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ABSTRACT 

 

 

 

UNDERSTANDING THE SOLID ELECTROLYTE INTERFACE (SEI) ON ALLOYING ANODES: 

DEVELOPMENT OF A METHODOLOGY FOR SEI SAMPLE PREPARATION AND X-RAY PHOTOELECTRON 

SPECTROSCOPY CHARACTERIZATION AND STUDIES OF THE SEI ON ELECTRODEPOSITED THIN FILM 

INTERMETALLIC ANODES FOR Li-ION BATTERIES 

 

 

 The solid electrolyte interface (SEI) is an important component of Li-ion rechargeable batteries 

that forms due to the potential stability limits of the organic electrolyte falling within the large operating 

potential window of the battery. It plays a crucial role in battery performance by passivating the electrode 

surface; it also affects the safety, Li-ion consumption/inventory, and Li-ion transport rates of the battery. 

Despite decades of study, there is still much that is unknown about the SEI, especially how to intentionally 

modify the composition and properties of the SEI in order to obtain better performance as measured by 

metrics that include reversible capacity and cycle lifetime. The gaps in understanding of the SEI are even 

more pronounced for alloying anode materials, and the mechanical and chemical instability of electrode 

surfaces and the SEI formed from conventional secondary battery electrolytes is one of the bottlenecks in 

the development of next generation battery technologies. 

 The first chapter of this dissertation is an overview of studies from the past two decades 

concerning the SEI formed on metallic alloying anodes, examining SEI formation, the evolution of the SEI 

over long term cycling, and improvements to the SEI through the use of additives and novel electrolytes. 

Compared to the body of literature on the SEI on other anode materials such as graphite, Li metal, and 

silicon, there has been relatively little published about the SEI on metallic alloying anodes such as tin, 

antimony, and intermetallics, especially considering the scope of these types of anode materials. 

However, a comparison of the existing literature concerning the SEI on alloying anodes reveals interesting 
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similarities and difference between the SEI formation and evolution on metallic alloying anodes and 

highlights some critical gaps in knowledge for the field. 

The second chapter concerns the development of a methodology to study the SEI formed on 

alloying anodes, and in particular binder- and additive-free thin film electrodes. The formation, 

composition, and properties of the SEI are dependent on a number of experimental variables, which 

makes it difficult understand the factors that affect SEI performance and limits progress towards the goal 

of more controlled or intentional SEI formation for better battery performance. One of the first steps 

towards this goal is to be able to make and characterize SEI samples in a reproducible manner. This chapter 

outlines some of the important considerations for SEI sample preparation that are not widely discussed 

in the battery community in addition to some of the important considerations for using X-ray 

photoelectron spectroscopy to characterize the SEI. 

 The third and fourth chapters are about using the methodology described in Chapter 2 to 

characterize the SEI formed on intermetallic thin film anodes. The third chapter examines the role that 

vinylene carbonate, a conventional SEI-improving electrolyte additive, plays in passivating the surface and 

extending the cycle lifetime of Cu2Sb electrodes. The fourth chapter is concerned with understanding what 

role the SEI plays in the cycle performance of pure phase SnSb thin film electrodes. Studying changes in 

the SEI on SnSb over different stages of cycling can help elucidate whether the SEI plays a role in the 

capacity retention and long cycle lifetime of SnSb and whether it ultimately contributes to the failure of 

the electrode.  
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CHAPTER 1: THE SOLID ELECTROLYTE INTERFACE ON ALLOYING ANODES FOR Li-ION BATTERIES 

 

 

 

Chapter summary 

Lithium alloying materials have been studied extensively as anode candidates for next generation 

Li-ion batteries due to having high volumetric capacities. However, the understanding of the solid 

electrolyte interface (SEI), an important component of rechargeable batteries, remains limited for this 

class of anode materials. This chapter provides an overview of the current understanding of the SEI on 

alloying anode materials, including SEI formation over short term cycling, the evolution of the SEI over 

extended cycling, and improvements in SEI performance through the use of additives and unconventional 

electrolyte formulations. 

1.1) Introduction 

 Rechargeable battery technologies, specifically Li-ion batteries, have found utility in a variety of 

important applications, including personal electronic devices and hybrid-electric/all electric vehicles. 

These technologies requiring the storage of large amounts of energy make use of anode and cathode 

materials with large differences in redox potentials in order to increase the average voltage.1 However, 

the electrochemical stability window of most liquid electrolytes, in particular the organic liquid 

electrolytes used for rechargeable batteries, falls within the voltage window of the battery electrodes.1 In 

order for the battery to function, the formation of a passivating layer on the electrode surface that blocks 

electron transport to limit excessive electrolyte degradation while still allowing for the transport of Li ions 

is necessary.2 This passivating layer is known as the solid electrolyte interface (or interphase) (SEI).3 

The SEI is a film composed of electrolyte salt and solvent reduction or decomposition products.2,4 

Conventional Li-ion battery electrolyte solutions contain LiPF6 as the Li salt supporting electrolyte and 

 
 This chapter was written to be submitted for peer review and publication in the Journal of the Electrochemical 

Society with Leslie A. Kraynak and Amy L. Prieto as authors. The paper was written by Leslie A. Kraynak with guidance 

and editing provided by Amy L. Prieto. 
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various mixtures of organic carbonates, including ethylene carbonate (EC), propylene carbonate (PC), 

dimethyl carbonate (DMC), diethyl carbonate (DEC), and EMC, as the cosolvents.5 Some of the proposed 

reduction and decomposition pathways for the most common electrolyte components are shown in 

Scheme 1.1. Many of the proposed reactions result in the formation of radical intermediates, which is one 

reason the SEI formation is so complex.5 Much of the current understanding of the SEI for Li-ion batteries 

comes from XPS, FTIR, and electrochemical characterization of graphite and Li metal anodes.4–7 Based on 

these works, the SEI formed on Li-ion battery anodes is generally accepted to be a heterogeneous, layered 

structure. It consists of an inner layer near the anode surface composed of inorganic species such as LiF, 

Li2O, and Li2CO3 and an outer organic-rich layer composed of solvent reduction species like Li alkyl 

carbonates, PEO oligomers, and metal carboxylates.7 

While it is not typically considered as a component of Li-ion batteries like the anode, cathode, 

electrolyte, and separators are, the SEI plays a crucial role in the performance of the battery. It is thought 

to function as a solid electrolyte, and a decade ago Martin Winter referred to it as “the most important 

and least understood solid electrolyte”.8 It affects the safety, charge/discharge rates, cycle lifetime, 

calendar lifetime, and reversible capacity of Li-ion batteries. As a crucial battery component, there are 

several important criteria for a functional and safe SEI, as outlined elsewhere.5,9 First, the SEI must be 

stable over the cycle lifetime of the battery, without excessive deposition or dissolution. Second, the SEI 

must be mechanically stable; specifically, it should be flexible and robust enough to accommodate volume 

changes during lithiation and delithiation. To allow for fast Li ion transport, it should have a low electrical 

impedance and/or be relatively thin and uniform in thickness, and it should be a good conductor for 

unsolvated Li ions. Finally, it should provide a barrier for solvent molecules.5,9 The SEI formed from 

conventional electrolyte solutions on graphite satisfies most of these requirements adequately, which has 

enabled it to be used as the anode in most commercial Li-ion batteries.5,8 However, for next generation  
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Scheme 1.1: Common examples of proposed electrolyte reduction pathways and products for 

conventional organic carbonate solvents in Li-ion battery electrolytes.10,11 
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anode materials with higher capacities, most of these criteria are not met when using conventional Li-ion 

battery electrolytes. 

 Materials that alloy with lithium, including elements such as Sn, Sb, and Si, and Sb- and Sn-based 

intermetallics and alloys, are attractive as next generation anode materials due to their high volumetric 

capacities.12,13 Unfortunately, this is also a drawback of alloying anodes, as it plays a role in SEI instability. 

These materials undergo large volume changes during lithiation and delithiation, which leads to cracking 

of both the electrode active material and the SEI. When new electrode surfaces are exposed due to these 

volume changes, it leads to additional electrolyte reduction and SEI formation.12 The chemical and 

mechanical instability of the SEI ultimately leads to low coulombic efficiency and capacity fade due to 

either sluggish Li ion transport kinetics or active material loss, respectively. Additionally, the surface 

reactivity of alloying anodes results in large first cycle irreversible capacity loss due to excessive SEI 

formation and Li ion consumption.12 One of the most common approaches to alleviating the mechanical 

stress of the electrode associated with lithium alloying and dealloying is the use of micro- or nano-sized 

active material particles, which can also exacerbate issues associated with the SEI due to increased surface 

area, so SEI formation is an issue for alloying anodes even when problems associated with volume 

expansion have been moderated.12    

Research on the SEI is a continuously growing field, and there have been numerous excellent reviews 

chronicling the progress and limitations of the field. Kang Xu has published two exhaustive reviews on 

electrolytes and interfaces in rechargeable batteries, describing decades worth of research on both 

conventional and novel electrolytes and additives as well as interphases on various electrode materials 

for rechargeable batteries.5,14 Verma and coworkers published a review focusing on compositional 

characterization of the SEI formed on graphite from carbonate-based electrolytes, highlighting the 

importance of many variables in SEI formation and characterization and how those play a role in the 

species commonly reported to make up the SEI as well as species that continue to be a topic of debate in 
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the field.4 Others such as Gauthier and coworkers and Peled and Menkin have written reviews that provide 

a survey of field of SEI research for Li-based battery systems, describing current knowledge of SEI 

formation, composition, and characterization for cathodes and the most common anode materials such 

as graphite, silicon, and tin as well as the gaps in knowledge for the field.2,7 Most of the existing SEI reviews 

are quite broad in scope, covering SEI literature for the most commonly studied electrodes, although some 

have written an in depth review of the SEI on Si alloying anodes.15 To the best of our knowledge, there are 

no reviews yet that provide an in depth look at SEI formation and composition for metallic alloying anode 

materials, which are considerably different than graphite, Li metal, and Si alloying anodes in terms of 

surface reactivity and/or lithiation/delithiation mechanisms. 

While the SEI formed on graphite and other carbon-based anode materials has been studied 

extensively and covered in several of the reviews mentioned previously, there have been fewer studies of 

the SEI formed on alloying anode materials, which are attractive as next-generation anode materials due 

to considerably higher volumetric capacities compared to graphite.12 However, the different lithiation 

pathways and reactivities of graphite and alloying anodes affect SEI formation and growth, so conclusions 

drawn from SEI studies on graphite electrodes may not be translatable to alloying anodes. Using on-line 

mass spectrometry, Wagner and coworkers observed differences in gas evolution when cycling graphite 

and tin/tin antimonide based anodes, suggesting differences in electrolyte reduction reactions and SEI 

formation for the intercalation and alloying anodes. The authors observed the evolution of ethylene and 

propylene when using EC- and PC-based electrolytes, respectively, for graphite but not the Sn-based 

anode; these gases are proposed to form due to the two electron reduction of EC and PC, which suggests 

that solvent reduction on alloying anode may follow different pathways than those proposed for 

graphite.16 Bryngelsson and coworkers have also observed some differences between the SEI layers 

formed on graphite anodes compared to AlSb anodes; based on X-ray photoelectron spectroscopy (XPS) 

characterization, there are differences in the predominant carbonaceous species at the SEI surface for the 
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graphite and AlSb anodes after 50 cycles, and the SEI formed on AlSb seems to be much thinner than the 

one formed on graphite.17 Furthermore, Wachtler and coworkers have pointed out that the requirements 

of alloying and intercalation anodes are different because alloying anodes undergo such large volume 

changes during cycling, as depicted in Figure 1.1; while the SEI on graphite needs to passivate the surface, 

allow for Li ion transport, and hinder solvent co-intercalation, the SEI formed on alloying anodes needs to 

be flexible enough to withstand volume changes during cycling in addition to passivating the surface and 

allowing for fast Li ion transport.18 Additionally, alloying anodes tend to exhibit large initial irreversible 

capacity loss and short cycle lifetimes due to capacity fade, likely due to interfacial instability associated 

with the SEI.12 As such, it is important to study the SEI formed on alloying anodes in order to gain a better 

understanding of the formation processes, composition, and properties of the SEI on alloying anodes in 

order to ultimately be able to control SEI formation and impart the desired properties for a SEI on alloying 

anodes. 

While it is important to study the SEI formed on alloying anodes because it seems to be different than 

the SEI formed on graphite, it is also important because the varying reactivities and lithium alloying 

pathways of different types of alloying anodes also seem to play a role in SEI formation and evolution. 

Therefore, it is important to study the SEI on alloying anodes to understand SEI formation on different 

lithium alloying materials, but the diversity among alloying anode materials also makes them interesting 

for fundamental SEI studies. For example, some alloying electrodes form a passivation layer upon 

exposure to electrolyte without any applied current or voltage,19–21 while others do not.22–24 Bridel and 

coworkers have observed considerable EC reactivity at the surface of thin film alloying anodes like Sn, Bi, 

and Pb at high potentials, but not Sb and Si thin films.25 Additionally, others have observed differences in 

the SEI speciation on Sn and Au electrodes using FTIR and MALDI-MS.26,27 
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Figure 1.1: Illustrations depicting SEI formation and the changes to the electrode and SEI during cycling 

for (a) graphite anodes and (b) alloying anode materials. Reprinted from Reference 18 with permission 

from Elsevier. 

 

As described above, the reactivity of the electrode material can affect SEI formation and 

composition, but there are many other variables that can also affect the SEI. Some researchers have found 

that the electrode fabrication methods and conditions can also influence the SEI.11,28–33 The cycling 

conditions such as temperature, applied current, and potential limits have also been found to influence 

the SEI.4,11,34–36 Finally, it should come as no surprise that the electrolyte components, including the lithium 

supporting electrolyte, solvents, additives, and impurities, also affect the SEI formation, composition, and 

properties.37–45 As such, it is incredibly difficult to compare results from SEI studies across the literature, 

especially for alloying anodes. In this review, we have gathered and summarized the results of existing 

alloying anode SEI studies in one place with the hope of better understanding the formation, composition, 

and properties of the SEI on alloying anodes. In many ways, the study of the SEI on alloying anodes is still 

in its infancy despite decades of study. Comparison of studies of the SEIs on alloying anodes can help 

clarify what has been discovered about the similarities and differences among alloying anode SEIs while 

also helping to see the directions that should be pursued in future research.  
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 1.1.1) Scope of review 

In this review we will focus on the SEI formed on lithium alloying anodes in non-aqueous 

electrolytes but will not include any artificial SEI or anode coating studies. This review is limited to metallic 

lithium alloying anode materials, which we are defining as any metal, semimetal, or metallic alloy that is 

a good electronic conductor in its delithiated form without the use of dopants. As such, Si is beyond the 

scope of this review, but the reader will be referred to SEI studies on Si anodes where relevant. A 

discussion of SEI studies on metallic current collectors will also be included here because many of those 

studies have helped provide insight into studies of alloying materials, and along with studies on lithium 

metal and graphite (both of which are outside the scope of this work) have helped form the basis of the 

community’s understanding of the SEI. 

1.1.2) Definitions 

The field of battery research is remarkably multidisciplinary and as such often uses of language 

that can lead to confusion. This is particularly true for terms used to describe battery and half-cell 

electrochemistry. Most studies of the SEI formed on alloying anode materials make use of half cells, so 

we will use those terms in this review. In two electrode half cells, the anode material is the working 

electrode and lithium metal acts as the counter and pseudo reference electrode, so all potentials in this 

work are referenced to Li/Li+ unless noted otherwise. Discharging a half cell refers to applying a reducing 

current and lithiating the working electrode active material, and charging refers to applying an oxidizing 

current and delithiating the working electrode active material. In cases where cyclic voltammetry is used 

instead of galvanostatic cycling, or when the electrolyte decomposition and SEI formation processes are 

being discussed, we may refer to the processes as reduction/oxidation instead of discharge/charge. 

Finally, our definition of alloying anodes encompasses the elemental lithium alloying materials, including 

Sn and Sb; lithium alloying intermetallic compounds that are often referred to as conversion anodes; and 
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binary metal alloys. A list defining all of the acronyms used in this review can be found at the end of this 

work on page 210. 

1.2) Electrode Reactivity 

1.2.1) Metallic current collectors and noble metal model systems 

 Studying electrolyte reduction and passivation layer formation on metallic current collectors is 

useful for fundamental studies on electrolyte reactivity even if they do not alloy with lithium or are not 

practical electrode materials. These metals are useful as model electrodes to help improve our 

understanding of the SEI formed on metallic surfaces, especially since some intermetallic and binary metal 

alloy anode materials incorporate elements such as Cu or Ni which do not alloy with lithium but may still 

react with electrolyte components. 

 Studies of lithium salt and organic solvent decomposition on noble metal electrodes like Au have 

helped form the basis of the understanding of electrolyte decomposition and SEI formation, providing 

details about electrolyte cathodic and anodic stability limits, reduction and oxidation species, and the 

effects of solution contaminants or additives.46–49 Additionally, inactive/non-alloying metal electrodes 

have proven extremely useful for studies of the SEI where lithiation and delithiation of the electrode could 

complicate the interpretation of the results. Studies of SEI formation on Cu electrodes have been useful 

for understanding Li ion transport in the SEI and studying changes in the SEI structure and morphology 

with potential.50–53 For example, based on Li isotopic ratios, ToF-SIMS characterization of the SEI formed 

on Cu electrodes suggests that the outer organic-rich layer of the SEI forms before the inner, inorganic 

rich layer of the SEI.52  Soft XAS studies of the SEI formed on Cu reveal oscillating or dynamic behavior of 

the SEI, suggesting that SEI is thicker during discharging and becomes thinner during charging but slowly 

increases in thickness with cycling.53 Model electrodes have also been useful in demonstrating the utility 

of certain characterization techniques without convolution from Li alloying electrodes; for example, 

valence band XPS was demonstrated to be a useful technique for identifying carbonate species in the SEI 
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that cannot be differentiated using C 1s or O 1s core spectra.54 Others have found utility in using model 

electrodes like Ni and Cu to study surface passivation in unconventional electrolytes like LiBH4 in THF, 

which does not seem react to form a thick SEI to the same extent as conventional battery electrolytes.55,56 

In other experiments, model electrodes have been useful for fundamental studies of molecular level 

interactions between solvents and the electrode surface and for evaluating proposed electrolyte 

reduction pathways.57,58  

 While the utility of model electrodes has been demonstrated for many different applications, they 

do have limitations. Some of these limitations have been revealed in studies comparing SEI formation on 

Au model electrodes and Sn alloying anodes. In-situ FTIR studies of the electrolyte reduction and SEI 

formation revealed that some species for the Au and Sn SEIs were different.26 Likewise, EQCM 

characterization showed higher mass gain for the Au electrodes compared to Sn, and MALDI-ToF MS 

results suggested the formation of high molecular weight oligomeric species with regularly repeating units 

for Au electrodes while high molecular weight species formed on the Sn electrodes during the first cycle 

decomposed or reacted to form lower molecular weight species over subsequent cycles.27 These studies 

suggest that there is a difference in the reactivity of Au and Sn electrodes, and that model electrodes have 

limitations. SEI studies on model electrodes are a useful complement to but not a replacement for studies 

of SEI formation, composition, and properties on alloying anodes.  

1.2.2) Spontaneous passivation layer formation 

As mentioned above, one reason alloying anodes are interesting is due to the variation in surface 

reactivities for different materials. Some alloying anode materials have been found to spontaneously form 

a passivation layer upon contact with an electrolyte solution while others do not. Song and Baek observed 

some evidence of electrolyte decomposition on Sn thin films after 30 hours of soaking in electrolyte. Using 

FTIR, they saw bands corresponding to inorganic PF-containing species as well as some organic species 

containing alkyl and carboxyl groups on the surface of the soaked electrode.19 However, Martín and 
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coworkers did not see any evidence of a passivation layer on Sb pellets soaked in electrolyte for several 

hours based on XPS characterization. The authors did not observe any attenuation of the Sb 4d peaks after 

soaking, and there were only very weak C 1s and F 1s signals, suggesting little to no spontaneous 

passivation of the Sb electrode.22 

Intermetallic alloying anode materials show similar variations in surface reactivity. Chamas and 

coworkers observed the formation of a passivation layer on FeSn2 composite electrodes upon contact 

with the electrolyte based on the EIS results at OCP.21 Tesfaye and coworkers also observed the formation 

of a thin passivation layer on SnSb composite electrodes at OCP based on EIS and TEM characterization.59 

Using XPS to characterize their samples, Naille and coworkers observed the formation of a passivation 

layer on Cu6Sn5 composite electrodes after soaking in electrolyte for 24 hours. Most of the peaks 

corresponding to the underlying Cu6Sn5 electrode either disappeared or were attenuated. The appearance 

of C 1s peaks corresponding to carbonate, C–O, and aliphatic carbon binding environments and F 1s peaks 

corresponding to LiF and LiPF6 species suggests the formation of a passivation layer composed of both 

organic and inorganic electrolyte decomposition species.20 The results for other Sn-based intermetallic 

anodes were mixed. After soaking TiSnSb composite electrodes in electrolyte for 24 hours there was no 

evidence of passivation layer formation,24 although others found that storing TiSnSb electrodes in 

assembled half cells for three weeks did result in a passivating layer at the electrode surface.34 Finally, 

Ni3Sn4 composite electrodes did not show any evidence of passivation layer formation after soaking in 

electrolyte for an unspecified amount of time, respectively.23 

It is not readily apparent why some alloying anode materials spontaneously form a passivation 

layer while others do not, especially considering the variation in reactivity for the Sn-based electrodes 

described above. Washing the electrodes does not seem to play a role, since for the examples mentioned 

above where ex-situ characterization techniques were used, the electrodes were washed with either DMC 

or acetonitrile prior to characterization. Soaking time does not seem to consistently play a role since some 
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electrodes soaked for 24 hours had a passivation layer and others did not. Similarly, the electrolyte 

formulation does not seem to be a factor; in most of the cases described above, all electrolytes contained 

1 M LiPF6 and EC as well as either DMC, DEC, PC, or some combination. When a Cu6Sn5 electrode was 

soaked in 1 M LiPF6 in EC/PC/DMC (1:1:3 by volume) a passivation layer was formed, whereas no 

passivation layer was observed to form at OCP on a Ni3Sn4 electrode soaked in the same electrolyte 

formulation. One interesting observation for the electrodes characterized by XPS is the correlation 

between surface oxidation and surface reactivity. The surface of the pristine Sb and Ni3Sn4 electrodes both 

contained more metallic Sb/Sn compared to oxidized Sb/Sn binding environments based on XPS 

characterization and did not form a passivation layer upon contact with the electrolyte, while the pristine 

Cu6Sn5 electrode surface, which was passivated in electrolyte, was richer in oxidized Sn binding 

environments compared to metallic Sn. It is not clear whether these observations are related, although 

there is mention in the literature of surface oxides affecting surface reactivity and spontaneous film 

formation on surface oxides as well.60,61 

1.2.3) Native oxides 

 Many of the materials used for alloying anodes, including Sn, Sb, and intermetallics all readily 

form surface oxides in air, and typically active materials and electrodes for alloying anodes are synthesized 

or fabricated in air, respectively, so the native oxide layer needs to be considered when studying SEI 

formation on these anodes. Characterization of pristine electrodes prior to cycling and SEI formation is 

important for understanding the composition of the electrode surface before the SEI is formed because 

there have been several studies suggesting that the surface oxide layer may affect electrolyte reactivity 

and SEI formation. Many alloying anode materials react spontaneously upon exposure to carbonate-based 

liquid electrolytes to form a passivation layer before any external current or voltage is applied as described 

above. XPS characterization of the surfaces of pristine SnO2 films and SnO2 films from assembled half cells 

rested at OCP for 48 hours suggested a small amount of spontaneous surface passivation occurring upon 
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exposure to the electrolyte, although the passivation layer seemed to be quite thin because Sn 3d 

photoemission peaks from the SnO2 were still detected.60  In another study, Sn film anodes that were 

fabricated to include an intentional SnO2 layer exhibited better capacity retention than the unmodified Sn 

films, which authors attributed to the SnO2 passivating the electrode surface.62 Others have hypothesized 

that the native oxide on Sn may affect electrolyte reduction and SEI formation in other ways. Based on 

differences in electrolyte decomposition products for Au and Sn electrodes, Shi and coauthors 

hypothesized that there is a strong interaction between the surface oxide on Sn DEC, which leads to the 

formation of intermediates that react with EC to form DEDOHC, which was observed for Sn but not Au 

with FTIR.26 Finally, the studies of Webb et al. concerning the surface passivation of In thin film electrodes 

also highlights the importance of surface oxides. The authors observed that surface oxidation seemed to 

affect the degree of electrolyte reduction, with more electrolyte reduction observed at 1.4 V on samples 

exposed to more oxygen and with a thicker surface oxide layer even when 5% FEC was used as an additive 

to suppress excessive electrolyte reduction.61 

1.3) Initial SEI formation over short term cycling 

1.3.1) Initial SEI formation on Sn anodes 

 Much of what is known about the SEI formed on metallic alloying anodes comes from studies on 

Sn anodes. In addition to being attractive anodes due to high volumetric capacity and the ability to 

fabricate electrodes without binders or additives through physical deposition methods and 

electrodeposition,19,63–70 Sn anodes are particularly appealing for interfacial studies due to interesting 

surface reactivity. Beattie and coworkers observed a large voltage plateau around 1.5 V (vs. Li/Li+) 

corresponding to an irreversible electrochemical process for Sn thin films prepared by sputtering and 

electrodeposition in electrolyte containing 1 M LiPF6 in EC/DEC, as shown in the top of Figure 1.2.63 The 

authors observed a correlation between this feature and subsequent reduced capacity and poor cycling 

behavior, which was mitigated by lowering the upper cutoff voltage, although others have found that 
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increasing the applied current density also eliminates this behavior.25,63,67 This behavior was observed for 

pure Sn anodes but not Cu-Sn anodes, leading the authors to hypothesize that Sn surfaces catalyze 

electrolyte decomposition at high potentials.63 Others have also observed irreversible electrochemistry at 

high potentials on Sn anodes. Beaulieu and coworkers observed the formation of a thick film on Sn 

electrodes around 1.6 V on the first discharge/reduction via AFM and optical microscopy. Like Beattie and 

others, Beaulieu and coworkers observed excessive electrolyte decomposition in 1 M LiPF6 in EC/PC 

electrolyte; electrolyte decomposition at 1.6 V lasted about 17 hours before Sn lithiation began when Sn 

thin films were cycled with an applied current density of 38 µA/cm2, as shown in the bottom of Figure 

1.2.64  

This excessive electrolyte decomposition on Sn has prompted many other researchers to study 

this phenomenon. Like Beattie et al., Bridel and coworkers hypothesized that Sn surfaces catalyze 

electrolyte decomposition; however, their results suggested that Sn catalyzed EC decomposition in 

particular. The authors observed excessive electrolyte decomposition at 1.5 V in 1 M LiPF6 in EC/DMC 

electrolyte but did not observe the same electrochemistry in LiPF6-based electrolyte solutions containing 

only DMC, THF, or PC as the solvent.25  This is somewhat contradictory to the observations of Beattie and 

coworkers though, as they reported observing the voltage plateau at 1.5 V corresponding to electrolyte 

reduction in LiPF6- and LiClO4-based electrolyte solutions with PC as the solvent.63 Discrepancies like this 

and others such as the reported electrolyte reduction potentials on Sn63,65,66 and the current density 

threshold for avoiding excessive electrolyte reduction25,64,67 could be due in part to differences in the 

composition of the Sn electrode surface, such as the presence of native oxides. When studying the SEI 

formation processes on Sn in 1 M LiClO4 in PC electrolyte, Inaba and coworkers did not observe any 

cathodic features corresponding to electrolyte reduction via cyclic voltammetry or  
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Figure 1.2: Top: voltage profiles of Sn electrodes cycled in Li half cells with conventional electrolytes 

demonstrating the effects of (a) cycling from OCP above 1.2 V, (b) restricting the upper voltage limit for 

the first cycle but not subsequent cycles, and (c) restricting the upper voltage limit for the first two cycles 

but not subsequent cycles. Reprinted from Reference 63 with permission from IOP Publishing. Bottom: 

(a) images from in situ AFM showing changes in Sn electrode surface morphology and (b) corresponding 

voltage response during the in situ AFM measurements. Reprinted from Reference 64 with permission 

from IOP Publishing. 
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galvanostatic cycling, but they did see evidence of electrolyte reduction between 1.4 V and 1.0 V on the 

second through fifth cycles. They speculated that electrolyte reduction was not observed on the first cycle 

due to the presence of a surface oxide layer and that electrolyte reduction was only observed after the 

surface oxide layer had been reduced and/or after underlying Sn surfaces had been exposed due to 

electrode volume expansion.65 Bridel and coworkers reported that they did not observe excessive 

electrolyte decomposition at 1.5 V when Sn composite electrodes were cycled in electrolyte solutions 

containing EC, although they were still exploring the reason for this observation.25 It is possible that 

surface of the micro- or nanoparticulate Sn active material in the composite electrode was more oxidized 

than the Sn thin film electrode, resulting in the differences in reactivity. However, as described in the 

previous section, other researchers have hypothesized that surface oxides on alloying anodes like Sn 

enhance rather than suppress electrolyte reactivity.26 

Another possibility for observed differences in the electrochemical behavior of Sn electrodes is 

differences in the reactivity of the Sn active material itself. Researchers have found distinct differences in 

the reactivities of different β-Sn crystal faces as demonstrated in Figure 1.3. Cyclic voltammetry of 

different Sn crystal faces in 1 M LiPF6 in EC/DEC (1:2 wt%) has revealed that the Sn (100) surface does not 

passivate well while the Sn (001) surface passivates after one cycle.71,72 SEM characterization revealed 

that the SEI surface morphologies for the two crystal planes were quite different; the SEI formed in Sn 

(100) was thick, porous, and nonuniform, while the SEI formed on Sn (001) was smooth, uniform, and 

more compact than the film on the (100) surface.71,72 In situ AFM and ellipsometry also revealed 

differences in the formation and properties of the SEI on the two surfaces. The SEI on the Sn (100) surface 

seemed to grow continually with cycling and was quite soft and did not adhere well to the Sn surface in 

many regions. In contrast, the SEI on the Sn (001) surface initially formed thin, dense film that grew slowly 

over time.71 The compositions of the SEIs formed on the two different Sn surfaces also seemed to be 

different based on soft X-ray absorption spectroscopy characterization. The Sn (100) SEI,  
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Figure 1.3: Results from cyclic voltammetry, scanning electron microscopy, and energy dispersive X-ray 

spectroscopy characterization of different Sn crystalline faces, demonstrating the differences in the 

surface passivation, morphology, and composition of the SEI on Sn (100) and Sn (001). Reprinted from 

Reference 72 with permission from John Wiley and Sons. 

 

which was nonuniform based on SEM characterization also seemed to be nonuniform in terms of the 

lateral composition; the Sn (100) SEI was predominantly Li2CO3, with some LiPF6 possibly present as well. 

The Sn (001) SEI was predominantly LiF, with some organic species as well; there was also evidence for 

some Li2CO3 and LiPF6 in the bulk SEI.72 

The studies on single crystal surfaces reveal interesting trends in terms of Sn surface reactivity 

and passivation that can be extended to more commonly studied polycrystalline samples since 

polycrystalline electrodes likely contain some combination Sn (100) and Sn (001) faces. Like Sn (100), the 

SEI formed on polycrystalline Sn does not seem to passivate the electrode surface well in conventional 

electrolytes. Lucas and coworkers observed poor passivation of polycrystalline Sn foil electrodes in LiPF6-

based organic carbonate electrolyte; with cyclic voltammetry, the authors saw features associated with 

electrolyte reduction even after the first cycle, which was supported by in-situ AFM.73 Work from others 

on other Sn electrodes also suggests poor SEI passivation. Park and coworkers also saw evidence of 
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LiPF6/carbonate electrolyte reduction on Sn films via CV even after five and ten cycles, and data from 

electrode bending experiments suggested that the SEI formed on Sn was brittle and poorly passivating.68 

Poor surface passivation, leading to continuous electrolyte reduction and SEI growth even seems to be a 

problem for composite Sn anodes based on electrochemical impedance spectroscopy results showing an 

increase in impedance with cycling in LiPF6-based electrolyte.69 Given the poor surface passivation and 

continual SEI formation on Sn anodes, it is not surprising that the SEI on Sn can be as thick as 1 µm after 

just ten cycles based on cross sectional SEM.68 The poor passivation of Sn surfaces does not seem to be 

limited to LiPF6-based electrolytes either; Tavassol and coworkers saw evidence of poor Sn surface 

passivation and continued SEI decomposition on Sn thin films in LiClO4/carbonate electrolytes using ToF-

SIMS and EQCM. With ToF-SIMS, the authors observed the formation of high molecular weight oligomeric 

species initially, but by the fifth cycle much of the SEI was composed of smaller MW species with m/z < 

500, suggesting SEI instability.27  

While many studies of the cycling behavior and electrolyte reactivity of Sn anodes suggest that 

much of the electrolyte reduction on Sn occurs at potentials above 1.0 V vs. Li/Li+, a study of SEI formation 

on Sn using EQCM from Li and coworkers suggested that electrolyte reduction and SEI formation occurs 

at several stages during the cathodic polarization/reduction of Sn. Using calculations of  

the mass accumulation per mole of electrons (MPE) from EQCM data, the authors concluded that between 

1.9 V and 1.6 V mass changes were due to solvent adsorption at the electrode surface. Between 1.6 V and 

0.7 V, electrolyte reduction and SEI formation takes place, although the MPE values over this potential 

region were lower than expected, which the authors believed could be due to either the formation of 

soluble species upon electrolyte reduction or the adsorption of solvent molecules onto the electrode 

surface prior to reduction. Between 0.7 V and 0.07 V, where Sn lithiation occurs, the actual MPE was 

higher than the theoretical value based solely on the mass change associated with Sn lithiation, suggesting 

that electrolyte reduction/SEI formation is also occurring over this potential range.66 Results from the 
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characterization of changes in the SEI morphology over cycling seem to reflect these different stages of 

SEI growth, although in some cases the potential regions differ. Using in-situ AFM, Lucas and coworkers 

saw the initial formation of a 100-150 nm thick SEI between 2.5 V and 2.0 V that seemed to be composed 

primarily of inorganic species based on unsuccessful attempts to scrape away the film with the AFM tip. 

Below 2.0 V (but still above the Sn lithiation potential), perturbation of the AFM reflection signal suggested 

the formation of a soft and/or viscous material on the sample surface, most likely due to the formation of 

organic SEI species.73 Results from studies of SEI formation on Sn from Yang and coworkers using EQCM-

D suggest a thinner, more compact SEI forms initially at potentials above lithiation, but as lithiation begins, 

the SEI increases in thickness and becomes softer and more porous, although the experiment could not 

clarify whether the softer, porous layer formed on top of the initial compact layer or if the initial layer 

became softer and more porous at lower potentials.70 

The composition of the SEI formed on Sn anodes has been studied using various methods, 

although FTIR is the most commonly used technique because it allows for the identification of carbonate 

reduction species such as Li2CO3 and Li alkyl carbonates that make up much of the SEI in. Based on FTIR 

characterization of the SEI formed on Sn thin film and composite anodes in LiPF6-based carbonate 

electrolytes cycled to various potentials, Li2CO3 seems to be a major species, although Li alkyl carbonate 

species are also detected.25,67,68 Using in-situ FTIR, Shi and coworkers detected Li propionate and also 

observed the formation of the alkyl carbonate species diethyl 2,5-diaohexane dicarboxylate at 1.4 V on 

Sn.26 Similarly, Song and Baek also observed bands corresponding to alkyl carbonate and alkyl carboxylate 

species via ex-situ FTIR characterization of the SEI formed on Sn after one cycle, although they found that 

the SEI was predominantly composed of PF-containing species with small amounts of P–O and P=O 

containing species as well as small amounts of alkyl carbonate and alkyl carboxylate species. After three 

cycles, the SEI on Sn was similar based on FTIR, although the intensity of features corresponding to the 

PF-containing species became more intense and the authors saw new features corresponding to Li2CO3 
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that were not observed after the first cycle.19 Based on FTIR characterization, the SEI formation on 

polycrystalline Sn seems to agree well with the composition of the Sn (100) and Sn (001) model systems 

determined using soft X-ray absorption spectroscopy.72 

Although limited to characterization of the top 5–10 nm of the SEI surface, XPS is also useful for 

studying SEI composition, especially for detecting species like LiF that are not IR active.19,74 XPS 

characterization of the SEI on Sn suggests that in addition to being rich in Li2CO3, the SEI on Sn is also rich 

in inorganic species like LiF, particularly after the first cycle.68,75 After the first cycle, Park and coworkers 

found that the SEI surface on Sn thin films was composed of roughly 30% F, most of which was due to LiF 

and a small amount of LiPxFy species,68 while Seo and coworkers found that the SEI surface for their Sn 

composite electrode system was roughly 10% F in the form of LiF after the first cycle, which dropped to 

about 4% after the third and tenth cycles.75 While the F 1s spectra helped provide information about the 

SEI that IR could not, the C 1s spectra corresponding to carbonaceous SEI components supported the 

conclusions drawn from IR. Based on XPS quantification, the SEI surface on Sn is carbon rich, with C making 

up roughly 40% and 60% of the SEI surface after the first cycle on Sn composite and thin film electrodes, 

respectively.68,75 The C 1s HRES spectra showed features corresponding to aliphatic, C–O, O=C–O, and 

carbonate binding environments, likely corresponding to the Li alkyl carbonate species, Li alkyl carboxylate 

species, and Li2CO3 detected by FTIR.19,26,68,75 Seo and coworkers also saw a small amount of Li2O in the O 

1s HRES spectrum for the SEI on Sn composite anodes after the first cycle, which differs from the studies 

on the single crystal model systems in which no Li2O2, Li2O, or LiOH were detected.72,75 

1.3.2) Initial SEI formation on Sb anodes 

 Unlike the SEI on Sn anodes, the SEI on Sb anodes has not been characterized nearly as 

extensively. This could be due in part to differences in reactivity; while Sn electrode surfaces are thought 

to react catalytically with organic carbonate-based electrolytes,25,63 as described above, Sb does not seem 

to exhibit the same reactivity. While Bridel and coworkers observed a large voltage plateau around 1.5 V 
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corresponding to electrolyte reduction when Sn anodes were cycled in electrolyte containing EC, this 

behavior was not observed for Sb thin film anodes, suggesting differences in surface reactivity.25 However, 

despite these reactivity differences, SEI studies of Sb are still just as important and interesting as those on 

Sn. Like other alloying anode materials, Sb electrodes typically exhibit large first cycle irreversible capacity 

losses; some researchers have reported irreversible capacity losses as high as 30% for Sb composite 

electrodes.29,76 Additionally, Sb anodes cycled in standard electrolytes without the addition of SEI-

improving additives often exhibit rapid capacity fade after only tens of cycles and can become pulverized 

from large volume changes due to lithiation/delithiation after only a few cycles.76  

Like the SEI on Sn, results from studies of the SEI on Sb anodes suggest that the SEI increases in 

thickness rapidly during reduction/discharge on the first cycle. When Sb electrodes were 

reduced/discharged galvanostatically to 0.5 V on the first cycle, the Sb peaks in the Sb 3d photoelectron 

spectrum were almost completely attenuated, even after Ar+ etching.22 Similarly, others found that the 

Sb peaks in the Sb 3d photoelectron spectra were completely attenuated halfway through the first 

reduction/discharge for conventional Sb composite electrodes.29 Also like the SEI on Sn, the SEI formed 

on Sb seems to exhibit dynamic behavior, at least over the initial stages of SEI formation; Bodenes and 

coworkers observed that during charging, the SEI on Sb composite anodes partially dissolved to allow for 

the detection of underlying electrode components with XPS.29 Bian and coworkers may have also 

observed this phenomenon, as there may have been some contribution from the conductive carbon 

additive Super P in the C 1s photoelectron spectrum of an Sb composite electrode after 5 cycles.76 

Most of the knowledge about the composition of the SEI on Sb anodes comes from XPS 

characterization. After sputtering away residual electrolyte and possibly some of the SEI surface, XPS 

characterization of Sb electrodes reduced/discharged to 0.5 V by Martín and coworkers suggested that 

the SEI contained LiF, aliphatic carbon binding environments, C–O binding environments attributed to PEO 

oligomers, Li2CO3, Li alkyl carbonate species, and carbide species.22 Most of the species detected for the 
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SEI on Sb are similar to those reported for other anode materials, including Sn, except for carbide. The 

presence of carbide species in the SEI seems curious; although there has been a report of carbide 

formation due to Li2CO3 reduction,77 it seems more likely that the C 1s peak at 283.9 eV assigned to carbide 

is either an artifact of sputtering78 or actually sp2 carbon from a species such as Li vinylene carbonate or 

Li vinylene alkoxide68,79 based on the SEI formation conditions and low potential cutoff of 0.5 V.80 Percent 

atomic composition values from XPS characterization of the SEI surface on Sb composite electrodes after 

5 cycles revealed that the SEI surface was rich in Li and O, with the surface composition being roughly 30% 

Li, 1% P, 20% C, 50% O, 4% F.76 Some of the oxygen content was likely due to the presence of carbonaceous 

SEI components, because aliphatic, C–O, O=C–O, Li alkyl carbonate, and Li2CO3 binding environments were 

all thought to be present in the C 1s HRES photoelectron spectrum. Peaks in the F 1s HRES photoelectron 

spectrum were assigned to LiF, P–F, and C–F binding environments, although PFxOy species could also 

account for the peak at ca. 686 eV assigned to fluorocarbon species.29,76 

Another study of the SEI composition on Sb composite anodes using XPS from Bodenes and 

coworkers revealed interesting differences in SEI formation and speciation depending on the binder and 

solvent used for the fabrication of composite electrodes.29 In general, they found that the SEI surface over 

the first cycle contained LiF, aliphatic, C–O, O=C–O, and carbonate binding environments regardless of 

preparation method, which is in agreement with the findings described above.22,29,76 When PVdF was used 

as the binder, the SEI seemed to grow preferentially on the active material and conductive carbon 

additive. The predominant species at the SEI surface were LiPF6 and LiPF6 degradation products like LiF 

and PFxOy species in addition to C–O containing species such as Li alkyl carbonates, alkoxides, and PEO 

oligomers. When CMC was used as the binder, most of the peaks corresponding to CMC were attenuated 

during the first cycle, suggesting that the SEI forms on the active material, conductive additive, and binder. 

The predominant SEI surface species based on XPS characterization included Li2O, LiOH, and some LiF.29 
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Finally, another study of the SEI composition was conducted in order to better understand the 

thermal stability of Sb anodes. XPS characterization of lithiated Sb composite electrodes showed that the 

SEI surface consisted of mostly LiF, aliphatic carbon containing species, and C–O containing species, as 

well as a small amount of O=C–O containing species based on the relative intensities of features in the C 

1s HRES spectrum. After heating the lithiated electrode to 350 °C under Ar, LiF, aliphatic carbon, and C–O 

binding environments were still observed; however, the O=C–O binding environment was no longer seen, 

and a new feature corresponding to a carbonate binding environment appeared in the C 1s spectrum. 

Interestingly, these changes in the SEI surface composition after heating were different than those 

observed for the SEI formed on graphite electrodes. Comparison of the quantitative DSC results for 

thermal runaway onset temperatures for Sb and graphite anodes revealed that they were different, with 

the heat generation per mole of Li being 37% lower for the Sb-based electrode than the graphite 

electrode. The authors hypothesize that this is due to the capacity of Sb versus graphite (i.e. less SEI 

formation per capacity), but there could be some difference in SEI layer decomposition based on 

differences in the SEI composition, which could be due to electrode reactivity differences or possibly 

potential differences since graphite is lithiated at a lower potential than Sb electrodes.81 

1.3.3) Initial SEI formation on other elemental alloying anodes 

 The SEI on other elemental metal alloying anodes have been studied very little, unlike elemental 

Sn and Sb alloying anodes, but the few examples of studies we were able to find suggest that this is an 

important area of study for understanding the role the SEI plays in electrode instability and poor cycle 

performance. Kuwata and colleagues observed poor performance for Bi composite electrodes cycled in 

conventional electrolytes; the capacity faded rapidly, dropping below 80% of the initial capacity within 5 

cycles, and the coulombic efficiency never exceeded 95%. In situ FTIR characterization of model Ni 

electrodes in the same electrolyte solution showed evidence of typical SEI species like LiPF6 and carbonate 

decomposition products.55 Bridel and coworkers observed that like Sn, Bi films cycled in electrolyte 
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solutions containing EC also exhibited a large voltage plateau around 1.7 V due to irreversible processes 

such as electrolyte reduction and SEI formation, which could explain the poor cycling behavior observed 

by Kuwata et al.25 Similarly, Webb and coworkers observed excessive electrolyte decomposition around 

1.4 V for In thin film anodes during the first discharge and limited storage capacity of the active material 

when using conventional electrolytes.61 Finally, Qin and coworkers found that Al composite electrodes 

also exhibited severe capacity fade within the first 10 cycles and had low CEs. Characterization of the SEI 

surface with XPS revealed low intensity peaks in the C 1s HRES spectrum corresponding to carbonate and 

O=C–O binding environments as well as peaks in the F 1s HRES spectrum assigned to LiPF6, LixPFyOz, and 

LiF.82 The surface species and binding environments observed by the authors with XPS are typical solvent 

and salt reduction and decomposition species commonly reported in the SEI literature, so the reason for 

the poor performance of the Al anode is not clear from the compositional characterization of the SEI 

surface alone. These studies suggest that excessive electrolyte decomposition and/or SEI instability on 

elemental alloying anodes like Bi, In, and Al prevents them from being functional anodes in conventional 

carbonate-based electrolytes. Studies understanding why additives or alternative electrolyte formulations 

are necessary for these types of anodes, which will be discussed later, are crucial for understanding the 

role the SEI plays in alloying anode capacity retention and cycle lifetime. 

 1.3.4) Initial SEI formation on intermetallics and binary metal alloys  

Other alloying anode materials like intermetallics and binary metal alloys typically exhibit longer 

lifetimes than their elemental alloying anode counterparts like Sn and Sb in part due to more modest 

volume changes due to often containing one inactive component to help buffer volume changes.12,13 

However, this subset of alloying anode materials also has issues associated with SEI formation and 

instability, including large first cycle irreversible capacity losses and rapid capacity fade after extended 

cycling.12 Studies of the SEI formed on intermetallics and binary metal alloys have covered a wide range 

of different materials and SEI formation conditions, so it can be difficult to compare all of them and draw 
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conclusions from the myriad studies. The studies do reveal some common themes and interesting 

differences regarding SEI formation on these types of anodes, as well as some similarities and notable 

differences compared to the elemental alloying anodes. 

Some aspects of the initial SEI formation process and initial SEI characteristics are similar to those 

observed for other alloying anodes. Based on ToF-SIMS characterization, Li and coworkers saw evidence 

of the formation of a multilayered SEI on Ni-Sn electrodes during the first cycle, with an organic rich outer 

layer and an inorganic rich inner layer near the electrode surface,83 which is in agreement with 

observations made for the SEI on Sn electrodes. The SEI formation process seems to occur in different 

stages on intermetallic anodes as well as for elemental lithium alloying anodes. Based on MPE values and 

EQCM characterization, Yang et al. found that for Cu6Sn5 electrodes, solvent adsorption occurs between 

2.8 V (OCP) and 1.7 V. Electrolyte reduction occurred between 1.7 V and 0.8 V, with Li2CO3 and LiOCH3 

being some of the proposed major electrolyte reduction species, and between 0.8 V and 0.1 V there may 

be some Li2O formation occurring in addition to the lithiation of Sn.84 Similarly, Stjerndahl et al. observed 

that the DOD/lower cutoff voltage affected the relative SEI speciation of AlSb anodes; based on XPS 

characterization, the SEI surface of the electrode cycled to 0.01 V was richer in organic/carbonaceous 

species than the electrode discharged to 0.5 V.85 During the first discharge of F-doped Ni-Sn films, Hong 

et al. did not observe any SEI formation until reduction to 0.45 V; based on XPS and FTIR characterization, 

both solvent and salt species were reduced starting at 0.45 V, resulting in the formation of both 

carbonaceous and inorganic SEI species. As the sample was reduced to lower potentials, the major species 

detected with FTIR suggested either continued solvent reduction or further reduction of the carbonaceous 

SEI species.86  

Much of the SEI growth on intermetallic and binary metal alloys seems to take place over the first 

cycle. FTIR characterization of F-doped Ni-Sn electrodes suggested continual SEI formation and increasing 

SEI thickness over the first cycle based on increasing intensity of IR bands corresponding to solvent 
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reduction species in the SEI.86 Similarly, EQCM characterization of Cu6Sn5 electrodes indicated that most 

of the SEI formation occurred during the first discharge, although it continued to grow over 10 cycles.84 

EIS characterization of FeSn2 and SnSb electrodes also suggested considerable SEI growth during the first 

discharge based on increasing impedance.21,59 However, rate studies on FeSn2 electrodes suggest that 

cycling rate also plays a role in the initial formation and growth of the SEI; the impedance of the SEI formed 

at faster rates (C/5) was much smaller than that of the SEI formed at slower rates (C/50) after the first 

cycle.21  

While XPS characterization of Sn68 and Sb22,29 electrodes after the first discharge suggest the 

formation of a relatively thick SEI layer, one commonality for most intermetallic and binary metal alloying 

anodes seems to be that the SEI layer formed during the first cycle is quite thin despite much of the SEI 

formation process taking place during the first cycle. XPS studies of the SEI surface on different anode 

materials have suggested that the SEI layer formed during the first cycle is less than about 10 nm because 

the core photoemission peaks from the underlying electrode materials can still be detected. This behavior 

has been observed for Cu6Sn5 composite and thin film electrodes,20,87 Ni3Sn4 composite electrodes,23 

MnSn2 composite electrodes,88 TiSnSb composite electrodes,24,45 and AlSb composite electrodes.85 In fact, 

the SEI formed on AlSb was thin enough that after 3 cycles, carbon black and PVDF peaks from the 

composite electrode were still observed in the C 1s spectra,85 although this may also be related to 

differences in reactivity for the electrode active material compared to the conductive additive and binder, 

similar to what has been reported for Sb electrodes.29 

Although the SEI formed on many intermetallic anodes seems to be quite thin initially, there are 

some examples of studies where this was not found to be the case. For example, when Li and coworkers 

characterized Ni-Sn and Co-Sn thin films with XPS after the first discharge, the peaks corresponding to the 

electrodes had been completely attenuated, suggesting the formation of a thicker SEI during the first 

discharge.83,89 In this case the thickness of the SEI during the initial cycling could be related to the 
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electrolytes used; Li et al. used 1 M LiClO4 in PC as the electrolyte in their SEI studies, whereas for the 

examples where the SEI was still thin enough to detect photoemission peaks from the underlying 

electrode, the electrolytes were either 1 M LiPF6 in EC/DMC (1:1),87,88 1 M LiPF6 in EC/PC/DMC 

(1:1:3),20,23,24,45 or 1 M LiPF6 in EC/DEC (2:1).85 It is not clear whether the reported differences in initial SEI 

thickness are due to the use of LiClO4 instead of LiPF6 as the salt, the use of PC as the solvent, or some 

combination of both. However, for a study comparing the SEI formed on Ag-Sn thin film electrodes in EC- 

and PC-based electrolytes, XPS and EIS results suggested that the SEI formed in the PC-based electrolyte 

was thicker.90 Hong and colleagues also observed the formation of a thicker SEI over the first cycle via XPS 

for fluorine-doped Ni-Sn thin film electrodes in 1 M LiPF6 in EC/EMC (3:7).86 In this case, however, the 

difference in SEI thickness may be due to a difference in electrode surface reactivity rather than 

electrolyte reactivity because Choo and others observed the formation of a thicker SEI on fluorine-doped 

Ni-Sn compared to undoped Ni-Sn films in an earlier study.91 

While the initial thickness of the SEI on Sn- and Sb-based intermetallics may differ from pure Sn 

and Sb anodes, the SEIs formed on different types of alloying anodes seem to be similar in the sense that 

SEI formation on alloying anodes seems to be a dynamic process. Just as SEI mass increases and decreases 

were seen with EQCM during discharging and charging of Sn electrodes, respectively,70 researchers have 

reported similar behavior for the SEI on intermetallic and alloying anodes. Much of the evidence for this 

behavior has come from studies involving XPS characterization of the SEI surface at different points during 

the first cycle. This behavior has been reported for Cu6Sn5,20 Ni3Sn4,23 MnSn2,88 TiSnSb,45 and AlSb85 

composite electrodes based on XPS characterization, where core photoemission peaks from the electrode 

active material and conductive carbon additive either reappear or increase in intensity during 

charging/oxidation. The detection of these peaks could also be explained by electrode and SEI fracturing 

due to volume changes, but others have observed a decrease in impedance for MnSn2 composite 

electrodes during charging on the first cycle that may be indicative of SEI dissolution, resulting in a thinner 
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SEI layer.92 Overall, the results from the studies are consistent in that the SEI seems to undergo dissolution 

during charging/oxidation of the electrode/SEI. However, EIS and EM characterization of the SEI formed 

on SnSb suggests that the dynamic behavior of the SEI could be a little more complicated, with fluctuations 

in properties and thickness occurring during both discharging and charging, as demonstrated by the trends 

in resistance values determined from EIS and TEM characterization shown in Figure 1.4.59 

There are also some conflicting results as to which species in the SEI are changing during cycling 

and specifically during charging/oxidation. The results of some studies have suggested that inorganic 

components such as LiF are changing. Based on F ssNMR characterization of TiSnSb eletrodes, LiF was 

present in the SEI at the end of discharging but the peak corresponding to LiF mostly disappeared at the 

end of charging, which authors attributed to partial SEI dissolution.24 Changes in the LiF content over the 

first cycle were also observed for Ni3Sn4 electrodes, although the amount of LiF at the surface was higher 

at the end of charging based on XPS.23 TEM characterization of SnSb electrodes also suggests changes in 

inorganic SEI components because samples were sonicated for several minutes in ethanol prior to 

characterization, which likely only left the inner, inorganic rich layer of the SEI intact. Authors observed 

that this portion of the SEI layer fluctuated in thickness over the first cycle, as seen in Figure 1.4; it was ca. 

6 nm partway through discharge (0.68 V) and 3.5–3.8 nm at the end of discharge and during charging.59 

In contrast, others have observed evidence of the dissolution of carbonaceous SEI components during 

cycling. Based on XPS characterization of the SEI formed on AlSb during the first cycle, the carbonaceous 

species seemed fluctuate during cycling while the salt degradation species seemed to remain consistent.85 

In addition to seeing fluctuations in LiF content for the SEI on TiSnSb with cycling, Marino et al. also 

observed some fluctuations in carbonaceous species based on XPS characterization. At the end of the first 

discharge, the highest intensity peaks in the C 1s spectra were the peaks attributed to carbonate species, 

whereas at the end of the first charge, there was an increase in the intensities of the aliphatic, C-O, and 

O=C-O peaks.24 Even during the initial SEI formation process, the dynamic behavior of the SEI seems to be  
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Figure 1.4: Top: changes in (a) electrolyte, (b) SEI, and (c) charge transfer resistance values, obtained from 

modeling and fitting electrochemical impedance spectroscopy data, during the first cycle for SnSb 

electrodes. Bottom: Transmission electron micrographs of SnSb electrode particles over different stages 

of the first cycle: (a) at OCP, (b) discharged to 0.68 V, (c) discharged to 0.01 V, (d) charged to 0.75 V, and 

(e) charged to 1.75 V. Reprinted from Reference 59 with permission from Elsevier. 
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quite complex. Further studies of SEI dissolution and evolution during short term cycling of alloying anodes 

could help improve understanding of SEI instability. 

Comparing the formation process and morphology of the SEIs on different intermetallic and 

binary metal alloying anodes prepared under various conditions is challenging, but comparing the 

compositions is even more difficult due to the limitations of different characterization techniques used 

for studying the SEI composition. Like the SEI formed on Sn anodes, the SEIs on many intermetallic and 

binary metal alloying anodes, including Cu6Sn5,20,84,87 Ni3Sn4,23 F-doped Ni-Sn,86 FeSn2,93 Ag-Sn,90 Co-Sn,89 

SnSb,94 TiSnSb,24,45 AlSb,17,85 and CoSb3 electrodes95 are rich in carbonate species. It is difficult to 

distinguish between Li2CO3 and Li alkyl carbonate species with XPS,96 so in some cases it is not clear 

whether the SEI contains Li2CO3, Li alkyl carbonates, or a combination of both.17,24,45,85,87–90,93 Valence band 

XPS characterization, which can help differentiate between carbonate species,54,96 has suggested that the 

main carbonate species in the SEI on Cu6Sn5 and Ni3Sn4 anodes is Li2CO3.20,23 Additionally, calculations of 

MPE values from EQCM experiments with a Cu6Sn5 electrode also suggest that Li2CO3 is one of the major 

SEI species.84 Results from FTIR characterization have suggested that the SEIs on F-doped Ni-Sn, SnSb, and 

CoSb3 anodes have both Li2CO3 and Li alkyl carbonate species.86,94,95 

 Other possible carbon-containing species in the SEIs on intermetallic and binary metal alloying 

anodes include PEO oligomers, Li alkoxide species, Li carboxylate salts, Li oxalate species, and ester 

species. These species cannot be distinguished by XPS, but the SEIs on Ni3Sn4,23 Ni-Sn,83 FeSn2,93 MnSn2,88 

Co-Sn,89 TiSnSb,24,45 Cu2Sb,81 and AlSb17,85 electrodes may contain some of these species in addition to 

Li2CO3 and/or Li alkyl carbonates based on the binding environments seen in C 1s HRES spectra. 

Interestingly, a SEI study for Cu2Sb thin film anodes from Song et al. using FTIR revealed that the primary 

carbonaceous SEI species included metal carboxylates and esters, while minor species included alkoxides 

and Li2CO3.97 Hong et al. also saw evidence of carboxylate species on F-doped Ni-Sn anodes using FTIR,86 
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and Yang et al. found evidence for alkoxide species, specifically LiOCH3, on Cu6Sn5 anodes using EQCM and 

MPE values.84 

 Inorganic species primarily from LiPF6 since most SEI studies for these types of anode materials 

done using LiPF6 as the salt. Like the SEI on Sn and Sb electrodes, the SEIs initially formed on many 

intermetallic and binary metal alloying anodes contain LiF. Valence band XPS characterization revealed 

that LiF was a major component of the SEI surface for Cu6Sn5 and Ni3Sn4 electrodes, while the combination 

of 19F ssNMR and XPS suggested that LiF was a minor component of the SEI on TiSnSb electrodes.20,23,24 

Based on F 1s HRES photoelectron spectra LiF has also been detected at the SEI surface on a variety of 

other electrodes, including Ni-Sn, F-doped Ni-Sn, MnSn2, Ag-Sn, Cu2Sb, and AlSb electrodes.17,81,85–88,90,91 

Using 19F ssNMR, some have found that LiPF6 gets incorporated into the SEI formed on TiSnSb,24 while 7Li 

ssNMR studies on MnSn2 electrodes have suggested that it gets removed with washing.98 The surfaces of 

the SEIs formed on Cu6Sn5, Ni3Sn4, MnSn2, and AlSb electrodes also contain LiPF6 or LiPF6 degradation 

products (LixPyFz) based on XPS characterization.17,20,23,85,87,88 While LiF and LiPF6/LixPyFz are the most 

commonly reported fluorinated SEI species, others have been reported as well. Hong and coworkers 

reported the formation of organic phosphorus fluoride species (OPF3-x(OR)y) in the SEI of F-doped Ni-Sn 

based on IR characterization.86 Marino and coauthors saw LixPFyOz/PFxOy species with 19F ssNMR for 

unwashed TiSnSb samples but not for washed samples, suggesting that these species are either not 

incorporated into the SEI on TiSnSb or that they are soluble in DMC.24 Finally, F 1s binding environments 

assigned to C–F containing species were reported for the SEIs formed on Cu6Sn5 thin film electrodes;87 

these species are often reported for XPS characterization of composite electrodes containing PVDF 

binder,20 but they are not often reported as SEI species.  

 The two other inorganic species that are often reported as components of the SEI formed on 

alloying anodes are Li2O and LiOH. Li2O forms from the reduction of oxides on the electrode surface,99,100 

although it may also be an artifact introduced during characterization.33,101 LiOH is believed to form from 
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reactions between electrolyte reduction products like LiF and Li2CO3 and trace water.11 The surfaces of 

metallic films and particles are typically covered by native oxide layers,20,23,83,84,87,88 so it is reasonable that 

Li2O has been detected or hypothesized as a component of the SEI during short term cycling in studies of 

many intermetallic and binary metal alloy anodes, including Cu6Sn5,84 Ni-Sn,83 FeSn2,98 MnSn2,88 Ag-Sn.90 

However, in some instances, the detection of Li2O in the SEI of alloying anodes could be an artifact 

introduced during characterization. Li et al. detected LiO− during ToF-SIMS characterization of the SEI on 

Ni-Sn electrodes, which could be due to Li2O, but the authors cautioned that it could also be due to the 

degradation of other SEI components.83  Similarly, Marino et al. saw evidence of Li2O in O 1s HRES spectra 

from XPS characterization of the SEI surface on TiSnSb electrodes but hypothesized that it was an artifact 

from degradation of LiOH in the SEI.24 Water was used as a solvent in the preparation of the TiSnSb 

composite electrodes with CMC as a binder, so authors hypothesized that trace water from electrode 

fabrication could lead to the formation of LiOH in the SEI.24,45 Based on their findings from multinuclear 

ssNMR studies of FeSn2 electrodes, Huo and colleagues hypothesized that at faster cycling rates, LiOH is 

formed and incorporated into the SEI, while at slower rates, the LiOH gets converted to Li2O and possibly 

LixPFyOz species.98 

 Most studies of the SEI formed on intermetallic and binary metal anodes over short term cycling 

focus on the formation process and composition of the SEI, although there are a couple that examine 

changes in the SEI upon heating or aging. Like the SEI on Sb anodes, the SEI on Cu2Sb electrodes also 

changes upon heating, although the SEI on Cu2Sb undergoes different changes than the one on Sb. When 

lithiated Cu2Sb electrodes were heated to 350 °C under Ar, there was an increase in the amount of LiF 

detected at the SEI surface with XPS, in contrast to what was observed for Sb electrodes. There was also 

a decrease in carbonaceous with the exception of carbonates. While the SEI on Cu2Sb underwent different 

changes upon heating than Sb electrodes, it generated roughly the same amount of heat per unit of 

energy storage as the Sb electrode, which was roughly 37% less than that of the graphite anode.81 As 
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mentioned above, rate studies with FeSn2 electrodes suggested that cycling rate also plays a role in SEI 

formation; electrodes cycled at faster rates like C/3 had higher capacities and longer cycle lifetimes than 

those cycled at slower rates like C/50, which the authors attributed to the formation of a more stable SEI 

at faster rates.21 While the SEI formed on FeSn2 at faster rates seems to be more stable during cycling 

compared to the SEI formed at slower cycling rates, the SEI formed at faster rates does exhibit some 

evidence of instability during resting or aging. When lithiated FeSn2 electrodes were aged in a half-cell at 

OCP, EIS characterization showed an increase in impedance for both SEI and charge transfer components. 

The authors hypothesized that as the lithiated FeSn2 self-charges, the diffusing Li ion reacts with 

electrolyte or SEI components to either increase the SEI thickness and/or decrease the SEI porosity during 

aging.102   

1.4) SEI evolution on alloying anodes over extended cycling 

 As described in previous sections, the cycle lifetime of alloying anodes is often short due to 

electrode mechanical instability and SEI chemical and mechanical instability. Extending the lifetime of 

some alloying anodes beyond 10 cycles requires the use of electrolyte additives or unconventional 

electrolyte formulations. As such, there are relatively few reports of SEI studies on alloying anodes cycled 

for extended periods of time, which we are defining here as greater than 10 cycles, in conventional 

electrolyte solutions without the use additives. However, the studies that do exist for alloying anodes 

have helped provide some insights into the role the SEI plays in cycle lifetime for alloying anodes and also 

helps highlight some areas of research where our understanding is lacking.  

 1.4.1) SEI and electrode morphology 

For most alloying anodes, the thickness of the SEI seems to increase dramatically based on various 

characterization techniques. After 20 cycles, Park and coworkers saw the formation of a thick SEI layer (>1 

µm) on Sn thin film anodes with cross sectional SEM, and based on EDS mapping some Sn seemed to be 

incorporated in the SEI with extended cycling.68 XPS characterization of TiSnSb composite electrodes after 
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20 cycles also suggested the formation of a thicker SEI; after 20 cycles, the SEI was thick enough that no 

Sn from the electrode was detected even at the end of charging when some SEI dissolution occurs.45 

Others have also used compositional analysis techniques as rough indicators for SEI thickness; Hong et al. 

hypothesized that the SEI on F-doped Sn-Ni thin film electrodes increased in thickness after 50 cycles 

based on FTIR peak intensities,86 and others reported similar results for Sn film electrodes after 50 cycles.19 

Interestingly, Bryngelsson et al. reported that the SEI formed on AlSb composite electrodes seems to be 

thin even after 50 cycles based on peaks from the PVDF binder and carbon black conductive additive still 

being detected in the C 1s photoelectron spectra.17 However, this observed behavior could be related to 

the findings of Bodenes et al. that different binder formulations affect SEI formation.29 Madec and 

coworkers observed that the binder and solvent used in electrode fabrication could play a role in the SEI 

composition and morphology even after extended cycling; in particular, they still observed peaks 

corresponding to PVDF binder via XPS even after cycling TiSnSb electrodes for 100 cycles.28 

While the overall thickness of the SEI layer seems to increase with cycle number, TEM 

characterization of the SEI formed on SnSb over many cycles suggests than the inner portion of the SEI 

composed mainly of inorganic species might not grow considerably. Tesfaye et al. sonicated SnSb 

electrodes stopped at different stages of cycling in ethanol for several minutes prior to TEM sample 

preparation and characterization, so most of the SEI remaining on the surface of the electrode particles is 

most likely the inner, inorganic rich layer. This layer of the SEI seemed to grow very slowly over extended 

cycling based on TEM characterization. After the 10th cycle, the layer was 4.7 nm thick, while it only 

increased in thickness to 5.5 nm and 5.7 nm after the 30th and 50th cycles, respectively.59  

Another interesting observation from some long-term cycling studies has been the increase in 

electrode thickness in addition to the increase in SEI thickness. SEM of electrode cross sections revealed 

that Sb composite electrodes increased from 10 µm for the pristine electrode to 30 µm after 20 cycles.76 

Similarly, Madec and coworkers observed that the thickness NbSnSb composite electrodes cycled for 400 
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cycles increased by 3 times when cells were cycled at 25 °C and by 1.5 times when cells were cycled at 60 

°C.103 Schulze and coworkers saw similar behavior for Sb/carbon nanotube composite electrodes, which 

increased from 5 µm to 30 µm in thickness over extended cycling.104 The authors attributed this increase 

in electrode thickness to SEI formation at new electrode surfaces exposed by volume expansion during 

lithiation; for electrodes that maintain good electrical connectivity throughout the active material and 

with the current collector, this can lead to increased electrode thickness with increased cycling as the SEI 

continues to form on newly exposed electrode surfaces.104 This behavior could also explain the 

observations of Park and coworkers, who saw increased carbon content in the Sn electrode with cross 

sectional SEM-EDS after 20 cycles.68  

In addition to increasing in overall thickness with extended cycling, the SEIs formed on many 

alloying anodes over longer periods of cycling show evidence of either mechanical or chemical instability. 

For example, after 20 cycles, Li and coauthors saw the reappearance of Sn peaks in the XPS Sn 3d spectrum 

for Sn-Co thin film electrodes, which they suggested was indicative of SEI cracking and possible 

delamination.89 Similarly, after 30 cycles Sb composite electrodes appeared to be composed of smaller 

particles due to pulverization based on SEM characterization, and excessive delamination from current 

collector was apparent.76 SEM was also used to characterize the surface of a Bi composite electrode cycled 

in conventional electrolyte after 50 cycles; it revealed that the micron-sized Bi particles were severely 

pulverized and the SEI on the surface of electrode appeared porous and loose rather than compact.55 

While alloying thin film and composite electrodes showed signs of pulverization and poor SEI mechanical 

stability over extended cycling, Jackson and Prieto saw signs chemical instability for the SEI formed on 

Cu2Sb nanowire arrays. SEM characterization revealed that the Cu2Sb nanowires were intact and still in 

contact with the current collector after 50 cycles, but all of the space between wires had been filled in by 

SEI and there was evidence of a thick surface film, suggesting poor surface passivation and continual 

electrolyte reduction.43 
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1.4.2) SEI properties 

The SEI layers formed on many alloying anodes over the initial phases of cycling seem to exhibit 

some instability either in terms of electrode passivation or in dynamic behavior suggested by fluctuations 

in the SEI composition at different states of discharge or charge. As described in a previous section of this 

review, electrolyte reduction and SEI formation seems to be catalyzed on Sn anodes, and over short term 

cycling the SEI does not seem to passivate Sn electrodes sufficiently. However, the SEI formed on Sn does 

seem to passivate the electrode eventually; Park and coworkers observed that the peak around 1.4 V 

associated with electrolyte reduction and SEI formation on Sn was no longer present after the 20th cycle 

during characterization with CV.68 Unlike for Sn, our studies of the SEI evolution over longer cycling for 

Cu2Sb thin film anodes suggests that without electrolyte additives, the SEI formed on Cu2Sb in 1 M LiClO4 

in EC/DMC/DEC (1:1:1 vol) electrolyte does not passivate the surface well based on evidence of Cu 

diffusion and Cu2Sb/Cu oxidation around 3.0 V and may contribute to the rapid capacity fade observed 

after about 10 cycles.105 XPS characterization of AlSb anodes after 50 cycles at the end of discharging and 

charging suggested that the behavior of the SEI formed on some alloying anodes is still dynamic even after 

many cycles based on differences in the C 1s spectra that suggest fluctuations in the SEI surface 

composition at different stages of cycling.17 

Changes in other properties, such as SEI resistance, observed for alloying anodes after extended 

periods of cycling make sense based on the changes observed for the morphology of the SEI. There have 

been many reports of increasing SEI resistance with extended cycling based on EIS characterization. 

Increases in impedance have been reported for Sb, MnSn2, and SnSb electrodes after 15–20 cycles, 

suggesting that the SEI either increases in thickness or decreases in porosity after extended cycling.59,76,92 

These results suggest that the thickness and resistance of the SEI plays an important role in long term 

cycling behavior, and some have attributed the capacity fade observed for alloying anodes like MnSn2 and 

SnSb to continual SEI growth.59,92 Similarly, previous work in our group studying SEI formation on Cu2Sb 
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nanowire arrays suggested that surface instability and the related SEI formation were main cause of failure 

due to hindering Li ion transport, which was supported by SEM characterization.43  

1.4.3) SEI composition 

It is more difficult to understand how changes in the composition of the SEI formed on alloying 

anodes may play a role in capacity retention and cycle lifetime as reports on the evolution of the SEI 

composition during extended cycling have been varied. Some have reported seeing the same species after 

cycling that were observed after initial SEI formation over the first cycle.  Based on FTIR characterization, 

Hong et al. saw the same SEI species for F-doped Ni-Sn electrodes cycled 50 times that were seen during 

the first cycle, including organic fluorophosphates, alkyl carboxylates, alkyl carbonates, and Li2CO3.86 In 

contrast, Song and Baek reported seeing new SEI species after extended cycling of Sn electrodes; after 50 

cycles, new features in the FTIR spectra were seen corresponding to ester, oxalate, and either alkyl 

carbonate or carboxylate species in addition to the peaks for P–F containing species detected after initial 

SEI formation. Interestingly, the authors saw Li2CO3 in the SEI initially but did not observe any after 50 

cycles.19 Members of our group found that the SEI surface on Cu2Sb NW arrays was carbonate rich after 

50 cycles based on XPS characterization, which was hypothesized to be due to uncontrolled polycarbonate 

formation, and they also saw evidence of alkyl carbonates, alkoxides, LiF and LiPF6/PxFy species.43 After 20 

cycles, Marino and Zhang still detected Li2O/LiOH at the surface of the SEI on TiSnSb electrodes based on 

O 1s photoemission spectra, and they saw a decrease in carbonate binding environments based on XPS 

as well. After 20 cycles, the authors also saw the appearance of a low binding energy C 1s photoemission 

peak that could be due to sp2 carbon and a high binding energy O 1s photoemission peak that could be 

due to polycarbonate species.45 In contrast to the SEI formed on TiSnSb, others have reported an increase 

in carbonates for other alloying anodes. After 50 cycles, Seo et al. saw an increase in Li2CO3 and Li alkyl 

carbonate species for the SEI on Sn based on XPS and FTIR characterization,75 and Li et al. saw an increase 

in carbonate species for the SEI on Sn-Co electrodes after 20 cycles with XPS and ToF SIMS, which the 
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authors attributed to Li2CO3.89 In addition to an increase in carbonate species, Seo and coworkers also saw 

an increase in LiF content at the SEI surface on Sn after 50 cycles.75 Increases in the amount of LiF at the 

SEI surface on Sn-Sb-Cu and AlSb electrodes after 30 and 50 cycles, respectively, were also reported.17,106 

Ulus and coauthors hypothesized that more LiF may make the SEI more brittle and play a role in the ability 

of the SEI to accommodate the volume expansion of Sn-Sb-Cu electrodes.106  

1.5) Electrolyte additives and novel electrolytes 

1.5.1) Vinylene carbonate and fluoroethylene carbonate 

Additives like VC and FEC, which have been found to help improve the performance and stability 

of the SEI formed on both intercalation and alloying anodes, tend to dramatically increase the cycle 

lifetime of alloying anodes.22,43,69,76,103 They are believed to behave as sacrificial additives that prevent 

excessive SEI formation, although other studies have suggested that these additives play other roles as 

well.44,107 These additives also seem to help limit excessive electrolyte reduction and SEI formation on 

alloying anodes, based in part on the electrochemical behavior and SEI morphology for alloying anodes 

cycled with these additives. Webb et al. found that the addition of 5% FEC eliminated the excessive 

electrolyte consumption at 1.4 V on the first cycle for In electrodes, while increasing the additive amount 

to 13% FEC eliminated the excessive electrolyte consumption for both the first and the second cycles.61 

Yang et al. hypothesized that the addition of 2% FEC in 1.2 M LiPF6 in EC/EMC (3:7 wt) electrolyte helped 

suppress EMC decomposition on Cu6Sn5 electrodes based on results from differential capacity analysis.84  

Some of our XPS studies have suggested that the addition of 5% VC to LiClO4-based carbonate electrolytes 

help passivate the surface of Cu2Sb thin film electrodes better and prevent Cu2Sb/Cu oxidation and Cu 

diffusion.105 Results of studies from Madec and coworkers on TiSnSb and NbSnSb electrodes have revealed 

that the addition of VC and FEC can even help minimize excessive electrolyte reduction and SEI formation 

at elevated temperatures of 60 °C and that the additives may even perform better at 60 °C than at 25 

°C.34,103  
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Results from studies of FEC and VC as additives for alloying anodes suggest that the SEIs formed 

with additives help passivate the electrode surface more effectively and prevent excessive solvent 

reduction, which is supported by studies comparing the initial thicknesses of SEI layers formed with and 

without additives. EQCM-D results for Cu6Sn5 and Sn electrodes suggested that the SEI formed in the 

additive-free electrolyte was initially thicker compared to the electrolyte containing FEC.70,84 Similarly, The 

SEI formed in VC-based electrolytes also seems to be thinner than the additive-free SEI initially based on 

XPS characterization of the SEI formed on Sb electrodes with and without VC.22  

While results for the characterization of the SEI thickness during the initial stages of SEI formation 

are consistent, the results for the evolution of the thickness and morphology of SEIs formed in electrolytes 

containing additives vary based on the additive used. Comparisons between FEC-based and VC-based SEI 

layers revealed some differences. For example, the SEI formed on Sn anodes with VC as an additive had 

very high impedance after 50 cycles, whereas the SEI formed with FEC as an additive was much lower in 

impedance.75 After cycling Cu2Sb nanowire arrays for 100 cycles, the SEIs formed with the addition of 

either 5% FEC or 5% VC were both quite thin, as there was still void space visible between the nanowires 

with SEM, as shown in Figure 1.5.43 However, after 250 cycles that there was a notable difference in the 

surface morphologies of the SEIs formed on the Cu2Sb NWs; the FEC-based SEI was thick and porous with 

no NWs visible, whereas the VC-based SEI appeared nonporous and relatively thick in places, but also had 

wires visible.43  

There also seems to be some variation in the evolution of SEI thickness for a given additive, which 

could be due to a number of factors, including the electrode material, choice of solvent, or cycling 

conditions. While initially thinner than the additive-free SEI, the SEI formed with FEC on Cu6Sn5 became   

thicker than the SEI formed without FEC during extended cycling.84 The SEI formed on TiSnSb electrodes 

in electrolyte containing FEC also gets thicker with increasing cycling number.45 In contrast, results from 

EIS characterization of Sb electrodes after the 5th and 20th cycles suggested that the thickness of the SEI  



40 

 

 

Figure 1.5: Scanning electron micrographs of Cu2Sb nanowire arrays cycled in conventional electrolyte 

after 100 cycles with (a) 5% FEC additive and (b) 5% VC additive and after 250 cycles with (c) 5% FEC and 

(d) 5% VC. Reprinted with permission from Reference 43 copyright 2016 American Chemical Society. 

 

formed in PC-based electrolyte with 10% FEC remains relatively consistent compared to the SEI formed 

without FEC, which shows an increase in impedance with continued cycling.76 In contrast, an increase in 

impedance between the 1st and 15th cycles was observed for the SEI formed on a Sb-based electrode 

cycled with 2% VC but not for the SEI formed from the additive-free electrolyte.22 EIS characterization of 

the SEIs formed on Sn-based electrodes with and without 10% VC showed a decrease in impedance with 

continued cycling for the VC-based SEI and an increase in impedance with continued cycling for the 

additive-free SEI.69 Comparisons of the electrode cross sections with SEM after 10 and 20 cycles showed 

that the SEI formed on Sn with 1 M LiPF6 in EC/DMC (1:1) with 5% VC was thinner compared to the SEI 

formed in the electrolyte without VC.68 
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Some researchers have observed electrode volume expansion with extended cycling for alloying 

anodes in conventional electrolyte without additives, and some have also observed similar behavior for 

alloying anodes cycled with FEC or VC. After 20 cycles, Park et al. observed that the Sn electrode cycled in 

electrolyte containing 5% VC was thicker than the electrode cycled without additives based on SEM 

characterization of electrode cross sections. EDS of the electrode cross section for the VC-based sample 

showed Sn signal in the SEI and carbon signal in the electrode, so the thickness increase is likely from SEI 

formation between Sn particles, leading to increased electrode thickness, similar to what others have 

observed.68,103,104 Similarly, Madec and coworkers also saw larger electrode thickness increases after 

cycling NbSnSb electrodes with a combination of 1% VC and 5% FEC compared to the electrodes without 

additives; after 400 cycles, electrodes cycled at 25 °C  with VC and FEC were 5 times thicker and electrodes 

cycled at 60 °C with VC and FEC were 4 times thicker than the pristine electrodes.103 Interestingly, while 

Bian et al. observed a thickness increase for Sb-based electrodes cycled without additives, the electrodes 

cycled with 10% FEC experienced negligible increases in thickness after 20 cycles; the pristine electrode 

was 10 µm thick, while the electrode cycled with FEC was 13 µm thick.76 Again, it is unclear at this point 

whether these contrasting results are due to differences in the additives, the electrodes, or the cycling 

conditions. 

 Despite some differences in morphology and thickness for the SEIs formed on various alloying 

anodes with either VC or FEC as additives, studies of the SEI composition reveal some striking similarities 

for SEI layers formed on different electrodes with a given additive. In general, the SEI formed with FEC as 

an additive tends to be more rich in fluorinated species, especially LiF, than either additive-free or VC-

modified SEIs based on XPS characterization of In,61 Sn,75 Sb,76 Cu2Sb,43 TiSnSb,45 and NbSnSb electrodes;103 

Bian and coworkers reported that the SEI surface of Sb electrodes cycled with 10% FEC consisted of 20% 

F, while the SEI formed without additives had only 4% F at the surface.76 MPE values and EQCM-D 

characterization of Cu6Sn5 electrodes during the SEI formation process suggested the formation of LiF 
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and/or LiOH species when the electrolyte contained FEC, compared to carbonaceous species for the 

electrolyte without FEC.84 In many systems, the addition of FEC also seems to result in a carbonate rich 

SEI formed on alloying anodes. This was observed for In,61 Sn,68 Sb,76 Cu2Sb,43 and TiSnSb45 electrodes using 

XPS and/or FTIR characterization. Comparison of FEC-modified SEIs to additive-free SEIs for some alloying 

anodes revealed some differences in carbonate speciation between the two types of SEIs. Based on FTIR 

characterization of the SEI on Sn electrodes, the SEI formed with 5% or 10% FEC as an additive contained 

fewer Li alkyl carbonate species and slightly more Li2CO3 than the SEI formed without additives, as well as 

polycarbonate species that were not observed for the sample without additives.75 Based on XPS 

characterization, Zhang and coworkers concluded that during the initial stages of SEI formation on TiSnSb, 

the SEI formed with 5% FEC was richer in Li alkyl carbonate species while the FEC-free SEI was richer in 

Li2CO3; after 20 cycles, the FEC-free SEI was still thought to be rich in Li2CO3 while the carbonate speciation 

for the FEC-based SEI was thought to be dependent on the state of charge or discharge, with the SEI at 

the end of discharge being Li2CO3 rich and the SEI surface at the end of charge containing Li alkyl 

carbonates.45 Similarly, Madec and coworkers reported Li2CO3 in the SEIs formed on NbSnSb electrodes 

with and without additives, but the SEIs formed from the electrolyte without additives tended to contain 

more Li2CO3 based on XPS characterization.103   

 Compared to the SEIs formed with FEC as an additive, the SEIs formed when VC is used as an 

additive tend to be less fluorine rich,43,75 although fluorinated species like LiF are still present from the 

LiPF6 Li salt.22,43,68,69 In some cases the VC-modified additives are also less F rich than the SEIs formed 

without additives; for example, based on XPS characterization of the SEI surface on Sn electrodes, Park 

and coworkers found that SEI formed with VC was only ca. 5% F, while the SEI formed without VC was ca. 

30% F,68 and XPS characterization of Sb-based electrodes also suggested that less LiF was present at the 

SEI surface when VC was used compared to when it was absent.22 Like the SEIs formed with FEC as an 

additive, the SEIs formed with VC as an additive tend to be rich in carbonates, as seen for Sn,68,75 Sb,22 and 
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Cu2Sb electrodes,43,105 although comparisons of the SEIs formed on Sn electrodes suggest that the SEI 

formed with VC is less rich in Li2CO3 and Li alkyl carbonate species than SEIs formed without additives or 

with FEC as an additive based on FTIR characterization.68,75 The most notable difference in the composition 

of the SEI layer formed in electrolyte with VC as an additive compared to either FEC or without additives 

is the presence of polycarbonate species, such as poly VC. These types of species have been reported in 

FTIR and XPS studies of the SEI on Sn electrodes68,69,75 as well as XPS studies of the SEI on Cu2Sb 

electrodes.105 While polycarbonates have also been reported to form on Sn electrodes when FEC was used 

as an additive, the VC-based SEI was richer in poly carbonate species than the FEC-based SEI.75 Based on 

these results, it seems that for without additives, solvent reduction and reduction of organic SEI 

components to form Li2CO3 is favored for the SEI on alloying anodes. When FEC is used as an additive, salt 

reduction seems to be favored when fluorine-containing salts like LiPF6 are used as the supporting 

electrolyte, resulting in more LiF in the SEI. The use of VC as an additive seems to also favor solvent 

reduction but results in formation of poly carbonate species like poly VC rather than smaller molecular 

species like Li2CO3 or short chain Li alkyl carbonates. 

Characterization of the SEI formed with and without additives on alloying anodes has also 

suggested that the properties of the SEIs formed with the additives are quite different than those of the 

SEI formed without additives. Sb electrodes cycled in PC-based electrolyte without any additives showed 

poor performance at faster cycling rates, while the electrodes cycled with 10% FEC demonstrated good 

rate capabilities.76 Based on TEM characterization of microsized Sb from composite electrodes, the Sb 

particles remained intact after 5 cycles when 10 % FEC was added to the electrolyte, unlike the Sb particles 

cycled without FEC, which were already beginning to show signs of fracturing, as seen in the top of Figure 

1.6.76 There were also notable differences in the electrode morphology and apparent SEI properties after 

longer cycling. After 30 cycles without FEC, the Sb electrode was severely delaminated and SEM showed 

signs of pulverization; however, the Sb electrode cycled with FEC showed no signs of delamination even 
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after 50 cycles and seemed to still have larger micron-sized particles, as seen in Figure 1.6 (bottom).76 This 

suggests that the SEI formed on Sb with FEC as an additive may help improve the mechanical stability of 

the SEI and prevent severe electrode pulverization and delamination.  

FEC and VC additives have also improved the properties of Sn and Sn-based electrodes. EQCM-D 

characterization of SEI formation on Sn anodes with and without FEC suggested that the SEI formed from 

the additive-free electrolyte was softer and more heterogeneous than the FEC-based SEI and that the FEC-

based SEI was more elastic than the one formed without additives.70 Similarly, the SEI formed on Sn 

electrodes with VC as an additive also seems to be more flexible than the SEI formed without VC based 

on electrode bending experiments, which the authors attributed to the presence of more organic species 

in the VC-based SEI.68 

While the addition of FEC or VC to the electrolyte seems to result in the formation of SEIs with 

better mechanical properties for alloying anodes, the additive modified SEIs still might not meet all of the 

criteria of an ideal solid electrolyte as outlined in the introduction. MPE values derived from EQCM-D 

characterization of Cu6Sn5 electrodes cycled with FEC additive were lower than expected over the 

potential region where the material alloys with lithium, suggesting an incomplete alloying reaction. This 

behavior was not observed for electrodes cycled without additives, suggesting that the SEI formed with 

the additive may impede lithium transport more than the SEI formed without the additive, resulting in 

incomplete lithiation during the first discharge.84 The SEI dissolution behavior observed during 

charging/oxidation for many alloying anodes cycled in conventional electrolyte has also been observed 

for TiSnSb electrodes cycled with a combination of 1% VC and 5% FEC after short term (end of first cycle 

charge) and long term cycling (end of 20th cycle charge).45 Madec and coworkers also observed this 

behavior for TiSnSb electrodes cycled for 400 cycles with 1% VC and 5% FEC; at the end of charge on the 

400th cycle, low intensity Sn 3d and Na KLL features corresponding to electrode components could still be  
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Figure 1.6: Top: scanning electron micrographs and digital photographs (insets) of Sb electrodes (c) after 

50 cycles when FEC was used as an additive and (d) after 30 cycles without additives. Bottom: transmission 

electron micrographs of Sb electrode particles after (a, b) 1 cycle with FEC additive and (c) without FEC 

additive. Reprinted with permission from Reference 76 copyright 2020 American Chemical Society. 

 

detected with XPS when the sample was cycled at 25 °C.34 This could imply that while FEC and VC improve 

SEI mechanical stability, they may not improve the chemical stability. 

1.5.2) Acid scavenging additives 

While the roles of FEC and VC as performance improving additives for alloying anodes are still 

being clarified after numerous studies, others have started studying the effects of electrolyte additives 

that serve a specific purpose. In conventional LiPF6-based electrolytes, the formation of HF due to the 

presence of trace water in the electrolyte has been found to affect SEI stability and lead to SEI 
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dissolution.37 Some researchers have started study the effects of acid scavenging additives, specifically 

trimethyl phosphite (TMP), on SEI formation and stability for Ni-Sn alloying anodes.91 

Choo and coworkers observed improved electrochemical reversibility and modest improvements 

in CE and capacity retention for Ni-Sn thin film electrodes when 3% TMP was added to 1 M LiPF6 in EC/EMC 

(3:7 by vol) electrolyte. Based on characterization of the SEIs with FTIR and XPS, the compositions and 

thicknesses of the SEIs formed with and without TMP were different.  The signal for the FTIR spectrum for 

the SEI formed on Ni-Sn without TMP was not very intense and primarily consisted of bands corresponding 

to P=O and P–O–C stretching modes, which the authors attributed to organic phosphorus fluoride species 

(OPF3-x(OR)y). For the electrodes cycled with the additive, the peaks in the FTIR spectrum were more 

intense, suggesting a thicker SEI. The features corresponded mostly to Li2CO3, but there were also minor 

peaks corresponding to Li alkyl carbonates as well as peaks corresponding to methyl and methylene 

groups.  XPS characterization of the SEI surface on the sample cycled without TMP suggested that the SEI 

was quite thin because Sn 3d peaks were still detected. The C 1s HRES spectrum contained carbonate and 

aliphatic carbon binding environments, but the peaks were not very intense, suggesting that Li alkyl 

carbonates and Li2CO3 were minor surface species; based on the F 1s HRES spectrum, LiF was predominant 

on the SEI surface when no additive was used. The addition of 3% TMP seemed to result in the formation 

of a thicker SEI based on the Sn 3d peaks from the underlying electrode being completely attenuated. The 

additive-modified SEI surface was more carbon-rich based on intense peaks in the C 1s spectrum 

corresponding to carbonate and aliphatic binding environments, as well as lower intensity features 

corresponding to C–O and O=C–O binding environments. Based on the F 1s spectrum, the SEI surface 

formed from electrolyte containing TMP also had small amounts of LiF and LixPFyOz species. The formation 

of a thicker SEI on Ni-Sn electrodes may help passivate the electrode surface more effectively. The TMP 

additive also seems to be helping to change the LiPF6 reactivity in some way to help create a passivation 

layer that consists of solvent reduction products like Li2CO3 and Li alkyl carbonates rather than salt 
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degradation products like LiF and OPF3-x(OR)y, although it is not clear how this difference in SEI 

composition helps improve cycling performance.91 

1.5.3) Unconventional electrolyte formulations 

In addition to the use of small amounts of additives, many researchers are looking to different 

electrolyte formulations in order to improve the SEI formed on metallic alloying anodes. Hong and 

coworkers took a combined approach to improving the SEI formed on F-doped Ni-Sn thin film electrodes; 

they used 3% TMP as an acid-scavenging additive, but they also replaced EC with FEC as one of the solvents 

in their electrolyte. Cycling F-doped Ni-Sn electrodes in 1 M LiPF6 in FEC/DEC (1:1 by vol) with 3% TMP 

resulted in notable morphological and compositional changes in the SEI compared to conventional 

electrolyte. Even after one cycle, the active particles at the surface of the thin film electrode appear to be 

better-connected by the formation of a surface film based on SEM characterization of the electrode cycled 

in the FEC-based electrolyte, while the surface of the electrode cycled in EC-based electrolyte appears 

rougher, and the electrode particles appear smaller, suggesting more pulverization. Based on FTIR 

characterization, the FEC-based SEI contains primarily Li2CO3 and metal carboxylate species; the EC-based 

SEI also contained these species as well as more alkyl carbonate species. Additionally, FTIR 

characterization of the two SEIs over different stages of the first cycle suggest the formation of a more 

stable SEI from the FEC-based electrolyte; the spectra for the FEC-based sample remained relatively 

consistent, while the spectra for the EC-based sample showed an increase in carbonate species towards 

the end of the first cycle. XPS characterization of the SEI surfaces also revealed some notable differences 

between the FEC- and EC-based electrolytes. Based on the C 1s HRES spectra, the EC-based SEI surface 

was richer in carbonate and carboxylate species, while the FEC-based SEI was richer in aliphatic carbon, 

which the authors hypothesized to be due to the formation of polyethylene based on proposed electrolyte 

reduction pathways. Additionally, the F 1s HRES spectra revealed that the FEC-based SEI surface was richer 

in fluorinated species, including LiF.86 
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Zhang et al. also studied changes in the SEI formed when conventional SEI improving additives 

like VC and FEC were used in conjunction with an alternative electrolyte formulation composed of a 

carbonate and ionic liquid mixture. They found that the cycle lifetime of TiSnSb composite electrodes 

cycled at a 4C rate could be extended to nearly 500 cycles in LiTFSI in Pyr14/DMC (1:1) with 1% VC and 5% 

VC electrolyte, although the reversible capacity was slightly lower than in more conventional electrolytes. 

Like many SEIs formed from conventional electrolytes, the SEI formed from the IL/DMC mixture with VC 

and FEC showed some instability in terms of SEI dissolution during charging. Based on XPS 

characterization, the SEI surface formed in this electrolyte contained similar species as the SEI formed in 

conventional electrolytes. The addition of FEC and VC decreased the interfacial resistance, increased the 

LiF content, and decreased the carbonate species at the SEI surface for the IL/DMC electrolyte, which are 

trends often observed for conventional electrolytes as well.108 

Qin and coworkers also studied SEI formation in ILs. They found that cycling Al composite 

electrodes in 0.2 m LiTFSI in N-butyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide (Pyr14FSI) resulted in 

good capacity retention over 10 cycles and relatively high CE, although the capacity began fading around 

15 cycles, so the improvement over conventional electrolytes was still modest in the ionic liquid. The 

authors hypothesized that the improvement in cycling performance may be related to the incorporation 

of TFSI and FSI salts and their reduction products into the SEI. Based on XPS characterization, some of 

these reduction products include LiSO2F, LiF, and LiNSO.82 

While immediate capacity fading was observed for Bi composite electrodes cycled in conventional 

electrolyte, Kuwata and colleagues found that replacing the conventional electrolyte with 1 M LiBH4 in 

THF extended the cycle lifetime, with no notable capacity fade after 50 cycles. Based on SEM 

characterization, particles were pulverized after 50 cycles, but the electrode surface appeared to be 

covered by a dense, rough film, which could have helped maintain good electrical connectivity despite 

fracturing. In situ IR on model Ni electrodes cycled in the LiBH4/THF electrolyte showed peaks 
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corresponding to LiBH4, THF, and LiBH4-THF complexes but no electrolyte reduction or degradation 

products, suggesting that the LiBH4/THF electrolyte solution does not passivate the electrode surface in 

the same way that carbonate-based electrolytes with fluorinated supporting electrolytes passivate the 

electrode surface.55 

Others, like Chan and coworkers, have found promise in using conventional electrolytes with 

unconventional formulations. Instead of using more conventional 1 M Li salt concentrations, the authors 

used a roughly 1:1 mol:mol ratio of LiFSI to DMC. Over short term cycling (ca. 30 cycles), concentrated 

electrolyte showed better capacity retention than the conventional electrolyte, which may be due to 

better electrode passivation in the concentrated electrolyte. Based on Li ion solvation studies using Raman 

and DFT, the authors hypothesized that poor surface passivation of Al electrodes in less concentrated 

electrolytes was due to insufficient FSI− reduction. This hypothesis was supported by XPS characterization 

of the SEI surface after one discharge, which showed that the speciation of the SEIs formed in both 

electrolytes were similar, but the surface on the SEI formed from the concentrated electrolyte was richer 

in salt and salt reduction products like LiFSI and LiF, while the surface of the SEI formed from conventional 

electrolyte was richer in solvent reduction products like carbonates. SEM and EIS characterization also 

suggested that excessive electrolyte reduction and SEI growth was suppressed in the concentrated 

electrolyte. SEM also showed that although the Al electrode seems to be passivated better in the 

concentrated electrolyte, it does not prevent fracturing of the active material, which was observed after 

5 cycles for both the standard and super concentrated electrolyte solutions.109  

1.6) Conclusions and future directions 

Overall, the SEIs formed on alloying anodes share many similarities. Much of the SEI formation 

occurs during the first cycle over different potential-dependent stages. The SEI initial thickness on Sn and 

Sb anodes tends to be thicker than for other alloying anodes like intermetallics, which could be related to 

differences in volume expansion and/or surface reactivity. Despite differences in initial thickness, the SEIs 
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most alloying anodes seem to exhibit dynamic behavior in terms of changes in thickness and speciation 

during different stages of cycling, with SEI thickness decreasing during charging/oxidation. However, with 

extended cycling, the SEI increases in thickness on alloying anodes. As with other types of electrode 

materials, the SEI formed on alloying anodes seems to be primarily composed of electrolyte solvent 

reduction species like Li2CO3 and Li alkyl carbonate species and LiPF6 reduction species like LiF. Other SEI 

components have also been reported, although the reports are varied due to the use of different 

characterization techniques and SEI sample preparation methods (different electrode compositions, 

electrolyte compositions, and cycling conditions). 

Studies of the influence of electrolyte additives and unconventional electrolytes on SEI formation, 

composition, and properties have helped provide some insights into how SEI composition and structure 

affect capacity retention and cycle lifetime of alloying anodes. However, there are still many gaps in our 

understanding of how SEI composition affects the properties, and what role that plays in cycle 

performance. For example, it is still not clear whether LiF is a beneficial SEI species for alloying anodes; it 

appears to contribute to good electrode passivation during the initial stages of SEI formation72,109 but may 

not be beneficial over long term cycling.106,109 Similarly, the role that carbonate species play in surface 

passivation and SEI stability for alloying anodes remains unclear. Additionally, there are still large gaps in 

the understanding of how the SEI changes over extended cycling and how those changes affect the cycling 

performance. If the ultimate goal of SEI studies is the more intentional design of electrolytes, additives, 

and even artificial SEIs, a fundamental understanding of SEI formation and evolution and the relationship 

between SEI composition, structure, and properties is required. 

Overall there is a need for more SEI studies of alloying anodes using binder- and additive-free 

electrodes. Multiple studies of the SEI formed on alloying anode materials have revealed that the 

conductive carbon additives, binders, and solvent used for fabricating slurry cast composite electrodes 

can affect SEI formation.28,29 Another drawback to using composite electrodes for SEI studies is that the 
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amount of active material used is often quite low; many of the studies described here make use of 

electrodes with only 60–70% by weight active material, so many of the findings concerning SEI formation 

on alloying anode materials are likely convoluted or diminished by the low amounts of active 

material.24,28,29,34,59,75,76,82,103 Fortunately, electrodes of many alloying anode materials can be fabricated 

without binders or additives using physical or electrochemical deposition techniques, allowing for more 

direct analysis of SEI formation on these materials.19,25,43,61,63,83,87,89–91,97,110–112 However, since most of 

these fabrication techniques usually involve exposure to air prior to cell assembly and SEI formation, it is 

also important to know the composition of the pristine electrode surface since native oxides may affect 

SEI formation.26,61,62 

 Another area of research that is lacking in SEI studies of metallic alloying anodes is SEI studies of 

anodes in full cell configurations, which are important for several reasons. The limited Li inventory in full 

cells could affect SEI formation and speciation as well as electrode failure mechanisms.113 Additionally, SEI 

formation on alloying electrodes seems to be potential dependent, and the potentials anodes are 

polarized to in full cells is typically different compared to half cells.113,114 The use of a Li-ion cathode instead 

of a Li metal electrode could also affect the SEI formed on alloying anodes in several ways. It has been 

observed that the reactivity of the counter electrode and electrode “cross talk” can affect electrolyte 

reduction species and SEI formation and composition.115,116 Additionally, metal dissolution from cathodes 

to graphite anodes has been found to exacerbate electrolyte reduction, leading to excessive Li 

consumption and decreases in both anode reversibility and capacity, which may affect the SEI on alloying 

anodes as well.114,117–121 Finally, although anodes in full cells are not cycled over the same potential ranges 

as cathodes,113,114 it is not clear if metal oxidation and dissolution from alloying anodes could also affect 

the SEI on cathodes, especially when intermetallics or alloys containing Cu, which may diffuse to other 

parts of the cell, are used as anodes. 
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CHAPTER 2: CONSIDERATIONS FOR SOLID ELECTROLYTE INTERFACE SAMPLE PREPARATION AND X-RAY 

PHOTOELECTRON SPECTROSCOPY CHARACTERIZATION


 

 

 

 

Chapter Summary  

Solid electrolyte interface (SEI) formation is sensitive to many variables that can be observed 

through characterization techniques such as differential capacity analysis and X-ray photoelectron 

spectroscopy (XPS). Here we present some examples of important considerations for SEI sample 

preparation and XPS characterization based on our results, including replicate samples, contamination, 

rest time, and representative data. We discuss the importance of small details when it comes to 

preparing and characterizing SEI samples, especially when using surface-sensitive techniques such as 

XPS. 

2.1) Introduction 

The solid electrolyte interface (SEI) forms on electrode surfaces due to the instability of the 

electrolyte over the large operating potential windows of Li-ion rechargeable batteries.1,2 It is a 

necessary battery component in the sense that a stable SEI layer helps passivate the electrode surface 

and allows the battery to function by limiting excessive electrolyte degradation, preventing electrode 

corrosion, and allowing for the transport of Li+.3,4 An SEI that meets these three criteria and has other 

desirable properties such as good mechanical stability help extend the battery lifetime. However, it also 

can play a detrimental role in battery performance, affecting the irreversible capacity and lithium 

consumption, capacity retention, cycling rate, and safety.3,4 Decades of research have been devoted to 

studying the SEI in hopes of better understanding the role that SEI components and structure play in the 

 

 This chapter was prepared as a manuscript to be submitted to the American Chemical Society Journal 
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SEI properties and cell performance, with the aim of being better able to control the formation and 

improve the properties of the SEI.3 However, studying the SEI is difficult for a number of reasons, which 

has prevented major breakthroughs towards the aims described above. 

One reason studying the SEI is so challenging is that SEI formation and composition are affected 

by a variety of factors. Since the SEI is composed of electrolyte reduction species, electrolyte 

components such as the solvent, supporting electrolyte salt, additives, and contaminants play a major 

role in the formation, composition, and morphology of the SEI.5–13 The electrodes also play a role, as the 

reactivity of the active material, the use of binders and additives, and the electrode preparation method 

have also been demonstrated to affect the SEI.14–23 Finally, the cycling conditions used, such as 

temperature, cycling rate, and potential limits also play a role.4,24–27 Due to all of these factors, there are 

many differing, and sometimes conflicting, reports on the composition of the SEI depending on the 

systems and conditions used for SEI formation.4 As a result, it is difficult to determine which variable 

results in the observed battery performance, and it is difficult to develop synthetic design rules for 

improving the SEI. 

In addition to the multitude of variables, another reason studying the SEI is so challenging is 

because it is complex and heterogenous structure and typically requires the use of multiple 

complementary characterization techniques in order to gain a complete representation of the SEI. While 

many research efforts have been focused on developing in-situ techniques for studying the SEI,28 post-

mortem and ex-situ techniques are still used for most SEI characterization since they are the most 

readily accessible. Some of the techniques that have been employed to better understand the SEI 

composition and structure include X-ray photoelectron spectroscopy (XPS), IR spectroscopy, solid state 

NMR, mass spectrometry, and electron microscopy, while techniques such as atomic force microscopy, 

electrochemical impedance spectroscopy, cyclic voltammetry, and differential capacity analysis have 

been used to study the formation and properties of the SEI.4,29  
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While there is no single technique capable of comprehensively characterizing the SEI, XPS has 

been and remains one of the most widely used SEI characterization techniques for several reasons.4,30 It 

is surface sensitive, which makes it useful for studying interfaces such as the SEI, but it can also be used 

in conjunction with depth profiling via ion sputtering to gain information about thicker SEI layers.4 

Additionally, XPS provides information on different species present in the SEI through binding energy 

shifts of high-resolution core spectra as well as quantitative (or semi-quantitative) information about the 

composition of the SEI.4,30 

Given the complex nature of the SEI, studying it requires a multidisciplinary approach, and the 

SEI community consists of researchers from many different backgrounds including materials science, 

chemistry, and engineering. However, because the field is so multidisciplinary, there can often be a lack 

of consistency in terms of research protocols and reporting experimental details in the field. Because the 

SEI is so sensitive to many different variables and because much of the characterization is done ex-situ, 

the details of sample preparation and characterization are very important. Unfortunately, they do not 

often get discussed in much detail, which can make it difficult to compare results and draw conclusions 

from the literature. 

In this paper we will discuss some of the factors that are important for preparing samples and 

studying the SEI composition with XPS, some of which were quite unexpected and warrant discussion. 

Often factors that don’t seem to be that important can notably affect the results and how they are 

interpreted. While the focus of this paper is on the characterization of the SEI formed on binder- and 

additive-free thin film anodes, we expect that our findings can be extended to composite electrodes as 

well. Additionally, while we focus on XPS characterization, for which this level of detail is important due 

to the surface sensitive nature of the characterization method, some of our observations may be 

relevant to other characterization techniques as well. This paper is not intended to be a comprehensive 

list of all of the important considerations for sample preparation and XPS characterization, but we hope 
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that it can serve as a resource for others in the field, both new and experienced. We hope that it will 

also encourage the discussion of the importance of attention to detail in sample preparation and 

characterization and the importance of discussing those details in published works so that others can be 

made aware in order to help further advance the field. 

2.2) Experimental 

Some of the experimental conditions for sample preparation and characterization were varied, 

and the complete relevant experimental details will be provided in Appendix A and in the Results and 

Discussion section where appropriate. Samples have been given generic names with number and letter 

designations such that two comparable samples (i.e. prepared using the same variables and often from 

the same Cu2Sb film) will be named with different numbers and the same letter (e.g. Sample 1a and 

Sample 2a). With this sample naming convention, two samples that were prepared using the same 

conditions such as electrolyte, potential limits, cycling rate and are being compared to each other are 

named using the same letter and a different number (such as Samples 1a and 2a or Samples 1b and 2b 

in Table A1 of Appendix A). When two samples cycled using slightly different conditions are being 

compared, the samples are named using different letters and the same number (such as Samples 1f and 

1g in Table A1, which were prepared without and with 5% VC additive, respectively). The experimental 

details described in this section are an overview of the procedures relevant to all results discussed in this 

paper. 

Electrode preparation 

Copper antimonide (Cu2Sb) thin film electrodes were electrodeposited onto Cu substrates (110 

Cu foil, 0.002-in thick, McMaster-Carr, cleaned by electropolishing in a 2:1 by volume H3PO4/H2O 

solution) following an established procedure.31 Briefly, Cu2Sb was electrodeposited at −1.05 V versus a 

saturated calomel electrode (SCE) from an aqueous (Millipore 18 MΩ) solution of 80 mM copper (II) 

nitrate hemipentahydrate (Cu(NO3)2‧2.5 H2O, Aldrich >99.99%+), 25 mM antimony (III) oxide 
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nanopowder (Sb2O3, <250 nm, Aldrich ≥99.99%), and 400 mM citric acid monohydrate (Fischer Scientific, 

certified ACS grade) adjusted to a pH of 6 with saturated potassium hydroxide (KOH, Fischer Scientific, 

certified ACS grade). All films were electrodeposited for 600 s at room temperature unless otherwise 

noted. The average mass loading of the Cu2Sb films, determined by mass difference, was 0.9 mg/cm2. 

Half-inch diameter circular punches were made from the films for use in half-cells (average 1.2 mg Cu2Sb 

per punch). 

Half-cell preparation and cycling 

Swagelok half cells were prepared in an Ar-filled glovebox (O2<1 ppm) using the Cu2Sb punches 

as the working electrode, Li metal foil as the counter/pseudo reference electrode, and a glass fiber filter 

(Whatman GF/A) layered between two polypropylene films (Celgard, 25 µm) as the separators. The 

cleaning procedure used for cell parts is described in Appendix A. The electrolyte (200 µL per half-cell) 

was 1 M lithium perchlorate (LiClO4, Aldrich, 99.999% battery grade) in a mixture of ethylene carbonate 

(EC, Aldrich, 99% anhydrous, recrystallized from ethanol), dimethyl carbonate (DMC, Aldrich, ≥99% 

anhydrous), and diethyl carbonate (DEC, Aldrich, ≥99% anhydrous) (1:1:1 by volume) with or without 5% 

(by volume) vinylene carbonate (VC, Aldrich 99% with 80 ppm butylated hydroxytoluene added as 

stabilizer) added, unless otherwise noted. Half cells were cycled galvanostatically at a C/20 rate (average 

19 μA/cm2) using an Arbin BT-2143 battery tester. Various potential limits and cycle times were used; 

please refer to Table A1 in Appendix 1 for complete details. In this work, discharging refers to a negative 

applied current and reduction/lithiation of the working electrode, and charging refers to a positive 

applied current and oxidation/delithiation of the working electrode. 

X-ray photoelectron spectroscopy characterization 

X-ray photoelectron spectroscopy characterization was performed on a Physical Electronics 

(PHI) 5800 series Multi-technique ESCA system with Al Kα (hν = 1486.6 eV) monochromatized radiation 

source operating at 350.0 W. Most samples were transferred under vacuum directly from the Ar-filled 
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glovebox (O2<1 ppm) to the XPS sample introduction chamber using a custom-built sample holder so 

that air exposure prior to XPS characterization was minimized.32 An electron flood gun operating with a 

5 µA emission current, 1.5 V bias voltage, and 40.0 V extractor voltage was used for charge 

neutralization on all SEI samples. Survey spectra were collected with a pass energy of 187.85 eV in 

intervals of 1.6 eV/step. High resolution (HRES) spectra for the elements of interest were collected with 

a pass energy of 23.5 eV in intervals of 0.100 eV/step. Spectra were collected from at least 3 areas on 

each sample (area 126.7 mm2) using a 0.6 mm by 2 mm analysis area (area 1.2 mm2) to ensure that any 

lateral heterogeneity in the SEI was accounted for. Short HRES scans were collected prior to the longer 

acquisitions so that any sample damage could be identified, although even the longer HRES scans were 

relatively short (20–30 minutes) to avoid prolonged beam exposure and possible sample damage.30 

When appropriate, HRES spectra were shifted for charge correction so that the Cl 2p3/2 peak for ClO4
− 

species in the SEI was located at 208.6 eV. CasaXPS software (Version 2.3.16) was used for peak fitting 

and quantification of the HRES spectra. A nonlinear Shirley background and 30% Lorentzian/70% 

Gaussian line shape were used for peak fitting, and PHI relative sensitivity factors corrected for angular 

distribution were used for quantification based on the peak fitting. The fitted spectra and tabulated 

fitting data for the SEI samples discussed in this chapter can be found in Figures A1–A7 and Tables A2–

A8, respectively. 

2.3) Results and Discussion 

2.3.1) Sample preparation 

Replicate samples and differential capacity analysis 

The SEI is a notoriously complex structure that is difficult to form in a controlled manner and 

challenging to characterize, as described above. As such, it can be difficult to know that the SEI sample 

being characterized is a reasonable representative sample. Because SEI formation can be so variable and 

sensitive to a variety of factors, it is important to make and study multiple replicate samples to get the 
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fullest and most accurate representation of the SEI possible. Additionally, because of this extreme 

variability and sensitivity, sometimes two samples prepared the same way can show different results.  

For example, the surfaces of two SEI samples prepared under the same conditions in terms of 

electrolyte formulation, cycling rate, and potential limits may show variations in terms of different 

relative atomic compositions or different species based on XPS characterization. In particular, we have 

observed this for SEI layers formed on binder- and additive-free electrodes fabricated by 

electrodeposition, which can sometimes show some variability across a film surface in terms of native 

oxide content or can show some variability in composition over time, especially when electrodeposited 

on Cu substrates. However, this is also relevant to composite electrodes where materials are mixed by 

ball milling or ground in a mortar and pestle for electrode fabrication, as these methods can introduce 

contaminants or result in uneven or incomplete mixing, respectively, which could affect results of 

“replicate” electrode/SEI samples.33 Since the SEI formation process is sensitive to a number of 

variables, including electrode surface heterogeneity, it is helpful to have a method such as differential 

capacity analysis to evaluate differences in SEI formation processes prior to  ex situ characterization.  

Electrochemical techniques such as cyclic voltammetry and differential capacity analysis are 

useful for understanding SEI formation processes. While cyclic voltammetry is more commonly 

employed in studying SEI electrochemistry because the information it provides is limited to processes 

occurring at the electrode surface, differential capacity analysis offers the advantage of information 

about SEI formation during galvanostatic cell cycling. One of the drawbacks to differential capacity 

analysis is that features corresponding to SEI formation/dissolution at electrode lithiation/delithiation 

potentials are usually obscured. However, at higher potentials where initial SEI formation occurs, it is 

possible to see features associated with processes occurring at the electrode surface by narrowing in on 

the differential capacity analysis plots to see the low intensity features associated with electrolyte 
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reduction. This portion of the differential capacity analysis plot can serve as a useful tool for comparing 

SEI formation between different samples. 

Figure 2.1a shows the differential capacity analysis plots of two Cu2Sb thin film samples cycled 

between 1.8 and 3.0 V vs. Li/Li+ where some SEI formation but no Cu2Sb lithiation/delithiation is 

occurring. The half-cells were prepared from punches of different Cu2Sb films, but both were prepared 

in the same way and had similar active material mass loadings of ca. 0.9 mg/cm2. Despite being 

prepared the same way and cycled under the same conditions, the differential capacity plot features of 

the two samples show some differences. The differential capacity plot of Sample 1a is mostly featureless 

with the exception of the onset of a reduction feature around 2.1 V vs. Li/Li+ on the first cycle. In 

contrast, the differential capacity plot of Sample 2a, prepared the same way as Sample 1a, shows a 

reduction feature around 1.9 V vs. Li/Li+ and the onset of an oxidation feature around 2.8 V vs. Li/Li+ on 

the first cycle as well as a low intensity reduction feature around 2.6 V vs. Li/Li+ for multiple cycles.  

The SEI formation processes for Samples 1a and 2a seem to be quite different based on the 

differential capacity analysis despite being prepared the same way, and the SEI surface composition 

based on XPS characterization also reveals that the SEI composition for the two samples is quite 

different, as shown in Figure 2.1b. The Sample 1a SEI is quite uniform, with similar compositions for 

multiple analysis regions, whereas the Sample 2a SEI appears to be more heterogeneous. The Sample 1a 

SEI is very carbon-rich, consisting of 65–70% C compared to 50–55% for Sample 2a. Unlike the Sample 1a 

SEI, which only has 2–4% Cl present as ClO4
− species, the Sample 2a SEI has 6–8% Cl due to ClO4

−. 

Additionally, ca. 8% Li was consistently detected across different regions of Sample 1a, but Li was only 

detected in one of three analysis regions for Sample 2a. Finally, while a small amount of Sb was detected 

for both samples, Cu was only detected in Sample 2a. 
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Figure 2.1: Differential capacity analysis plots for two Cu2Sb thin film samples prepared and cycled under 

the same conditions (a) and the percent atomic compositions for multiple analysis regions of the two 

samples based on XPS characterization (b). 

Although these two samples were prepared in the same way, qualitatively they are not replicate 

samples based on the differential capacity analysis and the XPS quantification results. One could draw 

very different conclusions about the SEI formed on Cu2Sb over this potential region depending on which 

sample was used, so it emphasizes the importance of looking at multiple samples to ensure that they 

are representative of the SEI. It also demonstrates the utility of differential capacity analysis as a tool for 

comparing SEI samples prior to ex-situ characterization. In this scenario, the SEIs were quite thin due to 

being formed over a potential region that precluded Cu2Sb lithiation, allowing for some small amount of 

correlation between differences observed in the differential capacity analysis and XPS results. Typically, 

the SEI layers being formed are much thicker, so this is not likely to be the case for many samples, but 

differential capacity analysis can still be used to determine whether a sample is worth the time and 

effort of further characterization. Additionally, this example demonstrates just how sensitive the SEI can 

be to different variables since both samples were prepared keeping almost all variables the same (the 
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only differences were that the different Cu2Sb films prepared from different electrodeposition solutions 

and two different batches of the same electrolyte solution were used). There are a couple of hypotheses 

as to why the results from these two samples prepared the same way may have been different. The 

differences observed in the results from differential capacity analysis and XPS characterization may have 

been due to differences in the amount of surface oxides present on the different Cu2Sb films used, as 

there have been other studies suggesting that surface oxides may play a role in SEI formation and 

composition.15,17,34 Another hypothesis is that the observed differences were due to changes in some 

other variable that were not accounted for, such as the atmosphere in the Ar glovebox where samples 

were prepared or in the XPS analysis chamber where samples were characterized, that could have 

affected the SEI. It is not clear whether these differences would be notable with less surface sensitive 

characterization techniques, but it is certainly important to consider for XPS characterization. 

The approach we use to determine whether two SEI samples are replicates is a qualitative 

approach that is based on notable differences in the features of the differential capacity analysis plots 

and HRES XPS spectra features and quantification, as described above. However, the main criterion we 

use for whether two samples are qualitatively the same or not is whether the same conclusions about 

the SEI could be drawn from data from two different SEI samples. Unfortunately it is not clear how often 

replicate SEI samples are studied in general, as the number of samples analyzed are rarely reported in 

the literature,35,36 and when it is reported, there is not much detail provided about the results from the 

replicate samples and the criteria used to evaluate them.35 This is one area where members of the SEI 

community could provide more detail into the procedures used for the preparation and evaluation of 

samples. 

Contamination 

Contamination is one of the major factors influencing the formation, composition, and stability 

of the SEI. In the SEI research community, contamination is most often thought of in terms of water 
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content in electrolyte solutions, which can affect SEI formation.37 Additionally, commonly used salts 

such as LiPF6 and LiBF4 are particularly moisture sensitive, reacting with water to form HF, which can 

affect SEI composition and stability.5 Another type of contamination commonly considered in this 

community is exposure to air prior to characterization, which can alter the SEI composition due to the 

SEI containing many species that are sensitive to moisture and oxygen, and as such precautions are 

taken to avoid air exposure prior to SEI characterization.26,38,39 Additionally, in terms of XPS 

characterization, contamination from adventitious carbon is usually unavoidable, even with very careful 

sample handling and even under ultra-high vacuum conditions.40,41 While these are common sources of 

sample contamination that are often considered for SEI studies, we have discovered other sources that 

may not be anticipated, as described below. 

 The following example illustrates several things: 1) the importance of thoroughly cleaning cell 

parts (but more generally the importance of being meticulous when preparing SEI samples), 2) the utility 

of differential capacity for evaluating the early stages of SEI formation, and 3) the sensitivity of both SEI 

formation and XPS characterization to contaminants in a system. Figure 2.2 shows the differential 

capacity plots of the first two cycles of replicate Cu2Sb samples cycled galvanostatically between 1.8 and 

3.0 V vs. Li/Li+ in 1 M LiClO4 in EC/DEC/DMC (1:1:1 vol) with 5% VC electrolyte. The two show 

considerably different features in the differential capacity analysis plots. On the first cycle discharge of 

Sample 1b, there is a reduction peak at approximately 2.1 V vs Li/Li+ and the onset of another reduction 

peak around 2.0 V vs Li/Li+; there is also an oxidation peak at 2.7 V vs Li/Li+ that is seen for both the first 

and second cycles. In contrast, the differential capacity plots of replicate Sample 2b are relatively 

featureless in comparison, with only the onset of a reduction peak near 2.0 V vs Li/Li+ for the first and 

second cycles. These differences in the differential capacity plots of replicate samples suggest 

differences in SEI formation. 

 



73 

 

 

Figure 2.2: Differential capacity analysis plots for two Cu2Sb samples prepared and cycled the same way 

showing different features due to contamination of Sample 1b (top). 

The XPS survey spectra of the sample surfaces also reveal considerable differences in the 

composition of the SEIs formed on the two samples (representative survey spectra are shown in Figure 

2.3). Based on the survey spectra, carbon, oxygen, and small amounts of chlorine, copper, and antimony 

were detected for both samples. However, Sample 1b, which showed more reduction and oxidation 

peaks in the differential capacity plots than Sample 2b over the first two cycles, also has fluorine on the 

surface, even though the electrolyte used to cycle both Samples 1 and 2 contained no fluorinated 

species such as LiPF6 or FEC. Fluorine was detected on the surface of all three regions of Sample 1b that 

were characterized with XPS (although data from only one region is shown in Figure 2.3 for clarity), 

suggesting that much of the sample surface was contaminated with fluorine. 
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Figure 2.3: Representative XPS survey spectra for the contaminated (Sample 1b) and uncontaminated 

(Sample 2b) SEI samples.  

High resolution (HRES) XPS spectra for different regions of Samples 1b and 2b were collected, 

and quantitative peak fitting analysis was performed to gain information about the compositions of the 

SEI surfaces formed on the two samples. The fluorine contamination in Sample 1b is considerable, with 

fluorine composing about 10% of the surface for all three analysis regions as shown in Figure 2.4.  The 

fluorine contaminant, likely LiPF6 or LiPF6 degradation products,5,26,39 was most likely introduced prior to 

cycling and SEI formation rather than after because other samples disassembled and prepared for 

characterization at the same time as Sample 1b did not contain fluorine based on XPS characterization. 

The only possible source of contamination prior to cycling, considering samples from other half cells 

prepared at the same time using the same materials (electrodeposited thin films, separators, lithium 

foil, and electrolyte) did not show evidence of contamination, is from improperly cleaned 

polytetrafluoroethylene (PTFE) Swagelok cell parts, which may have contained residual fluorinated  
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Figure 2.4: Percent atomic compositions based on peak fitting of XPS HRES spectra for multiple analysis 

regions of the contaminated (1b) and uncontaminated (2b) SEI samples. 

species from a LiPF6-based electrolyte. This highlights not only how sensitive the SEI can be to 

contaminants, but also the importance of careful SEI sample preparation at all stages, from electrode 

fabrication to cell assembly to cell disassembly, which is applicable when using reusable equipment such 

as beaker cell setups or Swagelok type cells. The introduction of a contaminant into the system prior to 

SEI formation could have notable implications for the characterization of the SEI at a later point as 

demonstrated by Figure 2.4. In addition to having a considerable amount of fluorine at the surface, the 

surface of Sample 1b (contaminated) also has considerably more Sb from the underlying Cu2Sb electrode 

than uncontaminated Sample 2b, suggesting that the presence of contaminants can affect SEI formation 

as well, possibly further convoluting the results from contaminated samples. Contamination is often 

unavoidable, especially in the case of water content in electrolyte solutions and adventitious carbon 
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during the preparation of samples for XPS characterization, but with careful sample preparation and 

handling, other types of contamination, such as from cell parts or during sample preparation for 

characterization can be avoided.  

Importance of time as an experimental variable 

 There are many important variables to consider when it comes to SEI formation, one of which 

includes time, as many of the species in the SEI are hypothesized to be thermodynamically unstable.42 

There are numerous examples in the literature demonstrating the importance of time as a variable. For 

example, the rate and method (e.g. galvanostatic versus a potential sweep) at which an electrode is 

cycled has been found to influence the composition, morphology, and properties of the SEI on different 

anode materials, including Li metal and Si.24–26 Lithiated anodes can also experience self-discharge over 

time as a result of SEI instability and dissolution.5,43 Even before current is passed in a cell, time can be 

an important factor for the SEI, especially for reactive anode materials. A passivation layer forms on Li 

metal anodes stored in carbonate electrolytes, with changes in composition and increasing resistance 

being observed over time.5 The formation of a passivation layer or changes to the electrode surface 

prior to cell cycling when an electrode has just been soaked in electrolyte has also been observed for 

alloying anodes including Si,27 Sn,44 Cu6Sn5,45 and Cu2Sb (see Figures A9–10 in Appendix A). We also have 

observed the importance of time in regard to changes in the SEI on delithiated/charged anodes after 

cycling. 

We have observed changes in the composition of the SEI surface via XPS characterization for 

both rested half-cells after cycling and samples stored under inert atmosphere after cell disassembly. In 

general, we see the biggest change in the composition of the carbon species at the SEI surface, as 

 


 Note that the term self-discharge is used in the literature to refer to a lithiated anode in a full cell 

setup discharging/delithiating. We use the term here to be consistent with the literature even though 

for our experiments and throughout the rest of this paper we refer to the lithiation process as 

discharging and the delithiation process as charging due to the use of half-cells. 
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demonstrated in the C 1s HRES spectra in Figure 2.5a. In the sample rested for longer after cycling (11 

days), Sample 1c, we observe an increase in the contribution from carbonate binding environments and 

a decrease in the contribution from aliphatic and O=C–O binding environments (and little to no change 

in C–O binding environment contribution), compared to the sample rested for a shorter length of time 

(1 day) prior to XPS characterization (Sample 2c). We also observe an overall decrease in the carbon 

contribution to the percent atomic composition of the surface and an increase in the oxygen 

contribution for the sample rested for longer (Sample 1c in Figure 2.5b), which is expected based on the 

increase in carbonate species.  

These changes are surprising for several reasons. This aging phenomenon has been observed 

consistently; even when the SEI samples were prepared using different formation conditions than those 

in the example above, we consistently observed an increase in the relative amount of carbonate species 

for samples rested for longer than 1–2 days. Additionally, we observe these changes in the distribution 

of carbon species in the SEI regardless of whether the delithiated/charged electrodes are rested in 

assembled cells or stored under inert atmosphere (Ar) after they have been disassembled and washed, 

which is surprising because one might expect to see different changes if the electrode/SEI sample is 

rested in the half-cell where it is in contact with the electrolyte and soluble SEI species to undergo 

further reactions.5,27,46 We observed the same changes in electrodes that have been cycled over the SEI 

formation region but not the region where the electrode is lithiated and delithiated, so these 

observations in charged/delithiated samples do not seem to be due to further reactivity or self-

discharging as a result of incomplete delithiation.5,43 Additionally, we have observed these changes in 

half-cells cycled with LiClO4-based electrolyte, so they are free of reactive LiPF6 decomposition species 

such as HF that are known to react further with SEI components and lead to SEI dissolution.5 

These findings are important because one can draw very different conclusions about the SEI 

composition from samples characterized a short time after cycling compared to samples characterized  
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Figure 2.5: Comparison of C 1s HRES spectra for SEI samples rested for longer (1c) and shorter (2c) times 

prior to characterization (a) and comparison of the compositions of multiple analysis regions of the SEI 

samples rested for different lengths of time based on fitting of HRES spectra (b). 

 

days or weeks after cycling. Based on the data for Sample 1c (rested for longer) one might conclude that 

carbonate species are incorporated into the SEI whereas the data from Sample 2c (characterized shortly 

after cycling) demonstrates that carbonates are not actually incorporated into the SEI under these 

formation conditions. The observations that the rest time after cycling and the time between cell 

disassembly and characterization can affect the SEI composition have important implications for SEI 

studies. These results stress the importance of careful experimental planning and observation to ensure 

that SEI samples can be characterized in a timely manner or that the amount of time between cycling 

completion and characterization can be considered when interpreting characterization results. It also 

has important implications for collaborative experiments, in which the time between sample 

preparation and characterization, due to factors like shipping samples, could be considerable. The time 

between cell cycling and characterization is rarely reported in the SEI literature,47 but since time can 
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make a difference  in the SEI composition, it is another factor that should be considered during data 

interpretation and an area where more detail should be provided in experimental sections to allow for 

better comparison of results in the literature when ex-situ characterization techniques are used. 

Sample washing 

Another consideration for SEI sample preparation prior to characterization is whether or not to 

wash the samples prior to analysis because many of the commonly used SEI characterization techniques 

are ex-situ. Typically, washing the SEI sample is done by rinsing or soaking the electrode in one of the 

solvents that make up the electrolyte solution, such as DMC, or in another organic solvent such as 

acetonitrile.29,48–51 This decision tends to be dependent on the characterization method(s) to be used, as 

it can have an impact on the results obtained. For surface-sensitive characterization methods like XPS, 

washing the sample is often performed to remove excess salts and other species not incorporated into 

the SEI that could attenuate signal from the SEI,30 but it could also rinse away SEI species that are soluble 

in solvents like DMC.46 A comparison of washed and unwashed SEI layers formed on graphite revealed 

some minor differences in the types and relative amounts of species present in the SEI, but in general 

the unwashed sample contained higher quantities of F and P from salts and salt reduction species while 

the washed sample contained higher quantities of C and O from carbonaceous SEI species and electrode 

components.38 We have also observed that for the SEI formed on Cu2Sb thin films, unrinsed SEI samples 

characterized by XPS have more salt species at the surface compared to the washed samples, as shown 

in Figure A10. However, others have observed via XPS that washing leads to the detection of different 

salt reduction species in addition to decreased signal from said salt reduction species or to the 

elimination of some species when washed extensively.48,52 For other techniques such as SEM and FTIR, 

washing the sample can change it in ways that may lead to different conclusions about the data. For 

example, Somerville and coworkers observed differences in the surface morphology for graphite 

electrodes based on how the electrodes were treated after cycling; there was evidence of a film 
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covering the unwashed graphite electrodes that was not observed for the washed samples.48 

Additionally, Shi and coworkers were able to detect some electrolyte degradation or SEI species via in-

situ ATR-FTIR that were not observed via ex-situ ATR-FTIR measurements of washed samples.15 Like 

many aspects of SEI sample preparation and characterization, there is not one correct approach for 

sample washing; instead, it is highly dependent on the type of sample, characterization method, and 

desired information since both approaches have associated disadvantages.38,48,53 Instead, the best 

approach seems to be to use care during sample preparation, to rigorously report the procedure used so 

that it can be reproduced by others, and to consider the sample preparation method used when 

interpreting data and comparing to the literature.29,53 

2.3.2) XPS characterization 

XPS is a useful technique for studying interfaces like the SEI because binding energy shifts of 

core level spectra can provide information about species present in the SEI while quantification results 

can provide information about the SEI composition.4,30 However, XPS is not straightforward even for 

uniform samples,54 and for complex, heterogeneous structures like the SEI, XPS characterization and 

interpretation becomes even more challenging.4 As such, there are many factors to consider for XPS 

characterization, and as others have pointed out previously, there is unfortunately no single correct 

approach when it comes to the treatment and interpretation of XPS data for the SEI.55 Here we describe 

some of the challenges associated with XPS data collection and some considerations and possible 

approaches for SEI characterization. 

Air exposure 

One important consideration for XPS characterization of the SEI is avoiding air exposure during 

sample transfer because the SEI is composed of many reactive species that are sensitive to air and 

moisture.30 Edström and coworkers observed notable changes in the speciation of the SEI on graphite 

after 3 hours of air exposure; in particular, notable changes in the C 1s spectra suggested that air 



81 

 

exposure affects organic SEI species.39 Shorter air exposure times on the order of minutes rather than 

hours have also been observed to cause changes in the SEI and the types of species detected with XPS. 

Schroder and coworkers also found that some organic species were susceptible to changes after air 

exposure; studying the SEI formed on Si anodes before and after air exposure, they observed that CO 

and OCO bonds were particularly reactive based on changes in the C 1s spectra.26 Interestingly, the 

effects of air exposure also seem to be dependent on SEI formation and sample preparation conditions. 

When different electrochemical procedures were employed to form the SEI on Si, resulting in the 

formation of different SEI species, some SEI layers underwent more dramatic changes upon air exposure 

than others. For example, the SEI formed by linear sweep voltammetry that contained more oxygen-

poor organic species and LiF was not changed as much by air exposure as the SEI formed by 

chronoamperometry, which contained more phosphorus oxyfluoride species and oxygen-rich organic 

species like carbonates.26 Malmgren and coworkers also observed that sample preparation can affect 

the degree to which the SEI is affected by air exposure; they observed that unwashed SEI samples 

underwent more dramatic changes upon air exposure compared to the washed SEI samples.38  

While sample preparation and SEI formation conditions appear to play a role in the degree to 

which the SEI may be affected by and change as a result of air exposure, the best practice is to err on the 

side of caution and avoid air exposure prior to characterization whenever possible. Some researchers 

are able to utilize XPS instruments connected to inert atmosphere glove boxes to avoid air exposure 

during sample transfer,41,48,49 but fortunately there are also options for commercial and homemade air 

free sample transfer devices when this is not feasible.30 Air free sample transfer devices can range from 

glove bags37,52 or simple holders that keep the sample under vacuum until a lower vacuum pressure in 

the XPS sample introduction chamber is achieved32 to more complex designs.38,56,57 
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Charge correction 

Much of the focus of methodology papers for SEI studies has been on charge correction 

procedures for XPS HRES spectra because accounting for sample charging is important for interpretation 

of the data and comparison to the literature.40,41,55,58 Typically, charge correction (also commonly 

referred to as binding energy calibration- see Reference 54) is performed by shifting all of the binding 

energies for a set of spectra based on a known binding energy for a specific peak of one of the core level 

transitions. Unfortunately, this is difficult for SEI samples, which are heterogeneous, contain unknown 

phases, and consist of many electronically insulating species that can result in differential charging; 

additionally, effects from the underlying electrode can further complicate matters.40,41,55 Several recent 

studies on model systems have demonstrated the importance of using peaks from SEI components for 

charge correction, the utility of using Ar as an internal standard for charge correction when doing depth 

profiling experiments, and the usefulness of characteristic binding energy separations between core 

level spectra of a given phase for peak identification.41,55,58 However, the most ubiquitous method for 

charge correction for spectra of SEI samples is to use either adventitious or aliphatic carbon since the 

former is unavoidable during sample preparation and the latter is typically present in the SEI.54,55 

However, using an adventitious or aliphatic carbon peak for charge correction is problematic for several 

reasons, including that the carbon binding environments may not always be the same due to mixtures of 

carbon species in the SEI or from the adventitious carbon source.41,54 Additionally, while the C 1s peak 

typically attributed to adventitious and aliphatic carbon is usually the most intense C 1s peak for SEI 

samples, this may not always be the case, as demonstrated in Figure 2.6. We have found that using a 

peak from an inorganic SEI species such as LiClO4 or LiF is useful for charge correction.59 While this 

method does not allow for direct comparison to binding energy values in the literature, it is useful for 

self-consistency. However, there may be instances when these species are not present, as described in 

the following scenario. 
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As demonstrated in this example, there can be some challenges associated with charge 

correction in cases where there is no obvious peak to shift to the accepted value for the aliphatic (C–

C/C–H) binding environment and there are also no inorganic SEI components to use for charge 

correction. In Figure 2.6, the fitted C 1s, O 1s, and Li 1s spectra of an SEI sample are shown unshifted and 

with binding energies shifted such that the C 1s peak with the highest intensity is at 285 eV, a common 

practice especially when electrode additives such as conductive carbon are present and make it 

inappropriate to shift the binding energies using the C 1s peak with the lowest binding energy.21,47,60 The 

tentative binding environment assignments based on the approximate binding energies of the peaks for 

the unshifted and shifted data are shown in Table 2.1. Based on whether or not the spectra are shifted 

results in different binding energy assignments based on reported binding energies and could lead to 

different interpretations of the data. Additionally, neither instance is entirely satisfactory; for example, 

the unshifted data results in the highest binding energy C 1s peak being at ca. 291.2 eV, which is quite 

high based on many of the reported binding energies for the species expected in this sample such as 

Li2CO3 and Li alkyl carbonates.26,38,61–63 Typically, only the CO3 binding environment of poly VC or peaks 

associated with C–F bonds are reported at such a high binding energy, neither of which should be 

present in the sample shown, since the electrolyte lacks both VC and fluorinated salts or additives.52,62,63 

Shifting the binding energies using the C 1s peak is also unsatisfactory; for example, the lower binding 

energy Li 1s peak, which is at ca. 52.7 eV due to this shifting protocol is too low to be anything other 

than metallic lithium, the presence of which also seems unlikely for the sample based on the cycling 

conditions.64 In this case, using C 1s peaks for charge correction is not practical. For the SEI sample 

described in this example, and for many other preliminary SEI studies where the SEI composition may 

not be well understood, as in the case of a studying a new electrolyte formulation or additive, using C 1s 

peaks for charge correction is not ideal, and using photoelectron peaks from other SEI species for charge  
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Figure 2.6: Comparison of XPS HRES spectra for an SEI sample showing the differences between 

unaltered binding energies (top row) and binding energies shifted using the highest intensity C 1s peak 

(bottom row). 
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Table 2.1: Binding energies and tentative peak assignments for the fitted spectra in Figure 2.6 based on 

two different treatments of the data. The text colors correspond to the peak colors in Figure 2.6. 

Description Region Peak position (eV) 
Tentative assignment* 

Unshifted 

(no charge correction) 

C 1s 

286.3 C–O 

291.2 
CO3 

284.4 
C–C/C–H 

289.4 
O=C–O, 

oxalates/carboxylates 

288.2 
O=C–O, esters 

O 1s 
532.5 C–O, C=O, Li2CO3 

530.5 
LiOH, Li2O 

Li 1s 
56.0 

Li2CO3 

54.0 LiOH, Li2O 

Shifted 

(most intense C 1s peak 

set to 285 eV) 

C 1s 

285.0 
C–C/C–H 

289.9 CO3 

283.1 
C sp2 

288.1 
O=C–O 

286.9 C–O 

O 1s 
531.3 

C–O, C=O 

529.2 Li2O 

Li 1s 
54.7 

Li2O 

52.7 
Li0 

* Based on peak position and reported literature values referenced in the text. 
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correction may not be straightforward either. In these instances, it is useful to have an alternative 

approach for charge correction.   

In instances where instrumentation or time constraints prohibit the collection of good valence 

band spectra to aid in calibration,41 there are no inorganic SEI components to use for shifting, and the C 

1s spectrum does not make it obvious which peak corresponds to the aliphatic or adventitious carbon  

binding environment, it would be useful to have another method to aid in charge correction. One such 

method is the use of an internal reference. Some practices for applying an internal reference include 

gold sputtering in situ, applying powders to the sample surface, or implanting Ar using the Ar+ gun, but 

these methods could lead to the introduction of artifacts due to sample damage or attenuate the signal 

from the SEI.30,40,58 We have had success drop casting Ag/AgxOy particles, prepared by sonicating Ag leaf 

in DMC, onto SEI samples for use as an internal reference. Shown in Figure 2.7 are spectra from the 

sample SEI sample before and after the Ag internal reference was applied (see Figure A11 for the Ag 3d 

spectrum), demonstrating that it can be applied to the sample without considerable loss of signal 

intensity from the SEI components and with only minor artifacts introduced to the data, in this case a 

small amount of Cl− from the Ag leaf that could be eliminated by using higher quality starting materials. 

This method for applying an internal reference is attractive because it does not damage the sample like 

other application methods such as Au sputtering might and does not attenuate the sample signal as 

applying a powder to the surface would. The particles are also quite large (µm to mm scale), so size 

effects associated with nanoscale metal particles is not expected to be a concern.54,65 This method could 

be applied to other elements or compounds, including electronic insulators instead of metallic species to 

have an internal reference with similar properties to the SEI species and avoid issues associated with 

conductor-insulator interfaces.40,55 This method would also allow for the application of multiple internal 

references, so long as they could be suspended in DMC long enough to be drop cast onto the sample, 

which would allow for multiple points of reference for charge correction. 
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Figure 2.7: Comparison of XPS HRES spectra for an SEI sample before and after an internal reference was 

drop cast onto the surface, demonstrating that signal from the sample was not severely altered or 

attenuated. 

Analysis regions and representative data 

 The SEI on many anodes is a heterogeneous, layered structure, and XPS sputtering or 

synchrotron photoelectron spectroscopy (PES) is often used to characterize this depth-dependent 

compositional variation.4,30 Typically, XPS is not used to measure the lateral heterogeneity of the 

speciation and composition of SEI samples, and in general characterization of the distribution of 

elements or chemical species across the SEI surface is not especially common in the SEI literature.27,66–68 

The typical XPS analysis areas used to obtain good signal to noise ratios for HRES spectra are quite large 

(typically on the order of hundreds of square microns to several square millimeters).49,69 However, 

compared to the areas of most SEI/electrode samples, which are usually at least hundreds of square  
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millimeters, the XPS spot size is quite small, and ideally multiple regions of each sample would be 

characterized.29 We have found that by looking at multiple regions of an SEI sample formed on 

electrodeposited thin film electrodes, we can capture some of this compositional heterogeneity even 

with large XPS analysis areas (ca. 1.2 mm2 analysis area and ca. 126.7 mm2 sample area). This may be 

different for composite electrodes where the active material, conductive additive, and binder are very 

well mixed before electrode fabrication, but for thin film electrodes where there can be some variation 

between films and even between regions of the same film, it is useful to be able to characterize this 

heterogeneity to obtain a more realistic model of the SEI. This has been done by others using a 

quantitative approach, but unfortunately no details were provided about how the analysis regions were 

determined to be statistically similar, and no commentary on similarities or differences between analysis 

regions was provided.21,70 Below we describe the qualitative approach we have developed for evaluating 

SEI heterogeneity. 

While looking at multiple analysis regions of a SEI sample during XPS characterization can reveal 

information about the lateral heterogeneity of a SEI sample, it can be challenging to determine which 

data from different regions of a sample are representative of that sample and what types of differences 

constitute actual differences between regions. Figure 2.8 shows multiple analysis regions from two 

different SEI samples, one that did show some variation between analysis regions, suggesting lateral SEI 

heterogeneity, and one where analysis regions were similar, suggesting a laterally homogenous SEI 

sample. We determine representative sample regions based on differences in percent atomic 

composition and spectral features. For example, the different regions of Sample 1f in Figure 2.8b are 

relatively similar in terms of composition with the exception of some variation in the percent atomic 

composition of Li. However, looking at the HRES spectra for the three analysis regions of Sample 1f in 

Figure 2.8a reveals that Region 2 (shown in maroon) shows evidence of Li2O in the O 1s spectrum and Cl− 

in the Cl 2p spectrum, so Region 2 of Sample 1f varies somewhat in terms of the species present 
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compared to Regions 1 and 3, suggesting that the SEI is heterogeneous and requires looking at multiple 

spectra as representatives of the sample. In contrast, both the percent atomic compositions and 

spectral features of Sample 2f are similar in terms of the binding environments present, the relative 

peak intensities in the HRES spectra, and the percent atomic compositions, suggesting the SEI of this 

sample is relatively homogenous across the surface. In order to ensure that this lateral heterogeneity is 

not an artifact of the sample washing procedure or due to differences in current density across the 

electrode during cycling, we have looked at multiple regions on the center of the sample and on the 

edges (representative data shown in Figures A12 and Table A9), and we have found that this is generally 

not the case. 

 

Figure 2.8: Comparison of HRES spectra from multiple analysis regions for two different SEI samples, one 

heterogeneous (1f) and one homogenous (2f) (a) and comparison of the percent atomic compositions 

for the two samples based on peak fitting (b). 
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Sputtering 

Given the layered structure of the SEI for many anode materials, it is important to be able to 

characterize this depth-dependent heterogeneity, and XPS is suited to this due the capabilities to 

sputter away layers using an ion beam, most commonly Ar+. Ion sputtering is known to damage samples 

and introduce artifacts for a variety of samples, including the SEI.4,30,39,54 Edström and coworkers have 

found that Ar+ sputtering of the SEI formed on graphite from LiPF6-based carbonate electrolyte resulted 

in the decomposition of Li2CO3 into Li2O.39 Based on these findings, researchers have advocated for the 

use of synchrotron PES for obtaining depth-sensitive information without sample damage and have 

demonstrated that it is a useful characterization technique for achieving these ends.30,47,71 The use of 

synchrotron PES for non-destructive SEI depth characterization is an attractive technique, but it does 

come with some drawbacks. First, it is not readily accessible to all researchers, whereas most XPS 

instruments are equipped with ion-sputtering capabilities. Second, when synchrotron PES sources are 

available, timing can be problematic, as we have demonstrated that the time between SEI formation 

and characterization is an important variable. 

Despite the disadvantages associated with ion beam sputtering, it is still a valuable and widely 

accessible tool for gaining information about changes with depth in SEI samples. We have found that 

when sputtering is done carefully and for short periods of time, it can reveal useful information with 

minimal sample damage even when using a higher energy Ar+ beam. Additionally, the use of controls 

can help with anticipating sample damage and artifact introduction, so that changes in the SEI sample 

seen as a result of sputtering can be assigned to either sample damage or actual changes in the sample 

with more confidence. We have observed possible sample damage induced by sputtering when doing 

Ar+ depth profiling of SEI samples formed on Cu2Sb thin films in LiClO4-based carbonate electrolyte in the 

form of ClO4
− decomposition. Indeed, when a LiClO4 control sample was sputtered for just 12 s with a 2 
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kV 3 x 3 mm Ar+ beam, there was evidence of ClO4
− degradation and the formation of ClO3

− and Cl−, as 

shown in Figure 2.9. 

When sputtering SEI samples containing ClO4
−, such as the one shown in Figure 2.10, there is no 

evidence of ClO4
− degradation over shorter periods of sputtering (up to 30 s total using a 2 kV 3 x 3 mm 

Ar+ beam). However, after longer sputtering times (60 to 120 s total sputtering), there is some evidence 

of ClO4
− degradation based on the appearance of Cl 2p peaks around 198 eV and 200 eV indicative of a 

Cl− binding environment and some broadening on the low binding energy side of the ClO4
− Cl 2p3/2 peak 

at ca. 207 eV that could be due to a ClO3
− binding environment.72–74 The appearance of the Cl− and ClO3

− 

environments were seen after sputtering the LiClO4 control, suggesting that the LiClO4 present in the SEI 

is also decomposing into these species as a result of Ar+ beam exposure. However, Cl− has been detected 

in the SEI formed in perchlorate-based electrolytes for samples that have not been sputtered, 

suggesting that some of the Cl− detected could actually be present in the SEI and not just an artifact of 

sputtering.21,47,59 In particular, this may be the case when the SEI sample was sputtered for a total of 180 

s. As seen in Figure 2.10, only one Cl 2p binding environment, corresponding to Cl−, was detected after 

180 s of total sputtering. Some of this Cl− could be coming from decomposed ClO4
−, but since there was 

no ClO3
− detected, which also seems to be an indicator for ClO4

− degradation, the layer of the SEI 

revealed after 180 s of total sputter time seems to contain Cl− rather than ClO4
−. This also seems to be 

supported by notable changes in the features of the C 1s, O 1s/Sb 3d, and Li 1s HRES spectra after 180 s 

of sputtering compared to samples sputtered for 120 s or less, which suggests the species present in the 

inner part of the SEI are quite different than those in the outer layer. Therefore, it seems reasonable 

that Cl− could actually be more than just an artifact for this deeper layer of the SEI. 

The use of ion sputtering for XPS depth profiling studies can be extremely useful when 

performed carefully, but it does seem to be highly dependent on which types of species are present in 

the SEI and the sample preparation conditions. For example, we have seen that it takes up to 60 s of  
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Figure 2.9: Comparison of Cl 2p HRES spectra from a LiClO4 powder control sample before and after 12 s 

of sputtering with a 2 kV 3 x 3 mm Ar+ beam. 

sputtering to see ClO4
− degradation in SEI samples that were not exposed to air while ClO4

− degradation 

was seen after only 12 s of sputtering LiClO4 that was exposed to ambient conditions prior to XPS  

characterization, suggesting that air or moisture exposure could exacerbate beam-induced sample 

damage. Additionally, SEI species present in a hexafluorophosphate-based SEI may behave quite 

differently than those in a perchlorate-based SEI when exposed to an ion beam; for example, we have 

not observed the formation of Li2O as a result of sputtering a LiClO4-based SEI, whereas there have been 

reports of Li2O artifacts as a result of sputtering a LiPF6-based SEI. This makes a “one size fits all” 

approach to SEI depth profiling difficult, similar to other aspects of XPS analysis of the SEI.55 However, it 

does not make sputtering less useful, it just requires careful consideration and experimental planning. 
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Figure 2.10: Comparison of XPS C 1s, O 1s/Sb 3d, Cl 2p, and Li 1s HRES spectra for a SEI sample sputtered 

for different total amounts of time with an Ar+ beam.  

2.4) Conclusions 

We have found that there are many important factors to consider during the sample 

preparation and XPS characterization of the SEI layer. There are several considerations during sample 

preparation, such as preparation and evaluation of replicate samples, sample rest time, and sample 

contamination, and XPS characterization, such as representative samples, that either do not get 

discussed in SEI literature or are mentioned only briefly with little detail in experimental sections. In this 

paper we have discussed our findings concerning these aspects of SEI sample preparation and 

characterization that suggest they are important considerations for SEI studies. We have also discussed 
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our findings for other aspects of SEI sample preparation and XPS characterization that are discussed 

more often in the literature, such as sample washing, air exposure, charge correction, and sputtering, 

with references to other useful sources on these topics. While the SEI is a very complex system that 

requires many considerations for preparation and characterization and there is no “one size fits all” 

approach to characterizing the SEI, we hope that this paper and the references herein can serve as a 

resource in helping researchers determine the best approach for studying their system of interest as 

well as generate more discussion in the SEI community about the intricacies of SEI study and the level of 

detail required when reporting results. 
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CHAPTER 3: EXPLORING THE ROLE OF VINYLENE CARBONATE IN THE PASSIVATION AND CAPACITY 

RETENTION OF Cu2Sb THIN FILM ANODES 

 

 

 

Chapter Summary  

Electrolyte additives such as vinylene carbonate (VC) have been demonstrated to improve the 

capacity retention for many types of Li-ion battery electrodes, including intermetallic alloying anodes, 

but it is still unclear why VC extends the cycle lifetime of copper antimonide (Cu2Sb) anodes so 

dramatically. Here we have studied how VC affects the solid electrolyte interface (SEI) formed on Cu2Sb 

thin film anodes in fluorine-free electrolyte solutions in order to better understand which non-

fluorinated species may play an important role in effective Cu2Sb passivation. Using differential capacity 

analysis and X-ray photoelectron spectroscopy (XPS), we have found that VC effectively passivates Cu2Sb 

and prevents Cu/Cu2Sb oxidation at high potentials. Carbonate species from the reduction of VC seem to 

play an important role in passivation, while inorganic species like LiClO4 from the F-free supporting 

electrolyte do not seem to be beneficial. 

3.1) Introduction 

Many research efforts in the energy storage field have been focused on increasing the energy 

density of the anode materials used in secondary battery technologies such as lithium-ion batteries.1,2 

Lithium alloying materials like silicon, tin, antimony, and intermetallics have garnered interest as 

alternative anode materials to replace graphite, a lithium intercalation anode, due to their large 

theoretical gravimetric and volumetric capacities.2,3 However, these materials suffer from problems such 
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as large irreversible capacities and short cycle lifetimes.3 One contributing factor is the large volume 

change associated with lithiation and delithiation of these materials, which leads to cracking, 

pulverization, and loss of electrical contact of the anode.3 Interfacial problems associated with the solid 

electrolyte interface (SEI) also contribute to the issues associated with these anode materials.3,4 

The SEI plays an important role in battery performance, affecting the anode irreversible 

capacity, cycle lifetime, self-discharge, rate capability, and safety, making it a crucial component in 

lithium-ion batteries.5,6 It forms on Li-ion battery anodes due to the instability of the liquid electrolyte 

over the potential window where rechargeable batteries operate.6–8 The heterogeneous, amorphous 

film, composed of the decomposition products of organic carbonate solvents and the lithium supporting 

electrolyte, is difficult to characterize due to its heterogeneity, reactivity to air and moisture, and 

sensitivity to many variables.6 Variables that can influence the SEI formation, composition, and 

properties include cycling conditions,9,10 electrolyte composition,11–15 and the anode composition and 

fabrication.16–22  

Much of the battery community’s understanding of the SEI comes from studies of the SEI on 

graphite anodes.6 However, it is crucial to study the SEI on next generation alloying and conversion 

anode materials because while the SEI formed on graphite is relatively stable, the large volume changes 

associated with cycling alloying anodes means that the SEI is forming throughout the cycling process as 

new electrode surfaces are exposed due to cracking.3,23 As such, the requirements of the SEIs formed on 

these anode materials are different than those of graphite.5,23 In addition to passivating the electrode 

surface and allowing for good Li+ conduction, a stable SEI on high capacity anodes would also be robust 

enough to accommodate large volume changes.5,16 Studies of the SEI formed on Si have contributed to 

the understanding of SEI formation on alloying anodes, but there is still much to be learned about the 

SEI on metallic and intermetallic alloying electrode materials.10,14,15,17,24–26  
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Intermetallic electrodes, such as SnSb, AlSb, and Cu2Sb, are particularly attractive materials for 

SEI studies not only because of the dearth of knowledge of intermetallic SEI formation and composition 

but also because these materials have interesting chemistries that could enrich fundamental knowledge 

of the SEI. The variety of metallic elements, both active and inactive towards lithium alloying, that make 

up intermetallic anode materials result in varying surface reactivities and different lithiation/delithiation 

reactions and potentials.4,27–30 Additionally, intermetallic electrodes can be prepared without additives 

or binders via electrodeposition and physical vapor deposition methods.31–34 This makes these anodes 

ideal candidates for fundamental SEI studies because binders and conductive additives can affect SEI 

formation, complicating studies of SEI formation and composition.19–21,35,36 Another advantage of 

electrodeposition in particular as a fabrication method for intermetallic anodes is that it enables both 2D 

and 3D anode morphologies, which is a useful synthetic control to have for interfacial studies where 

increased surface area may be desired.31,37,38  

One route to stabilizing the SEI is to use small amounts of electrolyte additives such as 

fluoroethylene carbonate (FEC) and vinylene carbonate (VC).39 Surprisingly, even though these additives 

were initially found to improve the SEI on graphite anodes, they also result in dramatically improved 

cycle lifetimes for alloying anodes.15,38–40 There are many hypotheses about why these additives work so 

well for all types of anode materials. The prevailing hypothesis is that they behave as a sacrificial 

component that is reduced before the other electrolyte components to help passivate the electrode 

surface and prevent excessive SEI formation,39,40 although computational work suggests that additives 

like VC may help by altering the reduction pathways of the carbonate solvents.41 Studies on Si anodes 

suggest that FEC and VC also improve the cycling performance of alloying anodes by forming cross 

linking moieties in the SEI to improve the mechanical stability.24–26 Other work has suggested that these 

additives favor the formation of components like LiF, Li2CO3, and/or polycarbonates to help passivate 

the electrode surface more effectively.15,42–44 
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Previous work from our group has revealed that FEC and VC effectively stabilize the interface of 

Cu2Sb nanowire electrodes cycled in LiPF6-based carbonate electrolyte, although it still not entirely clear 

why these additives extend the cycle lifetime of Cu2Sb so dramatically, especially VC, which resulted in 

the longest lifetime.38 In the current work, the SEI formed on Cu2Sb over different potential regions in 

electrolyte with and without VC was characterized using differential capacity analysis and X-ray 

photoelectron spectroscopy (XPS) to better understand what types of species or functional groups in the 

SEI formed with VC may be beneficial for Cu2Sb electrodes. In this study, the SEIs formed on Cu2Sb thin 

film anodes in LiClO4-based carbonate electrolyte solutions were examined to eliminate some variables 

associated with the use of LiPF6-based electrolytes that could complicate the study.  LiPF6-based 

electrolytes often contain small amounts of very reactive HF, which can react with electrolyte and SEI 

components and affect the SEI composition, convoluting the results.45 Additionally, while inorganic 

species such as LiF are thought to passivate the electrode surface, eliminating fluorinated components 

from the electrolyte may help reveal what other types of organic and inorganic species are beneficial for 

effectively passivating the surface of intermetallic electrodes.14,15,46 

3.2) Experimental 

Materials 

Citric acid monohydrate (Fisher Scientific, certified ACS), antimony (III) oxide nanopowder 

(Sb2O3, <250 nm, Aldrich ≥99.99%), and copper (II) nitrate hemipentahydrate (Cu(NO3)2∙2.5H2O, Aldrich 

≥99.99%+) were used as received. Saturated potassium hydroxide was prepared from pellets (KOH, 

Fisher Scientific, Certified ACS). Phosphoric acid (H3PO4, 85% EMD Chemicals, ACS grade) was used to 

make a 2:1 (vol) H3PO4:H2O solution. Ultrapure water (18 MΩ, Millipore) was used for all experiments. 

Dimethyl carbonate (DMC, anhydrous, ≥99%), diethyl carbonate (DEC, anhydrous, ≥99%), vinylene 

carbonate (VC, 99% with 80 ppm butylated hydroxytoluene added as stabilizer), and lithium perchlorate 

(LiClO4, battery grade, 99.999%) were purchased from Aldrich and kept in an Ar-filled glovebox without 
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further purification. Ethylene carbonate (EC, anhydrous, Aldrich 99%) was recrystallized from ethanol, 

dried, and stored in an Ar-filled glovebox. Lithium metal was stored in an Ar-filled glovebox and cleaned 

prior to use by manually scraping away any surface oxide layer present to reveal the metallic Li 

underneath. Glass fiber separators (Whatman GF/A) were dried in an oven prior to being pumped into 

an Ar-filled glovebox for storage and use. 

Anode preparation 

Copper antimonide (Cu2Sb) was electrodeposited at room temperature following a previously 

established procedure.32 Briefly, Cu2Sb was electrodeposited onto copper substrates (110 Cu foil, 0.002” 

thick, McMaster-Carr) from a solution containing 400 mM citric acid monohydrate, 25 mM Sb2O3 

nanopowder, and 40 mM Cu(NO3)2∙2.5H2O and adjusted to pH 6 with saturated KOH. The Cu2Sb films 

were electrodeposited at −1.05 V vs. a saturated calomel electrode (SCE) onto copper substrates for 10 

minutes at room temperature using a Gamry Reference 3000 potentiostat. The ca. 1” x 1.5” copper foil 

substrates were cleaned prior to electrodeposition by sonicating in isopropanol for 3 minutes to remove 

organic residue, followed by electropolishing in a H3PO4 solution for 30 seconds to remove copper oxide; 

the substrates were then covered on one side with Kapton tape. After electrodeposition, the Cu2Sb films 

were rinsed thoroughly with water, followed by isopropanol, and then dried before transferring to an 

Ar-filled glovebox to minimize native oxide growth. The Cu2Sb mass loading for the 10-minute 

electrodepositions was ca. 1.0 mg/cm2, determined by mass difference. The X-ray diffraction (XRD) 

pattern from a representative Cu2Sb film can be found in Appendix B, Figure 1B. 

Electrochemical half-cell preparation and cycling 

Swagelok half-cells were assembled in an Ar-filled glovebox (O2 < 1.0 ppm, H2O < 0.5 ppm). 

Circular punches (1.27 cm diameter) of the electrodeposited Cu2Sb films were sealed in the Swagelok 

cell body. Two polypropylene separators (Celgard, 25 µm) and a glass fiber separator, soaked in either 

200 μL of 1 M LiClO4 in EC/DMC/DEC (1:1:1 vol) electrolyte or 200 μL of 1 M LiClO4 in EC/DMC/DEC (1:1:1 
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vol) with 5% (vol) VC added, were placed between the Cu2Sb working electrode and lithium metal 

counter/pseudo reference electrode.  All potentials in this work are referenced to the Li/Li+ couple 

unless noted otherwise. 

All half cells were cycled using an Arbin BT-2143 battery tester with an 18-hour rest step before 

cycling. Half-cells for the cycle lifetime studies were cycled galvanostatically between 0.05 V and 3.0 V at 

a C/20 rate (ca. 15 μA/cm2). For the SEI preparation, the Cu2Sb half-cells were galvanostatically reduced 

from the open circuit potential (ca. 2.3 V) at a C/20 rate (ca. 15 μA/cm2) until a particular voltage limit 

was reached. Then the current polarity was switched so that the Cu2Sb was oxidized to a higher, 

predetermined potential. At that point, the cells were cycled galvanostatically over that potential range 

for a total of 20 cycles. Three different potential regions were chosen to study SEI formation at different 

stages of half-cell cycling: the high potential region (HPR) between 1.8 V and 3.0 V, the middle potential 

region (MPR) between 0.9 V and 1.8 V, and the low potential region (LPR) between 0.05 V and 0.9 V. For 

a given potential region, half-cells were made using the LiClO4-based electrolytes with and without VC 

using Cu2Sb punches from the same film to minimize variability due to differences between films. After 

galvanostatic cycling was complete, the half cells had a 24 hour rest step and were then dismantled in 

an Ar-filled glovebox within 1 to 2 days of cycling completion. All electrodes were washed with ca. 1 mL 

of DMC so that only the components incorporated into the SEI layer adhered to the electrode surface 

remained for characterization.  

Characterization 

X-ray photoelectron spectroscopy (XPS) measurements were performed in order to analyze the 

chemical bonding and composition of the SEI samples using a Physical Electronics (PHI) 5800 series 

Multi-Technique ESCA system with a monochromatic Al Kα (hν = 1486.6 eV) source operating at 350.0 

W. Samples were transferred under vacuum directly from the Ar-filled glovebox to the XPS sample 

introduction chamber using a custom-built sample holder so that the SEI samples were never exposed to 
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air prior to XPS characterization.47 Samples were pumped down for 30 minutes prior to characterization. 

An electron flood gun operating with a 5 µA emission current, 1.5 V bias voltage, and 40.0 V extractor 

voltage was used for charge neutralization on all SEI samples. High resolution (HRES) spectra for the 

regions of interest (C 1s, Cl 2p, O 1s/Sb 3d, Li 1s, and Cu 2p) were collected sequentially with a pass 

energy of 23.5 eV in intervals of 0.100 eV/step. The instrument base pressure was 5 x 10−8 Torr or lower 

during data acquisition. Spectra were collected from at least 3 areas on each sample (area 126.7 mm2) 

using a 0.6 mm by 2 mm spot size (area 1.2 mm2) to ensure that any lateral heterogeneity in the SEI was 

accounted for. Short HRES scans were collected prior to the longer acquisitions so that any sample 

damage could be identified, although even the longer HRES scans were relatively short (20–30 minutes) 

to avoid prolonged beam exposure and sample damage.48 In these studies, we were interested in 

studying relative changes in binding energies and speciation between samples rather than obtaining 

absolute binding energies; therefore, all HRES spectra were shifted so that either the Cl 2p3/2 peak for 

ClO4
− was located at 208.6 eV or the Cl 2p3/2 peak for Cl− was at 198.6 eV (if no ClO4

− was detected) 

based on research suggesting that it is preferable to use SEI species for calibrating binding energies.49 

CasaXPS software (Version 2.3.16) was used for peak fitting and quantification of the HRES spectra. A 

nonlinear Shirley background and 30% Lorentzian/70% Gaussian line shape were used for peak fitting,50 

and PHI relative sensitivity factors corrected for angular distribution were used for quantification based 

on the peak fitting. More details about the peak fitting rationale and constraints used can be found in 

Appendix B. 

3.3) Results and Discussion 

Previous studies of the effects of additives on the cycling performance of Cu2Sb in LiPF6-based 

electrolyte have demonstrated that VC dramatically improves the cycle lifetime of Cu2Sb nanowires,38 

and we have observed that it also improves the cycle lifetime of Cu2Sb cycled in LiClO4-based electrolyte. 

Binder- and additive-free Cu2Sb films ca. 1 µm thick cycle for about 15 cycles at a C/20 rate in 1 M LiClO4 
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in EC/DEC/DMC (1:1:1 vol) electrolyte before dropping to 80% of the initial capacity. However, despite 

the poor performance of Cu2Sb films in LiClO4-based electrolyte, the addition of 5% VC improves the 

cycle lifetime considerably. As shown in Figure 3.1, a ca. 1 µm thick Cu2Sb film cycled over an extreme 

potential range (0.05 V to 3.0 V) at a C/20 rate shows no capacity fade after 20 cycles when VC is used as 

an additive; in fact, it cycles for about 70 cycles before exhibiting gradual capacity fade (see Figure B2 in 

the Appendix B). The Cu2Sb film cycled with VC actually shows a slight increase in capacity after 10 cycles 

that is associated with electrochemical roughening or pulverization of the binder- and additive-free film 

that allows more of the active material to be accessed due to increased surface area.51,52 The good 

capacity retention of the film cycled with VC despite electrode roughening or pulverization suggests that 

the SEI formed with VC has desirable mechanical properties that enable it to accommodate the large 

volume changes of the Cu2Sb during cycling and keep the electrode material in good contact with the 

current collector as it is pulverized rather than delaminating from the substrate.  

More insight into the failure of Cu2Sb cycled in LiClO4-based electrolyte and the increased 

capacity retention associated with VC can be gained from the differential capacity plots shown in Figure 

3.2. The intense features of the differential capacity plots corresponding to Cu2Sb lithiation and 

delithiation are similar for the Cu2Sb cycled with and without VC and are in agreement with the 

previously reported lithium alloying and dealloying reactions of Cu2Sb.53,54 Looking at the much lower 

intensity peaks between 2.75 V and 1.0 V corresponding to electrolyte reduction and SEI formation 

processes in Figure B3 also reveals similarities between the samples cycled with and without VC. 

However, comparison of the differential capacity plots for the first 20 cycles of the Cu2Sb half cells 

cycled with and without VC suggests that the failure of the film cycled without VC may be due in part to 

loss of electrical contact of the active material due to volume changes during lithiation/delithiation  
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Figure 3.1: Coulombic efficiency and capacity data for 1 µm-thick Cu2Sb films cycled at a C/20 rate 

between 0.05 V and 3.0 V vs. Li/Li+ in LiClO4-based electrolyte with and without 5% VC added for the first 

40 cycles. 
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because the peaks for Cu2Sb cycled without VC decrease in intensity with cycle number, unlike those for 

the Cu2Sb cycled with VC, suggesting that for the film cycled without VC less active material is being 

lithiated and delithiated with continued cycling.55 Again, this suggests that VC may help improve the 

physical properties of the SEI formed on Cu2Sb, perhaps forming a more robust SEI that is better able to 

withstand the large volume changes during cycling and prevent cracking and delamination of the film 

that result in loss of electrical contact. Additionally, there seems to be a difference in the degree of 

passivation of the Cu2Sb electrodes cycled with and without VC. The first cycle lithiation peaks shown in 

black in Figure 3.2 for Cu2Sb cycled with VC are at slightly more negative overpotentials than those for 

the Cu2Sb cycled without VC, especially for the phase transition at ca. 0.7 V, as demonstrated by the 

dotted grey lines on the right side of Figure 3.2. This suggests that even on the first cycle, the SEI formed 

on Cu2Sb with VC is thick enough or passivating enough to slightly impede Li+ transport compared to the 

SEI formed without VC.55  Another striking difference between the differential capacity plots for the 

Cu2Sb samples cycled with and without VC are the reduction and oxidation features at potentials above 

2.5 V that are seen only for the Cu2Sb cycled without VC. The differences in the electrochemistry for 

Cu2Sb cycled without VC suggest some sort of compositional difference between the SEIs formed with 

and without VC that affect the electrochemistry of the electrode material and will be discussed in 

further detail below. 

In order to learn about the compositional differences in the SEI formed from LiClO4-based 

electrolyte with and without VC, Cu2Sb was electrochemically cycled over three different potential 

regions to target different stages of SEI formation and growth. The three different regions were chosen 

based on the characteristics of the voltage profile for Cu2Sb, shown in Figure 3.3. The high potential 

region (HPR), cycled between 1.8 V and 3.0 V, was chosen because it is well above the lithiation 

potential for Cu2Sb and there is expected to be little to no SEI formation in this region, so any SEI formed 

by cycling over this potential region may provide insights into the types of species present during the  
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Figure 3.2: (Left) Full differential capacity plots for the first 20 cycles of 1 µm-thick Cu2Sb films cycled at 

a C/20 rate between 0.05 V and 3.0 V vs. Li/Li+ in LiClO4-based electrolyte with (bottom) and without 

(top) 5% VC added. (Right) Zoomed in differential capacity plots showing the Cu2Sb lithiation/delithiation 

features from the left plots in more detail. 
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initial stages of SEI formation. The middle potential region (MPR), cycled between 0.9 V and 1.8 V, is still 

higher than the Cu2Sb lithiation potential, but based on the voltage profile, some capacity is going 

towards SEI formation and lithiation of surface oxides. The reported reduction potential for EC, DMC, 

and DEC on metallic electrodes is ca. 1.3 V, while VC reduction has been observed around 1.4 V,56,57 and 

the reduction of surface oxides on Sb-based electrodes has been reported around 1.6 V.58,59 Studying the 

SEI formed from cycling over the MPR is expected to provide insights into the electrolyte reactions that 

occur and the SEI species that are formed at higher reduction potentials. Finally, the low potential 

region (LPR), cycled between 0.9 V and 0.05 V, encompasses Cu2Sb lithiation and is expected to provide 

insights into the electrolyte degradation and the types of SEI species that are formed at lower reduction 

potentials. 

X-ray photoelectron spectroscopy (XPS) was used to determine the composition and speciation 

of the SEIs formed over different potential regions with and without VC as an additive. Due to the 

heterogeneous nature of the SEI, high resolution (HRES) XPS spectra from at least 3 different regions 

(1.2 mm2 analysis area) were collected for each sample (total area 126.7 mm2) to ensure that an 

accurate representation of the SEI was obtained. Representative regions for each type of SEI sample 

were chosen based on a combination of the spectral features and the percent atomic compositions 

determined from HRES peak fitting and quantification. The analysis regions for most of the SEI samples 

showed some differences in spectral features and quantification results, suggesting some lateral 

heterogeneity of the SEI, and two representative regions are reported for each sample to either reflect 

the sample heterogeneity or demonstrate the consistency between sample regions. In this set of 

experiments, most of the SEI samples were quite heterogeneous with the exception of the MPR VC SEI 

sample, which was relatively consistent in terms of spectral features and the percent atomic 

composition of the sample surface.  
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Figure 3.3: First cycle discharge (lithiation) of Cu2Sb cycled with an applied current of 15 µA/cm2. The 

features of the voltage profile were used to determine the potential limits for the three different regions 

of SEI formation chosen for this study: the high potential region (HPR), middle potential region (MPR), 

and low potential region (LPR). 

 

The quantification results from the HRES peak fitting of the different SEI samples are shown in 

Figure 3.4 (See Tables B1–B3 for tabulated quantification results and Figures B4–B9 for all fitted 

spectra). Both the HPR and HPR VC SEIs are composed primarily of C (ca. 50–60%) and O (ca. 27–34%), 

with only small differences in composition for the samples with and without VC, which suggests that 

there is SEI formation at higher potentials even though it is not readily apparent from looking at the 

voltage profile in Figure 3.3. Additionally, a small amount of Sb (ca. 0.3–0.8%) and a slightly higher 

amount of Cu (ca. 1–4%) were detected in these samples. In Region 1 for both the HPR and HPR VC 

samples a small amount of Li (ca. 13–15%) was detected, while for Region 2 of both samples no Li was 

detected. Finally, the HPR SEI formed without VC tended to be more Cl rich (ca. 6%) than the HPR VC SEI  
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Figure 3.4: Percent atomic compositions for the representative regions (R1 and R2) of the SEI samples 

formed over different potential regions (HPR, MPR, and LPR) with and without VC, determined from XPS 

HRES peak fitting. 

 

(ca. 2–4%). Looking at the features of the HRES spectra show more differences between the HPR SEIs 

formed with and without VC. 

The Cl 2p HRES spectra are shown in Figure 3.5 (without fitted data for simplicity). As can be 

seen for the Cl 2p spectra of the HPR and HPR VC samples on the left of Figure 3.5, the Cl 2p3/2 and 2p1/2 

peaks are around 208.6 eV and 209.7 eV, respectively, which is indicative of a perchlorate binding 

environment.60 The ClO4
− detected at the SEI surface for both samples cycled over the HPR is from the 

LiClO4 supporting electrolyte; since the samples were rinsed with DMC prior to XPS characterization to 

remove residual salt species, this suggests that the ClO4
- is being incorporated into the SEI.  

Interpretation of the O 1s/Sb 3d HRES spectra shown in Figure 3.6 (also presented without fitted 

data for clarity) is more complicated than that of the Cl 2p spectra. The reported O 1s binding energies  
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Figure 3.5: Cl 2p HRES spectra from the representative regions (Region 1 and Region 2) of the SEI 

samples formed over different potential regions (HPR, MPR, and LPR) with and without VC. 

 

for proposed SEI species such as lithium alkyl carbonates and lithium carbonate (Li2CO3) range from 

531.7 eV to 533.8 eV,10,17,30,61–63 and the distinguishing O 1s peak for poly VC is located around 534.5 eV 

to 534.7 eV.64,65 The reported O 1s binding energies for perchlorates range from 533.0 eV to 533.6 

eV.21,60,66 This makes it difficult to distinguish different binding environments for the SEI samples even 

when curve fitting is used to deconvolute the O 1s peaks. Additionally, the binding energies of Sb 3d5/2 

peaks range from ca. 528 eV for Sb0 to 531 eV for Sb oxides, further convoluting the O 1s spectra if Sb is 

present.21,58,67 However, the overlapping binding energy ranges of the O 1s and Sb 3d spectra also 

provide a useful way to obtain rough SEI thickness estimates. The O 1s/Sb 3d HRES spectra for pristine 

Cu2Sb (see Figure B10) shows intense Sb 3d5/2 and 3d3/2 peaks around 531.0 eV and 540.6 eV, 

respectively, for antimony oxide species from the surface oxide layer and less intense 3d5/2 and 3d3/2  
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Figure 3.6: O 1s/Sb 3d HRES spectra from the representative regions (Region 1 and Region 2) of the SEI 

samples formed over different potential regions (HPR, MPR, and LPR) with and without VC. 

 

peaks around 528.3 eV and 537.6 eV, respectively, corresponding to metallic antimony from the Cu2Sb 

beneath the surface oxide layer. Both the HPR and HPR VC SEI samples are quite thin (<10 nm based on 

the information depth of XPS), as there are peaks corresponding to Sb oxide species from the surface 

oxide layer of the underlying Cu2Sb film for both types of samples.68 The HPR VC SEI may be thinner in 

some regions because metallic Sb peaks are also seen for Region 1 of the HPR VC SEI sample, suggesting 

that the HPR VC SEI is thin enough in some regions that the metallic Sb from Cu2Sb can be detected in 

addition to the Sb oxide species from the Cu2Sb surface oxide layer.  

The presence of Cu in the HPR sample set may hold one of the keys to understanding the 

differences between the SEIs formed with and without VC. Given the small amount of Sb detected 

(<1%), the comparatively large amount of Cu (ca. 1–4%) detected for the HPR and HPR VC samples is 
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curious, as one would expect the Cu amount to be roughly twice that of Sb detected if it were due to 

signal from the underlying Cu2Sb film rather 3–5 times the amount as is the case here. Based on the data 

discussed below, it seems that the considerable amount of Cu detected is due to Cu diffusion as a result 

of Cu/Cu2Sb oxidation. Even though the HPR sample set was not discharged to low enough potentials to 

lithiate the Sb and extrude Cu out of Cu2Sb (refer to Figure 3.3), it was charged to high enough potentials 

to result in Cu/Cu2Sb oxidation (in aqueous solutions, Cu2Sb oxidation was observed around −0.3 V to 

0.0 V vs. a saturated sodium calomel electrode (SSCE) reference depending on solution conditions, 

which corresponds to ca. 2.5 V to 2.8 V vs. Li/Li+ ).32 This could result in more Cu present at the surface 

as it is oxidized and reduced when cycling over the HPR. This is more pronounced in the HPR sample 

without VC, for which about 3–4% Cu was detected for all regions of the sample; differential capacity 

analysis for the HPR SEI sample Figure 3.7 (top) shows the onset of an oxidation peak around 2.8 V and a 

reduction peak around 2.6 V that is not seen for the first discharge; these peaks are most likely due to 

the oxidation and reduction of Cu, respectively. There is also visual evidence to support this hypothesis; 

when disassembling half cells cycled up to 3.0 V in LiClO4-based electrolyte without VC, the separators 

are often discolored as shown in Figure B11 due to the presence of Cu as confirmed by energy dispersive 

X-ray spectroscopy (EDS) in Figure B12. Differential capacity analysis for the HPR VC SEI sample (Figure 

3.7, bottom) did not show these features; this could be because there was less Cu oxidation and 

reduction for this sample, as not all analysis regions of the HPR VC SEI were Cu rich (ca. 1% Cu was 

detected for Region 1 and ca. 4% for Region 2). Additionally, the separators from half cells cycled with 

VC do not show signs of discoloration due to Cu diffusion. These results suggest that the SEI formed in 

the presence of VC is better at protecting and passivating the Cu2Sb surface as it seems to decrease the 

amount of Cu/Cu2Sb oxidation and subsequent Cu diffusion when cycling to high potentials compared to 

the SEI formed without VC. Based on the XPS results for the HPR samples with and without VC, both SEIs 

are quite thin and nonuniform, which suggests that the differences in passivating ability are due to  
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Figure 3.7: Comparison of the differential capacity analysis plots for the samples cycled without VC and 

with VC for the HPR SEI sample set. 

 

differences in SEI speciation rather than thickness or coverage. The features corresponding to Cu/Cu2Sb 

oxidation were also seen in the differential capacity plots of Cu2Sb cycled over the full 0.05–3 V potential 

range when no VC was present (Figure 3.2, top left plot), which suggests that even when the electrode is 

polarized to lower potentials, the SEI that forms does not passivate the surface well enough to prevent 

Cu/Cu2Sb oxidation, unlike the SEI formed in the presence of VC, which does not show any signs of 

Cu/Cu2Sb oxidation (Figure 3.2, bottom left plot); however, unlike for the HPR SEI case, it is unclear at 

this point whether differences in passivating ability for the SEIs formed over the full voltage range are 

due to chemical or physical differences.  

The C 1s HRES spectra may be able to provide some insights into why the SEI formed with VC 

may be better at protecting the Cu2Sb surface than the SEI formed without VC since much of the SEI 
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surfaces for both types of samples are composed of carbon. The C 1s spectra are shown in Figure 3.8 

with the fitted data included to help illustrate differences between the spectral features for the various 

SEI samples. The most intense peaks in the C 1s spectra for the HPR samples with and without VC 

correspond to an aliphatic carbon binding environment around 285.0 eV (red peak), which could be due 

to some adventitious carbon in addition to organic SEI components.30,61,62,65 Both the HPR and HPR VC 

samples also have a peak corresponding to a C–O binding environment around 286.5 eV (blue peak), 

which could be due to the presence of SEI species such as alkoxides, alkyl carbonates or carboxylates, or 

PEO oligomers, and a peak around 289.0 eV corresponding to an O=C–O binding environment (gold 

peak) that could be due to oxalates, alkyl carboxylates, or ester-containing species.10,17,30,61–63,65 Based on 

a previous study of the SEI formed on Cu2Sb thin film anodes in LiPF6-based electrolyte, these three C 1s 

binding environments may be due primarily to carboxylate and ester species, in addition to small 

amounts of alkoxides.33 The most notable difference between the HPR and HPR VC SEIs is the presence 

of a small carbonate peak around 290.5 eV (teal peak) in Region 1 of the HPR VC SEI, which is the region 

where the Cu2Sb seems to be better passivated based on the lower amount of Cu detected. The 

carbonate peak could be due to the presence of either lithium alkyl carbonates, Li2CO3 or poly VC, but it 

seems that the presence of carbonates could be beneficial for passivation of the Cu2Sb surface during 

the initial stages of cycling.62,65 It seems most likely that the C 1s carbonate binding environment seen in 

the HPR VC sample is due to a species like poly VC or some other VC reduction product rather than Li 

alkyl carbonate species or Li2CO3 since those species could also be formed from the electrolyte without 

VC.43,44,65,69  Because it is difficult to draw any conclusions about the carbonate species based on the XPS 

results alone, this warrants further exploration in future work using complementary characterization 

techniques such as FTIR.14,33,44  

Both the HPR and HPR VC SEIs were quite heterogeneous, but for the MPR samples, the MPR SEI 

without VC was heterogeneous while the MPR VC SEI was more homogenous in terms of composition  
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Figure 3.8: Fitted C 1s HRES spectra from the representative regions (R1 and R2) of the SEI samples 

formed over different potential regions (HPR, MPR, and LPR) with and without VC). 

 

and HRES spectral features. As seen in Figure 3.4 the compositions of the MPR sample set (with and 

without VC) are quite similar, with C (48–57%) and O (26–28%) making up most of the SEI surface. The 

MPR VC SEI surface is quite Li rich at 19–22%, while the MPR SEI sample has Li-rich regions (20%) as well 

as regions with less Li (12%). The MPR VC SEI surface is made up of ca. 2–3% Cl from ClO4
−, while the 

MPR SEI surface has about twice the amount of Cl at 5%, with a mixture of ClO4
− and Cl− seen for MPR 

Region 2 as shown in Figure 3.5 (middle column). The SEIs formed over the MPR both with and without 

VC are thicker than those formed over the HPR based on the absence of Sb peaks in the O 1s/Sb 3d 

spectra (Figure 3.6, middle column). Again, it is difficult to comment on differences in the O 1s spectra, 

but one notable feature is the presence of an O 1s peak around 528.3 eV corresponding to Li2O for 
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Region 2 of the MPR SEI that is not seen for the other MPR region or for the MPR VC sample.70 Looking 

at the C 1s spectra in Figure 3.8, both the MPR and MPR VC samples have aliphatic, C–O, and O=C–O 

binding environments like the HPR and HPR VC samples. The MPR VC C 1s spectrum has an additional 

binding environment corresponding to carbonate like Region 1 of the HPR VC sample, while no 

carbonate binding environment was detected at the surface of the MPR sample without VC. The 

intensity of the carbonate peak relative to the other C 1s peaks is higher for the MPR VC sample 

compared to HPR VC Region 1. This seems to reiterate that one important difference between the SEI 

formed without VC and with VC is the presence of carbonates, possibly in the form of poly VC or other 

species formed from VC reduction.65  

Both the LPR and LPR VC SEI are also heterogeneous, and the compositions of the 

representative sample regions are shown in Figure 3.4. Like the SEIs formed with and without VC over 

potential regions more positive than Cu2Sb lithiation (HPR and MPR), the SEIs formed over the LPR are 

composed primarily of C and O. Both the LPR and LPR VC SEI contain roughly the same amount of 

oxygen as the SEIs from the HPR and MPR sample sets (27–34%). However, the LPR SEI is more C-rich 

(42–52% C) than the LPR VC SEI (25–35% C), which contains roughly as much Li as C (34–43%). The LPR 

SEI is Li-rich compared to the HPR and MPR samples, but it only contains about half the amount of Li as 

the LPR VC SEI (17–22%).  

The Cl 2p and O 1s/Sb 3d spectra, shown in Figures 3.5 and 3.6 (right columns), reveal more 

differences between the LPR and LPR VC SEI surfaces. The LPR SEI surface is similar to the HPR and MPR 

SEIs in that it is composed of ca. 3% Cl from ClO4
−. In contrast, the LPR VC SEI surface is composed of 

only ca. 1% Cl present as Cl−/LiCl.21,66 Like the MPR SEI set, the LPR and LPR VC SEIs are thick, as no Sb 3d 

peaks are seen. The O 1s spectra reveal that the LPR VC sample surface contains Li2O, while the LPR SEI 

surface does not. Compared to Region 2 of the MPR SEI, which also has Li2O, the LPR VC SEI surface 

contains more Li2O based on the intensity of the Li2O O 1s peak relative to the intensity of the peak 
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formed by the other O 1s binding environments at higher binding energies. The presence of a 

considerable amount of Li2O on the surface of the LPR VC SEI is likely the reason that the LPR VC SEI 

surface is so rich in Li compared to all of the other SEI samples.  

The C 1s HRES spectra in Figure 3.8 (right column) for the LPR sample set also highlight several 

differences between the SEI formed over the LPR with and without VC. Both regions of the LPR SEI 

sample have four C 1s binding environments corresponding to aliphatic, C–O, O=C–O, and carbonate 

binding environments. The C 1s spectra for both regions of the LPR VC SEI sample are notably different 

in that they do not show a C 1s peak corresponding to an O=C–O binding environment, suggesting that 

the surface of the LPR VC SEI does not contain any oxalate, alkyl carboxylate, or ester species. The LPR 

VC SEI surface may also contain some sp2 C, as the C 1s spectrum for Region 2 of the LPR VC sample 

seems to have a small lower binding energy peak around 283.0 eV, which could be due to the presence 

of species such as Li vinylene carbonate or Li vinylene alkoxide.43 In the case of the LPR VC SEI surface, it 

seems like poly VC is not contributing to the C 1s carbonate binding environment because there is no 

corresponding O 1s peak around 534.5 eV to 535 eV that has been reported for poly VC.64,65 

Carbon species make up a large percentage of the SEI surface for the samples formed over all 

three potential regions, both with and without VC, and the types of carbon binding environments or 

species present seem to play an important role in capacity retention for Cu2Sb cycled in LiClO4-based 

electrolytes, which has been suggested previously in studies of the SEI formed on Cu2Sb nanowires in 

LiPF6-based electrolyte with and without additives and for other alloying anodes such as Sn.38,43 Based 

on the differences in the XPS C 1s HRES spectra for the SEI layers formed with and without VC, it seems 

that carbonate species in particular play an important role in SEI passivation for Cu2Sb electrodes. The 

carbonate species formed from VC reduction, such as poly VC, may be necessary for passivating the 

Cu2Sb surface during the early stages of cycling (prior to Cu2Sb lithiation) in LiClO4-based electrolytes and 

may also improve the mechanical properties of the SEI based on changes observed in the capacity over 
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cycling. The species that form from the reduction of EC, DEC, and DMC do not seem to be sufficient for 

surface passivation in the LiClO4-based electrolyte without VC. Based on the peaks at ca. 2.0 V, 1.7 V, 

and 1.2 V in the differential capacity plots of the different potential region samples (see Figure 3.7 and 

Figure B13), the carbonate solvents are being reduced for the samples both with and without VC.56,57 

However, no carbonate binding environments were detected for the SEI samples formed at higher 

potentials (HPR and MPR) in the absence of VC; instead, species such as carboxylate salts, esters, or Li 

alkoxides are formed from solvent reduction based on the C 1s HRES spectra of the HPR and MPR SEI 

samples formed without VC. These differences in speciation for the SEIs formed without and with VC 

over the HPR and MPR could be due to differences in favored solvent reduction pathways or to 

differences in SEI reactivity based on electrode surface passivation.41,71 In the latter case, initial solvent 

reduction species in the SEI formed without VC such as Li alkyl carbonates may have reacted further to 

form carboxylate salts, esters, or alkoxides due to poor surface passivation when VC was not used as an 

additive. This preliminary passivation (or lack thereof) may be particularly important for high capacity 

anode materials such as Cu2Sb that experience large volume changes during cycling. Even though 

carbonate species are incorporated into the SEI formed without VC at lower potentials (refer to the LPR 

C 1s spectra in Figure 3.8), it does not seem to be sufficient for passivating the electrode surface, as 

there are still signs of Cu/Cu2Sb oxidation when the film is cycled over the full voltage range from 0.05 V 

to 3.0 V vs. Li/Li+ (refer to Figure 3.2). This electrode oxidation could be due in part to new electrode 

surfaces being exposed due to volume changes during cycling, but it could also be due in part to 

continued insufficient passivation because the Cu/Cu2Sb oxidation features in the differential capacity 

plot for the VC-free sample shift to higher overpotentials with increased cycling, suggesting that 

continued SEI growth is resulting in a kinetic limitation of the process but not completely preventing it. 

Therefore, the stage at which the beneficial species are incorporated into the SEI may be important in 

addition to what types of species are formed, which has also been demonstrated for tin anodes.44 



125 

 

However, additional work characterizing the SEI/electrode morphology and passivating ability using 

techniques such as scanning electron microscopy15,17,38,72 and redox-probe experiments,73 respectively, is 

necessary to determine whether electrode volume changes and the physical properties of the SEI play a 

role in the differences in electrochemistry observed for the electrodes cycled over the full voltage range 

with and without VC in addition to the types of species present in the SEI. 

Inorganic species make up a smaller percentage of the SEI surface in the samples examined in 

this study but may also play an important role in SEI performance and surface passivation, although 

based on the literature it is still unclear whether they are beneficial for alloying anodes.14,43,44,46,73–75 

Based on comparisons of the percent atomic composition of Cl at the SEI surface due to the presence of 

ClO4
- and/or Cl- species, the SEIs formed without VC over the HPR, MPR, and LPR were more rich in Cl-

containing inorganic species. While the inorganic SEI species such as LiF that are formed from 

electrolytes containing fluorinated components such as LiPF6 or FEC are believed to be beneficial SEI 

components that passivate the electrode surface,44,46,74 the presence of perchlorate in the SEI on Cu2Sb 

films when LiClO4-based electrolytes are used does not seem to be beneficial. Although the SEI layers 

formed without VC over different potential regions are quite rich in ClO4
− compared to their VC 

counterparts, the SEI layers formed without VC do not passivate the Cu2Sb surface well and Cu2Sb 

oxidation has been observed when charging to 3.0 V. This suggests that not all inorganic SEI components 

are beneficial, and the presence of ClO4
− in the SEI does not appear to help with surface passivation for 

Cu2Sb electrodes. Chloride species and Li2O were also detected at the surface of SEIs formed on Cu2Sb 

with and without VC, but at this point, it is unclear what role Cl− species and Li2O play in the properties 

and performance of the SEI. The formation of both species may be undesirable since the reduction of 

LiClO4 to form LiCl and Li2O consumes eight moles of electrons and eight moles of Li+.35 The formation of 

LiCl and Li2O from LiClO4 reduction results in a more Li rich SEI based on the percent atomic composition 

of Li for the LPR VC SEI sample, which may be beneficial for Li+ diffusion, especially in the case of Li2O 



126 

 

formation.76 The role of these two species in the passivation and properties of the SEI may warrant 

further investigation to better understand whether the possible improvements in surface passivation 

and Li+ diffusion due to LiCl and Li2O formation outweigh the unfavorable decrease in Li inventory . 

While we have discussed the oxidation of Cu/Cu2Sb and Cu diffusion in the context of the 

passivating ability of the SEI and the role of VC, we would be remiss not to also discuss the possible 

implications of these observations for SEI health and the capacity retention of Cu2Sb. Without VC, 

charging the Cu2Sb to high potentials results in the oxidation of Cu/Cu2Sb and also some Cu diffusion to 

other parts of the cell. While metal oxidation and transport are not typically discussed in the context of 

alloying anodes, it is a very important area of research for cathode materials. VC has previously been 

found to help prevent Co oxidation in lithium cobalt oxide cathode materials.77 Additionally, metal 

transport in systems containing Ni- and Mn-based cathodes has been found to have detrimental effects 

for the anode SEI layer, affecting the passivating ability of the SEI and exacerbating electrolyte 

degradation.73,78,79 It is possible that Cu in the SEI could also play a role in the poor cycling performance 

observed for Cu2Sb without VC in a couple of ways. First, the observed Cu diffusion could be playing a 

role in the short lifetime and rapid capacity fade of the Cu2Sb thin film cycled without VC. If Cu is 

diffusing away from electrode, some of the conductive Cu network that allows for good electronic 

conductivity in the lithiated Sb phases may no longer be present and could result in some loss of active 

material conductivity and cause the observed capacity fade in addition to the delamination that has 

been observed for Cu2Sb cycled without VC.80 However, this is not consistent with previous observations 

from our group in which Cu-deficient Cu2Sb showed good reversibility and cycling stability.72 Second, it is 

possible that the Cu species in the SEI formed without VC could be reacting with SEI and electrolyte 

components, which could be another explanation for why the HPR and MPR SEI samples without VC did 

not contain carbonate binding environments. This explanation is more consistent with our previous 

observations in which Cu-rich Cu2Sb showed large irreversible capacities and short cycle lifetimes.72 
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Research on metal dissolution and transport for cathode materials has revealed that the degree of 

detrimental effects on the anode SEI depend on the transition metal, with Mn being the most harmful 

for SEI health, but it is possible that Cu could also prevent effective SEI passivation.73,78 There is 

precedence for Cu reactivity in other chemistry fields, as some enzymes known to react with small 

organic molecules contain Cu active sites.81 This area is worth exploring further with redox probe 

experiments to determine the role of Cu in SEI passivation.73 Metal transport could be an important 

consideration for other intermetallic anode materials as well, especially when Cu, a fast solid state 

diffuser, is used as a volume buffering component in alloying anodes.3,4 

3.4) Conclusions 

The SEI formed on Cu2Sb thin film anodes with and without VC as an electrolyte additive was 

studied in order to better understand the role that VC plays in stabilizing the SEI and extending the cycle 

lifetime of Cu2Sb. The cycling data (capacity vs. cycle number and differential capacity analysis) suggest 

that some of the improvement in capacity retention observed for Cu2Sb with VC is due to improved SEI 

mechanical properties, as the film cycled with VC showed evidence of electrochemical roughening but 

not delamination from the substrate, unlike the film cycled without VC. The SEI formed with VC also 

seemed to passivate the Cu2Sb surface more effectively, as no evidence of Cu/Cu2Sb oxidation and 

diffusion was observed for Cu2Sb films cycled to oxidizing potentials with VC as an additive. The 

differences in the passivating ability of the SEI formed with and without VC seems to be due in part to 

differences in the SEI speciation.  

The role that inorganic SEI components like LiF play in the passivating ability and stability of the 

SEI on alloying anode materials is unclear. By studying the SEI formation on Cu2Sb without fluorinated 

electrolyte components allowed us to better understand what other types of organic and inorganic 

species may be beneficial for good SEI performance. During the initial stages of SEI formation at higher 

reduction potentials, the surface of the SEI formed on Cu2Sb without VC does not contain any carbonate 
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species, whereas the SEI surface formed with VC does. VC reduction products such as poly VC or other 

polycarbonate species seem to play an important role in the passivating ability of the SEI. The surface of 

the SEI formed without VC tended to contain more inorganic LiClO4-containing species, which do not 

seem to passivate Cu2Sb very effectively.  
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CHAPTER 4: INVESTIGATING THE ROLE OF THE SOLID ELECTROLYTE INTERFACE IN THE CYCLE LIFETIME 

AND FAILURE OF TIN ANTIMONIDE ELECTRODES FOR Li-ION BATTERIES† 

 

 

 

Chapter Summary 

 Tin antimonide (SnSb) anodes are attractive electrodes for Li-ion batteries due to having a high 

volumetric capacity and exhibiting good reversible capacity. However, there is still a limited understanding 

of the mode(s) of failure for SnSb electrodes, which is important for designing electrodes with good 

capacity retention and long cycle lifetimes. In order to understand what roles, if any, the solid electrolyte 

interface (SEI) plays in the cycling behavior and failure of SnSb thin film electrodes, we studied the 

formation and evolution of the SEI on SnSb over different stages of cycling using X-ray photoelectron 

spectroscopy (XPS). The SnSb electrodes were cycled in electrolytes containing different Li salts in order 

to better understand what roles different species play in the stability of the SEI and cycling performance 

of SnSb. 

4.1) Introduction 

 Materials that alloy with lithium, including Sn and Sb, are of interest as high capacity anodes for 

next-generation Li-ion batteries.1 These materials have high volumetric capacities; compared to the 

conventional graphite Li intercalation anode, which stores 1 mole of Li for every 6 moles of C, 3 and 4.4 

moles of Li can be stored for each mole of Sb and Sn, respectively.1 Unfortunately, the large Li storage 

capacity of alloying anodes comes with a cost; during alloying and dealloying, these anode materials 

 
† The battery cycling data and XPS data presented in this chapter are preliminary data for work that will be 

submitted for publication to a peer reviewed journal at a future date with Leslie A. Kraynak, Jeffrey Ma, Nathan J. 

Gimble, and Amy L. Prieto as the authors. Leslie A. Kraynak designed the experiments, collected data for all short-

term cycling experiments, will fit the XPS data for the long-term cycling experiments still in progress, and prepared 

the manuscript. Jeffrey Ma prepared all of the electrodeposited SnSb thin film anodes used in this work and 

performed XRD characterization. Nathan J. Gimble will disassemble the cells and perform XPS characterization for 

the long-term cycling experiments still in progress. Amy L. Prieto provided guidance with experimental planning 

and helped with editing. 
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undergo large volume changes that result in electrode pulverization and can ultimately result in electrode 

failure due to electronic isolation of active material and delamination.1 

 Researchers have devised numerous solutions to remedy the problems associated with the 

volume changes of alloying anodes, one of which is the use of binary or ternary metal alloys, including 

intermetallic materials, as electrodes.1,2 Many intermetallics contain one element such as Cu, Ni, or Ti that 

does not alloy with Li to decrease the volume expansion of the electrode during lithiation.1,2 Interestingly, 

the intermetallic SnSb, which does not contain an inactive component to buffer volume changes, exhibits 

a much longer cycle lifetime than either Sn or Sb anodes, as demonstrated in Figure 4.1. Some have 

speculated that one reason for the good cycling performance of SnSb compared to pure Sn and pure Sb is 

due to the SnSb lithiation pathways. The Sb in SnSb alloys with lithium before the Sn, and the ductile Sn is 

thought to help buffer the volume expansion associated with the formation of Li3Sb.3,4 As demonstrated 

in Figure 4.1 (top), a mixture of Sn and Sb particles does not exhibit good cycle performance like SnSb 

does. Antitomaso and colleagues hypothesized that this is due long-range order and shorter diffusion 

distances between Sn and Sb for SnSb but not for the physical mixture of the two, which must be 

maintained to some extent during cycling of SnSb.5 

 There are several hypotheses about the mode of electrode failure for SnSb anodes. One 

hypothesis is that SnSb is not completely reformed upon charging/delithiation, and over time aggregation 

of Sn or LixSn prevents alloying and dealloying of Sb.5 Another hypothesis is that the large volume changes 

during cycling lead to cell failure due to loss of active material through delamination or electronic 

isolation, which is a problem for all alloying anode materials.6 This mode of failure is linked to the SEI in 

the sense that with a more mechanically stable SEI, the problems associated with electrode volume 

expansion might not lead such severe capacity losses because a more robust SEI should help the electrode 

remain intact even after pulverization due to volume expansion.7 The results from other studies of SnSb 

electrodes have suggested that continuous SEI formation during cycling, which can  



138 

 

 

Figure 4.1: Capacity versus cycle number results for Sn, Sb, Sn+Sb, and SnSb composite electrodes showing 

the dramatic differences in capacity retention and cycle lifetime for different alloying materials. Reprinted 

from Reference 5 with permission from The Royal Society of Chemistry.  

 

hinder Li+ transport through the SEI and electron transport in the electrode, is one of the main reasons for 

the capacity fade of SnSb electrodes.8 The capacity fade of SnSb is likely due to some combination of all 

of these factors, although it is difficult to determine the main mode of failure. 

 The ability to prepare phase pure crystalline SnSb films by electrodeposition provides an ideal 

system for fundamental studies of the SEI on SnSb for several reasons. First, electrodeposition allows for 

the fabrication of electrodes without the use of binders or additives, which can affect SEI formation.9–13 

Second, many previously published SnSb electrodeposition syntheses result in the formation of SnSb with 

crystalline Sn impurities. The presence of these impurities could convolute the interpretation of results 

from studies of SEI formation on SnSb because Sn is believed to catalytically reduce some electrolyte 

components.14–16 We have used this model SnSb thin film electrode system to study SEI formation and 
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evolution on SnSb in order to understand what role the SEI plays in the capacity retention, cycle lifetime, 

and failure modes of SnSb electrodes. 

4.2) Experimental 

SnSb Electrodeposition 

 The SnSb thin film electrodes were prepared following a previously established procedure.17 

Briefly, the films were electrodeposited onto Ni foil at −0.7 V vs Ag/Ag+ for 300 s at room temperature 

from a non-aqueous electrodeposition solution using a Gamry Reference 3000 potentiostat. The 

electrodeposition solution contained 50 mM SbCl3 (Sigma Aldrich, ACS reagent) and 50 mM SnCl2‧2H2O 

(Sigma Aldrich, ACS reagent) dissolved in ethaline, which was prepared by combining choline chloride 

(VWR high purity) and ethylene glycol (Fischer Scientific) in a 1:2 ratio by mass. Phase purity of the 

electrodeposited films was verified by X-ray diffraction. The approximate SnSb mass loadings of the films 

were ca. 0.10 mg/cm2, as determined by the amount of charge passed. Circular punches (1.27 cm 

diameter) were taken from the films for use in half cells (ca. 0.13 mg SnSb per punch). The films were 

electrodeposited on substrates that were large enough to obtain 2–3 punches per film for making 

replicate samples. 

Half-Cell Assembly and Cycling 

 Two electrode half cells were assembled using 1.27 cm diameter Swagelok-type cells in an Ar-

filled glovebox (O2 < 1.0 ppm; H2O < 0.5 ppm). A complete description of the procedure for cleaning 

Swagelok cell parts can be found in Appendix A. The cells were assembled with a SnSb punch as the 

positive electrode, which functions as the working electrode, and a Li metal foil punch as the negative 

electrode, which functions as the counter and pseudo reference electrode. The Li metal foil was prepared 

by flattening Li ribbon with a wooden brayer, followed by manually removing the surface oxide layer by 

scraping the metal on both sides with the rounded end of a double-bladed stainless-steel spatula until the 

surface was shiny and no dull, grey oxidized Li was apparent. The separators were a 1.27 cm punch of 



140 

 

glass fiber (Whatman, dried overnight in an oven prior to being introduced into the glovebox) layered 

between two 1.27 cm polypropylene punches (Celgard, 25 µm). 200 µL of electrolyte solution, either 1 M 

LiClO4 (Aldrich, battery grade 99.999%) in dimethyl carbonate (DMC, Aldrich, anhydrous ≥99%) with 5% 

by volume vinylene carbonate (VC, Aldrich, 99% with 80 ppm butylated hydroxytoluene added as 

stabilizer) or 1 M LiPF6 in DMC (Sigma Aldrich, battery grade) with 5% VC by volume, was used in each half 

cell. Care was taken during half-cell assembly to remove any gas bubbles trapped between the separator 

layers by gently pressing the cell components down with a pair of plastic tweezers prior to sealing the cell.  

The assembled half cells rested at open circuit potential (OCP) for 18 hours before cycling. Half 

cells were cycled galvanostatically using an Arbin BT-2143 battery tester. Cells were cycled at a C/20 rate 

(ca. 4 µA/cm2) between 0.01 and 1.6 V vs. Li/Li+ for various periods of time to study different stages of SEI 

formation and growth, which are described in more detail in the results and discussion section. Each SEI 

sample was prepared in duplicate to ensure an accurate representation of the SEI formed in SnSb was 

obtained. Discharging refers to the application of a cathodic current and lithiation of the SnSb active 

material, and charging refers to the application of an anodic current and delithiation of the active material.  

Half Cell Disassembly 

 With the exception of the first discharge SEI samples, cell cycling was stopped at the end of 

charging. All cells were rested for 24 hours prior to disassembly, and the cells were disassembled and 

characterized within 1-2 days of cycling completion. Half cells were disassembled in an Ar-filled glove box. 

Prior to disassembly, the box was purged for 1 min to minimize exposure to oxygen as much as possible. 

Plastic tweezers (cleaned with DMC prior to use) were used to remove and separate the cell components 

to avoid shorting or self-charging in the case of the samples disassembled in the discharged state. Each 

SEI sample formed on the SnSb working electrode was washed by rinsing with ca. 1 mL DMC. Excess DMC 

was wicked away from the edge of the sample with a clean Kim Wipe, and the remaining solvent was 

allowed to evaporate from the surface of the sample before being mounted on the XPS sample holder.  
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Samples were secured to the custom-built air free sample holder18 using Cu clips, and care was taken to 

avoid touching or scratching the sample surface with the clips in order to avoid damaging or contaminating 

the samples. The sample holder was sealed under vacuum in the glovebox antechamber and remained 

sealed in either the antechamber or glovebox until XPS characterization.  

XPS Characterization 

 SEI samples were transferred from the Ar glovebox to the XPS sample introduction chamber using 

a custom-built air free sample holder to minimize air exposure.18 The air free sample holder was vacuum 

sealed, and the lid was removed in the XPS sample intro chamber once the chamber pressure was lower 

than the pressure in the sample holder. The samples were pumped down in the intro chamber for at least 

30 min to remove residual solvent and avoid excessive off gassing in the main vacuum chamber.  

 A Physical Electronics (PHI) 5800 Multi-Technique ESCA system with monochromatic Al Kα 

radiation source (hν = 1486.6 eV) operating at 350.0 W was used for XPS characterization.  An electron 

flood gun operating with a 5 µA emission current, 1.5 V bias voltage, and 40.0 V extractor voltage was 

used for charge neutralization during the analysis of all SEI samples. High resolution (HRES) spectra for the 

regions of interest were collected sequentially with a 23.5 eV pass energy in intervals of 0.100 eV/step. 

The instrument base pressure was 9 x 10-8 Torr or lower during data acquisition.  

The XPS analysis area was 0.6 mm x 2 mm, and data from at least three different regions of each 

sample were collected to ensure that any lateral heterogeneity was accounted for. Short HRES scans were 

initially collected over wider binding energy ranges to ensure all features of interest were included in the 

data collection and to have as a reference in case of sample damage. The HRES scans collected for data 

analysis were collected over narrower binding energy ranges to only include the features of interest for 

longer periods of time to obtain better signal to noise ratios. The longer HRES data collection times were 

still minimized as much as possible (30–45 minutes total depending on the number of regions being 

collected) in order to minimize sample damage. 
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Depth profiling studies of pristine SnSb thin films and the long-term cycling SEI samples were also 

done to characterize any depth dependent heterogeneity. Depth profiling was performed using an Ar+ 

gun with a 5 keV 3 mm x 3 mm beam for sputtering of the pristine electrode and a 3 keV 3 mm x 3 mm 

beam for sputtering of the SEI. Sputtering was performed in short increments, usually 15–30 s, to avoid 

sample damage. Survey spectra were collected between each sputtering increment to monitor changes 

in the sample using a pass energy of 187.85 eV and 1.6 eV/step. HRES spectra were collected using the 

same procedure as described above. Ar+ sputtering is known to cause sample damage and introduce 

artifacts, so extreme care must be used when collecting and analyzing data from XPS depth profiling 

experiments.19–21 

In this work, we were not concerned with obtaining absolute binding energies; instead we were 

more interested in studying the relative changes for a given set of samples, so charge correction 

procedures were based on shifting photoelectron peaks corresponding to certain inorganic SEI species 

rather than using more conventional charge correction procedures.19,22 Charge correction for the spectra 

collected for the pristine SnSb samples was performed by setting the Sb 3d5/2 peak for metallic Sb to 528 

eV, although minimal charging was observed. For charge correction of the HRES spectra for SEI samples 

prepared in LiPF6-based electrolyte, the F 1s peak for LiF was set to 685 eV, and for the LiClO4-based 

electrolyte SEI samples, the Cl 2p3/2 peak for ClO4
− was shifted to 208.6 eV. CasaXPS software (Version 

2.3.16) was used for peak fitting and quantification of the HRES spectra, and the tabulated fitting results 

can be found in Tables C1–C5 of Appendix C. A nonlinear Shirley background and 30% Lorentzian/70% 

Gaussian lineshape were used for peak fitting, and PHI relative sensitivity factors corrected for angular 

distribution were used for quantification based on peak fitting.   
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4.3) Results and Discussion 

Surface Characterization of Pristine SnSb Films 

 The SnSb films to be used as the electrodes for studying the SEI were prepared under ambient 

conditions by electrodeposition. The films have a native oxide layer on the surface due to preparation in 

air, which may affect SEI formation.23–26 Therefore, the pristine SnSb electrode surface was characterized 

with XPS in order to better understand the composition of the electrode surface prior to SEI formation.  

 Based on the quantification from XPS characterization, shown in Figure 4.2, the SnSb surface was 

composed of ca. 22% C from adventitious carbon (see Figure C1 for the HRES C 1s spectrum) and ca. 42% 

O, 14% Sb, and 22% Sn, due to the presence of a native oxide layer. Looking at the Sb 3d/O 1s and Sn 3d  

 

Figure 4.2: Composition data from XPS HRES spectra shown in Figure 4.3 for a pristine SnSb film sputtered 

for different total lengths of time. 
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HRES spectra in Figure 4.3, there is evidence of both metallic Sb and Sn as well as oxidized Sb and Sn 

binding environments.27–29 Based on relative peak intensities, there is more oxidized Sn on the electrode 

surface than metallic Sn, while for Sb there is more metallic Sb on the surface than oxidized Sb. Sputtering 

for 30 s with a 5 keV 3 mm x 3 mm Ar+ beam removes all of the adventitious carbon, and the surface is 

composed of ca. 29% O, 27% Sb, and 44% Sn.  

Based on the features in the HRES spectra, the oxygen is due to oxidized Sn species. After 30 s of 

sputtering, the Sb 3d3/2 peak corresponding to SbxOy species at ca. 540 eV is no longer present (the Sb 

3d5/2 peak overlaps with the O 1s peak at ca. 530 eV), while there are still higher binding energy Sn 3d5/3 

and 3d3/2 peaks at ca. 486 eV and 495 eV, respectively due to oxidized Sn apparent in the Sn 3d spectrum. 

Additional sputtering for totals of 60 s and 120 s of sputtering removes small amounts of the oxidized Sn 

species, but it seems to persist below the film surface. Based on XPS depth profiling of pristine SnSb films, 

the electrode surface is composed of Sb0, Sn0, SbxOy, and SnxOy species due to preparation in ambient 

conditions; there also seems to be some incorporation of amorphous SnxOy species into the film during 

electrodeposition based on the presence of SnxOy species after sputtering. Additionally, while XRD and 

characterization of the films suggests that the films are composed of only crystalline SnSb, and energy 

dispersive X-ray spectroscopy confirms a 1:1 Sn:Sb ratio in the bulk of the film,17 comparison of Sn:Sb 

ratios based on XPS characterization suggests that the surface region of the SnSb films may be Sn rich, 

although this could also be an artifact of sputtering. 

SnSb Cycling Behavior with Different Supporting Electrolytes 

 The formation, composition, and properties of the SEI are influenced by a number of factors, 

including the composition of the electrolyte solution. Therefore, the choice of electrolyte is an important 

consideration for SEI studies. Studies on other anode materials have suggested that for electrolyte 

solutions containing a combination of ethylene carbonate (EC) and linear organic carbonates like diethyl 

carbonate (DEC) and/or DMC, the carbonaceous components in the SEI are mainly composed of EC  
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Figure 4.3: XPS HRES O 1s/Sb 3b and Sn 3d spectra for a pristine electrodeposited SnSb film sputtered for 

different total lengths of time showing the differences in Sb and Sn speciation with film depth. 
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reduction species.16,30 Additionally, there is data that suggests EC is catalytically reduced on metallic Sn 

surfaces.14–16 Therefore, DMC was used as the solvent to avoid excessive solvent reduction during SEI 

formation on SnSb. VC was used as an SEI improving additive to help extend the cycle lifetime of SnSb 

electrodes and allow us to study and understand the evolution of the SEI over extended cycling and 

understand the role it plays in capacity retention and long cycle lifetimes as well as possibly cell failure. 

Previous work in our group using this solvent and additive combination to cycle SnSb thin film electrodes 

has demonstrated good capacity retention and long cycle lifetimes.17 

In order to better understand the role that the SEI may play in the capacity retention and long 

cycle lifetime of SnSb anodes, we chose to study SEI formation in electrolytes containing two different 

supporting electrolytes/Li salts, while the electrolyte solvents and additives were kept consistent. LiPF6 

has become the most conventional supporting electrolyte for use in Li-ion studies, and the use of 1 M 

LiPF6 in DMC with 5% VC results in the formation of a SEI that allows SnSb films to cycle for hundreds of 

cycles.  The use of LiPF6 as a supporting electrolyte results in the incorporation of LiF in the SEI, which is  

thought to be beneficial for passivating the electrode surface,31,32 although its role in long term cycling for 

the SEI on alloying anodes is unclear.32,33 However, LiPF6-based electrolyte solutions often contain trace 

amounts of HF due to unavoidable water contamination; HF has been found to contribute to SEI instability, 

reacting with SEI species and leading to SEI dissolution.9 Others have found that using trimethyl phosphite 

(TMP) as an acid-scavenging additive for Sn-based alloying anodes cycled in LiPF6-based electrolyte helps 

improve cycling performance.34–36 In order to better understand whether HF and other LiPF6 

decomposition species are detrimental to the SEI formed in SnSb, we also chose to study SEI formation in 

1 M LiClO4 in DMC with 5% VC, which may help clarify the role of LiF as well.  

The differential capacity analysis plots for the first cycle from representative SnSb samples cycled 

in the LiPF6- and LiClO4-based electrolytes are shown in Figure 4.4. Looking at the plots on the left side of 

Figure 4.4, it can be seen that changing the supporting electrolyte does not affect the cycling  
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Figure 4.4: First cycle differential capacity analysis plots for SnSb thin films cycled in LiPF6- and LiClO4-

based electrolytes, with insets shown on the right side. 

 

behavior on SnSb in the sense that the same phase transitions, represented by sharp peaks in the 

differential capacity plots, are seen during lithiation (negative differential capacity) and delithiation 

(positive differential capacity) for both electrolytes. However, there seem to be some differences in the 

peaks associated with solvent reduction, shown in the insets on the right side of Figure 4.4. Since 

electrolyte reduction processes only occur at the electrode surface, the peaks associated with these 

processes in the differential capacity plots are much lower in intensity than those corresponding to phase 

transitions occurring throughout the bulk of the electrode material. Both the LiPF6- and LiClO4-based 

electrolytes exhibit electrolyte reduction peaks at ca. 1.7 V and ca. 1.2 V vs Li/Li+. However, the sample 

cycled in LiPF6-based electrolyte also has a solvent reduction feature at ca. 2.5 V vs Li/Li+ that is not 

observed for the samples cycled in LiClO4-based electrolyte, and the LiClO4-based electrolyte sample has 
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a peak around ca. 2.2 V vs Li/Li+ that is absent in the differential capacity analysis plots for the samples 

cycled in LiPF6-based electrolytes. This suggests that there are some differences in the SEI formation 

processes on SnSb depending on the type of supporting electrolyte used. 

There are also some differences in the cycling data for the SnSb electrodes cycled in LiPF6- and 

LiClO4-based electrolytes (representative data shown in Figure 4.5). Most notably, the gravimetric 

capacities of the SnSb electrodes cycled in the LiClO4-based electrolyte are higher than those of electrodes 

cycled in the LiPF6-based electrolyte, although it is unclear why this is the case. Otherwise, the SnSb 

electrodes cycled in both electrolytes exhibit low coulombic efficiencies around ca. 97%, as shown in the 

top right panel of Figure 4.5. This may be due to continual electrolyte reduction and SEI formation; as 

shown in the bottom right panel of Figure 4.5, the discharge capacity is consistently higher than the charge 

capacity for both types of samples, which is likely due to SEI formation during discharge. 

Stages of SEI Growth and Evolution on SnSb 

 In order to better understand the role of that the SEI may play in the long cycle lifetime of SnSb 

thin film electrodes and possibly in the electrode failure, the SEI was characterized at different stages over 

the cycling of SnSb to isolate different phases of SEI formation and evolution. These stages are illustrated 

in Figure 4.6, which depicts the typical capacity versus cycle number behavior of thin film alloying anode 

materials cycled in half cells where there is an unlimited supply of Li.37 Over short-term cycling, the SEIs 

formed at the end of the first discharge and the end of the first cycle were characterized with XPS in order 

to understand what species are initially incorporated into the SEI. The composition of the SEI at this stage 

has been studied for many different alloying anodes as summarized in Chapter 1 but not for SnSb to the 

best of our knowledge.  

The SEI on SnSb will also be characterized over long-term cycling. In order to have a baseline for 

comparison to later stages of SEI evolution and growth, the SEI on SnSb will be characterized after the 

capacity and coulombic efficiency have stabilized, designated as the “established SEI” phase. The SEI on  
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Figure 4.5: Coulombic efficiency versus cycle number and capacity versus cycle number plots (both still in 

progress) for SnSb films cycled in LiPF6- and LiClO4-based electrolytes, with insets shown on the right. 

 

SnSb will also be characterized at the point where the capacity of the electrode begins to decline, 

designated as the “pre-failure SEI” in order to determine if there is a difference in speciation between the 

presumably more stable “established SEI” and the SEI as the electrode begins to fail. Finally, the SEI will 

also be characterized just after electrode failure, which is defined as the point when the capacity is 80% 

of its initial value (initial capacity here based on the reversible capacity from the second cycle, not the first 

cycle, which includes irreversible capacity from SEI formation). By characterizing the SEI on SnSb after 

failure, we hope to be able to identify which, if any, SEI species may play a role in initiating electrode 

failure. 
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Figure 4.6: Generic capacity versus cycle number plot typically of alloying anodes with labels for the 

different stages of interest for short-term and long-term SEI studies on SnSb electrodes; the maroon 

dotted line indicates where the capacity is 80% of the initial capacity value, which is used as the cutoff for 

failure of the cell. 

 

Short-Term Cycling SEI 

 The SEI layers formed during the first cycle on SnSb electrodes were characterized with XPS in 

order to better understand the types of species present on the electrode surface during the initial stages  

of SEI formation. While this type of characterization has been done for many other Sn- and Sb-based 

alloying anodes,27–29,38 it has not yet been reported for SnSb. The SEI formed at the end of the first 

discharge and at the end of the first cycle (end of 1st charge) were both characterized because the SEI has 

been found to exhibit dynamic behavior and changes throughout the discharging and charging 

processes.10,27–29,38–40 Additionally, in order to assess SEI reproducibility and consistency, each sample was 

made in duplicate, and to assess lateral heterogeneity, we looked at three different analysis regions per 

sample. The HRES XPS data for all analysis regions from the duplicate samples for the first discharge and 
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first cycle SEI samples prepared from SnSb cycled in 1 M LiPF6 in DMC with 5% VC are shown in Figures 

4.7–4.9. 

 The C 1s and Li 1s HRES spectra for the first discharge and first cycle SEI samples are compared in 

Figure 4.7. From looking at the C 1s spectra for the first discharge replicate SEI samples shown in Figure 

4.7a, the SEI formed over this stage of cycling seems to show some minor variability between replicate 

samples and for different analysis regions of a given sample based on the types of binding environments 

present. However, overall the results are similar in that the most intense C 1s feature is one corresponding 

to an aliphatic carbon binding environment at ca. 284.5 eV, which could be due to the presence of 

adventitious carbon as well as carbonaceous SEI components.29,41–43 There are also several low intensity 

features seen in the C 1s spectra. There is one at ca. 286 eV corresponding to a C–O binding environment, 

which could be due to a number a SEI species, including alkyl carbonates, alkyl carboxylates, esters, 

alkoxides, or PEO oligomers; there is also a low intensity feature at ca. 288 eV corresponding to an O=C–

O binding environment due to species like alkyl carboxylates or esters.26,29,41–45 Finally, there is also a low 

intensity feature at ca. 290 eV corresponding to a carbonate binding environment, which could be due to 

either Li alkyl carbonate species or Li2CO3 in the SEI.27,29,41,42 The only C 1s feature not observed for all 

regions and samples of the first discharge SEI is one at higher binding energies around 291 eV. It is only 

observed in analysis regions 1 and 2 for first discharge sample 1 (left side of Figure 4.7a) and is most likely 

due to poly carbonate species like poly VC.43,46 

 The C 1s HRES spectra for the first cycle SEI samples shown in Figure 4.7c are notably different 

than those seen for the first discharge SEI samples in the sense that all regions of the SEI samples formed 

over the first cycle show evidence of at least five carbon binding environments. The feature at ca. 291 eV 

corresponding to a species like poly VC is seen for all analysis regions of both first cycle SEI samples. 

Otherwise, the first discharge and first cycle SEI samples have the same types of C 1s binding 

environments, which could mean similar types of species in both types of SEI sample, but they seem to be  
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Figure 4.7: HRES XPS spectra for short term cycling SEI samples formed on SnSb cycled in 1 M LiPF6 in DMC 

with 5% VC as the electrolyte. The C 1s (a) and Li 1s (b) spectra for all three regions of the replicate first 

discharge SEI samples and the C 1s (c) and Li 1s (d) spectra for all three regions of the replicate first cycle 

SEI samples are shown.  
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present in different amounts based on differences in relative peak intensities. For the first cycle SEI 

samples, the SEI seems heterogeneous for a given sample, but there is some variability between 

“replicates” based on the relative intensities of features in the C 1s spectra. 

 The Li 1s spectra for the first discharge and first cycle SEI samples are shown in Figure 4.7b and 

4.7d. It is difficult to draw conclusions about the different types of Li-containing species that may be 

present in the SEI based on the Li 1s spectra due to small binding energy shifts for different Li 1s binding 

environments. However, the Li 1s spectra for these samples are notable in that the Li 1s peaks are well 

resolved, which is usually seen only when there are relatively high concentrations of Li present at the 

sample surface due to the small ionization cross section of Li. This suggests that a large amount of Li is 

consumed in SEI formation during the first cycle for SnSb electrodes and is consistent with the large first 

cycle irreversible capacities reported for SnSb electrodes.6,47 

 The F 1s HRES spectra for the first discharge and first cycle SEI samples are shown in Figure 4.8a 

and 4.8c. All of the spectra show evidence of at least two binding environments. The first, at ca. 685 eV, 

is assigned to LiF and the second at ca. 687.5 eV could be due to either LiPxFy species, including LiPF6, 

and/or LiPxFyOz species.26–29,44 Much of the Li detected at the SEI surface likely comes from the LiPF6 salt 

and LiPF6 degradation or reduction species. There are some small variations in relative F 1s peak intensities 

for the LiF and LiPxFy/LiPxFyOz peaks among the different analysis regions, but overall the spectra appear 

similar. 

 The P 2p spectra for the first discharge and first cycle SEI samples are shown in Figure 4.8b and 

4.8d. The P 2p spectra for both types of SEI samples also show evidence of at least two different P 2p 

binding environments. The first, at ca. 133 eV, most likely corresponds to a phosphate binding 

environment based on the binding energy; P 2p peaks corresponding inorganic and organic phosphates, 

as well as pyrophosphates are all reported to appear at similar binding energies, so it is difficult to 

determine what type of phosphorus species is present based on the P 2p spectra alone.36,42,48  The second  
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Figure 4.8: HRES XPS spectra for short term cycling SEI samples formed on SnSb cycled in 1 M LiPF6 in DMC 

with 5% VC as the electrolyte. The F 1s (a) and P 2p (b) spectra for all three regions of the replicate first 

discharge SEI samples and the F 1s (c) and P 2p (d) spectra for all three regions of the replicate first cycle 

SEI samples are shown. 
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P 2p feature at ca. 137 eV is likely due to either LiPxFy and/or LiPxFyOz species based on the F 1s spectra. In 

general, the first discharge SEI samples seem to contain more phosphate species than the first cycle SEI 

samples based on the intensities of the features at ca. 133 eV. 

 The O 1s/Sb 3d HRES spectra for the first discharge and first cycle SEI samples are shown in Figure 

4.9a and 4.9c. There is some overlap between the Sb 3d5/2 and O 1s peaks between ca. 528 eV and 530 

eV, but the Sb 3d3/2 peaks are usually high enough in binding energy between ca. 537 eV and 540 eV that 

there is no overlap with O 1s peaks. No Sb 3d3/2 peaks corresponding to Sb0 and SbxOy species were 

observed around 537 eV and 540 eV, respectively (not shown in Figure 4.9), which suggests that the SEIs 

formed over the first discharge and over the first cycle are thick enough to attenuate most of the signal 

from the Sb in the electrode. However, there is a very broad, low intensity feature seen around 525 eV 

for some regions of the first discharge SEI samples and around 526 eV for the first cycle SEI samples that 

could be Sb 3d5/2 peaks due to small amounts of lithiated Sb species being detected at the surface.29 The 

features are too low in binding energy to correspond to and O 1s features, and the corresponding Sb 3d3/2 

peaks would be very small and overlap with the high binding energy O 1s features. The O 1s species with 

binding energies between ca. 530 eV and 535 eV can be difficult to deconvolute even with peak fitting 

due to small binding energy shifts, but the presence of O 1s features in this binding energy region agree 

with the features seen in the C 1s, F 1s, and P 2p HRES spectra. The SEI samples formed over the first 

discharge all contain some amount of Li2O based on the feature at ca. 528 eV,49 although for most analysis 

regions the peak is quite low in intensity. 

 Finally, the Sn 3d HRES spectra for the first discharge and first cycle SEI samples are shown in 

Figure 4.9b and 4.9d. Sn 3d peaks were detected for all regions of the replicate first discharge and first 

cycle SEI samples. It is interesting that little to no Sb was detected at the end of the first discharge and at 

the end of the first cycle while Sn was detected. It is not clear why this is the case, although it could be 

related to either differences in lithiation potentials or differences in reactivities of Sn and Sb. The Sn 3d  



156 

 

 

 
Figure 4.9: HRES XPS spectra for short term cycling SEI samples formed on SnSb cycled in 1 M LiPF6 in DMC 

with 5% VC as the electrolyte. The O 1s/Sb 3d (a) and Sn 3d (b) spectra for all three regions of the replicate 

first discharge SEI samples and the O 1s/Sb 3d (c) and Sn 3d (d) spectra for all three regions of the replicate 

first cycle SEI samples are shown. 
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peaks for the first discharge SEI samples are located lower binding energies compared to the Sn 3d peaks 

in the pristine SnSb film, which is likely due to the presence of lithiated Sn in the discharged SEI sample.27,28 

The Sn 3d binding energies for the first cycle SEI sample are higher than those for the first discharge SEI 

sample, but they are still low compared to the binding energies for the pristine sample, which could be 

due to either incomplete delithiation or differences in sample charging for the conductive electrode and 

insulating SEI.22 

 The quantification results from fitting the HRES spectra for the first discharge (labeled as D1 S# 

R# depending on sample and analysis region) and first cycle SEI samples (labeled as C1 S# R#) are 

summarized in Figure 4.10. Overall, there was some variation between different analysis regions for a 

given sample and between the “replicate” samples, which is likely due to slight variations across the 

surface of the SnSb thin film. Even though Sn 3d peaks from the SnSb electrode were detected, the SEI is 

still quite thick and seems to cover most of the electrode surface based on the low atomic percent of Sn 

detected. The SEI surface is Li-rich as predicted based on the good signal to noise ratio and peak resolution 

of the Li 1s spectra, with Li making up ca. 30% of the surface for the first discharge SEI samples and 20% 

of the surface for the first cycle SEI samples. The higher percentage of Li detected for the first discharge 

SEI samples may be due to the Li2O that was detected for the first discharge SEI samples but not the first 

charge SEI samples. Compared to the SEIs formed on other Sn-based electrodes cycled in LiPF6-based 

electrolytes containing VC during the first discharge or during the first cycle, the SEI on SnSb is more F-

rich, which may be related to the absence of EC in our electrolyte solution.30,40,50,51 

Studies of the SEI formed on SnSb over short term cycling in LiClO4-based electrolyte have not 

been completed yet. However, based on our previous studies of the SEI formed on Cu2Sb from LiClO4-

based electrolyte, we anticipate that the SEI composition will be quite different. The SEI formed from 

LiClO4-based electrolyte may be more C-rich than the one formed in LiPF6-based electrolyte since there 

will not be any fluorine source present in the electrolyte to help passivate the electrode surface with  
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Figure 4.10: Compiled quantification results from the HRES spectra shown in Figures 4.7–4.9 for the short-

term cycling SEI studies on SnSb. 

 

LiF.31,32 Additionally, there may be more Li2O formed in the LiClO4-based electrolyte samples; results from 

electrolyte soaking experiments in our group and from others have suggested that trace amounts of HF 

in LiPF6-based electrolyte solutions can etch surface oxides on Cu2Sb and Si electrodes.52   

Long-Term Cycling SEI 

 The long-term cycling SEI experiments are still in progress. Based on the cycling data discussed in 

a previous section and previous cycling studies of SnSb thin film electrodes,17 established SEI samples will 

likely cycle for about 100 cycles, or until the coulombic efficiency stabilizes, and the pre- and post-failure 

SEI samples will likely cycle for 200–300 cycles. The low coulombic efficiency values suggest continual SEI 

formation during cycling for both the LiPF6- and LiClO4-based electrolyte samples, so the SEIs are expected 
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to be quite thick. Sputtering through the long-term cycling SEI samples to obtain depth profiling 

information will likely take some time, although short sputter times (ca. 30 s) will be used to try to 

minimize sample damage and so that changes in the SEI with sputtering can be closely monitored. Based 

on existing SEI literature and previous work from our group, we expect the outer layer of the SEIs formed 

in both electrolyte solutions to be rich in organic species such as poly carbonates.50,53–55 The inner layer of 

the SEI is expected to be rich in inorganic species, although the predominant species will likely be different 

for the different supporting electrolytes.56–58 

 During XPS depth profiling characterization, we will also take the time to sputter through some of 

the SnSb electrode in order to better understand how it is changing during extended cycling as well. This 

can be informative for several reasons. First, other long term SEI studies on alloying anodes have 

suggested that some SEI formation occurs within the electrode due to volume changes during cycling, 

which causes an increase in electrode thickness over time.50,59–61 Sputtering through some of the electrode 

will help us determine if this is occurring in our system and what types of electrolyte reduction species 

may be incorporated into the electrode. Additionally, we may be able determine whether SnxOy species 

are still present within the electrode and whether the presence of amorphous Sn oxides affects SnSb 

cycling. Finally, comparing Sn and Sb atomic ratios in the electrode over extended cycling will help us 

determine if the ratios are changing over time. Sn aggregation has been known to occur in Sn-based anode 

materials and is thought to play a role in the failure of SnSb anodes.5,47,62 Increasing Sn:Sb atomic ratios 

over time coupled with changes in differential capacity plot features may help us determine whether Sn 

aggregation is occurring.62 By studying changes in both the SEI and the SnSb electrode over extended 

cycling, we hope to be able to determine whether changes in the SEI, changes in the electrode, or some 

combination of both contributes to the failure of SnSb electrodes after hundreds of cycles. 
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4.4) Conclusions 

The surfaces of pristine SnSb thin films and the SEIs formed on SnSb electrodes from two different 

electrolytes were characterized with XPS in order to better understand the role that interfaces play in the 

lifetime and failure of SnSb anodes. The surface of electrodeposited SnSb films was composed of Sn0, 

SnxOy, Sb0, and SbxOy species due to preparation in ambient conditions. Additionally, there appeared to 

be some amorphous SnxOy incorporation in the film based on XPS depth profiling with Ar+ sputtering.  

Ultimately, we hope that by studying the evolution of the SEI formed on SnSb over different stages of 

cycling in addition to studying changes in the electrode with XPS that we will be able to determine whether 

changes in the SEI or changes in the electrode are the main contribution to the failure of SnSb thin film 

anodes. Additionally, if our data suggests that changes in the SEI due contribute to electrode failure, we 

hope to be able to identify what types of species may be responsible. 
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APPENDIX A: SUPPORTING INFORMATION DISCUSSED IN CHAPTER 2 

 

 

 

SEI Sample Preparation 

All half cells were cycled with Cu2Sb thin films electrodeposited for 600 s (ca. 0.9 mg/cm2 and ca. 

1.2 mg Cu2Sb per punch half-inch punch based on mass difference) as the working electrode. Assembled 

half cells were rested for 18 hours prior to cycling, and the half cells were cycled at a C/20 rate (ca. 19 

µA/cm2) over a given potential range for 20 cycles. Details on the potential limits and electrolyte for a 

given sample are provided in Table A1 below. 

Table A1: Potential limits and electrolyte solutions used for the different samples mentioned in the main 

text. 

Sample name 
Potential range  

(V vs. Li/Li+) 
Electrolyte 

Sample 1a 1.8–3.0 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol) 

Sample 2a 1.8–3.0 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol) 

Sample 1b 1.8–3.0 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol) with 5% VC (by vol) 

Sample 2b 1.8–3.0 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol) with 5% VC (by vol) 

Sample 1c 0.9–1.8 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol) 

Sample 2c 0.9–1.8 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol) 

Sample 1d 0.05–0.9 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol) 

Sample 1e 0.05–1.6 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol) 

Sample 1f 0.9–1.8 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol) 

Sample 1g 0.9–1.8 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol) with 5% VC (by vol) 

Sputtered sample 0.05–3.0 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol) with 5% VC (by vol) 
Sample 2c and Sample 1f are the same sample but used in different examples and therefore given 

separate sample names to remain consistent with the naming conventions described in Chapter 2. 

 

Swagelok cell part cleaning procedure 

The following cleaning procedure was used to clean the Swagelok cell parts used in the 

experiments described in the text with the exception of Sample 1b. Any black residue inside of the used 

PTFE Swagelok cell body parts was scraped away using either a metal rasp or the ends of sharp needle-

nosed tweezers and rinsed well with distilled water. Used PTFE Swagelok cell parts (cell body, end caps, 

and ferrules) were soaked in several changes of distilled water (ca. 2 L each time) for at least 3 hours each 

time. The cell parts were agitated at the beginning when fresh water was added to reduce the number of 
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air bubbles trapped in the cell body parts and to help wet the hydrophobic PTFE surface. Afterwards, the 

PTFE parts were allowed to dry thoroughly in air. We have found that soaking the PTFE cell parts in several 

changes of water for long periods of time is sufficient for removing residual Li salt and electrolyte 

degradation products, although others have also had success using a combination of organic solvents and 

water to clean cell parts.1  

The metal cell parts (copper and stainless-steel current collectors, stainless-steel mesh, and 

stainless-steel springs) were rinsed briefly with distilled water and then immediately dried to prevent 

oxidation. The Cu current collectors were cleaned with Wenol metal polish to remove the oxidized surface 

layer and then cleaned 3 times by wiping with isopropanol-soaked Kim wipes to remove the organic 

residue left by the metal polish. The stainless-steel current collectors were cleaned 3 times using 

isopropanol-soaked Kim wipes, and the stainless-steel springs and mesh punches were sonicated in 

isopropanol for 5 minutes. Once all of the cell parts were dry, they were pumped down overnight into an 

Ar-filled glove box to minimize additional oxidation after cleaning. 
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Table A2: Sample 1a HRES fitting data 

Sample 

description 
Transition 

Peak 

position (eV) 
FWHM (eV) 

Corrected area 

(A/(RSF*T*MFP)) 

% Atomic 

composition 

Sample 1a 

Region 1 

C 1s 

284.97 1.02 577.84 53.3 

286.01 1.97 116.47 10.8 

289.11 1.49 40.86 3.8 

Cl 2p 
208.52 1.16 15.18 1.4 

210.18 1.27 7.58 0.7 

O 1s/Sb 3d 

527.84 1.21 1.62 0.2 

537.14 1.26 1.08 0.1 

529.99 1.20 1.86 0.2 

539.77 1.37 1.24 0.1 

532.23 2.25 174.60 16.1 

533.56 1.46 53.92 5.0 

Li 1s 55.62 1.45 91.67 8.5 

Sample 1a 

Region 2 

C 1s  

284.84 1.13 1346.72 56.3 

285.94 2.00 233.06 9.7 

289.05 1.56 92.4144 3.9 

Cl 2p 
208.56 1.21 30.6452 1.3 

210.17 1.27 15.316 0.6 

O 1s/Sb 3d 

528.36 2.30 4.11582 0.2 

530.18 1.01 2.11491 0.1 

539.79 1.12 1.40634 0.1 

532.18 2.30 374.559 15.6 

533.60 1.50 97.497 4.1 

Li 1s 55.70 2.15 196.277 8.2 

Sample 1a 

Region 3 

C 1s 

284.62 1.14 1111.61 52.0 

285.61 1.97 197.21 9.2 

288.94 1.39 79.2019 3.7 

Cl 2p 
208.59 1.17 50.6045 2.4 

210.21 1.23 25.2914 1.2 

O 1s/Sb 3d 

527.92 1.42 1.94068 0.1 

537.13 1.53 1.29064 0.1 

530.00 1.25 2.81002 0.1 

539.73 1.50 1.8685 0.1 

533.47 1.48 202.265 9.5 

532.10 2.04 273.473 12.8 

Li 1s 55.74 1.70 188.431 8.8 

Sample 1a 

Region 4 

C 1s 

284.70 1.19 20200.3 52.5 

285.91 2.00 3538.47 9.2 

288.93 1.92 1892.41 4.9 

Cl 2p 
208.50 1.23 446.158 1.2 

210.16 1.28 223.079 0.6 

O 1s/Sb 3d 527.83 1.45 56.6138 0.2 
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537.04 1.45 37.7614 0.1 

529.92 1.30 77.2034 0.2 

539.53 1.58 51.4947 0.1 

532.12 2.30 8178.26 21.2 

533.49 1.38 1256.79 3.3 

Li 1s 55.40 1.84 2555.03 6.6 
Area (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP). 

 
Figure A1: Sample 1a HRES fitting results. 
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Table A3: Sample 2a HRES fitting results 

Sample 

description 
Transition 

Peak 

position (eV) 
FWHM (eV) 

Corrected area 

(A/(RSF*T*MFP)) 

% Atomic 

composition 

Sample 2a 

Region 1 

C 1s 

284.88 1.27 233.512 37.4 

286.46 1.41 37.6087 6.0 

288.90 1.65 36.9293 5.9 

Cl 2p 
208.62 1.28 22.7797 3.7 

210.25 1.17 11.3849 1.8 

O 1s/Sb 3d 

530.58 1.23 1.99608 0.3 

539.95 1.36 1.32741 0.2 

531.35 2.30 44.0259 7.1 

533.22 1.54 114.87 18.4 

532.03 1.17 22.8498 3.7 

Li 1s 55.94 1.75 79.6734 12.8 

Cu 2p 932.84 1.31 12.0689 1.9 
 952.65 1.68 5.47621 0.9 

Sample 2a 

Region 2 

C 1s 

284.63 1.20 228.142 37.2 

286.06 1.75 52.2849 8.5 

288.70 1.66 38.1004 6.2 

Cl 2p 
208.52 1.18 34.0946 5.6 

210.16 1.08 17.04 2.8 

O 1s/Sb 3d 

530.42 1.06 1.59833 0.3 

539.87 1.18 1.0629 0.2 

533.11 1.58 148.437 24.2 

531.71 2.15 77.4502 12.6 

Cu 2p 
932.66 1.28 9.59588 1.6 

952.54 1.89 4.89426 0.8 

Sample 2a 

Region 3 

C 1s 

284.73 1.18 225.363 37.8 

285.92 2.00 69.7505 11.7 

288.83 1.56 38.2244 6.4 

Cl 2p 
208.47 1.19 22.5792 3.8 

210.08 1.11 11.2848 1.9 

O 1s/Sb 3d 

530.33 1.04 2.78214 0.5 

539.86 1.15 1.85007 0.3 

533.13 1.57 111.177 18.6 

531.72 2.30 92.481 15.5 

Cu 2p 
932.70 1.31 14.3746 2.4 

952.70 1.86 6.86124 1.2 
Area (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP). 
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Figure A2: Sample 2a HRES fitting results. 
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Table A4: Sample 1b HRES fitting results 

Sample 

description 
Transition 

Peak 

position (eV) 
FWHM (eV) 

Corrected area 

(A/(RSF*T*MFP)) 

% Atomic 

composition 

Sample 1b 

Region 1 

C 1s 

285.02 1.13 766.153 31.7 

286.59 2.00 236.619 9.8 

289.11 2.00 143.668 6.0 

Cl 2p 

208.58 1.20 22.2365 0.9 

210.31 1.22 11.1128 0.5 

198.11 1.21 8.37924 0.4 

199.73 1.09 4.18784 0.2 

O 1s/Sb 3d 

527.81 0.94 14.1181 0.6 

537.22 0.92 9.38862 0.4 

530.72 1.34 35.5699 1.5 

540.12 1.50 23.6542 1.0 

533.18 2.00 315.214 13.0 

531.78 1.42 223.909 9.3 

528.98 2.30 77.4001 3.2 

Li 1s 55.91 1.84 256.791 10.6 

Cu 2p 
932.98 1.25 13.8887 0.6 

952.69 2.02 6.30106 0.3 

F 1s 
687.18 1.76 208.031 8.6 

685.18 1.46 38.4345 1.6 

Sample 1b 

Region 2 

C 1s 

284.79 1.12 17936.7 41.0 

285.97 2.00 4235.86 9.7 

288.86 2.00 1771.84 4.0 

Cl 2p 
208.44 1.09 413.845 1.0 

210.04 1.26 206.922 0.5 

O 1s/Sb 3d 

527.82 0.96 103.343 0.2 

537.16 0.99 68.9301 0.2 

530.58 1.28 229.724 0.5 

539.92 1.41 153.226 0.4 

529.40 1.91 571.057 1.3 

532.00 2.09 5693.98 13.0 

533.09 1.17 1348.52 3.1 

533.84 1.47 1567 3.6 

Li 1s 55.70 2.09 5484.22 12.5 

Cu 2p 
932.94 1.21 94.5682 0.2 

953.04 1.70 51.9211 0.1 

F 1s 
687.09 1.84 3292.67 7.5 

685.06 1.22 546.761 1.3 

Sample 1b 

Region 3 
C 1s 

284.95 1.14 13079.4 30.9 

286.61 1.92 3821.34 9.0 

288.67 1.22 961.344 2.3 
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289.45 2.00 1652.56 3.9 

Cl 2p 

208.47 1.33 375.14 0.9 

210.18 1.43 187.57 0.4 

198.20 1.70 187.566 0.4 

199.91 1.48 93.7828 0.2 

O 1s/Sb 3d 

527.77 0.96 328.936 0.8 

537.11 0.98 219.4 0.5 

530.66 1.31 821.64 1.9 

540.00 1.46 548.034 1.3 

529.68 2.11 1680.29 4.0 

531.79 1.32 4613.82 10.9 

532.89 1.38 3083.37 7.3 

533.82 1.45 1549.91 3.7 

Li 1s 55.61 1.75 4969.56 11.7 

F 1s 
687.06 1.76 3392.87 8.0 

685.14 1.55 770.735 1.8 
Area (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP). 

 
Figure A3: Sample 1b HRES fitting results. 
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Table A5: Sample 2b HRES fitting results 

Sample 

description 
Transition 

Peak 

position (eV) 
FWHM (eV) 

Corrected area 

(A/(RSF*T*MFP)) 

% Atomic 

composition 

Sample 2b 

Region 1 

C 1s 

285.14 1.08 296.095 39.3 

286.08 2.00 65.1837 8.6 

289.06 1.66 69.4528 9.2 

Cl 2p 
208.53 1.15 5.0247 0.7 

210.22 0.92 2.51119 0.3 

O 1s/Sb 3d 

527.76 1.06 1.03955 0.1 

537.08 1.07 0.691307 0.1 

530.01 1.56 1.82911 0.2 

539.93 1.73 1.21617 0.2 

532.02 1.96 170.315 23.0 

533.89 1.19 9.11307 1.2 

Li 1s 55.50 1.65 131.543 17.5 

Sample 2b 

Region 2 

C 1s 

285.00 1.04 273.146 34.7 

286.24 2.00 84.9945 10.8 

288.87 1.43 54.0646 6.9 

290.48 2.00 27.6286 3.5 

208.60 1.32 9.83599 1.3 

210.43 1.45 4.91564 0.6 

O 1s/Sb 3d 

527.62 0.94 0.636691 0.1 

537.08 0.91 0.423404 0.1 

529.14 1.31 0.871208 0.1 

539.45 1.45 0.579193 0.1 

531.82 1.53 97.5695 12.4 

533.14 2.12 82.9526 10.5 

530.32 1.32 28.3629 3.6 

Li 1s 55.55 1.57 114.472 14.5 

Cu 2p 
932.41 1.25 4.93134 0.6 

952.24 2.08 2.69878 0.3 

Sample 2b 

Region 3 

C 1s 

285.01 1.29 172.52 44.4 

286.40 2.00 29.2523 7.5 

288.93 2.00 32.2146 8.3 

Cl 2p 
208.50 1.54 9.40324 2.4 

210.17 1.40 4.6996 1.2 

O 1s/Sb 3d 

530.25 1.22 1.93019 0.5 

539.82 1.35 1.28351 0.3 

531.87 2.30 76.3599 19.7 

533.20 2.10 45.6168 11.7 

Cu 2p 
932.54 1.40 10.2386 2.6 

952.35 1.77 4.87558 1.3 
Area (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP). 
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Figure A4: Sample 2b HRES fitting results. 
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Table A6: Sample 1c HRES fitting results 

Sample 

description 
Transition 

Peak 

position (eV) 
FWHM (eV) 

Corrected area 

(A/(RSF*T*MFP)) 

% Atomic 

composition 

Sample 1c 

Region 1 

C 1s 

284.89 1.21 917.199 32.0 

286.45 1.79 253.075 8.8 

290.22 1.29 134.37 4.7 

288.95 1.25 91.1433 3.2 

Cl 2p 
208.55 1.14 49.4134 1.7 

210.16 1.14 24.6961 0.9 

O 1s/Sb 3d 

527.88 1.33 4.54563 0.2 

530.16 1.23 8.56287 0.3 

539.67 1.47 5.69419 0.2 

532.14 1.85 656.08 22.9 

533.53 1.61 277.615 9.7 

Li 1s 55.61 1.71 442.389 15.4 

Sample 1c 

Region 2 

C 1s 

284.98 1.11 838.024 29.3 

286.55 1.78 287.349 10.0 

290.29 1.25 146.951 5.1 

289.03 1.32 113.453 4.0 

Cl 2p 
208.51 1.22 33.1305 1.2 

210.12 1.18 16.5581 0.6 

O 1s/Sb 3d 

527.76 1.43 6.92095 0.2 

530.11 1.19 9.55181 0.3 

539.65 1.59 6.35161 0.2 

532.22 1.94 762.825 26.6 

533.74 1.57 171.132 6.0 

Li 1s 55.52 1.69 471.329 16.5 

Sample 1c 

Region 3 

C 1s 

284.96 1.12 867.234 34.4 

286.32 2.00 304.811 12.1 

290.16 1.41 106.686 4.2 

288.91 1.34 90.6212 3.6 

Cl 2p 

208.53 1.08 21.0102 0.8 

210.12 1.24 10.5006 0.4 

198.40 1.36 5.55703 0.2 

200.00 1.14 2.77732 0.1 

O 1s/Sb 3d 

527.68 1.34 4.26611 0.2 

530.33 1.59 11.1026 0.4 

539.69 1.58 4.60848 0.2 

533.27 1.89 273.208 10.9 

532.11 1.65 513.509 20.4 

Li 1s 55.56 1.40 302.764 12.0 
Area (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP). 
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Figure A5: Sample 1c HRES fitting results. 
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Table A7: Sample 2c/1f HRES fitting results 

Sample 

description 
Transition 

Peak 

position (eV) 
FWHM (eV) 

Corrected area 

(A/(RSF*T*MFP)) 

% Atomic 

composition 

Sample 2c/1f 

Region 1 

C 1s 

284.88 1.16 306.386 40.7 

286.05 2.00 68.9558 9.2 

288.97 1.57 52.7461 7.0 

Cl 2p 
208.59 1.19 24.2312 3.2 

210.21 1.02 12.1104 1.6 

O 1s 
532.04 1.72 99.8794 13.3 

533.31 1.56 100.248 13.3 

Li 1s 55.91 1.56 88.358 11.7 

Sample 2c/1f 

Region 2 

C 1s 

284.71 1.34 311.338 41.7 

286.29 1.43 26.2386 3.5 

288.86 1.79 31.6308 4.2 

Cl 2p 

208.50 1.34 15.9788 2.1 

210.21 1.34 7.98574 1.1 

198.51 1.74 7.48708 1.0 

200.30 1.78 3.74172 0.5 

O 1s 

528.26 1.13 7.70749 1.0 

531.41 2.30 129.445 17.3 

533.17 1.64 54.7739 7.3 

Li 1s 55.20 2.04 150.31 20.1 

Sample 2c/1f 

Region 3 

C 1s 

284.86 1.21 282.884 40.2 

286.27 1.26 32.348 4.6 

288.96 1.95 58.3801 8.3 

Cl 2p 
208.59 1.14 19.1698 2.7 

210.25 1.23 9.58046 1.4 

O 1s 
532.06 2.15 134.296 19.1 

533.41 1.40 55.7848 7.98 

Li 1s 55.79 1.93 111.023 15.8 
Area (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP). 
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Figure A6: Sample 2c/1f HRES fitting results. 
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Table A8: Sample 1g HRES fitting results 

Sample 

description 
Transition 

Peak 

position (eV) 
FWHM (eV) 

Corrected area 

(A/(RSF*T*MFP)) 

% Atomic 

composition 

Sample 1g 

Region 1 

C 1s 

284.71 1.22 288.036 33.7 

286.24 2.00 64.4683 7.6 

288.61 1.50 32.9161 3.9 

289.71 2.00 42.3693 5.0 

Cl 2p 
208.49 1.17 17.2438 2.0 

210.15 1.23 8.61819 1.0 

O 1s 
531.79 2.26 174.081 20.4 

533.35 1.53 65.9385 7.7 

Li 1s 55.37 1.76 160.096 18.8 

Sample 1g 

Region 2 

C 1s 

284.77 1.22 280.875 32.9 

286.31 2.00 62.7755 7.4 

288.53 1.06 20.3645 2.4 

289.63 1.85 47.038 5.5 

Cl 2p 
208.53 1.24 11.8919 1.4 

210.18 1.24 5.94323 0.7 

O 1s 
533.49 1.57 42.008 4.9 

531.77 2.20 194.209 22.8 

Li 1s 55.18 2.16 188.08 22.0 

Sample 1g 

Region 3 

C 1s 

284.78 1.22 259.044 34.8 

286.09 2.00 51.3313 6.9 

288.73 1.44 32.9588 4.4 

290.00 2.00 26.7365 3.6 

Cl 2p 
208.61 1.21 15.865 2.1 

210.26 1.11 7.92911 1.1 

O 1s 
531.90 2.30 165.904 22.3 

533.46 1.42 41.1318 5.5 

Li 1s 55.27 2.13 142.914 19.2 
Area (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP). 
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Figure A7: Sample 1g HRES fitting results. 
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Figure A8: Comparison of XPS survey spectra for Cu2Sb films soaked in either 1 M LiPF6 in EC/DMC/DEC 

(1:1:1 by vol.) or 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol.) electrolyte for 18 hours and then washed prior 

to XPS characterization. For the sample soaked in LiPF6-based electrolyte, peaks for Cu2Sb are still 

detected, but there is also evidence of LiPF6 and LiPF6 decomposition products on the surface based on 

the F 1s, P 2s, and P 2p peaks detected. For the sample soaked in LiClO4-based electrolyte, there is 

evidence of LiClO4 on the sample surface but no signal from the Cu2Sb is observed. 
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Figure A9: Comparison of XPS O 1s/Sb 3d HRES spectra for Cu2Sb films soaked in either 1 M LiPF6 in 

EC/DMC/DEC (1:1:1 by vol.) or 1 M LiClO4 in EC/DMC/DEC (1:1:1 by vol.) electrolyte for 18 hours and then 

washed prior to XPS characterization. For the sample soaked in LiPF6-based electrolyte, Sb 3d peaks 

corresponding to metallic Sb are observed but no peaks corresponding to Sb oxide species are observed 

even though the Cu2Sb is covered with a surface oxide layer. For the sample soaked in LiClO4-based 

electrolyte, there are no Sb 3d peaks detected, likely due to the adsorption of LiClO4. 
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Figure A10: Representative XPS HRES spectra from unwashed and washed SEI samples, demonstrating 

that washing the sample primarily removes residual supporting electrolyte not incorporated into the SEI 

from the sample surface, resulting in decreases in O 1s, Li 1s, and Cl 2p signal corresponding to LiClO4. 

 

 

Figure A11: The Ag 3d HRES spectrum from the SEI sample 1e with the Ag internal reference applied to 

the surface by dropcasting from DMC. 
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Figure A12: Comparison of XPS HRES spectra from edge and center regions of a SEI sample demonstrating 

the similarities in features regardless of the location of the analysis region. 

 

Table A9: Comparison of quantitative data based on integrating peak areas from the unfitted spectra 

rather than from fitted data from XPS HRES spectra from edge and center regions of a SEI sample. 

Analysis region 
% Atomic Composition 

C O Li Cl 

Edge 1 22.0 41.6 36.1 0.2 

Center 1 22.7 43.9 33.4 0.0 

Edge 2 21.1 44.7 33.7 0.5 

Center 2 23.3 43.7 33.0 0.0 
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APPENDIX B: SUPPORTING INFORMATION FOR CHAPTER 3 
 
 
 
XRD characterization 

 

X-ray diffraction (XRD) was used for structural characterization of the electrodeposited Cu2Sb 

films to ensure films were consistent with those reported in previous work from our group.1 

Diffractograms were collected using a Bruker D8 Discover Davinci instrument with Cu Kα radiation (λ = 

1.54184 Å). 

 
Figure B1: Representative XRD pattern for the Cu2Sb thin films electrodeposited as described in the main 
text and in a previously published procedure1 were indexed to PDF 00-003-1023 for Cu2Sb. Angles where 
reflections from the underlying Cu substrate are expected to appear are marked with blue stars.   
 
Description of X-ray photoelectron spectroscopy (XPS) peak fitting procedure 

Since not much is known about the solid electrolyte interface (SEI) on Cu2Sb thin films, the high 

resolution (HRES) X-ray photoelectron spectra were fit using a simplified approach with minimal fitting 

constraints in order to obtain rough atomic composition estimates while trying to avoid fits with no 
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physical basis and drawing unrealistic conclusions from the data. Due to this approach, the fits 

(summarized in Tables B1–B3 and shown in Figures B4–B9) often differ from the raw data, and in the case 

of spectra with poor signal to noise such as Li 1s they may result in an overestimation in the percent atomic 

composition. However, for our purposes of examining trends in the binding environments and 

compositions for different SEI samples this fitting procedure seems to be sufficient. 

 Peak fitting was performed on the raw data (no data smoothing algorithms were utilized) with 

CasaXPS software (version 2.3.17PR1.1) and the following parameters and constraints. The background 

was defined using the Shirley algorithm, and the Av. width was 1 for all spectra. The lineshape used for 

peak fitting was 70% Gaussian, 30% Lorentzian.2 For the C 1s spectra, the upper limit for the FWHM values 

of the peaks was set to 2, and the PHI RSF value corrected for angular distribution was 0.314089. For the 

Cl 2p spectra, the ratio of the areas of the 2p3/2 and 2p1/2 peaks was set to 2:1, and the FWHM values were 

constrained such that the FWHM values for the 2p3/2 and 2p1/2 peaks varied by no more than 10% of each 

other. The PHI RSF value corrected for angular distribution for the Cl 2p spectra was 0.696646. A similar 

approach was used for fitting the Sb 3d spectra; the ratio of the areas of the 3d5/2 and 3d3/2 peaks was set 

to 3:2, and the FWHM values were constrained such that the FWHM values for the 3d5/2 and 3d3/2 peaks 

varied by no more than 10% of each other. The PHI RSF value corrected for angular distribution for the Sb 

3d spectra was 7.20613. The peak separations between the Cl 2p3/2 and Cl 2p1/2 and Sb 3d5/2 and Sb 3d3/2 

peaks were not constrained as the peak separations after fitting were similar to the reported peak 

separation values.3 The upper limits for the FWHM values of the O 1s peaks were set to 2.3, and the PHI 

RSF corrected for angular distribution was 0.787404. No constraints were used for the Li 1s spectra, 

although if the Li 1s peak was not readily distinguishable from the background (as was the case for HPR 

Region 2) or if the background noise was greater than the peak height (as was the case for HPR VC Region 

2), no fitting was performed. The RSF value used for quantifying the Li 1s spectra was 0.0260787 after 

correction for angular distribution. Finally, for the samples in which Cu was detected, no area constraints 
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were used for fitting the Cu 2p3/2 and Cu 2p1/2 peaks because of possible Super Coster-Kronig effects.2 The 

PHI RSF value used for the Cu 2p spectra was 4.28013. 

 

 
Figure B2: Cycling data showing the capacity retention, cumulative excess capacity, and coulombic 
efficiency up to 50 cycles for Cu2Sb cycled in LiClO4-based electrolyte without VC and up to 100 cycles for 
Cu2Sb cycled in LiClO4-based electrolyte with VC.  
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Figure B3: Differential capacity analysis plots (also shown in Figure 3.2 of Chapter 3) for the Cu2Sb thin 
films cycled 20 times between 0.05 V and 3.0 V. The y-axis and x-axis ranges have been narrowed to show 
the low intensity features associated with electrolyte reduction and SEI formation that are not visible in 
Figure 3.2 when the y-axis range is expanded to show the intense features corresponding to Cu2Sb 
lithiation and delithiation.   
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Table B1: Fitting results for the two representative regions of the HPR and HPR VC SEI samples. 

Sample 
description 

Transition 
Peak 

position 
(eV) 

FWHM 
(eV) 

Corrected area 
(A/(RSF*T*MFP)) 

% Atomic 
Composition 

Binding 
environment 

HPR, 
Region 1 

C 1s 
284.88 1.27 233.51 37.39 C-C/C-H 
286.46 1.41 37.61 6.02 C-O 
288.90 1.65 36.93 5.91 O=C-O 

Cl 2p 
208.62 1.28 22.78 3.65 ClO4

- 2p3/2 
210.25 1.17 11.38 1.82 ClO4

- 2p1/2 

Sb 3d 
530.58 1.23 2.00 0.32 SbxOy 3d5/2 
539.95 1.36 1.33 0.21 SbxOy 3d3/2 

O 1s 
531.35 2.30 44.03 7.05 C=O 
533.22 1.54 114.87 18.39 ClO4

- 
532.03 1.17 22.85 3.66 C-O 

Li 1s 55.94 1.75 79.67 12.76 Li+ 

Cu 2p 
932.84 1.31 12.07 1.93 2p3/2 
952.65 1.68 5.48 0.88 2p1/2 

HPR, 
Region 2 

C 1s 
284.73 1.18 225.36 37.77 C-C/C-H 
285.92 2.00 69.75 11.69 C-O 
288.83 1.56 38.22 6.41 O=C-O 

Cl 2p 
208.47 1.19 22.58 3.78 ClO4

- 2p3/2 
210.08 1.11 11.28 1.89 ClO4

- 2p1/2 

Sb 3d 
530.33 1.04 2.78 0.47 SbxOy 3d5/2 
539.86 1.15 1.85 0.31 SbxOy 3d3/2 

O 1s 
533.13 1.57 111.12 18.63 ClO4

- 
531.72 2.30 92.48 15.50 C-O, C=O 

Cu 2p 
932.70 1.31 14.37 2.41 2p3/2 
952.70 1.86 6.86 1.15 2p1/2 

HPR VC, 
Region 1 

C 1s 

285.00 1.04 273.15 34.66 C-C/C-H 
286.24 2.00 84.99 10.78 C-O 
288.87 1.43 54.06 6.86 O=C-O 
290.48 2.00 27.63 3.51 carbonate 

Cl 2p 
208.60 1.32 9.84 1.25 ClO4

- 2p3/2 
210.43 1.45 4.92 0.62 ClO4

- 2p1/2 

Sb 3d 

527.62 0.94 0.64 0.08 Sb0 3d5/2 
537.08 0.91 0.42 0.05 Sb0 3d3/2 
529.14 1.31 0.87 0.11 SbxOy 3d5/2 
539.45 1.45 0.58 0.07 SbxOy 3d3/2 

O 1s 
531.82 1.53 97.57 12.38 C=O 
533.14 2.12 82.95 10.53 ClO4

- 
530.32 1.32 28.36 3.60 C-O 

Li 1s 55.55 1.57 114.47 14.53 Li+ 

Cu 2p 
932.41 1.25 4.93 0.63 2p3/2 
952.24 2.08 2.70 0.34 2p1/2 

HPR VC, 
Region 2 

C 1s 
285.01 1.29 172.52 44.42 C-C/C-H 
286.40 2.00 29.25 7.53 C-O 
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288.93 2.00 32.21 8.29 O=C-O 

Cl 2p 
208.50 1.54 9.40 2.42 ClO4

- 2p3/2 
210.17 1.40 4.70 1.21 ClO4

- 2p1/2 

Sb 3d 
530.25 1.22 1.93 0.50 SbxOy 3d5/2 
539.82 1.35 1.28 0.33 SbxOy 3d3/2 

O 1s 
531.87 2.30 76.36 19.66 C-O, C=O 
533.20 2.10 45.62 11.74 ClO4

- 

Cu 2p 
932.54 1.40 10.24 2.64 2p3/2 
952.35 1.77 4.88 1.26 2p1/2 

Area (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP). 
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Table B2: Fitting results for the two representative regions of the MPR and MPR VC SEI samples. 

Sample 
description 

Transition 
Peak 

position 
(eV) 

FWHM 
(eV) 

Corrected area 
(A/(RSF*T*MFP)) 

% Atomic 
Composition 

Binding 
environment 

MPR, 
Region 1 

C 1s 
284.88 1.16 306.39 40.69 C-C/C-H 
286.05 2.00 68.96 9.16 C-O 
288.97 1.57 52.75 7.01 O=C-O 

Cl 2p 
208.59 1.19 24.23 3.22 ClO4

- 2p3/2 
210.21 1.02 12.11 1.61 ClO4

- 2p1/2 

O 1s 
532.04 1.72 99.88 13.27 C-O, C=O 
533.31 1.56 100.25 13.31 ClO4

- 
Li 1s 55.91 1.56 88.36 11.74 Li+ 

MPR, 
Region 2 

C 1s 
284.71 1.34 311.34 41.70 C-C/C-H 
286.29 1.43 26.24 3.51 C-O 
288.86 1.79 31.63 4.24 O=C-O 

Cl 2p 

208.50 1.34 15.98 2.14 ClO4
- 2p3/2 

210.21 1.34 7.99 1.07 ClO4
- 2p1/2 

198.51 1.74 7.49 1.00 Cl- 2p3/2 
200.30 1.78 3.74 0.50 Cl- 2p1/2 

O 1s 
528.26 1.13 7.71 1.03 Li2O 
531.41 2.30 129.45 17.34 C-O, C=O 
533.17 1.64 54.77 7.34 ClO4

- 
Li 1s 55.20 2.04 150.31 20.13 Li+, Li2O 

MPR VC, 
Region 1 

C 1s 

284.71 1.22 288.04 33.74 C-C/C-H 
286.24 2.00 64.47 7.55 C-O 
288.61 1.50 32.92 3.86 O=C-O 
289.71 2.00 42.37 4.96 carbonate 

Cl 2p 
208.49 1.17 17.24 2.02 ClO4

- 2p3/2 
210.15 1.23 8.62 1.01 ClO4

- 2p1/2 

O 1s 
531.79 2.26 174.08 20.39 C-O, C=O 
533.35 1.53 65.94 7.72 ClO4

- 
Li 1s 55.37 1.76 160.10 18.75 Li+ 

MPR VC, 
Region 2 

C 1s 

284.77 1.22 280.88 32.92 C-C/C-H 
286.31 2.00 62.78 7.36 C-O 
288.53 1.06 20.36 2.39 O=C-O 
289.63 1.85 47.04 5.51 carbonate 

Cl 2p 
208.53 1.24 11.89 1.39 ClO4

- 2p3/2 
210.18 1.24 5.94 0.70 ClO4

- 2p1/2 

O 1s 
533.49 1.57 42.01 4.92 ClO4

- 
531.77 2.20 194.21 22.76 C-O, C=O 

Li 1s 55.18 2.16 188.08 22.04 Li+ 
Area (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP). 
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Table B3: Fitting results for the two representative regions of the LPR and LPR VC SEI samples. 

Sample 
description 

Transition 
Peak 

position 
(eV) 

FWHM 
(eV) 

Corrected area 
(A/(RSF*T*MFP)) 

% Atomic 
Composition 

Binding 
environment 

LPR, 
Region 1 

C 1s 

285.05 1.20 168.61 21.23 C-C/C-H 
286.51 1.85 99.97 12.59 C-O 
288.94 1.17 27.07 3.41 O=C-O 
290.38 1.30 38.99 4.91 carbonate 

Cl 2p 
208.55 1.18 13.06 1.64 ClO4

- 2p3/2 
210.15 1.23 6.53 0.82 ClO4

- 2p1/2 

O 1s 
532.19 2.30 206.41 25.99 C-O, C=O 
533.53 1.73 59.41 7.48 ClO4

- 
Li 1s 55.51 1.90 174.15 21.93 Li+ 

LPR, 
Region 2 

C 1s 

284.76 1.14 234.74 33.28 C-C/C-H 
286.29 2.00 74.16 10.51 C-O 
288.69 1.76 25.18 3.57 O=C-O 
290.47 1.71 35.43 5.02 carbonate 

Cl 2p 
208.60 1.19 15.97 2.26 ClO4

- 2p3/2 
210.22 1.13 7.98 1.13 ClO4

- 2p1/2 

O 1s 
532.01 2.30 125.16 17.74 C-O, C=O 
533.40 1.65 68.13 9.66 ClO4

- 
Li 1s 55.73 2.00 118.57 16.81 Li+ 

LPR VC, 
Region 1 

C 1s 
284.73 1.62 224.74 27.20 C-C/C-H 
286.68 1.85 29.05 3.52 C-O 
289.78 1.45 35.31 4.27 carbonate 

Cl 2p 
198.55 1.34 4.51 0.55 Cl- 2p3/2 
200.18 1.48 2.26 0.27 Cl- 2p1/2 

O 1s 
528.29 1.18 25.89 3.13 Li2O 
531.19 2.16 220.37 26.68 C-O, C=O 

Li 1s 54.72 2.00 283.96 34.37 Li+, Li2O 

LPR VC, 
Region 2 

C 1s 

284.85 1.46 179.86 18.50 C-C/C-H 
286.62 1.72 28.16 2.90 C-O 
289.85 1.45 24.01 2.47 carbonate 
283.19 1.17 10.44 1.07 sp2 carbon 

Cl 2p 
198.56 1.47 5.53 0.57 Cl- 2p3/2 
200.36 1.20 2.76 0.28 Cl- 2p1/2 

O 1s 
528.60 1.24 72.03 7.41 Li2O 
531.29 1.88 235.00 24.18 C-O, C=O 

Li 1s 54.54 2.03 414.22 42.61 Li+, Li2O 
Area (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP). 
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Figure B4: Fitted XPS HRES C 1s, O 1s/Sb 3d, Cl 2p, Li 1s, and Cu 2p spectra for the two representative 
regions of the HPR SEI sample. 
 

 
Figure B5: Fitted XPS HRES C 1s, O 1s/Sb 3d, Cl 2p, Li 1s, and Cu 2p spectra for the two representative 
regions of the HPR VC SEI sample. 
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Figure B6: Fitted XPS HRES C 1s, O 1s, Cl 2p, and Li 1s spectra for the two representative regions of the 
MPR SEI sample. 
 

 
Figure B7: Fitted XPS HRES C 1s, O 1s, Cl 2p, and Li 1s spectra for the two representative regions of the 
MPR VC SEI sample. 



198 
 

 
Figure B8: Fitted XPS HRES C 1s, O 1s, Cl 2p, and Li 1s spectra for the two representative regions of the 
LPR SEI sample. 
 

 
Figure B9: Fitted XPS HRES C 1s, O 1s, Cl 2p, and Li 1s spectra for the two representative regions of the 
LPR VC SEI sample. 
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Figure B10: HRES C 1s, O 1s/Sb 3d, and Cu 2p X-ray photoelectron spectra for a pristine (uncycled) Cu2Sb 
thin film showing the presence of a surface oxide layer on Cu2Sb that results in more intense Sb 3d peaks 
for SbxOy species than for Sb0 from the Cu2Sb film. The presence of carbon is due to adventitious carbon, 
and Cu0 from the underlying Cu2Sb underneath the surface oxide layer can also be detected.  
 

 
Figure B11: Left: representative digital photograph of a discolored polypropylene separator from a 
disassembled half-cell containing a Cu2Sb thin film electrode cycled in 1 M LiClO4 in EC/DMC/DEC (1:1:1 
vol) electrolyte with an upper voltage cutoff limit of 3.0 V vs Li/Li+. Right: representative digital photograph 
of a polypropylene separator recovered from a half cell cycled without VC for comparison. 
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SEM and EDS characterization 

 

Energy dispersive X-ray spectroscopy (EDS) characterization was performed using an Oxford 

Instruments 80 X-Max (80 mm) SDD detector with 2048 channels, 20 keV energy range, 10.0 eV/channel, 

and a SATW type window coupled to a JEOL JSM-6500F scanning electron microscope. EDS mapping and 

data collection was performed at 25x magnification and a 20.00 kV accelerating voltage. 

 
Figure B12: An EDS map-sum spectrum of a discolored separator from a Cu2Sb half-cell cycled without VC 
to an upper voltage limit of 3.0 V vs Li/Li+ demonstrating the presence of Cu in the discolored separator. 
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Figure B13: Differential capacity analysis plots for the first cycle discharge of the MPR, MPR VC, LPR, and 
LPR VC samples showing similar features. The first cycle discharge was the only stage of cycling that 
showed SEI-related features in the differential capacity analysis, so the rest of the cycling data was 
excluded from the figure for clarity.  
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 4 

 

 

 

Table C1: Tabulated fitting results for the representative pristine SnSb thin film sample sputtered for 

different total amounts of time 

Sample Name Position (eV) FWHM (eV) Area/(RSF*T*MFP) % At. Conc. 

Pre sputter 

C 1s  

285.01 1.57 229.93 17.3 

286.68 1.02 30.37 2.3 

288.51 1.85 25.31 1.9 

Sb 3d  

527.98 1.05 76.39 5.8 

537.33 1.05 50.80 3.8 

530.53 1.10 38.02 2.9 

539.80 1.39 25.29 1.9 

O 1s  
529.99 1.90 299.72 22.6 

531.49 2.30 255.14 19.2 

Sn 3d  

486.60 1.60 143.00 10.8 

495.01 1.56 95.13 7.2 

484.93 0.94 36.02 2.7 

493.36 0.90 23.96 1.8 

30 s sputter 

Sb 3d  
528.01 1.09 141.33 16.0 

537.36 1.07 93.99 10.7 

O 1s 530.18 2.19 259.65 29.4 

Sn 3d  

485.12 0.90 151.00 17.1 

493.53 0.90 100.46 11.4 

486.39 1.82 81.51 9.2 

494.71 1.94 54.22 6.2 

60 s sputter 

Sb 3d  
528.02 1.08 124.97 15.3 

537.37 1.06 83.11 10.2 

O 1s 529.96 2.30 193.35 23.6 

Sn 3d  

485.14 0.90 170.11 20.8 

493.56 0.90 113.17 13.8 

486.14 2.17 80.02 9.8 

494.34 2.30 53.24 6.5 

120 s sputter 

Sb 3d  
528.02 1.09 110.62 14.3 

537.37 1.08 73.56 9.5 

O 1s 529.92 2.26 165.45 21.3 

Sn 3d  

485.15 0.90 189.20 24.4 

493.56 0.90 125.87 16.2 

486.14 2.00 66.58 8.6 

494.41 2.21 44.29 5.7 
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Figure 1C: XPS C 1s HRES spectrum from the representative pristine SnSb thin film sample before 

sputtering; carbon was detected on the SnSb surface due to the presence of adventitious carbon. 

 

Table 2C: Fitting results for the first discharge SEI Sample 1 

Sample 

region 
Name Position (eV) FWHM (eV) Area/(RSF*T*MFP) % At. Conc. 

Region 1 

C 1s  

284.34 1.53 481.46 20.5 

286.72 2.00 191.92 8.2 

290.75 1.59 47.42 2.0 

288.85 2.00 114.33 4.9 

F 1s  
684.93 1.51 172.30 7.3 

686.96 1.96 171.90 7.3 

P 2p  

136.55 1.68 20.85 0.9 

137.39 2.00 10.42 0.4 

133.02 2.00 10.96 0.5 

133.86 2.00 5.48 0.2 

O 1s  

531.51 2.20 383.27 16.3 

533.95 1.99 129.24 5.5 

527.58 1.19 15.90 0.7 
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Sn 3d 

Sn 3d 

481.60 1.36 3.96 0.2 

490.00 1.18 2.18 0.1 

Li 1s  
55.10 1.87 466.68 19.9 

53.06 1.94 121.01 5.2 

Region 2 

C 1s  

284.42 1.47 381.03 18.8 

286.24 2.00 159.79 7.9 

289.61 2.00 110.04 5.4 

287.96 1.89 55.81 2.8 

F 1s  
684.88 1.58 87.98 4.4 

687.00 1.76 137.31 6.8 

P 2p  

136.53 1.26 17.71 0.9 

137.37 1.16 8.85 0.4 

133.06 2.00 11.25 0.6 

133.90 2.00 5.62 0.3 

O 1s  

531.48 2.13 395.46 19.5 

533.90 1.86 87.29 4.3 

527.81 2.30 21.54 1.1 

Sn 3d  
481.66 1.40 3.58 0.2 

490.10 1.30 2.42 0.1 

Li 1s  
55.00 2.01 433.35 21.4 

52.46 1.66 104.67 5.2 

Region 3 

C 1s  

284.32 1.41 436.68 19.1 

285.87 2.00 140.45 6.2 

289.29 1.85 98.06 4.3 

287.90 2.00 40.66 1.8 

282.52 0.93 13.75 0.6 

F 1s  
684.94 1.55 180.97 7.9 

687.22 1.87 175.22 7.7 

P 2p  

136.87 1.42 24.57 1.1 

137.71 1.86 12.28 0.5 

132.93 2.00 10.86 0.5 

133.77 2.00 5.43 0.2 

O 1s  

531.32 2.12 414.01 18.1 

533.77 1.64 41.94 1.8 

527.80 2.30 28.24 1.2 

Sb 3d  

524.83 1.10 0.80 0.0 

534.13 1.21 0.53 0.0 

481.63 1.34 3.31 0.1 

490.05 1.26 2.10 0.1 

Li 1s 
55.04 2.03 546.38 23.9 

52.64 2.03 107.43 4.7 
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Table 3C: Fitting results for the first discharge SEI Sample 2 

Region Name Position (eV) FWHM (eV) Area/(RSF*T*MFP) % At. Conc. 

Region 1 

C 1s  

284.66 1.64 399.31 18.9 

286.45 1.99 63.12 3.0 

289.96 0.99 17.65 0.8 

289.29 1.57 30.19 1.4 

F 1s  
684.99 1.66 56.22 2.7 

687.35 1.76 33.73 1.6 

P 2p  

133.07 1.58 7.59 0.4 

133.91 1.74 3.79 0.2 

136.83 1.85 5.81 0.3 

137.67 1.67 2.90 0.1 

O 1s  
531.18 1.97 454.27 21.4 

528.31 1.44 163.88 7.7 

Sn 3d  
482.08 1.33 1.44 0.1 

490.50 1.09 0.85 0.0 

Li 1s  
54.38 2.10 645.38 30.5 

52.93 2.10 232.36 11.0 

Region 2 

C 1s  

284.54 1.57 504.91 28.9 

286.52 1.32 65.22 3.7 

289.74 1.25 68.00 3.9 

288.31 1.09 33.55 1.9 

F 1s  
687.29 1.81 73.87 4.2 

684.96 1.58 52.28 3.0 

P 2p  

136.85 1.33 9.87 0.6 

137.69 1.55 4.93 0.3 

132.99 1.70 8.22 0.5 

133.83 1.87 4.11 0.2 

O 1s/Sb 3d 

531.47 2.17 379.13 21.7 

528.05 1.99 37.37 2.1 

524.94 1.34 1.24 0.1 

534.46 1.49 5.82 0.3 

534.24 1.34 0.82 0.1 

Sn 3d  
481.90 1.41 2.90 0.2 

490.29 1.28 1.72 0.1 

Li 1s  
55.03 1.77 375.62 21.5 

53.25 1.87 119.48 6.8 

Region 3 

C 1s  

284.52 1.53 597.43 29.1 

286.44 1.74 64.37 3.1 

289.67 1.42 65.55 3.2 

288.48 0.88 15.40 0.8 

F 1s  
687.46 1.85 104.05 5.1 

684.99 1.58 75.82 3.7 
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P 2p  

137.15 1.58 18.16 0.9 

137.99 1.74 9.08 0.4 

132.79 1.99 10.29 0.5 

133.63 1.80 5.14 0.3 

O 1s  

531.24 2.20 417.15 20.4 

528.09 1.57 46.53 2.3 

534.74 1.73 9.76 0.5 

Sn 3d  
481.90 1.53 2.71 0.1 

490.25 1.37 1.66 0.1 

Li 1s  
54.71 2.01 569.97 27.8 

52.50 0.93 37.16 1.8 

 

Table 4C: Fitting results for the first charge SEI Sample 1 

Region Name Position (eV) FWHM (eV) Area/(RSF*T*MFP) % At. Conc. 

Region 1 

C 1s  

284.47 1.49 321.48 17.0 

287.00 2.00 225.00 11.9 

290.93 1.07 40.14 2.1 

289.32 1.98 100.99 5.3 

F 1s  
684.89 1.60 110.04 5.8 

686.85 1.87 151.52 8.1 

P 2p  

136.35 1.63 22.67 1.2 

137.19 1.92 11.33 0.6 

133.28 0.76 4.85 0.3 

134.12 0.50 2.43 0.1 

O 1s  

531.55 2.30 353.12 18.7 

534.07 2.14 178.71 9.5 

526.61 2.30 20.93 1.1 

Sn1  
483.47 1.07 4.19 0.22 

491.87 1.01 2.69 0.14 

Li 1s 55.00 1.93 341.86 18.1 

Region 2 

C 1s  

284.48 1.60 5416.63 17.2 

287.10 2.00 4017.47 12.8 

290.73 1.35 1063.33 3.4 

289.22 1.36 1088.35 3.5 

F 1s  
684.85 1.55 1660.15 5.3 

686.79 1.91 2909.38 9.2 

P 2p  
136.26 1.64 300.41 1.0 

137.10 1.35 150.21 0.5 

O 1s  

531.53 2.30 6070.24 19.3 

534.04 2.17 3284.20 10.4 

526.36 1.50 355.72 1.1 

Sn 3d  
483.50 1.31 98.98 0.3 

491.84 1.03 52.80 0.2 



208 

 

Li 1s 55.07 2.10 5049.94 16.0 

Region 3 

C 1s  

284.43 1.61 304.82 16.3 

286.97 2.00 209.25 11.2 

290.79 1.08 33.43 1.8 

289.29 2.00 99.85 5.3 

F 1s  
684.89 1.56 151.43 8.1 

686.72 1.97 136.99 7.3 

P 2p  
136.10 1.52 15.88 0.9 

136.94 1.24 7.94 0.4 

O 1s  

531.40 2.28 334.86 17.9 

533.90 2.23 170.12 9.1 

526.49 2.17 18.69 1.0 

Sn 3d  
483.32 1.13 3.49 0.2 

491.71 0.96 2.14 0.1 

Li 1s 54.98 2.05 381.29 20.4 

 

Table 5C: Fitting results for the first charge SEI Sample 2 

Region Name Position (eV) FWHM (eV) Area/(RSF*T*MFP) % At. Conc. 

Region 1 

C 1s  

284.33 1.51 357.84 19.3 

286.65 2.00 172.35 9.3 

289.04 2.00 110.24 6.0 

290.81 1.21 31.14 1.7 

F 1s  
684.80 1.55 97.53 5.3 

686.87 1.88 197.88 10.7 

P 2p  

136.50 1.60 26.29 1.4 

137.34 1.76 13.14 0.7 

133.25 2.00 8.17 0.4 

134.09 1.88 4.08 0.2 

O 1s  

531.37 2.14 339.55 18.3 

533.82 2.27 140.42 7.6 

526.49 2.30 21.14 1.1 

Sn 3d  
483.22 1.14 3.89 0.2 

491.60 1.03 2.35 0.1 

Li 1s 55.06 1.73 325.30 17.6 

Region 2 

C 1s  

284.37 1.46 432.38 19.9 

286.57 2.00 198.11 9.1 

290.16 2.00 76.24 3.5 

288.56 2.00 102.94 4.7 

F 1s  
684.86 1.60 103.86 4.8 

687.01 2.00 224.80 10.3 

P 2p  

136.63 1.86 33.90 1.6 

137.47 1.95 16.95 0.8 

133.00 2.35 10.49 0.5 
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133.84 1.73 5.24 0.2 

O 1s  

531.41 2.10 379.88 17.5 

533.80 2.23 152.64 7.0 

526.72 2.30 21.26 1.0 

Sn 3d 
483.33 1.24 4.41 0.2 

491.62 1.11 2.29 0.1 

Li 1s 54.98 2.01 410.01 18.9 

Region 3 

C 1s  

284.38 1.38 432.49 20.4 

286.30 2.00 174.29 8.2 

289.79 2.00 91.44 4.3 

288.13 2.00 82.77 3.9 

F 1s  
684.89 1.57 118.26 5.6 

687.07 1.90 214.29 10.1 

P 2p  

136.69 1.67 30.92 1.5 

137.53 1.59 15.46 0.7 

133.22 2.47 11.08 0.5 

134.06 2.72 5.54 0.3 

O 1s  

531.46 2.09 372.01 17.6 

533.81 2.26 126.53 6.0 

526.74 2.30 20.93 1.0 

Sn 3d  
483.39 1.31 4.17 0.2 

491.76 1.20 2.42 0.1 

Li 1s 55.09 1.99 415.65 19.6 
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LIST OF ABBREVIATIONS 

 

 

 

A: area 

AFM: atomic force microsopy 

CV: cyclic voltammetry 

DEC: diethyl carbonate 

DEDOHC: diethyl 2,5-dioahexane dicarboxylate 

DMC: dimethyl carbonate 

DOD: depth of discharge 

EC: ethylene carbonate 

EDS: energy dispersive X-ray spectroscopy 

EIS: electrochemical impedance spectroscopy 

EMC: ethyl methyl carbonate 

EQCM/EQCM-D: electrochemical quartz crystal microbalance/electrochemical quartz crystal 

microbalance with dissipation 

FEC: fluoroethylene carbonate 

FSI: bis(fluorosulfonyl)imide 

FTIR: fourier transform infrared spectroscopy 

FWHM: full width at half maximum 

MALDI: matrix-assisted laser desorption ionization 

MFP: mean free path 

MPE: mass per moles of electrons 

MS: mass spectrometry 

OCP: open circuit potential 

PC: propylene carbonate 

PES: photoelectron spectroscopy 

PTFE: polytetrafluoroethylene 

PVdF: polyvinylidene fluoride 

Pyr14: N-butyl-N-methylpyrrolidinium 

RSF: relative sensitivity factor 

SEI: solid electrolyte interphase/interface 

SEM: scanning electron microscopy 

SIMS: secondary ion mass spectrometry 

ssNMR: solid state nuclear magnetic resonance spectroscopy 

T: transmission 

TEM: transmission electron microscopy 

THF: tetrahydrofuran 

TFSI: bis(trifluorosulfonyl)imide 

TMP: trimethyl phosphite 

ToF: time-of-flight 

VC: vinylene carbonate 

XAS: X-ray absorption spectroscopy 

XPS: X-ray photoelectron spectroscopy 

XRD: X-ray diffraction 


