li2S. Für adsorbierte Multilagen zeigte sich auch eine Zersetzung der 

Kationen in Li3N- oder LiCxHyN-Spezies. Ein Vergleich dieser Produkte mit jenen nach dem 

Heizen (Li-frei) zeigt, dass Li eine reaktive Zersetzung induziert und dass die Natur der 

Zersetzungsprodukte sich mit denen nach dem Aufheizen der Probe (Li-frei) unterscheidet. 

Das Vorhandensein von Li auf einer mit BMP-TFSI bedeckten Oberfläche verursacht starke 

Änderungen in der thermisch aktivierten Zersetzung von BMP-TFSI und führt zur Bildung von 

Produkten wie LiF und schwefelhaltige Produkten (Sad oder Li2S). Dabei verschwindet das 

ursprüngliche BMP-TFSI Signal. Die Menge an kohlestoffhaltigen Spezies nimmt bei T ≥ 300 K 

ab und verschwindet gänzlich bei 450 K. Die Zersetzungsprodukte während des Heizens mit oder 

ohne Li weisen darauf hin, dass Li Bindungen mit möglichen Zersetzungsprodukten des Anions 

während des Heizens gebildet werden, d.h., Ausbildung von LiF und Li2S. Des Weiteren zeigte 

sich eine Abnahme der Intensität im C 1s Bereich insbesondere für die Peaks des Kations in der 

Anwesenheit von Li, welche ohne Li nicht zu finden war. Der Vergleich der Heizexperimente für 

BMP-TFSI und seinen Zersetzungsprodukten, mit EC + Li zeigt, dass BMP-TFSI deutlich stabiler 

als EC auf HOPG ist. 

8.2 Elektrochemische Bildung der EEI in Mg-Luft-Batterien und deren 

Zusammensetzung 

Im zweiten Teil der Arbeit richtete sich der Fokus in Zusammenarbeit mit der Gruppe von Prof. 

Dr. Tillmetz und Dr. Ludwig Jörissen am ZSW Ulm auf die Prozesse, die an der Kathodenseite 

von Mg-Luft Batterien stattfinden, also auf die Sauerstoffreduktion (oxygen reduction reaction, 

ORR) und die Sauerstoffentwicklung (oxygen evolution reaction, OER). Für diese 

Untersuchungen wurden RRDE Messungen in einer Glovebox mit einer O2/Ar Atmosphäre (20%) 
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durchgeführt. Um die elektrokatalytische Aktivität bezüglich der ORR und OER zu untersuchen 

wurden verschiedene Elektrodenmaterialien eingesetzt, die sich von den Edelmetallen Pt und Au 

über die Manganoxide MnO2 und Mn2O3 bis zu Glaskohlenstoff erstreckten. Die Untersuchungen 

wurden systematisch zunächst in der ionischen Flüssigkeit BMP-TFSI und anschließend unter dem 

Zusatz von Mg-TFSI2 durchgeführt. Diese ionische Flüssigkeit wurde ausgewählt, weil ihr breites 

elektrochemisches Stabilitätsfenster sowie ihre wohl bekannten physikalischen und chemischen 

Eigenschaften wie geringe Flüchtigkeit und Entflammbarkeit vielversprechend für einen Einsatz 

in Batterien erscheinen. Zusätzlich zu den elektrochemischen Messungen wurden die 

Abscheidungen auf der Elektrode auch mittels SEM und XPS physikalisch charakterisiert. Hier 

sind die XP Spektren eher komplex, da verschiedene Elektrolytkomponenten sowie Produkte der 

Elektrolytzersetzung und der ORR vorhanden sind. Daher wurden die Erkenntnisse, die beim 

Fitten der Peaks der weniger komplexen XP Spektren von unter UHV Bedingeun erzeugten BMP-

TFSI Adsorbatschichten gewonnen wurden, genutzt, um die XP Spektren nach den 

elektrochemischen Messungen zu entfalten. Dabei wurden die Werte für die Bindungsenergien 

von intaktem BMP-TFSI, die bei den Adsorptionsexperimenten unter UHV Bedingungen 

bestimmt worden waren, übernommen. 

Die ORR und OER ist in reinem BMP-TFSI auf allen untersuchten Elektrodenmaterialien 

reversibel und der Einfluss des Elektrodenmaterials auf die Aktivität und den Reaktionsweg 

scheint vernachlässigbar zu sein. Im Gegensatz dazu führt der Zusatz von Mg2+ auf allen 

Elektrodenmaterialien zu irreversibler ORR und zur Ausbildung einer Passivierungsschicht, deren 

mittlere Dicke mit der Zahl der Potentialdurchläufe wächst. Obwohl diese Passivierungsschicht 

auf jedem Elektrodenmaterial eine unterschiedliche Morphologie aufweist, blockiert sie die 

Oberfläche auf allen Elektroden. Somit konnte bei keinem Elektrodenmaterial eine katalytische 

Aktivität bezüglich der ORR und OER in Mg2+ haltigem BMP-TFSI beobachtet werden. Daher ist 

eine kontinuierliche ORR/OER, wie sie in praktischen Anwendungen für Mg-Luft Batterien nötig 

wäre, mit den Elektrolyten und Katalysatoren, die in dieser Arbeit untersucht wurden, schwer 

möglich. 

Bezüglich der chemischen Zusammensetzung der gebildeten Passivierungsschicht wurde MgO2 

auf allen Elektrodenoberflächen als Hauptprodukt der ORR gefunden, was bedeutet, dass die 

Hauptreaktion die Übertragung von zwei Elektronen umfasst. Die Hauptprodukte der 

Elektrolytzersetzung beinhalten CF, Schwefel und Stickstoff. Zudem wurden ungewollt 
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Verbindungen, die O-, C-O und C=O Gruppen enthalten, sowie zusätzlicher Kohlenstoff 

beobachtet. Die chemische Zusammensetzung der Abscheidungen stellt eine starke Abweichung 

zum Ergebnis einer früheren Studie unserer Gruppe dar.75 In letzterer wurde neben 

hinzukommendem Kohlenstoff und anderen Zersetzungsprodukten, die O-, C-O und C=O Reste 

enthalten, MgF2 als Hauptkomponente gefunden. Der Grund für diese Abweichung konnte nicht 

identifiziert werden, obwohl eine Reihe von Parametern untersucht wurde. Diese umfassten das 

Elektrodenmaterial, den Wassergehalt, die Mg2+ Konzentration, die untere Potentialgrenze, das 

Potentialzykeln im Gegensatz zum Potentialhalten, die elektrochemische Zelle (Flusszelle im 

Gegensatz zu RRDE), die Nachbehandlung und die Alterung der Abscheidungen. 

Insgesamt zeigten unsere Modellstudien zur (i) SEI/EEI Bildung an Modelloberflächen für 

Anoden in Li-Ionen-Batterien, die im UHV bei offenem Stromkreis durchgeführt wurden, und zur 

(ii) der EEI Bildung an der Kathode für Mg-Luft-Batterien, die in einer Glovebox unter Anlegen 

verschiedener Potentiale durchgeführt wurden: 

(1) Details auf molekularer Skala zur Strukturbildung und Oberflächenchemie von adsorbierten 

Elektrolyt-/Lösemittelbestandteilen und coadsorbiertem Li an flachen Modellelektroden. 

Die resultierenden Zersetzungsprodukte werden als Anfangsstadium der chemischen 

SEI/EEI Bildung angesehen.  

(2) Eine Reihe an Details über die EEI Bildung für Mg-Luft-Batterien an ausgewählten 

Elektrodenmaterialien in elektrochemischer Umgebung.  

Letztendlich bieten diese Modeluntersuchungen das Potential auf ein besseres Verständnis der 

Grenzflächenprozess zwischen Elektrode und Elektrolyt und liefern daher einen wichtigen Beitrag 

zur Verbesserung zukünftiger Batterien.
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9.1 Supplementary Information to Structure Formation and Thermal 

Stability of Mono- and Multilayers of Ethylene Carbonate on Cu(111): A 

Model Study of the Electrode|Electrolyte Interface (Chapter 3) 

The adsorption of EC on Cu(111) was studied by periodic electronic structure calculations based 

on density functional theory as implemented in the Vienna ab initio simulation package (VASP).236 

Exchange-correlation effects were taken into account within the generalized gradient 

approximation (GGA) using the exchange-correlation functional of Perdew, Burke and Ernerhof 

(PBE).237 In order to appropriately describe the adsorption of organic molecules on surfaces, it is 

essential to take dispersion effects into account.238 We employed the DFT-D3 correction scheme239 

in connection with a damping function proposed by Chai and Head-Gordon (“zero-damping”).240 

This approach has recently been shown to yield reliable adsorption energies and structures for 

organic molecules and hydrogen-bonded networks on metal surfaces.241,242,243 The ion cores are 

represented using the projector augmented wave (PAW) method,244,245 and the electronic one-

particle states were expanded in a plane wave basis set up to an energy cut-off of 400 eV. 

The Cu(111) surface was represented by a slab consisting of 5 copper layers, separated by a 

vacuum region of about 28 Å. The adsorption of a single molecule was determined in a 

3 ×3  geometry corresponding to a coverage of 1/9. A k-point set of 4 × 4 × 1 turned out to be 

sufficient as an approximation for the integration over the first Brillouin zone. An ordered EC layer 

was modeled using a 
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 superstructure as suggested by the experimental STM 

images. 
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Figure 9—3: XP Li 1s spectrum (top) after post-deposition of Li on BMP-TFSI multilayers on Cu (111) 
and XP O 1s spectra (bottom) of the Li-free BMP-TFSI multilayer (green) and after post-deposition of Li 
(blue) at 80 K.146 
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Figure 9—4: XP Li 1s spectrum of a sputtered Li foil, where the native film had largely been removed.146 

 

Figure 9—5: XP F 1s spectra after vapor deposition of (sub-)monolayers of BMP-TFSI and subsequent co-
deposition of Li on a Cu(111) held at 80 K (a) and vice versa after vapour deposition of similar amounts of 
Li and subsequent post-deposition of BMP-TFSI (b).146 
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Figure 9—6: XP F 1s spectra (top) after vapor deposition of (sub-)monolayers of BMP-TFSI (green) and 
subsequent co-deposition of Li (blue) on a Cu(111) held at 80 K. Following the sample was heated to~ 400 
K (red). The corresponding XP S 2p spectrum (bottom) after annealing to~ 400 K is shown.146 
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9.3 Supplementary Information to Adsorption of Ultrathin Ethylene 

Carbonate Films on Pristine and Lithiated Graphite and Their Interaction 

with Li (Chapter 5) 

9.3.1 FTIRS spectra upon adsorption of EC on lithiated HOPG at 80 K and subsequent 

heating 

 

Figure 9—7: Variable temperature FTIR spectra after adsorption of EC on lithiated HOPG at 80 K (using 
the background of adsorbed EC at 80 K) and subsequent heating to 198 and 208 K, indicating that the EC 
molecules completely desorbed at 208 K.186 
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9.4 Supplementary Information to Electrocatalytic oxygen reduction and 

oxygen evolution in Mg-free and Mg-containing ionic liquid 1-butyl-1-

methylpyrrolidinium bis(trifluoromethanesulfonyl) imide (Chapter 6) 

9.4.1 Cyclic voltammograms in O2 free BMP-TFSI 

 

Figure 9—8: CVs in Ar saturated BMP-TFSI for (a) Pt, (b) Au, (c) GC, (d) Mn2O3 and (e) MnO2 at 2000 
rpm and at 100 mV s-1.211 

 

9.4.2 Irreversible ORR in oxygen saturated 0.1 M Mg-TFSI2 in BMP-TFSI electrolyte 

The first cycle (scan rate 10 mVs-1) of the ORR on all electrode materials in 0.1 M Mg-TFSI2 in 

BMP-TFSI at different rotation rates is shown in Figure 9—8. As it is obvious from the CVs, no 

common trend was found with increasing the rotation rates. For Pt electrode the ORR with 500 

rpm rotation has the highest current, while for Au and MnO2 the ORR with 1500 rpm rotation have 

the highest current. 
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Figure 9—9: Irreversible ORR in oxygen saturated 0.1 M Mg-TFSI2 in BMP-TFSI electrolyte for (a) Pt, 
(b) Au, (c) GC, (d) Mn2O3 and (e) MnO2 with different rotation rates (all voltamograms were recorded with 
the sweep rate of 10 mV s-1).211 

We suggested that the lack of a clear trend is due to differences in the surfaces of the electrodes 

before the CV experiment such as OH coverage caused by polishing procedure being performed 

in air. Therefore a series of measurements was implemented in which the electrodes were polished 

inside the glovebox and afterwards ORR was measured. The ORR on Pt, Au and GC electrodes 
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with different rotation rates are shown in Figure 9—10. As it is seen in the figure we did not find 

any correlation between current and increasing rotation rate. In this case for Pt and GC with 1500 

rpm rotation highest current were obtained. This was different from what we observed for the 

samples which polished outside the glovebox. However for Au the current for 2000 rpm rotation 

were higher than for 1500 rpm rotation. For the samples which were polished in the glove box we 

did not find any trend for current by increasing rotation rate. 

 

Figure 9—10: Irreversible ORR with different rotation rates in oxygen saturated 0.1 M Mg-TFSI2 in BMP-
TFSI electrolyte for (a) Pt, (b) Au and (c) GC electrodes which were polished in the glove box (all 
voltamograms were recorded with the sweep rate of 10 mV s-1).  

 

9.4.3 Possible factors for the formation/detection of MgF2 in the deposits 

The XP-spectra show that the passivation layer mainly consists of the ORR reaction product 

(MgO2). The presence of MgO2 is the main difference to our former report, where MgF2 was found 

to be the main constituent of the deposit.75 The XP-spectra presented in Figure 6—6 do not show 
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any indication of MgF2. However, a few measurements (not shown) also indicated that MgF2 is 

deposited during the ORR. 

First of all we should mention the experimental similarities and differences in our former 

publication75 with the measurements shown in this thesis and ref 211. In both cases the BMP-TFSI 

(99.9%) and Mg-TFSI2 (99.5%) were purchased from Solvionic. For ref 75 both BMP-TFSI and 

Mg-TFSI2 powder were stored in the Ar filled glove box. For preparing the electrolyte containing 

0.1 M Mg-TFSI2 in BMP-TFSI the masses which is needed from BMP-TFSI and Mg-TFSI2 

powder were weighted in into a glass bottle inside the glove box. The glass bottle was closed by a 

cap and transferred outside the glovebox for sonication until a clear solution was obtained. Prior 

to performing the experiment the electrolyte was dried overnight by placing the open glass cell in 

a UHV chamber which was pumped overnight resulting in a pressure of about 10-7 mbar. The UHV 

chamber was purged with N2 and the electrolyte was pumped from the glass bottle to the cell with 

a peristaltic pump.  For the measurements shown in this thesis and ref 211, the BMP-TFSI and Mg-

TFSI2 powder were stored and also mixed in Ar glove box. Prior to experiment the amount needed 

for filling the cell was transfer to the oxygen glove box. It should be noted that the two glove boxes 

(Ar and O2 glove boxes) have no connection and the transfer of the electrolyte was through a closed 

container. 

The following factors that might affect or even decide on the formation of MgF2 and/or MgO2 

found in the XP-spectra were considered and also tested if applicable, but did not show any 

significant influence: 

1. Electrode material: MgO2 was found on all electrode materials used in the present study. 

Only one set of measurements showed the presence of MgF2, but this also on all electrode 

materials, except for MnO2, where we could not conclude on the nature of the deposit due to a 

thick layer of residual electrolyte (apparently insufficient rinsing). 

2. Water content: The water content or that of adsorbed OH is known to play a significant 

role in the decomposition of the ionic liquid.246,247 Compared to the measurements by Law et al., 

which were not done in a controlled water-free environment,75 the present measurements have a 

lower water content, as they were done in a water-free (< 1 ppm) glovebox. In order to check the 

role of water in the product formation of the ORR, especially if water promotes MgF2 formation, 

water was added to our electrolyte (30 µL in 25 mL of electrolyte) which leads to 6450 ppm of 
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water in KF-Titration. The CV on the GC electrode with and without addition of water are shown 

in Figure 9—11. The first cycle is shown with dashed lines and further cycled are shown by solid 

lines. In the first cycle, the ORR onset in the electrolyte with addition of water is earlier than in 

the dried electrolyte. The addition of water results in higher currents for the ORR which is 

irreversible in both cases. A major difference, however, is found for the following cycles: In dried 

electrolyte decrease of currents indicate the formation of passivation layer, whereas in the water 

containing electrolyte increasing ORR currents are observed, which might be due to the solvation 

of the ORR product in the presence of water. 

Despite the differences in the ORR, XPS analysis of the resulting deposits did not indicate the 

formation of MgF2, but of MgO2. 

 

 

3. Mg2+ concentration: The formation of ion pairs in Mg-TFSI2 depends on the Mg2+ 

concentration and may facilitate the reductive TFSI decomposition (which is needed for the 

formation of MgF2).80 Therefore, the ORR was also measured in 0.3 M instead of 0.1 M Mg-TFSI2 

in BMP-TFSI on Pt, Au and GC electrodes. However, also in this case, XPS only detected MgO2 

and no MgF2. 

Figure 9—11: ORR in 0.1 M Mg-TFSI2 in BMP-TFSI in dry condition and in the electrolyte after 
addition of 30 µL water in 25 mL of electrolyte. 
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4. Lower potential limit: We found the onset of reductive electrolyte decomposition in Ar 

saturated 0.1 M Mg-TFSI2 in BMP-TFSI to be at -2.1 V vs Mg/MgO. This is much more negative 

than the lower potential limit of -0.6 V vs Mg/MgO applied during the ORR, which is the same 

lower potential limit as in the measurements by Law et al.75 when accounting for the potential 

difference between the Mg/MgO reference used by us and the Ag/AgCl used in the previous study. 

Since there may be deviations in the potential due to the use of quasi-reference electrodes, we 

checked whether MgF2 is formed when going to more negative potentials. However, even 

extending the scans to -2.1 V vs Mg/MgO in O2 saturated electrolyte did not yield any MgF2. 

5.  Potential cycling vs. potential holding: In order to deposit thicker films, we also performed 

an experiment in which we cycled from OCV to -0.3 V and held the potential for 24 h in O2 

saturated 0.1 M Mg-TFSI2 in BMP-TFSI. This procedure resulted once in the formation of MgF2 

and MgO2 on the surface of Au, Pt, GC and Mn2O3 (see 1.). However, repeating this experiment 

we could not reproduce the finding of MgF2 and only found MgO2. 

6. Flow cell vs. RRDE: Since MgF2 was only detected once after the RRDE measurements, 

but several times after the flow cell measurements used by Law et al.,75 we repeated a measurement 

on GC electrodes using a similar flow cell as in the previous measurements and the same 

electrolyte supply system. However, also in this case we could not detect any MgF2. 

7. Post-treatment: Different solvents in different atmosphere were used for rinsing the 

electrodes after the ORR before characterization. Law et al. used acetone for rinsing the electrodes 

under air,75 whereas we here used dried DMC in the glovebox and a hermetically sealed container 

for the transfer from the glovebox to the XP-spectrometer. Since MgF2 was found in one set of our 

experiments using DMC for rinsing and since we did not find MgF2, but MgO2 in a control 

experiment using acetone for rinsing under air, dissolution of these two Mg salts in DMC or 

acetone does not seem to play a significant role. Also exposure to air does not seem to have a 

significant influence on the nature of the deposits. 

8. Ageing of the deposit: The time between the ORR experiment and the XPS characterization 

was varied from 1 day to more than 1 week. No significant correlation between ageing and the 

product distribution was found. 
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9.  It is also possible that the cross contamination from counter electrode is also playing a role. 

In our previous publication75 no frit was used with Pt wire as counter electrode and in the results 

in this thesis and also in211 Mg counter electrode with frit was used. 

Since none of the tests described above resulted in the clear and reproducible formation of MgF2 

in the deposit formed during the ORR in Mg-TFSI2 containing BMP-TFSI, there must be another, 

so far unknown factor, which can sensitively affect the deposit formation and cause MgF2 

formation.  
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9.5 Date of the measurement data used in the figures 

Figure Source Figure Source 

Figure 2—2 2016.04.06 Figure 2—3 2016.09.26 

Figure 2—16 2014.11.06&26 Figure 2—17 Mn2O3: 2015.11.10 
MnO2: 2014.12.09 

 

Figure 2—18 

2015.02.06 Figure 2—19 2013.18.20 

Figure 2—20 2015.06.09 Figure 2—21 2016.12.06 

Figure 3—1 a,b: 2014.02.19 Figure 3—2 d: 2013.06.03 

c,d: 2013.06.03 

Figure 3—3 XPS: 
2013.08.20, 2013.08.27 

Figure 3—4 a, b: 2012.12.04 

FTIR: 
2014.03.04, 2014.02.13 

c, d: 2012.11.19 

Figure 3—5 2013.08.20 Figure 3—6 2013.08.20 

Figure 3—7 2013.08.27, 28 Figure 3—8 2013.08.27, 28 

Figure 3—9 2014.02.17 Figure 4—1 2014.08.22 

Figure 4—2 a,b: 2014.09.10 Figure 4—3 80K: 2014.08.08 
c,d: 2014.09.19 80K+Li: 2014.08.13 

Figure 4—4 2014.08.13 Figure 4—5 XPS: 0.6ML: 2014.05.27 
0.4ML: 2014.04.15 
Li: 2014.08.18 

STM: 2014.09.10, 2014.05.30, 
2013.05.24 

Figure 4—6 0.6ML: 2014.05.27 Figure 4—7 a: 2014.08.29 
0.4ML: 2014.04.15 b,c,d: 2014.09.23 

Figure 4—8 a,b,c,d: 2014.09.12 Figure 5—1 2015.05.18,2016.02.18, 
2015.05.11, 2015.05.13 
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Figure 5—2 2017.03.07, 2017.08.30 Figure 5—3 2017.03.07, 2017.08.30 

Figure 5—4 2016.04.11, 
2016.04.15, 
2015. 05.11 

Figure 5—5 2015.10.14  
2015.11.02 

Figure 5—6 2016.04.11 Figure 5—7 2017.03.07 

Figure 6—1 Pt: 2016.04.08 Figure 6—2 Pt: 2016.04.08 
Au: 2016.04.07 Au: 2016.04.07 
GC: 2016.04.06 GC: 2016.04.06 
Mn2O3: 2016.06.15 Mn2O3: 2016.06.15 
MnO2: 2016.12.09 MnO2: 2016.12.09 

Figure 6—3 Pt: 2016.11.03 Figure 6—4 Mn2O3: 2016.12.07,12 

Pt: 2016.08.04 Au: 2016.11.02 
GC: 2016.11.04 
Mn2O3: 2016.11.04 
MnO2: 2016.11.16 

Figure 6—5 
and Figure 
6—6 

2016.12.06,09 Figure 9—1 2013.6.18 

Figure 9—2 a,b: 2014.09.01 Figure 9—3 2014.08.13 

Figure 9—4 2015.02.27 Figure 9—5 2014.08.14,15 

Figure 9—6 2014.09.12 Figure 9—7 2015.10.14 

Figure 9—8 Pt: 2016.05.26 Figure 9—9 Pt: 2016.11.03 
Au: 2016.05.23 Au: 2016.11.02 
GC: 2016.04.01 GC: 2016.11.04 
Mn2O3: 2016.04.25 Mn2O3: 2016.11.04 
MnO2: 2016.05.30 MnO2: 2016.11.16 

Table 9-3: Date of the measurements  



B i b l i o g r a p h y   1 9 1  

 

 

10  Bibliography 
 (1)  Mahlia, T. M. I.; Saktisahdan, T. J.; Jannifar, A.; Hasan, M. H.; Matseelar, H. S. C. A 

Review of Available Methods and Development on Energy Storage; Technology Update. 
Renewable Sustainable Energy Rev. 2014, 33, 532-545. 

 (2)  Wang, Z. L.; Xu, D.; Xu, J. J.; Zhang, X. B. Oxygen Electrocatalysts in MetalAir 
Batteries: From Aqueous to Nonaqueous Electrolytes. Chem. Soc. Rev. 2014, 43, 7746-
7786. 

 (3)  Kucinskis, G.; Bajars, G.; Kleperis, J. Graphene in Lithium Ion Battery Cathode Materials: 
A Review. J. Power Sources 2013, 240, 66-79. 

 (4)  Goodenough, J. B.; Park, K. S. The Li-Ion Rechargeable Battery: A Perspective. J. Am. 
Chem. Soc. 2013, 135, 1167-1176. 

 (5)  Daniel, C. Materials and Processing for Lithium-Ion Batteries. Jom 2008, 60, 43-48. 

 (6)  Croy, J. R.; Abouimrane, A.; Zhang, Z. Next-Generation Lithium-Ion Batteries: The 
Promise of Near-Term Advancements. Mrs Bulletin 2014, 39, 407-415. 

 (7)  Zhang, S. S. Status, Opportunities, and Challenges of Electrochemical Energy Storage. 
Frontiers in Energy Research 2013, 1, 8. 

 (8)  Armand, M.; Tarascon, J. M. Building Better Batteries. Nature 2008, 451, 652-657. 

 (9)  Whittingham, M. S. Lithium Batteries and Cathode Materials. Chem. Rev. 2004, 104, 4271-
4302. 

 (10)  Rahman, M. A.; Wang, X.; Wen, C. High Energy Density Metal-Air Batteries: A Review. 
J. Electrochem. Soc. 2013, 160, A1759-A1771. 

 (11)  Christensen, J.; Albertus, P.; Sanchez-Carrera, R. S.; Lohmann, T.; Kozinsky, B.; Liedtke, 
R.; Ahmed, J.; Kojic, A. A Critical Review of Li/Air Batteries. J. Electrochem. Soc. 2011, 
159, R1-R30. 

 (12)  Mohr, S. H.; Mudd, G. M.; Giurco, D. Lithium Resources and Production: Critical 
Assessment and Global Projections. Minerals 2012, 2, 65-84. 

 (13)  Larcher, D.; Tarascon, J. M. Towards Greener and More Sustainable Batteries for 
Electrical Energy Storage. Nature Chem. 2015, 7, 19-29. 

 (14)  Shterenberg, I.; Salama, M.; Gofer, Y.; Levi, E.; Aurbach, D. The Challenge of Developing 
Rechargeable Magnesium Batteries. Mrs Bulletin 2014, 39, 453-460. 



B i b l i o g r a p h y   1 9 2  

 

 

 (15)  Muldoon, J.; Bucur, C. B.; Oliver, A. G.; Sugimoto, T.; Matsui, M.; Kim, H. S.; Allred, G. 
D.; Zajicek, J.; Kotani, Y. Electrolyte Roadblocks to a Magnesium Rechargeable Battery. 
Energy & Environmental Science 2012, 5, 5941-5950. 

 (16)  Reinsberg, P.; Bondue, C.; Baltruschat, H. Mechanistic Investigation of the Oxygen 
Reduction in Magnesium Ion-Containing Dimethyl Sulfoxide. Electrochim. Acta 2016, 
200, 214-221. 

 (17)  Aurbach, D.; Lu, Z.; Schechter, A.; Gofer, Y.; Gizbar, H.; Turgeman, R.; Cohen, Y.; 
Moshkovich, M.; Levi, E. Prototype Systems for Rechargeable Magnesium Batteries. 
Nature 2000, 407, 724-727. 

 (18)  Shiga, T.; Hase, Y.; Kato, Y.; Inoue, M.; Takechi, K. A Rechargeable Non-Aqueous 
MgO2 Battery. Chem. Commun. 2013, 49, 9152-9154. 

 (19)  Vardar, G.; Sleightholme, A. E.; Naruse, J.; Hiramatsu, H.; Siegel, D. J.; Monroe, C. W. 
Electrochemistry of Magnesium Electrolytes in Ionic Liquids for Secondary Batteries. ACS 
applied materials & interfaces 2014, 6, 18033-18039. 

 (20)  Xu, K. Electrolytes and Interphases in Li-Ion Batteries and Beyond. Chem. Rev. 2014, 114, 
11503-11618. 

 (21)  Peled, E. The Electrochemical Behavior of Alkali and Alkaline Earth Metals in 
Nonaqueous Battery SystemsThe Solid Electrolyte Interphase Model. J. Electrochemi. 
Soc. 1979, 126, 2047-2051. 

 (22)  Aurbach, D.; Gofer, Y.; Ben-Zion, M.; Aped, P. The Behaviour of Lithium Electrodes in 
Propylene and Ethylene Carbonate: The Major Factors That Influence Li Cycling 
Efficiency. J. Electroanal. Chem. 1992, 339, 451-471. 

 (23)  Verma, P.; Maire, P.; Novak, P. A Review of the Features and Analyses of the Solid 
Electrolyte Interphase in Li-Ion Batteries. Electrochim. Acta 2010, 55, 6332-6341. 

 (24)  An, S. J.; Li, J.; Daniel, C.; Mohanty, D.; Nagpure, S.; Wood, D. L. The State of 
Understanding of the Lithium-Ion-Battery Graphite Solid Electrolyte Interphase (SEI) and 
Its Relationship to Formation Cycling. Carbon 2016, 105, 52-76. 

 (25)  Ohzuku, T.; Ueda, A. Why Transition Metal (Di) Oxides Are the Most Attractive Materials 
for Batteries. Solid State Ionics 1994, 69, 201-211. 

 (26)  Gauthier, M.; Carney, T. J.; Grimaud, A.; Giordano, L.; Pour, N.; Chang, H. H.; Fenning, 
D. P.; Lux, S. F.; Paschos, O.; Bauer, C. ElectrodeElectrolyte Interface in Li-Ion 
Batteries: Current Understanding and New Insights. J. Phys. Chem. Lett. 2015, 6, 4653-
4672. 

 (27)  Goodenough, J. B.; Kim, Y. Challenges for Rechargeable Li Batteries. Chem. Mater. 2009, 
22, 587-603. 



B i b l i o g r a p h y   1 9 3  

 

 

 (28)  Bruce, P. G.; Scrosati, B.; Tarascon, J.-M. Nanomaterials for Rechargeable Lithium 
Batteries. Angew. Chem. International Edition 2008, 47, 2930-2946. 

 (29)  Mizushima, K.; Jones, P. C.; Wiseman, P. J.; Goodenough, J. B. LixCoO2 (0< X<-1): A 
New Cathode Material for Batteries of High Energy Density. Materials Research Bulletin 
1980, 15, 783-789. 

 (30)  Peled, E.; Golodnttsky, D.; Ardel, G.; Menachem, C.; Tow, D. B.; Eshkenazy, V. The Role 
of SEI in Lithium and Lithium Ion Batteries. MRS Online Proceedings Library Archive 
1995, 393. 

 (31)  Besenhard, J. O.; Winter, M.; Yang, J.; Biberacher, W. Filming Mechanism of Lithium-
Carbon Anodes in Organic and Inorganic Electrolytes. J. Power Sources 1995, 54, 228-
231. 

 (32)  Aurbach, D.; Zinigrad, E.; Teller, H.; Dan, P. Factors Which Limit the Cycle Life of 
Rechargeable Lithium (Metal) Batteries. J. Electrochem. Soc. 2000, 147, 1274-1279. 

 (33)  Bhattacharyya, R.; Key, B.; Chen, H.; Best, A. S.; Hollenkamp, A. F.; Grey, C. P. In Situ 
NMR Observation of the Formation of Metallic Lithium Microstructures in Lithium 
Batteries. Nature Mater. 2010, 9, 504-510. 

 (34)  Dey, A. N. Lithium Anode Film and Organic and Inorganic Electrolyte Batteries. Thin 
Solid Films 1977, 43, 131-171. 

 (35)  Peled, E.; Golodnitsky, D.; Ardel, G. Advanced Model for Solid Electrolyte Interphase 
Electrodes in Liquid and Polymer Electrolytes. J. Electrochemi. Soc. 1997, 144, L208-
L210. 

 (36)  Edström, K.; Herstedt, M.; Abraham, D. P. A New Look at the Solid Electrolyte Interphase 
on Graphite Anodes in Li-Ion Batteries. J. Power Sources 2006, 153, 380-384. 

 (37)  Malmgren, S.; Ciosek, K.; Hahlin, M.; Gustafsson, T.; Gorgoi, M.; Rensmo, H.; Edström, 
K. Comparing Anode and Cathode Electrode/Electrolyte Interface Composition and 
Morphology Using Soft and Hard X-Ray Photoelectron Spectroscopy. Electrochim. Acta 
2013, 97, 23-32. 

 (38)  Edström, K.; Gustafsson, T.; Thomas, J. O. The CathodeElectrolyte Interface in the Li-
Ion Battery. Electrochim. Acta 2004, 50, 397-403. 

 (39)  Peled, E.; Tow, D. B.; Merson, A.; Gladkich, A.; Burstein, L.; Golodnitsky, D. 
Composition, Depth Profiles and Lateral Distribution of Materials in the SEI Built on 
HOPG-TOF SIMS and XPS Studies. J. Power Sources 2001, 97, 52-57. 

 (40)  Kanamura, K.; Tamura, H.; Takehara, Z. i. XPS Analysis of a Lithium Surface Immersed 
in Propylene Carbonate Solution Containing Various Salts. J. Electroanal. Chem. 1992, 
333, 127-142. 



B i b l i o g r a p h y   1 9 4  

 

 

 (41)  Dedryvère, R.; Martinez, H.; Leroy, S.; Lemordant, D.; Bonhomme, F.; Biensan, P.; 
Gonbeau, D. Surface Film Formation on Electrodes in a LiCoO2/Graphite Cell: A Step by 
Step XPS Study. J. Power Sources 2007, 174, 462-468. 

 (42)  Aurbach, D.; Markovsky, B.; Shechter, A.; Ein-Eli, Y.; Cohen, H. A Comparative Study 
of Synthetic Graphite and Li Electrodes in Electrolyte Solutions Based on Ethylene 
Carbonate-Dimethyl Carbonate Mixtures. J. Electrochem. Soc. 1996, 143, 3809-3820. 

 (43)  Nie, M.; Chalasani, D.; Abraham, D. P.; Chen, Y.; Bose, A.; Lucht, B. L. Lithium Ion 
Battery Graphite Solid Electrolyte Interphase Revealed by Microscopy and Spectroscopy. 
J. Phys. Chem. C 2013, 117, 1257-1267. 

 (44)  Aurbach, D.; Levi, M. D.; Levi, E.; Schechter, A. Failure and Stabilization Mechanisms of 
Graphite Electrodes. J. Phys. Chem. B 1997, 101, 2195-2206. 

 (45)  Churikov, A. V. Transfer Mechanism in Solid-Electrolyte Layers on Lithium: Influence of 
Temperature and Polarization. Electrochim. Acta 2001, 46, 2415-2426. 

 (46)  Zhang, S. S.; Xu, K.; Jow, T. R. Electrochemical Impedance Study on the Low 
Temperature of Li-Ion Batteries. Electrochim. Acta 2004, 49, 1057-1061. 

 (47)  Ein-Eli, Y.; Markovsky, B.; Aurbach, D.; Carmeli, Y.; Yamin, H.; Luski, S. The 
Dependence of the Performance of Li-C Intercalation Anodes for Li-Ion Secondary 
Batteries on the Electrolyte Solution Composition. Electrochim. Acta 1994, 39, 2559-2569. 

 (48)  Xu, K. Nonaqueous Liquid Electrolytes for Lithium-Based Rechargeable Batteries. Chem. 
Rev. 2004, 104, 4303-4418. 

 (49)  Leung, K. Two-Electron Reduction of Ethylene Carbonate: A Quantum Chemistry Re-
Examination of Mechanisms. Chem. Phys. Lett. 2013, 568, 1-8. 

 (50)  Vollmer, J. M.; Curtiss, L. A.; Vissers, D. R.; Amine, K. Reduction Mechanisms of 
Ethylene, Propylene, and Vinylethylene Carbonates A Quantum Chemical Study. J. 
Electrochem. Soc. 2004, 151, A178-A183. 

 (51)  Winter, M. The Solid Electrolyte InterphaseThe Most Important and the Least 
Understood Solid Electrolyte in Rechargeable Li Batteries. Zeitschrift für Physikalische 
Chemie International journal of research in physical chemistry and chemical physics 2009, 
223, 1395-1406. 

 (52)  Shkrob, I. A.; Zhu, Y.; Marin, T. W.; Abraham, D. Reduction of Carbonate Electrolytes 
and the Formation of Solid-Electrolyte Interface (SEI) in Lithium-Ion Batteries. 1. 
Spectroscopic Observations of Radical Intermediates Generated in One-Electron 
Reduction of Carbonates. J. Phys. Chem. C 2013, 117, 19255-19269. 

 (53)  Zhuang, G. V.; Xu, K.; Yang, H.; Jow, T. R.; Ross, P. N. Lithium Ethylene Dicarbonate 
Identified As the Primary Product of Chemical and Electrochemical Reduction of EC in 



B i b l i o g r a p h y   1 9 5  

 

 

1.2 M LiPF6/EC: EMC Electrolyte. The Journal of Physical Chemistry B 2005, 109, 
17567-17573. 

 (54)  Eshetu, G. G.; Diemant, T.; Grugeon, S.; Behm, R. J.; Laruelle, S.; Armand, M.; Passerini, 
S. In-Depth Interfacial Chemistry and Reactivity Focused Investigation of Lithium-Imide-
and LithiumImidazole-Based Electrolytes. ACS Applied Materials Interfaces 2016, 8, 
16087-16100. 

 (55)  Yan, J.; Xia, B. J.; Su, Y. C.; Zhou, X. Z.; Zhang, J.; Zhang, X. G. Phenomenologically 
Modeling the Formation and Evolution of the Solid Electrolyte Interface on the Graphite 
Electrode for Lithium-Ion Batteries. Electrochim. Acta 2008, 53, 7069-7078. 

 (56)  Peled, E.; Golodnitsky, D.; Ulus, A.; Yufit, V. Effect of Carbon Substrate on SEI 
Composition and Morphology. Electrochim. Acta 2004, 50, 391-395. 

 (57)  Bar-Tow, D.; Peled, E.; Burstein, L. A Study of Highly Oriented Pyrolytic Graphite As a 
Model for the Graphite Anode in Li-Ion Batteries. J. Electrochem. Soc. 1999, 146, 824-
832. 

 (58)  Cheremisinoff, P. N.; Ellerbusch, F. Carbon Adsorption Handbook; Ann Arbor Science 
Publishers: 1978. 

 (59)  Pierce, H. O. Handbook of Carbon, Graphite, Diamond and Fullerenes.  1993.  Park Ridge, 
NJ, Noyes Publications.  

 (60)  Banks, C. E.; Davies, T. J.; Wildgoose, G. G.; Compton, R. G. Electrocatalysis at Graphite 
and Carbon Nanotube Modified Electrodes: Edge-Plane Sites and Tube Ends Are the 
Reactive Sites. Chem. Commun. 2005,  829-841. 

 (61)  Sloop, S. E.; Pugh, J. K.; Wang, S.; Kerr, J. B.; Kinoshita, K. Chemical Reactivity of PF5 
and LiPF6 in Ethylene Carbonate/Dimethyl Carbonate Solutions. Electrochem. Solid-State 
Lett. 2001, 4, A42-A44. 

 (62)  Andersson, A. M.; Edström, K. Chemical Composition and Morphology of the Elevated 
Temperature SEI on Graphite. J. Electrochem. Soc. 2001, 148, A1100-A1109. 

 (63)  Hoffman, W. P.; Vastola, F. J.; Walker, P. L. Chemisorption of Alkanes and Alkenes on 
Carbon Active Sites. Carbon 1984, 22, 585-594. 

 (64)  Spahr, M. E.; Buqa, H.; Würsig, A.; Goers, D.; Hardwick, L.; Novák, P.; Krumeich, F.; 
Dentzer, J.; Vix-Guterl, C. Surface Reactivity of Graphite Materials and Their Surface 
Passivation During the First Electrochemical Lithium Insertion. J. Power Sources 2006, 
153, 300-311. 

 (65)  Buqa, H.; Würsig, A.; Goers, D.; Hardwick, L. J.; Holzapfel, M.; Novák, P.; rumeich, F.; 
pahr, M. E. Behaviour of Highly Crystalline Graphites in Lithium-Ion Cells With 
Propylene Carbonate Containing Electrolytes. J. Power Sources 2005, 146, 134-141. 



B i b l i o g r a p h y   1 9 6  

 

 

 (66)  Scott, M. G.; Whitehead, A. H.; Owen, J. R. Chemical Formation of a Solid Electrolyte 
Interface on the Carbon Electrode of a Lion Cell. J. Electrochem. Soc. 1998, 145, 1506-
1510. 

 (67)  Liu, Z.; Yu, A.; Lee, J. Y. Modifications of Synthetic Graphite for Secondary Lithium-Ion 
Battery Applications. J. Power Sources 1999, 81, 187-191. 

 (68)  Ng, S. H.; Vix-Guterl, C.; Bernardo, P.; Tran, N.; Ufheil, J.; Buqa, H.; Dentzer, J.; Gadiou, 
R.; Spahr, M. E.; Goers, D. Correlations Between Surface Properties of Graphite and the 
First Cycle Specific Charge Loss in Lithium-Ion Batteries. Carbon 2009, 47, 705-712. 

 (69)  Lu, Z.; Schechter, A.; Moshkovich, M.; Aurbach, D. On the Electrochemical Behavior of 
Magnesium Electrodes in Polar Aprotic Electrolyte Solutions. J. Electroanal. Chem. 1999, 
466, 203-217. 

 (70)  Wang, J.; Li, Y.; Sun, X. Challenges and Opportunities of Nanostructured Materials for 
Aprotic Rechargeable LithiumAir Batteries. Nano Energy 2013, 2, 443-467. 

 (71)  Bhatt, M. D.; Geaney, H.; Nolan, M.; O'Dwyer, C. Key Scientific Challenges in Current 
Rechargeable Non-Aqueous LiO2 Batteries: Experiment and Theory. Phys. Chem. Chem. 
Phys. 2014, 16, 12093-12130. 

 (72)  Liu, T.; Leskes, M.; Yu, W.; Moore, A. J.; Zhou, L.; Bayley, P. M.; Kim, G.; Grey, C. P. 
Cycling Li-O2 Batteries Via LiOH Formation and Decomposition. Science 2015, 350, 530-
533. 

 (73)  Genders, J. D.; Pletcher, D. Studies Using Microelectrodes of the Mg (II)/Mg Couple in 
Tetrahydrofuran and Propylene Carbonate. J. Electroanal. Chem. Interfacial 
Eelectrochem. 1986, 199, 93-100. 

 (74)  Brown, O. R.; McIntyre, R. The Magnesium and Magnesium Amalgam Electrodes in 
Aprotic Organic Solvents a Kinetic Study. Electrochim. Acta 1985, 30, 627-633. 

 (75)  Law, Y. T.; Schnaidt, J.; Brimaud, S.; Behm, R. J. Oxygen Reduction and Evolution in an 
Ionic Liquid ([BMP][TFSA]) Based Electrolyte: A Model Study of the Cathode Reactions 
in Mg-Air Batteries. J. Power Sources 2016, 333, 173-183. 

 (76)  Khoo, T.; Howlett, P. C.; Tsagouria, M.; MacFarlane, D. R.; Forsyth, M. The Potential for 
Ionic Liquid Electrolytes to Stabilise the Magnesium Interface for Magnesium/Air 
Batteries. Electrochim. Acta 2011, 58, 583-588. 

 (77)  Katayama, Y.; Sekiguchi, K.; Yamagata, M.; Miura, T. Electrochemical Behavior of 
Oxygen/Superoxide Ion Couple in 1-Butyl-1-Methylpyrrolidinium Bis 
(Trifluoromethylsulfonyl) Imide Room-Temperature Molten Salt. J. Electrochem. Soc. 
2005, 152, E247-E250. 



B i b l i o g r a p h y   1 9 7  

 

 

 (78)  Piana, M.; Wandt, J.; Meini, S.; Buchberger, I.; Tsiouvaras, N.; Gasteiger, H. A. Stability 
of a Pyrrolidinium-Based Ionic Liquid in Li-O2 Cells. J. Electrochem. Soc. 2014, 161, 
A1992-A2001. 

 (79)  Baskin, A.; Prendergast, D. Exploration of the Detailed Conditions for Reductive Stability 
of Mg (TFSI)2 in Diglyme: Implications for Multivalent Electrolytes. J. Phys. Chem. C 
2016, 120, 3583-3594. 

 (80)  Rajput, N. N.; Qu, X.; Sa, N.; Burrell, A. K.; Persson, K. A. The Coupling Between 
Stability and Ion Pair Formation in Magnesium Electrolytes From First-Principles 
Quantum Mechanics and Classical Molecular Dynamics. J. Am. Chem. Soc 2015, 137, 
3411-3420. 

 (81)  Shiga, T.; Hase, Y.; Yagi, Y.; Takahashi, N.; Takechi, K. Catalytic Cycle Employing a 
TEMPOAnion Complex to Obtain a Secondary MgO2 Battery. J. Phys. Chem. Lett. 
2014, 5, 1648-1652. 

 (82)  Uhl, B. Adsorption Behavior and Structure Formation of Ionic Liquids on Single 
Crystalline Surfaces, Thesis/Dissertation 2017. 

 (83)  Tersoff, J.; Hamann, D. R. Theory and Application for the Scanning Tunneling 
Microscope. Physical review letters 1983, 50, 1998. 

 (84)  Bardeen, J. Tunnelling From a Many-Particle Point of View. Physical review letters 1961, 
6, 57. 

 (85)  Hansma, P. K.; Tersoff, J. Scanning Tunneling Microscopy. Journal of applied physics 
1987, 61, R1-R24. 

 (86)  Tersoff, J.; Hamann, D. R. Theory of the Scanning Tunneling Microscope. Phys. Rev. B 
1985, 31, 805. 

 (87)  Wiesendanger, R.; Roland, W. Scanning Probe Microscopy and Spectroscopy: Methods 
and Applications; Cambridge university press: 1994. 

 (88)  Seah, M. P.; Briggs, D. Practical Surface Analysis: Auger and X-Ray Photoelectron 
Spectroscopy; John Wiley & Sons: 1990. 

 (89)  Woodruff, D. P.; Delchar, T. A. Modern Techniques of Surface Science Cambridge Univ. 
Press Cambridge Translated under the title Sovremennye metody issledovaniya 
poverkhnosti, Moscow: Mir 1989. 

 (90)  Hüfner, S. Photoelectron Spectroscopy: Principles and Applications; Springer Science & 
Business Media: 2013. 

 (91)  Niemantsverdriet, J. W.; Resasco, D. E. Spectroscopy in Catalysis. Journal of Catalysis 
1994, 146, 321. 



B i b l i o g r a p h y   1 9 8  

 

 

 (92)  Foger, K. Dispersed Metal Catalysts. In Catalysis; Springer: 1984. 

 (93)  Barrie, A.; Drummond, I. W.; Herd, Q. C. Correlation of Calculated and Measured 2p Spin-
Orbit Splitting by Electron Spectroscopy Using Monochromatic X-Radiation. Journal of 
Electron Spectroscopy and Related Phenomena 1974, 5, 217-225. 

 (94)  Slater, J. C. Quantum Theory of Molecules and Solids: Electronic Structure of Molecules; 
McGraw-Hill: 1963. 

 (95)  Tanuma, S.; Powell, C. J.; Penn, D. R. Calculations of Electron Inelastic Mean Free Paths. 
V. Data for 14 Organic Compounds Over the 502000 EV Range. Surf. Interface Anal. 
1994, 21, 165-176. 

 (96)  Schmid, M.; Steinrück, H.P.; Gottfried, J. M. A New Asymmetric PseudoVoigt Function 
for More Efficient Fitting of XPS Lines. Surf. Interface Anal. 2014, 46, 505-511. 

 (97)  Schroeder, P. G.; Nelson, M. W.; Parkinson, B. A.; Schlaf, R. Investigation of Band 
Bending and Charging Phenomena in Frontier Orbital Alignment Measurements of Para-
Quaterphenyl Thin Films Grown on Highly Oriented Pyrolytic Graphite and SnS2. Surf. 
Sci. 2000, 459, 349-364. 

 (98)  Jiang, L.; Colmenares, L.; Jusys, Z.; Behm, R. J. Multiple Wall-Jet Flow Cell Setup for 
Quantitative Parallel Evaluation of Carbon-Supported Electrocatalysts Under Fuel Cell 
Relevant Conditions. J. Electrochemi. Soc. 2008, 155, B908-B914. 

 (99)  Cherchour, N.; Deslouis, C.; Messaoudi, B.; Pailleret, A. PH Sensing in Aqueous Solutions 
Using a MnO2 Thin Film Electrodeposited on a Glassy Carbon Electrode. Electrochim. 
Acta 2011, 56, 9746-9755. 

 (100)  Paulus, U. A.; Schmidt, T. J.; Gasteiger, H. A.; Behm, R. J. Oxygen Reduction on a High-
Surface Area Pt/Vulcan Carbon Catalyst: A Thin-Film Rotating Ring-Disk Electrode 
Study. J. Electroanal. Chem. 2001, 495, 134-145. 

 (101)  Gabe, D. R. The Centenary of Tafel's Equation. Transactions of the IMF 2005, 83, 121-
124. 

 (102)  Gholam-Abbas, N.; i; Gianfranco, P. Lithium Batteries. Science and Technology. Springer 
2003. 

 (103)  Brown, C. J. The Crystal Structure of Ethylene Carbonate. Acta Crystallographica 1954, 
7, 92-96. 

 (104)  Matias, P. M.; Jeffrey, G. A.; Wingert, L. M.; Ruble, J. R. Single Crystal Neutron 
Diffraction Analysis (15 K) and Ab Initio Molecular Orbital Calculations for Ethylene 
Carbonate. Journal of Molecular Structure: THEOCHEM 1989, 184, 247-260. 

 (105)  Gorlin, Y.; Jaramillo, T. F. A Bifunctional Nonprecious Metal Catalyst for Oxygen 
Reduction and Water Oxidation. J. Am. Chem. Soc. 2010, 132, 13612-13614. 



B i b l i o g r a p h y   1 9 9  

 

 

 (106)  Powell, C. J.; Jablonski, S. (Gaithersburg, MD: National Institute of Standards and 
Technology) 2010. 

 (107)  Gorlin, Y.; a; Nordlund, D.; Jaramillo, T. F. The Role of Heat Treatment in Enhanced 
Activity of Manganese Oxides for the Oxygen Reduction and Evolution Reactions. ECS 
Transactions 2013, 58, 735-750. 

 (108)  Bozorgchenani, M.; Naderian, M.; Farkhondeh, H.; Schnaidt, J.; Uhl, B.; Bansmann, J.; 
Groß, A.; Behm, R. J.; Buchner, F. Structure Formation and Thermal Stability of Mono-
and Multilayers of Ethylene Carbonate on Cu (111): A Model Study of the Electrode| 
Electrolyte Interface. J. Phys. Chem. C 2016, 120, 16791-16803. 

 (109)  Scrosati, B.; Garche, J. Lithium Batteries: Status, Prospects and Future. J. Power Sources 
2010, 195, 2419-2430. 

 (110)  Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D. Challenges in the 
Development of Advanced Li-Ion Batteries: A Review. Energy Environ. Sci. 2011, 4, 
3243-3262. 

 (111)  Erickson, E. M.; Ghanty, C.; Aurbach, D. New Horizons for Conventional Lithium Ion 
Battery Technology. J. Phys. Chem. Lett. 2014, 5, 3313-3324. 

 (112)  Manthiram, A. Materials Challenges and Opportunities of Lithium Ion Batteries. J. Phys. 
Chem. Lett. 2011, 2, 176-184. 

 (113)  Bhatt, M. D.; O'Dwyer, C. Recent Progress in Theoretical and Computational 
Investigations of Li-Ion Battery Materials and Electrolytes. Phys. Chem. Chem. Phys. 
2015, 17, 4799-4844. 

 (114)  Moshkovich, M.; Cojocaru, M.; Gottlieb, H. E.; Aurbach, D. The Study of the Anodic 
Stability of Alkyl Carbonate Solutions by In Situ FTIR Spectroscopy, EQCM, NMR and 
MS. J. Electroanal. Chem. 2001, 497, 84-96. 

 (115)  Itoh, T.; Anzue, N.; Mohamedi, M.; Hisamitsu, Y.; Umeda, M.; Uchida, I. 
Spectroelectrochemical Studies on Highly Polarized LiCoO2 Electrode in Organic 
Solutions. Electrochem. Commun. 2000, 2, 743-748. 

 (116)  Yu, L.; Liu, H.; Wang, Y.; Kuwata, N.; Osawa, M.; Kawamura, J.; Ye, S. Preferential 
Adsorption of Solvents on the Cathode Surface of Lithium Ion Batteries. Angew. Chem. 
International Edition 2013, 52, 5753-5756. 

 (117)  Aurbach, D.; Markovsky, B.; Rodkin, A.; Levi, E.; Cohen, Y. S.; Kim, H. J.; Schmidt, M. 
On the Capacity Fading of LiCoO2 Intercalation Electrodes: the Effect of Cycling, Storage, 
Temperature, and Surface Film Forming Additives. Electrochim. Acta 2002, 47, 4291-
4306. 

 (118)  Bryngelsson, H.; Stjerndahl, M.; Gustafsson, T.; Edström, K. How Dynamic Is the SEI? J. 
Power Sources 2007, 174, 970-975. 



B i b l i o g r a p h y   2 0 0  

 

 

 (119)  Madej, E.; La Mantia, F.; Mei, B.; Klink, S.; Muhler, M.; Schuhmann, W.; Ventosa, E. 
Reliable Benchmark Material for Anatase TiO2 in Li-Ion Batteries: On the Role of 
Dehydration of Commercial TiO2. J. Power Sources 2014, 266, 155-161. 

 (120)  Wang, K.; Ross, P. N. XPS and UPS Characterization of the Reactions of Al (111) With 
Tetrahydrofuran and Propylene Carbonate. Surf. Sci. 1996, 365, 753-768. 

 (121)  Becker, D.; Cherkashinin, G.; Hausbrand, R.; Jaegermann, W. XPS Study of Diethyl 
Carbonate Adsorption on LiCoO2 Thin Films. Solid State Ionics 2013, 230, 83-85. 

 (122)  Becker, D.; Cherkashinin, G.; Hausbrand, R.; Jaegermann, W. Adsorption of Diethyl 
Carbonate on LiCoO2 Thin Films: Formation of the Electrochemical Interface. J. Phys. 
Chem. C 2014, 118, 962-967. 

 (123)  Song, W.; Bharath, S.; Reutt-Robey, J. Adsorption and Reaction Branching of Molecular 
Carbonates on Lithiated C (0001) Substrates. J. Phys. Chem. C 2014, 118, 19017-19022. 

 (124)  Nguyen, C. C.; Song, S. W. Characterization of SEI Layer Formed on High Performance 
SiCu Anode in Ionic Liquid Battery Electrolyte. Electrochem. Commun. 2010, 12, 1593-
1595. 

 (125)  Buchner, F.; Farkhondeh, H.; Bozorgchenani, M.; Uhl, B.; Behm, R. J. Temperature-
Induced Structural and Chemical Changes of Ultrathin Ethylene Carbonate Films on Cu 
(111). Phys. Chem. Chem. Phys. 2014, 16, 11191-11195. 

 (126)  Chiang, T. C.; Kaindl, G.; Mandel, T. Layer-Resolved Shifts of Photoemission and Auger 
Spectra From Physisorbed Rare-Gas Multilayers. Phys. Rev. B 1986, 33, 695. 

 (127)  Kaindl, G.; Chiang, T. C.; Eastman, D. E.; Himpsel, F. J. Distance-Dependent Relaxation 
Shifts of Photoemission and Auger Energies for Xe on Pd (001). Phys. Rev. Lett. 1980, 45, 
1808. 

 (128)  Brooksby, P. A.; Fawcett, W. R. The Mid-Infrared (Attenuated Total Reflection) 
Spectroscopy of Ethylene Carbonate in Water. Spectrochim. Acta Part A: Molecular and 
Biomolecular Spectroscopy 2001, 57, 1207-1221. 

 (129)  Fortunato, B.; Mirone, P.; Fini, G. Infrared and Raman Spectra and Vibrational Assignment 
of Ethylene Carbonate. Spectrochim. Acta Part A: Molecular Spectroscopy 1971, 27, 1917-
1927. 

 (130)  Ikezawa, Y.; Nishi, H. In Situ FTIR Study of the Cu Electrode/Ethylene Carbonate+ 
Dimethyl Carbonate Solution Interface. Electrochim. Acta 2008, 53, 3663-3669. 

 (131)  Klassen, B.; Aroca, R.; Nazri, M.; Nazri, G. A. Raman Spectra and Transport Properties of 
Lithium Perchlorate in Ethylene Carbonate Based Binary Solvent Systems for Lithium 
Batteries. J. Phys. Chem. B 1998, 102, 4795-4801. 



B i b l i o g r a p h y   2 0 1  

 

 

 (132)  Fini, G.; Mirone, P.; Fortunato, B. Evidence for Short-Range Orientation Effects in Dipolar 
Aprotic Liquids From Vibrational Spectroscopy. Part 1.Ethylene and Propylene 
Carbonates. J. Chem. Soc. Faraday Trans. 2: Molecular and Chemical Physics 1973, 69, 
1243-1248. 

 (133)  Brune, H.; Wintterlin, J.; Trost, J.; Ertl, G.; Wiechers, J.; Behm, R. J. Interaction of Oxygen 
With Al (111) Studied by Scanning Tunneling Microscopy. J. Chem. Phys. 1993, 99, 2128-
2148. 

 (134)  Wiame, F.; Maurice, V.; Marcus, P. Initial Stages of Oxidation of Cu (111). Surf. Sci. 2007, 
601, 1193-1204. 

 (135)  Yang, F.; Choi, Y.; Liu, P.; Hrbek, J.; Rodriguez, J. Autocatalytic Reduction of a Cu2O/Cu 
(111) Surface by CO: STM, XPS, and DFT Studies. J. Phys. Chem. C 2010, 114, 17042-
17050. 

 (136)  Sautet, P. Atomic Adsorbate Identification With the STM: A Theoretical Approach. Surf. 
Sci. 1997, 374, 406-417. 

 (137)  Lang, N. D. Vacuum Tunneling Current From an Adsorbed Atom. Phys. Rev. Lett. 1985, 
55, 230. 

 (138)  Xing, L.; Borodin, O. Oxidation Induced Decomposition of Ethylene Carbonate From DFT 
CalculationsImportance of Explicitly Treating Surrounding Solvent. Phys. Chem. Chem. 
Phys. 2012, 14, 12838-12843. 

 (139)  Huang, Y. L.; Tien, H. W.; Ma, C. C.; Yang, S. Y.; Wu, S. Y.; Liu, H. Y.; Mai, Y. W. 
Effect of Extended Polymer Chains on Properties of Transparent Graphene Nanosheets 
Conductive Film. J. Mater. Chem. 2011, 21, 18236-18241. 

 (140)  Kassis, C. M.; Steehler, J. K.; Betts, D. E.; Guan, Z.; Romack, T. J.; DeSimone, J. M.; 
Linton, R. W. XPS Studies of Fluorinated Acrylate Polymers and Block Copolymers With 
Polystyrene. Macromolecules 1996, 29, 3247-3254. 

 (141)  Briggs, D.; Beamson, G. XPS Studies of the Oxygen 1s and 2s Levels in a Wide Range of 
Functional Polymers. Anal. Chem. 1993, 65, 1517-1523. 

 (142)  Cremer, T.; Stark, M.; Deyko, A.; Steinrück, H. P.; Maier, F. Liquid/Solid Interface of 
Ultrathin Ionic Liquid Films:[C1C1Im][Tf2N] and [C8C1Im][Tf2N] on Au (111). Langmuir 
2011, 27, 3662-3671. 

 (143)  Buchner, F.; Forster-Tonigold, K.; Uhl, B.; Alwast, D.; Wagner, N.; Farkhondeh, H.; Groß, 
A.; Behm, R. J. Toward the Microscopic Identification of Anions and Cations at the Ionic 
Liquid| Ag (111) Interface: A Combined Experimental and Theoretical Investigation. ACS 
nano 2013, 7, 7773-7784. 

 (144)  Hesse, M.; Meier, H.; Zeeh, B. Spektroskopische Methoden in Der Organischen Chemie; 
Georg Thieme Verlag: 2002. 



B i b l i o g r a p h y   2 0 2  

 

 

 (145)  Schindler, W.; Zerda, T. W.; Jonas, J. High Pressure Raman Study of Intermolecular 
Interactions and Fermi Resonance in Liquid Ethylene Carbonate. J. Chem. Phys. 1984, 81, 
4306-4313. 

 (146)  Buchner, F.; Bozorgchenani, M.; Uhl, B.; Farkhondeh, H.; Bansmann, J.; Behm, R. J. 
Reactive Interaction of (Sub-) Monolayers and Multilayers of the Ionic Liquid 1-Butyl-1-
Methylpyrrolidinium Bis (Trifluoro-Methylsulfonyl) Imide With Coadsorbed Lithium on 
Cu (111). J. Phys. Chem. C 2015, 119, 16649-16659. 

 (147)  Welton, T. Room-Temperature Ionic Liquids. Solvents for Synthesis and Catalysis. Chem. 
Rev. 1999, 99, 2071-2084. 

 (148)  Wasserscheid, P.; Keim, W. Ionic LiquidsNew "Solution" for Transition Metal Catalysis. 
Angew. Chem. Int. Ed. 2000, 39, 3772-3789. 

 (149)  Plechkova, N. V.; Seddon, K. R. Applications of Ionic Liquids in the Chemical Industry. 
Chem. Soc. Rev. 2008, 37, 123-150. 

 (150)  Smiglak, M.; Pringle, J. M.; Lu, X.; Han, L.; Zhang, S.; Gao, H.; MacFarlane, D. R.; 
Rogers, R. D. Ionic Liquids for Energy, Materials, and Medicine. Chem. Commun. 2014, 
50, 9228-9250. 

 (151)  Armand, M.; Endres, F.; MacFarlane, D. R.; Ohno, H.; Scrosati, B. Ionic-Liquid Materials 
for the Electrochemical Challenges of the Future. Nat. Mater. 2009, 8, 621-629. 

 (152)  Girishkumar, G.; McCloskey, B.; Luntz, A. C.; Swanson, S.; Wilcke, W. Lithium Air 
Battery: Promise and Challenges. J. Phys. Chem. Lett. 2010, 1, 2193-2203. 

 (153)  Atkin, R.; El Abedin, S. Z.; Hayes, R.; Gasparotto, L. H.; Borisenko, N.; Endres, F. AFM 
and STM Studies on the Surface Interaction of [BMP] TFSA and [EMIM] TFSA Ionic 
Liquids With Au (111). J. Phys. Chem. C 2009, 113, 13266-13272. 

 (154)  Endres, F.; Höfft, O.; orisenko, N.; asparotto, L. H.; rowald, A.; l-Salman, R.; arstens, T.; 
tkin, R.; und, A.; l Abedin, S. Z. Do Solvation Layers of Ionic Liquids Influence 
Electrochemical Reactions? Phys. Chem. Chem. Phys. 2010, 12, 1724-1732. 

 (155)  Atkin, R.; Borisenko, N.; Drüschler, M.; El Abedin, S. Z.; Endres, F.; Hayes, R.; Huber, 
B.; Roling, B. An in Situ STM/AFM and Impedance Spectroscopy Study of the Extremely 
Pure 1-Butyl-1-Methylpyrrolidinium Tris (Pentafluoroethyl) Trifluorophosphate/Au (111) 
Interface: Potential Dependent Solvation Layers and the Herringbone Reconstruction. 
Phys. Chem. Chem. Phys. 2011, 13, 6849-6857. 

 (156)  Drüschler, M.; Borisenko, N.; Wallauer, J.; Winter, C.; Huber, B.; Endres, F.; Roling, B. 
New Insights into the Interface Between a Single-Crystalline Metal Electrode and an 
Extremely Pure Ionic Liquid: Slow Interfacial Processes and the Influence of Temperature 
on Interfacial Dynamics. Phys. Chem. Chem. Phys. 2012, 14, 5090-5099. 



B i b l i o g r a p h y   2 0 3  

 

 

 (157)  Gnahm, M.; Berger, C.; Arkhipova, M.; Kunkel, H.; Pajkossy, T.; Maas, G.; Kolb, D. M. 
The Interfaces of Au (111) and Au (100) in a Hexaalkyl-Substituted Guanidinium Ionic 
Liquid: an Electrochemical and In Situ STM Study. Phys. Chem. Chem. Phys. 2012, 14, 
10647-10652. 

 (158)  Müller, C.; Vesztergom, S.; Pajkossy, T.; Jacob, T. The Interface Between Au (100) and 
1-Butyl-3-Methyl-Imidazolium-Bis (Trifluoromethylsulfonyl) Imide. J. Electroanal. 
Chem. 2015, 737, 218-225. 

 (159)  Steinrück, H.-P.; Libuda, J.; Wasserscheid, P.; Cremer, T.; Kolbeck, C.; Laurin, M.; Maier, 
F.; Sobota, M.; Schulz, P. S.; Stark, M. Surface Science and Model Catalysis With Ionic 
LiquidModified Materials. Adv. Mater. 2011, 23, 2571-2587. 

 (160)  Steinrück, H. P. Recent Developments in the Study of Ionic Liquid Interfaces Using X-
Ray Photoelectron Spectroscopy and Potential Future Directions. Phys. Chem. Chem. 
Phys. 2012, 14, 5010-5029. 

 (161)  Höfft, O.; Bahr, S.; Himmerlich, M.; Krischok, S.; Schaefer, J. A.; Kempter, V. Electronic 
Structure of the Surface of the Ionic Liquid [EMIM][Tf2N] Studied by Metastable Impact 
Electron Spectroscopy (MIES), UPS, and XPS. Langmuir 2006, 22, 7120-7123. 

 (162)  Maier, F.; Gottfried, J. M.; Rossa, J.; Gerhard, D.; Schulz, P. S.; Schwieger, W.; 
Wasserscheid, P.; Steinrück, H.P. Surface Enrichment and Depletion Effects of Ions 
Dissolved in an Ionic Liquid: An X-Ray Photoelectron Spectroscopy Study. Angew. Chem. 
Int. Ed. 2006, 45, 7778-7780. 

 (163)  Lovelock, K. R.; Villar-Garcia, I. J.; Maier, F.; Steinrück, H. P.; Licence, P. Photoelectron 
Spectroscopy of Ionic Liquid-Based Interfaces. Chem. Rev. 2010, 110, 5158-5190. 

 (164)  Schernich, S.; Laurin, M.; Lykhach, Y.; Steinrück, H.-P.; Tsud, N.; Skála, T.; Prince, K. 
C.; Taccardi, N.; Matolín, V.; Wasserscheid, P.; Libuda, J. Functionalization of Oxide 
Surfaces Through Reaction With 1, 3-Dialkylimidazolium Ionic Liquids. J. Phys. Chem. 
Lett. 2012, 4, 30-35. 

 (165)  Foulston, R.; Gangopadhyay, S.; Chiutu, C.; Moriarty, P.; Jones, R. G. Mono-and Multi-
Layer Adsorption of an Ionic Liquid on Au (110). Phys. Chem. Chem. Phys. 2012, 14, 
6054-6066. 

 (166)  Waldmann, T.; Huang, H.-H.; Hoster, H. E.; Höfft, O.; Endres, F.; Behm, R. J. Imaging an 
Ionic Liquid Adlayer by Scanning Tunneling Microscopy at the Solid | Vacuum Interface. 
Chem. Phys. Chem. 2011, 12, 2565-2567. 

 (167)  Uhl, B.; Cremer, T.; Roos, M.; Maier, F.; Steinrück, H. P.; Behm, R. J. At the Ionic Liquid 
| Metal Interface: Structure Formation and Temperature Dependent Behavior of an Ionic 
Liquid Adlayer on Au (111). Phys. Chem. Chem. Phys. 2013, 15, 17295-17302. 



B i b l i o g r a p h y   2 0 4  

 

 

 (168)  Uhl, B.; Buchner, F.; Alwast, D.; Wagner, N.; Behm, R. J. Adsorption of the Ionic Liquid 
[BMP][TFSA] on Au (111) and Ag (111): Substrate Effects on the Structure Formation 
Investigated by STM. Beilstein J. Nanotechnol. 2013, 4, 903. 

 (169)  Uhl, B.; Buchner, F.; Gabler, S.; Bozorgchenani, M.; Behm, R. J. Adsorption and Reaction 
of Sub-Monolayer Films of An Ionic Liquid on Cu (111). Chem. Commun. 2014, 50, 8601-
8604. 

 (170)  Kurisaki, T.; Tanaka, D.; Inoue, Y.; Wakita, H.; Minofar, B.; Fukuda, S.; Ishiguro, S. i.; 
Umebayashi, Y. Surface Analysis of Ionic Liquids With and Without Lithium Salt Using 
X-Ray Photoelectron Spectroscopy. J. Phys. Chem. B 2012, 116, 10870-10875. 

 (171)  Olschewski, M.; Gustus, R.; Marschewski, M.; Höfft, O.; Endres, F. Spectroscopic 
Characterization of the Interaction of Lithium With Thin Films of the Ionic Liquid 1-Octyl-
3-Methylimidazolium Bis (Trifluoromethylsulfonyl) Amide. Phys. Chem. Chem. Phys. 
2014, 16, 25969-25977. 

 (172)  Ismail, I.; Noda, A.; Nishimoto, A.; Watanabe, M. XPS Study of Lithium Surface After 
Contact With Lithium-Salt Doped Polymer Electrolytes. Electrochim. Acta 2001, 46, 1595-
1603. 

 (173)  Xu, C.; Sun, B.; Gustafsson, T.; Edström, K.; Brandell, D.; Hahlin, M. Interface Layer 
Formation in Solid Polymer Electrolyte Lithium Batteries: An XPS Study. J. Mater. Chem. 
A 2014, 2, 7256-7264. 

 (174)  Aurbach, D.; Zaban, A.; Ein-Eli, Y.; Weissman, I.; Chusid, O.; Markovsky, B.; Levi, M.; 
Levi, E.; Schechter, A.; Granot, E. Recent Studies on the Correlation Between Surface 
Chemistry, Morphology, Three-Dimensional Structures and Performance of Li and Li-C 
Intercalation Anodes in Several Important Electrolyte Systems. J. Power Sources 1997, 68, 
91-98. 

 (175)  Simic-Milosevic, V.; Heyde, M.; Nilius, N.; Nowicki, M.; Rust, H. P.; Freund, H. J. 
Substrate-Mediated Interaction and Electron-Induced Diffusion of Single Lithium Atoms 
on Ag (001). Phys. Rev. B: Condens. Matter Mater. Phys. 2007, 75, 195416. 

 (176)  Krull, C.; Robles, R.; Mugarza, A.; Gambardella, P. Site-and Orbital-Dependent Charge 
Donation and Spin Manipulation in Electron-Doped Metal Phthalocyanines. Na. Mater. 
2013, 12, 337. 

 (177)  Sobota, M.; Schmid, M.; Happel, M.; Amende, M.; Maier, F.; Steinrück, H. P.; Paape, N.; 
Wasserscheid, P.; Laurin, M.; Gottfried, J. M. Ionic Liquid Based Model Catalysis: 
Interaction of [BMIM][Tf2N] With Pd Nanoparticles Supported on an Ordered Alumina 
Film. Phys. Chem. Chem. Phys. 2010, 12, 10610-10621. 

 (178)  Rey, I.; Johansson, P.; Lindgren, J.; Lassegues, J. C.; Grondin, J.; Servant, L. Spectroscopic 
and Theoretical Study of (CF3SO2) 2N-(TFSI-) and (CF3SO2) 2NH (HTFSI). J. Phys. 
Chem. A 1998, 102, 3249-3258. 



B i b l i o g r a p h y   2 0 5  

 

 

 (179)  Höfft, O.; Bahr, S.; Kempter, V. Investigations With Infrared Spectroscopy on Films of the 
Ionic Liquid [EMIM] Tf2N. Langmuir 2008, 24, 11562-11566. 

 (180)  Morgan, W. E.; Van Wazer, J. R.; Stec, W. J. Inner-Orbital Photoelectron Spectroscopy of 
the Alkali Metal Halides, Perchlorates, Phosphates, and Pyrophosphates. J. Am. Chem. Soc. 
1973, 95, 751-755. 

 (181)  Diao, Y.; Xie, K.; Xiong, S.; Hong, X. Insights into Li-S Battery Cathode Capacity Fading 
Mechanisms: Irreversible Oxidation of Active Mass During Cycling. J. Electrochem. Soc. 
2012, 159, A1816-A1821. 

 (182)  Streber, R.; Papp, C.; Lorenz, M.; Bayer, A.; Denecke, R.; Steinrück, H.-P. Sulfur 
Oxidation on Pt (355): It Is the Steps! Angew. Chem. Int. Ed. 2009, 48, 9743-9746. 

 (183)  Shek, M. L.; Hrbek, J.; Sham, T. K.; Xu, G. Q. A Soft X-Ray Study of the Interaction of 
Oxygen With Li. Surf. Sci. 1990, 234, 324-334. 

 (184)  Polcik, M.; Wilde, L.; Haase, J.; Brena, B.; Cocco, D.; Comelli, G.; Paolucci, G. 
Adsorption and Temperature-Dependent Decomposition of SO2 on Cu (100) and Cu (111): 
A Fast and High-Resolution Core-Level Spectroscopy Study. Phys. Rev. B: Condens. 
Matter Mater. Phys. 1996, 53, 13720. 

 (185)  Aurbach, D.; Pollak, E.; Elazari, R.; Salitra, G.; Kelley, C. S.; Affinito, J. On the Surface 
Chemical Aspects of Very High Energy Density, Rechargeable LiSulfur Batteries. J. 
Electrochem. Soc. 2009, 156, A694-A702. 

 (186)  Bozorgchenani, M.; Buchner, F.; Forster-Tonigold, K.; Kim, J.; Groß, A.; Behm, R. J. 
Adsorption of Ultrathin Ethylene Carbonate Films on Pristine and Lithiated Graphite and 
Their Interaction With Li. Langmuir 2018, 34, 8451-8463. 

 (187)  Buchner, F.; Kim, J.; Adler, C.; Bozorgchenani, M.; Bansmann, J.; Behm, R. J. 
Intercalation and Deintercalation of Lithium at the Ionic Liquid | Graphite(0001) Interface. 
J. Phys. Chem. Lett. 2017, 8, 5804-5809. 

 (188)  Buchner, F.; Uhl, B.; Forster-Tonigold, K.; Bansmann, J.; Groß, A.; Behm, R. J. Structure 
Formation and Surface Chemistry of Ionic Liquids on Model Electrode Surfaces - Model 
Studies for the Electrode | Electrolyte Interface in Li-Ion Batteries. J. Chem. Phys. 2018, 
148, 193821. 

 (189)  Aurbach, D.; Chusid, O.; Weissman, I.; Dan, P. LiC (SO2CF3)3, A New Salt for Li Battery 
Systems. A Comparative Study of Li and Non-Active Metal Electrodes in Its Ethereal 
Solutions Using In Situ FTIR Spectroscopy. Electrochimica Acta 1996, 41, 747-760. 

 (190)  Santner, H. J.; Korepp, C.; Winter, M.; Besenhard, J. O.; Möller, K. C. In-Situ FTIR 
Investigations on the Reduction of Vinylene Electrolyte Additives Suitable for Use in 
Lithium-Ion Batteries. Analytical and bioanalytical chemistry 2004, 379, 266-271. 



B i b l i o g r a p h y   2 0 6  

 

 

 (191)  Dollé, M.; Grugeon, S.; Beaudoin, B.; Dupont, L.; Tarascon, J. M. In Situ TEM Study of 
the Interface Carbon/Electrolyte. J. Power Sources 2001, 97, 104-106. 

 (192)  Dollé, M.; Sannier, L.; Beaudoin, B.; Trentin, M.; Tarascon, J. M. Live Scanning Electron 
Microscope Observations of Dendritic Growth in Lithium/Polymer Cells. Electrochem. 
Solid-State Lett. 2002, 5, A286-A289. 

 (193)  Wang, Y.; Nakamura, S.; Ue, M.; Balbuena, P. B. Theoretical Studies to Understand 
Surface Chemistry on Carbon Anodes for Lithium-Ion Batteries: Reduction Mechanisms 
of Ethylene Carbonate. J. Am. Chem. Soc. 2001, 123, 11708-11718. 

 (194)  Fingerle, M.; Späth, T.; Schulz, N.; Hausbrand, R. Adsorption of Ethylene Carbonate on 
Lithium Cobalt Oxide Thin Films: A Synchrotron-Based Spectroscopic Study of the 
Surface Chemistry. Chem. Phys. 2017, 498, 19-24. 

 (195)  Schroeder, P. G.; France, C. B.; Parkinson, B. A.; Schlaf, R. Orbital Alignment at P-
Sexiphenyl and Coronene/Layered Materials Interfaces Measured With Photoemission 
Spectroscopy. Journal of applied physics 2002, 91, 9095-9107. 

 (196)  Takahashi, T.; Tokailin, H.; Sagawa, T. Angle-Resolved Ultraviolet Photoelectron 
Spectroscopy of the Unoccupied Band Structure of Graphite. Phys. Rev. B 1985, 32, 8317. 

 (197)  Yokoyama, Y.; Jinno, M.; Watanabe, I.; Ikeda, S. Identification of Accidentally 
Degenerate Bands in UV Photoelectron Spectra of Ethylene Carbonate and Propylene 
Carbonate. J. Electron Spectrosc. Relat. Phenom. 1974, 5, 1095-1101. 

 (198)  Sweigart, D. A.; Turner, D. W. Lone Pair Orbitals and Their Interactions Studied by 
Photoelectron Spectroscopy. I. Carboxylic Acids and Their Derivatives. J. Am. Chem. Soc. 
1972, 94, 5592-5598. 

 (199)  Conrad, H.; Ertl, G.; Knözinger, H.; Küppers, J.; Latta, E. E. Polynuclear Metal Carbonyl 
Compounds and Chemisorption of Co on Transition Metal Surfaces. Chem. Phys. Lett. 
1976, 42, 115-118. 

 (200)  Fedorov, A. V.; Verbitskiy, N. I.; Haberer, D.; Struzzi, C.; Petaccia, L.; Usachov, D.; 
Vilkov, O. Y.; Vyalikh, D. V.; Fink, J.; Knupfer, M. Observation of a Universal Donor-
Dependent Vibrational Mode in Graphene. Nature communications 2014, 5, 3257. 

 (201)  Pervan, P.; Lazic, P.; Petrovic, M.; Šrut Rakic, I.; Pletikosic, I.; Kralj, M.; Milun, M.; Valla, 
T. Li Adsorption Versus Graphene Intercalation on Ir (111): From Quenching to 
Restoration of the Ir Surface State. Physical Review B 2015, 92, 245415. 

 (202)  Halle, J.; Néel, N.; Kroöger, J. Filling the Gap: Li-Intercalated Graphene on Ir (111). The 
Journal of Physical Chemistry C 2016, 120, 5067-5073. 

 (203)  Schröder, U. A.; Petroviç, M.; Gerber, T.; Martínez-Galera, A. J.; rånäs, E.; rman, M. A.; 
erbig, C.; chnadt, J.; ralj, M.; nudsen, J. Core Level Shifts of Intercalated Graphene. 2D 
Materials 2016, 4, 015013. 



B i b l i o g r a p h y   2 0 7  

 

 

 (204)  Puglia, C.; Bennich, P.; Hasselström, J.; Brühwiler, P. A.; Nilsson, A.; Maxwell, A. J.; 
Mårtensson, N.; Rudolf, P. A Photoemission and XAS Study of Oxygen Coadsorbed With 
a (2x 2) Layer of K on Graphite. Surface Science 1997, 383, 149-161. 

 (205)  Bennich, P.; Puglia, C.; Brühwiler, P. A.; Nilsson, A.; Maxwell, A. J.; Sandell, A.; 
Mårtensson, N.; Rudolf, P. Photoemission Study of K on Graphite. Phys. Rev. B 1999, 59, 
8292. 

 (206)  Kamakura, N.; Kubota, M.; Ono, K. Band Dispersion and Bonding Character of Potassium 
on Graphite. Surface Science 2008, 602, 95-101. 

 (207)  Jablonski, A.; Wandelt, K. Quantitative Aspects of Ultraviolet Photoemission of Adsorbed 
XenonA Review. Surface and interface analysis 1991, 17, 611-627. 

 (208)  Ge, Y.; Weidner, T.; Ahn, H.; Whitten, J. E.; Zharnikov, M. Energy Level Pinning in Self-
Assembled Alkanethiol Monolayers. The Journal of Physical Chemistry C 2009, 113, 
4575-4583. 

 (209)  Uhl, B.; Hekmatfar, M.; Buchner, F.; Behm, R. J. Interaction of the Ionic Liquid 
[BMP][TFSA] With Rutile TiO 2 (110) and Coadsorbed Lithium. Physical Chemistry 
Chemical Physics 2016, 18, 6618-6636. 

 (210)  Mandeltort, L.; Yates Jr, J. T. Rapid Atomic Li Surface Diffusion and Intercalation on 
Graphite: A Surface Science Study. J. Phys. Chem. C 2012, 116, 24962-24967. 

 (211)  Bozorgchenani, M.; Fischer, P.; Schnaidt, J.; Diemant, T.; Schwarz, R. M.; Marinaro, M.; 
Wachtler, M.; Jörissen, L.; ehm, R. J. Electrocatalytic Oxygen Reduction and Oxygen 
Evolution in Mg-Free and Mg-Containing Ionic Liquid 1-Butyl-1-Methylpyrrolidinium 
Bis (Trifluoromethanesulfonyl) Imide. ChemElectroChem 2018, 5, 2600-2611. 

 (212)  Ara, M.; Meng, T.; Nazri, G. A.; Salley, S. O.; Ng, K. S. Ternary Imidazolium-
Pyrrolidinium-Based Ionic Liquid Electrolytes for Rechargeable Li-O2 Batteries. J. 
Electrochem. Soc. 2014, 161, A1969-A1975. 

 (213)  Kar, M.; Simons, T. J.; Forsyth, M.; MacFarlane, D. R. Ionic Liquid Electrolytes As a 
Platform for Rechargeable Metal-Air Batteries: a Perspective. Physical Chemistry 
Chemical Physics 2014, 16, 18658-18674. 

 (214)  Kakibe, T.; Hishii, J. y.; Yoshimoto, N.; Egashira, M.; Morita, M. Binary Ionic Liquid 
Electrolytes Containing Organo-Magnesium Complex for Rechargeable Magnesium 
Batteries. Journal of Power Sources 2012, 203, 195-200. 

 (215)  Forsyth, M.; Neil, W. C.; Howlett, P. C.; MacFarlane, D. R.; Hinton, B. R.; Rocher, N.; 
Kemp, T. F.; Smith, M. E. New Insights into the Fundamental Chemical Nature of Ionic 
Liquid Film Formation on Magnesium Alloy Surfaces. ACS applied materials & interfaces 
2009, 1, 1045-1052. 



B i b l i o g r a p h y   2 0 8  

 

 

 (216)  Cheng, Y.; Stolley, R. M.; Han, K. S.; Shao, Y.; Arey, B. W.; Washton, N. M.; Mueller, 
K. T.; Helm, M. L.; Sprenkle, V. L.; Liu, J. Highly Active Electrolytes for Rechargeable 
Mg Batteries Based on a [Mg2 (-Cl) 2] 2+ Cation Complex in Dimethoxyethane. Physical 
Chemistry Chemical Physics 2015, 17, 13307-13314. 

 (217)  Zhang, D.; Okajima, T.; Matsumoto, F.; Ohsaka, T. Electroreduction of Dioxygen in 1-n-
Alkyl-3-Methylimidazolium Tetrafluoroborate Room-Temperature Ionic Liquids. Journal 
of The Electrochemical Society 2004, 151, D31-D37. 

 (218)  Monaco, S.; Arangio, A. M.; Soavi, F.; Mastragostino, M.; Paillard, E.; Passerini, S. An 
Electrochemical Study of Oxygen Reduction in Pyrrolidinium-Based Ionic Liquids for 
Lithium/Oxygen Batteries. Electrochim. Acta 2012, 83, 94-104. 

 (219)  Allen, C. J.; Hwang, J.; Kautz, R.; Mukerjee, S.; Plichta, E. J.; Hendrickson, M. A.; 
Abraham, K. M. Oxygen Reduction Reactions in Ionic Liquids and the Formulation of a 
General ORR Mechanism for LiAir Batteries. J. Phys. Chem. C 2012, 116, 20755-20764. 

 (220)  Lee, J.; Murugappan, K.; Arrigan, D. W.; Silvester, D. S. Oxygen Reduction Voltammetry 
on Platinum Macrodisk and Screen-Printed Electrodes in Ionic Liquids: Reaction of the 
Electrogenerated Superoxide Species With Compounds Used in the Paste of Pt Screen-
Printed Electrodes? Electrochim. Acta 2013, 101, 158-168. 

 (221)  Katayama, Y.; Onodera, H.; Yamagata, M.; Miura, T. Electrochemical Reduction of 
Oxygen in Some Hydrophobic Room-Temperature Molten Salt Systems. Journal of The 
Electrochemical Society 2004, 151, A59-A63. 

 (222)  Switzer, E. E.; Zeller, R.; Chen, Q.; Sieradzki, K.; Buttry, D. A.; Friesen, C. Oxygen 
Reduction Reaction in Ionic Liquids: The Addition of Protic Species. J. Phys. Chem. C 
2013, 117, 8683-8690. 

 (223)  Yuan, X. Z.; Alzate, V.; Xie, Z.; Ivey, D. G.; Qu, W. Oxygen Reduction Reaction in 1-
Butyl-1-Methyl-Pyrrolidinium Bis (Trifluoromethanesulfonyl) Imide: Addition of Water 
As a Proton Species. J. Electrochem. Soc. 2014, 161, A451-A457. 

 (224)  Staszak-Jirkovský, J.; Subbaraman, R.; Strmcnik, D.; Harrison, K. L.; Diesendruck, C. E.; 
Assary, R.; Frank, O.; Kobr, L.; Wiberg, G. K. H.; Genorio, B.; Connell, J. G.; Lopes, P. 
P.; Stamenkovic, V. R.; Curtiss, L.; Moore, J. S.; Zavadil, K. R.; Markovic, N. M. Water 
As a Promoter and Catalyst for Dioxygen Electrochemistry in Aqueous and Organic Media. 
ACS Catal. 2015, 5, 6600-6607. 

 (225)  Herranz, J.; Garsuch, A.; Gasteiger, H. A. Using Rotating Ring Disc Electrode 
Voltammetry to Quantify the Superoxide Radical Stability of Aprotic LiAir Battery 
Electrolytes. J. Phys. Chem. C 2012, 116, 19084-19094. 

 (226)  Huang, X. J.; Rogers, E. I.; Hardacre, C.; Compton, R. G. The Reduction of Oxygen in 
Various Room Temperature Ionic Liquids in the Temperature Range 293 318 K: 



B i b l i o g r a p h y   2 0 9  

 

 

Exploring the Applicability of the Stokes Einstein Relationship in Room Temperature 
Ionic Liquids. The Journal of Physical Chemistry B 2009, 113, 8953-8959. 

 (227)  Vranes, M.; Dozic, S.; Djeric, V.; Gadzuric, S. Physicochemical Characterization of 1-
Butyl-3-Methylimidazolium and 1-Butyl-1-Methylpyrrolidinium Bis 
(Trifluoromethylsulfonyl) Imide. J. Chem. Eng. Data 2012, 57, 1072-1077. 

 (228)  Carter, M. T.; Hussey, C. L.; Strubinger, S. K.; Osteryoung, R. A. Electrochemical 
Reduction of Dioxygen in Room-Temperature Imidazolium Chloride-Aluminum Chloride 
Molten Salts. Inorganic Chem. 1991, 30, 1149-1151. 

 (229)  Allen, C. J.; Mukerjee, S.; Plichta, E. J.; Hendrickson, M. A.; Abraham, K. M. Oxygen 
Electrode Rechargeability in an Ionic Liquid for the Li-Air Battery. J. Phys. Chem. Lett. 
2011, 2, 2420-2424. 

 (230)  Johnson, L.; Li, C.; Liu, Z.; Chen, Y.; Freunberger, S. A.; Ashok, P. C.; Praveen, B. B.; 
Dholakia, K.; Tarascon, J. M.; Bruce, P. G. The Role of LiO2 Solubility in O2 Reduction 
in Aprotic Solvents and Its Consequences for LiO2 Batteries. Nature Chem. 2014, 6, 
1091-1099. 

 (231)  Esch, T. R.; Bredow, T. Bulk and Surface Properties of Magnesium Peroxide MgO2. 
Applied Surf. Sci. 2016, 389, 1202-1207. 

 (232)  Thomson, A.; Vaughan, D. X-ray data booklet. Lawrence Berkeley National Laboratory, 
Berkeley, CA.  2001.  LBNL/PUB-490.  

 (233)  Qiu, S. L.; Lin, C. L.; Chen, J.; Strongin, M. The Formation of MetalOxygen Species at 
Low Temperatures. J. Vacuum Sci. Technology A 1990, 8, 2595-2598. 

 (234)  Chen, Y.; Freunberger, S. A.; Peng, Z.; Fontaine, O.; Bruce, P. G. Charging a Li-O2 Battery 
Using a Redox Mediator. Nature Chem. 2013, 5, 489-494. 

 (235)  Buchner, F.; Forster-Tonigold, K.; Bozorgchenani, M.; Groß, A.; Behm, R. J. Interaction 
of a Self-Assembled Ionic Liquid Layer With Graphite (0001): A Combined Experimental 
and Theoretical Study. J. Phys. Chem. Lett. 2016, 7, 226-233. 

 (236)  Kresse, G.; Furthmüller, J. Efficient Iterative Schemes for Ab Initio Total-Energy 
Calculations Using a Plane-Wave Basis Set. Phys. Rev. B 1996, 54, 11169. 

 (237)  Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made 
Simple. Phys. Rev. Lett. 1996, 77, 3865. 

 (238)  Tonigold, K.; Groß, A. Adsorption of Small Aromatic Molecules on the (111) Surfaces of 
Noble Metals: A Density Functional Theory Study With Semiempirical Corrections for 
Dispersion Effects. J. Chem. Phys 2010, 132, 224701. 



B i b l i o g r a p h y   2 1 0  

 

 

 (239)  Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and Accurate Ab Initio 
Parametrization of Density Functional Dispersion Correction (DFT-D) for the 94 Elements 
H-Pu. J. Chem. Phys. 2010, 132, 154104. 

 (240)  Chai, J. D.; Head-Gordon, M. Long-Range Corrected Hybrid Density Functionals With 
Damped AtomAtom Dispersion Corrections. Phys. Chem. Chem. Phys. 2008, 10, 6615-
6620. 

 (241)  Tonigold, K.; Groß, A. Dispersive Interactions in Water Bilayers at Metallic Surfaces: A 
Comparison of the PBE and RPBE Functional Including Semiempirical Dispersion 
Corrections. J. Comput. Chem. 2012, 33, 695-701. 

 (242)  Waldmann, T.; Nenon, C.; Tonigold, K.; Hoster, H. E.; Groß, A.; Behm, R. J. The Role of 
Surface Defects in Large Organic Molecule Adsorption: Substrate Configuration Effects. 
Phys. Chem. Chem. Phys. 2012, 14, 10726-10731. 

 (243)  Forster-Tonigold, K.; Groß, A. A Systematic DFT Study of Substrate Reconstruction 
Effects Due to Thiolate and Selenolate Adsorption. Surf. Sci. 2015, 640, 18-24. 

 (244)  Blöchl, P. E. Projector Augmented-Wave Method. Phys. Rev. B: Condens. Matter Mater. 
Phys. 1994, 50, 17953. 

 (245)  Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the Projector Augmented-Wave 
Method. Phys. Rev. B: Condens. Matter Mater. Phys. 1999, 59, 1758. 

 (246)  Randström, S.; Appetecchi, G. B.; Lagergren, C.; Moreno, A.; Passerini, S. The Influence 
of Air and Its Components on the Cathodic Stability of N-Butyl-N-Methylpyrrolidinium 
Bis (Trifluoromethanesulfonyl) Imide. Electrochim. Acta 2007, 53, 1837-1842. 

 (247)  Randström, S.; Montanino, M.; Appetecchi, G. B.; Lagergren, C.; Moreno, A.; Passerini, 
S. Effect of Water and Oxygen Traces on the Cathodic Stability of N-Alkyl-N-
Methylpyrrolidinium Bis (Trifluoromethanesulfonyl) Imide. Electrochim. Acta 2008, 53, 
6397-6401. 

  



  2 1 1  

 

 

11  Danksagung 
Acknowledgements has been removed for reasons of data protection. 

  



  2 1 2  

 

 

Acknowledgements has been removed for reasons of data protection. 

  



  2 1 3  

 

 

Acknowledgements has been removed for reasons of data protection. 

  



  2 1 4  

 

 

12  Erklärung 
Hiermit erkläre ich, Maral Bozorgchenani, dass ich die vorliegende Dissertation selbständig 

verfasst, keine weiteren als die angegebenen Quellen und Hilfsmittel benutzt und wörtliche oder 

sinngemäße Zitate als solche gekennzeichnet habe. 

 

Ulm, den 20. Mai 2018       Maral Bozorgchenani 

 

  



  2 1 5  

 

 

13  Lebenslauf 

13.1 Persönliche Daten 

Name Maral Bozorgchenani 

Geburtsdatum 1981 

Geburtsort Rasht-Iran 

Staatsangehörigkeit Iranian- Deutsch 

Schulausbildung  

Sep.2000- Jul. 2004 Bachelor of Science in Solid State Physics, Guilan University, 
Rasht, Iran 

Sep. 2006- Nov. 2008 Master of Science in Theoretical Physics, Guilan University, Rasht, 
Iran 

MSc Thesis: “The Algebraic Approach and Dynamical Groups in 
Quantum Systems” 

Supervisor: Dr. Hossein Panahi Talemi 

Oct. 2011- Mar. 2014 Master of Advanced Material (Nano), Ulm University, Germany 

MSC Thesis:“Temperature induced structural and chemical  
changes of EC on Cu(111) and deposition of Li” 

Supervisor:  Prof. Dr. Rolf Jürgen Behm 

2nd Supervisor:  Prof. Dr. Paul Ziemann 

Mar. 2014 –May2018 PhD student, Institute of Surface Chemistry and Catalysis, Ulm 
University, Germany 

PhD Thesis:“ Interaction of Battery Electrolyte Components with 
Solid Electrodes - From Model Electrodes to more Realistic 
Systems” 

Supervisor: Prof. Dr. Rolf Jürgen Behm 



  2 1 6  

 

 

14  Publikationen 

14.1 Artikel 

1) Bozorgchenani,M., Fischer, P., Schnaidt, J., Diemant, T., Schwarz, R. M., Marinaro, M., 

Wachtler, M., Jörissen, L., Behm, R. J., Electrocatalytic oxygen reduction and oxygen 

evolution in Mg-free and Mg-containing ionic liquid 1-butyl-1-methylpyrrolidinium 

bis(trifluoromethanesulfonyl) imide, J. ChemElectroChem 2018, 5, 2600-2611 

2) Bozorgchenani, M., Buchner, F., Forster-Tonigold, K., Kim, J., Groß, A., Behm, R. J., 

Adsorption of Ultrathin Ethylene Carbonate Films on Pristine and Lithiated Graphite and 

Their Interaction with Li, Langmuir 2018,  34, 29, 8451-8463. 

3) Buchner, F.; Kim, J.; Adler, C.; Bozorgchenani, M.; Bansmann, J.; Behm, R. J. 

Intercalation and Deintercalation of Lithium at the Ionic Liquid | Graphite(0001) Interface. 

J. Phys. Chem. Lett. 2017, 8, 5804-5809. 

4) M. Bozorgchenani, M. Naderian, H. Farkhondeh, J. Schnaidt,B. Uhl, J. Bansmann, A. 

Gross, R. J. Behm and F. Buchner “Structure Formation and Thermal Stability of Mono- 

and Multilayers of Ethylene Carbonate on Cu(111) ‒ A Model Study of the 

Electrode|Electrolyte Interface”, J. Phys. Chem. C, 2016, 120 (30), pp 16791–16803, DOI: 

10.1021/acs.jpcc.6b05012 

5) F. Buchner, K. Foster-Tonigold, M. Bozorgchenani, A. Groß and R. J. Behm, “Interaction 

of a Self-Assembled Ionic Liquid Layer with Graphite(0001): A Combined Experimental 

and Theoretical Study”, J. Phys. Chem. Lett., 2016, 7, pp 226–233 DOI: 

10.1021/acs.jpclett.5b02449 

6) F. Buchner, M. Bozorgchenani, B. Uhl, H. Farkhondeh, J. Bansmann and R. J. Behm, 

“Reactive Interaction of (Sub-)monolayers and Multilayers of the Ionic 2 Liquid 1‑Butyl-

1-methylpyrrolidinium Bis(tri-fluoro- 3 methylsulfonyl)imide with Coadsorbed Lithium 

on Cu(111)”, The Journal of Physical Chemistry C 

7) B. Uhl, F. Buchner, S. Gabler, M. Bozorgchenani and R. J. Behm “Adsorption and 

Reaction of Sub-Monolayer Films of an Ionic Liquid  with Cu(111)”, Chem. Commun-

DOI: 10.139/C4CC03203A 



  2 1 7  

 

 

8) F. Buchner, H. Farkhondeh, M. Bozorgchenani, B. Uhl and R. J. Behm “Temperature-

induced Structural and Chemical Changes of Ultral thin Elhylene Carbonate Films on 

Cu(111) ”  Phys. Chem. Chem. Phys., 2014, DOI: 10.1039/C4CP01417K 

14.2 Talks 

1) F. Buchner, J.-H. Kim, C. Adler, M. Bozorgchenani, J. Bansmann and R.J Behm, “ 

Intercalation and Deintercalation of Lithium at the Ionic Liquid│Graphite Interface- 

Interactions at the Electrode | Electrolyte Interface” ,presented as a talk in Duetschen 

Physikalischen Geselschaft (German Physical Society) conference, March 2017, Dresden, 

Germany 

2) J.-H. Kim, F. Buchner, C. Adler, M. Bozorgchenani, J. Bansmann and R.J Behm, “The 

Ionic Liquid ǀ Graphite(0001) and Ionic Liquid ǀ Li4Ti5O12 Interface - A Model for the 

Electrode|Electrolyte Interface” ,presented as a poster in Duetschen Physikalischen 

Geselschaft (German Physical Society) conference, March 2017, Dresden, Germany 

3) M. Bozorgchenani, P. Fischer ,J. Schnaidt, T. Diemant, R. M. Schwarz, M. Marinaro, M. 

Wachtler, L. Jörissen, R.J. Behm “Oxygen Reduction and Oxygen Evolution in the (Mg2+ 

containing) Ionic Liquid BMP-TFSI-A Model Study for Mg-Air Batteries” presented as a 

poster and invited for a talk in the YounGeCatS poster workshop on “Photo- and 

electrochemical water splitting”, 50. Jahrestreffen Deutscher Katalytiker, March 2017 

Weimar 

4) F. Buchner, M. Bozorgchenani, J.-H. Kim, Uhl, J. Bansmann and R.J. Behm, “On the 

Initial Stages of the Chemical Electrode|Electolyte Interface Formation-A Model Study for 

Li-ion Batteries”, Presented as talk in Kompetenznetz Funktionelle Nanostrukturen (KFN) 

in Bad Herrenalb, October 2016 

5) J, Schnaidt, Y. T. Law, M. Bozorgchenani and R. J. Behm, “ORR and OER in the (Mg2+ 

containing) Ionic Liquid [BMP][TFSI]”, presented as a talk in 1st International Symposium 

on Magnesium Batteries-July 2016, Ulm, Germany 

6) F. Buchner, K. Foster-Tonigold, M. Bozorgchenani, A. Gross and R. J. Behm, “Interaction 

of a Self-assembled Ionic Liquid Adlayer with Graphite(0001) and Reaction with 



  2 1 8  

 

 

Coadsorbed Lithium”, presented as a talk in Duetschen Physikalischen Geselschaft 

(German Physical Society) conference, March 2016, Regensburg, Germany 

7) M. Bozorgchenani, F. Buchner and R. J. Behm, “On the Temperature-dependent Behavior 

of Ultrathin Ethylene Carbonate Films on Graphite(0001) ”,presented as a talk in 

Duetschen Physikalischen Geselschaft (German Physical Society) conference, March 

2016, Regensburg, Germany 

8) F. Buchner, M. Bozorgchenani, B. Uhl, H. Farkhondeh and R. J. Behm, “Reactive 

Interaction of [BMP][FTSA] Adlayers and Co-Adsorbed Li on Cu(111)-A Combined STM 

and XPS Study”, presented as a Talk in Duetschen Physikalischen Geselschaft (German 

Physical Society) DPG conference, March 2015, Berlin, Germany 

9) F. Buchner, M. Bozorgchenani,  H. Farkhondeh, Be. Uhl and R. J. Behm, “Temperature-

induced Structural and Chemical Changes of Ultrathin Ethylene Carbonate Films on 

Cu(111) ”,presented as a talk in Duetschen Physikalischen Geselschaft (German Physical 

Society) DPG conference, March 2014, Dresden, Germany 

14.3 Poster 

1) J.-H. Kim, F. Buchner, C. Adler, M. Bozorgchenani, J. Bansmann and R.J Behm, “The 

Ionic Liquid ǀ Graphite(0001) and Ionic Liquid ǀ Li4Ti5O12 Interface - A Model for the 

Electrode|Electrolyte Interface” ,presented as a poster in Duetschen Physikalischen 

Geselschaft (German Physical Society) conference, March 2017, Dresden, Germany 

2) M. Bozorgchenani, P. Fischer ,J. Schnaidt, T. Diemant, R. M. Schwarz, M. Marinaro, M. 

Wachtler, L. Jörissen, R.J. Behm “Oxygen Reduction and Oxygen Evolution in the (Mg2+ 

containing) Ionic Liquid BMP-TFSI-A Model Study for Mg-Air Batteries” presented as a 

poster and invited for a talk in the YounGeCatS poster workshop on “Photo- and 

electrochemical water splitting”, 50. Jahrestreffen Deutscher Katalytiker, March 2017 

Weimar 

3) M. Bozorgchenani, F. Buchner and R.J. Behm, “Temperature-dependent Behavior of 

Ultrathin Ethylene Carbonate Films (and Co-deposited Lithium) on graphite(0001) model 



  2 1 9  

 

 

electrode”, Presented as poster in Kompetenznetz Funktionelle Nanostrukturen (KFN) in 

Bad Herrenalb, October 2016 

4) F. Buchner,, K. Forster-Tonigold, M. Bozorgchenani, J-H. Kim, C. Adler, J. Bansmann, 

A. Gross, and R.J. Behma, “Inter- and Deintercalation of Li on Graphite(0001) and 

Reaction with an Ionic Liquid Adlayer Surface Chemistry at the Electrode|Electrolyte 

Interface”, Presented as a poster in Kompetenznetz Funktionelle Nanostrukturen (KFN) in 

Bad Herrenalb, October 2016 

5) I. Weber, J. Schnaidt, M. Bozorgchenani,F. Buchner,T. Diemant and R.J. Behm, 

“Spectroscopic and Electrochemical Investigations of the SEI Formation on Graphite 

Model Electrodes”, Presented as poster in Gesellschaft Deutscher Chemiker (GDCH), 

September 2016 

6) F. Buchner, K. Forster-tonigold, M. Bozorgchenani, C. Adler, A. Gross and R.J. Behm, 

“Inter- and Deintercalation of Li on Graphite(0001)  and Reaction with an Ionic Liquid 

Adlayer A Study of the chemical Electrode | Electrolyte Interface”, Presented as a poster 

in 15th UECT (Ulm ElectroChemical Talks), Ulm, Germany 

7) M. Bozorgchenani, F. Buchner and R.J. Behm, “Temperature-dependent Behavior of 

Ultrathin Ethylene Carbonate Films (and Co-deposited Lithium)  on graphite(0001) model 

electrode”, Presented as a poster in 15th UECT (Ulm ElectroChemical Talks), Ulm, 

Germany 

8) F. Buchner, M. Bozorgchenani, K. Foster-Tonigold, B. Uhl, A. Gross and R. J. Behm , “On 

the Temperature-dependent Behavior of Ultrathin Ethylene Carbonate Films on 

Graphite(0001)” ,presented as a poster in Duetschen Physikalischen Geselschaft (German 

Physical Society) conference, March 2016, Regensburg, Germany 

9) F. Buchner, M. Bozorgchenani, H. Farkhondeh, J. Schnaidt, B. Uhl, J. Bansmann, and R.J. 

Behm “Interaction of ultrathin ethylene carbonate layers with a Cu(111) model electrode”, 

presented as a poster in Batterieforum 2015 

10) M. Bozorgchenani,  F. Buchner, H. Farkhondeh, J. Schnaidt,  B. Uhl, J. Bansmann and R.J. 

Behm “Thermal Stability of Ultrathin Layers of Ethylene Carbonate and Propylene 

Carbonate on Cu(111) and Co-adsorption of Lithium”, presented as poster in Duetschen 

Physikalischen Geselschaft (German Physical Society) conference, March 2015, Berlin, 

Germany 



  2 2 0  

 

 

11) F. Buchner, M. Bozorgchenani, H. Farkhondeh, J. Schnaidt, B. Uhl, J. Bansmann and R.J. 

Behm “Interaction of ultrathin ethylene carbonate layers with a Cu(111) model 

electrode”,presented as poster in 14th Ulm Electrochemical Talk (UECT conference), June 

2014, Ulm, Germany 

12) M. Bozorgchenani, B. Uhl, F. Buchner, S. Gabler, and R. J. Behm, “Adsorption behavior 

of  Ionic Liquid Adlayers on Cu(111)”, presented as a poster in 14th Ulm Electrochemical 

Talk (UECT conference), June 2014, Ulm, Germany 

13) M. Bozorgchenani, F. Buchner, H. Farkhondeh, B. Uhl and R. J. Behm, “STM and XPS 

Investigation of Ethylene Carbonate Ultrathin layers on Cu(111) and Adsorption of 

Lithium”  presented as a poster in Duetschen Physikalischen Geselschaft (German Physical 

Society) DPG conference, March 2014, Dresden, Germany 


