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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 PHOTOELECTR
SPECTROSCOPY CHARACTERIZATION AND STUDIES OF THE SEI ON ELECTRODEPOSITED THIN F

INTERMETALLIC ANODES FOR Li-ION BATTERIES

The solid electrolyte interface (SEI) is an important component ohlieithargeable batteries
that forms due to the potential stability limits of the organic electrolytditigl within the large operating
potential window of the battery. It plays a crucial role in battery performamg@assivating the electrode
surface; it also affects the safety, Li-ion consumption/inventory, and Li-ion transportobties battery.
Despite decades of study, there is still much that is unknown about the SEI, especiatbyimientionally
modify the composition and properties of the SEI in order to obtain bgieformance as measured by
metrics that include reversible capacity and cycle lifetime. The gaps in understaridimg SEI are even
more pronounced for alloying anode materials, and the mechanical anaichkinstability of electrode
surfaces and the SEI formed from conventional secondary battery electrolytesas theebottlenecks 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 Stitor, the evolution of the SEI
over long term cycling, and improvements to the SEI through the use dhexddand novel electrolytes
Compared to the body of literature on the SEI on other anode materials such as graphitetal, and
silicon, there has been relatively little published about the SEI on neetdltiying anodes such as tin,
antimony, and intermetallics, especially considering the scope of these types de amaterials.

However, a comparison of the existing literature concerning the SEI omallayodes reveals interesting



similarities and difference between the SEI formation and evolution on metdlligirad anodes and
highlights some critical gaps in knowledge for the field.

The second chapter concerns the development of a methodology to study the Siedfon
alloying anodes, and in particular binder- and additive-free thin film eddes. The formation,
composition, and properties of the SEI are dependent on a number of experimental varigbiels,
makes it difficult understand the factors that affect SEI performance and limits progreaed®the goal
of more controlled or intentional SEI formation for better battery performan®©ae of the first steps
towards this goal is to be able to make and characterize SEI samples in a sipleodanner. This chapter
outlines some of the important considerations for SEI sample preparation thatoaneidely discussed
in the battery community in addition to some of the important considenasiofor using X-ray
photoelectron spectroscopy to characterize the SEI.

The third and fourth chapters are about using the methodology described in Chapier
characterize the SEI formed on intermetallic thin film anodes. The third chaperniess the role that
vinylene carbonate, a conventional SEI-improving electrolyte additisgs jn passivating the surface and
extending the cycle lifetime of €sb electrodes. The fourth chapter is concerned with understanding what
role the SEI plays in the cycle performance of pure phase SnSb thin film electrodemgSthdpnges in
the SEI on SnSb over different stages of cycling can help elucidate whether thaySE mle in the
capacity retention and long cycle lifetime of SnSb and whether it ultimateliributes to the failure of

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

Chapter summary

Lithium alloying materials have been studied extensively as anode candidatexfa@eneration
Liion batteries due to having high volumetric capacities. However, th#erastanding of the solid
electrolyte interface (SEI), an important component of rechargeable batteries, remaitedlifor this
class of anode materials. This chapter provides an overview of the curreatstadding of the SEI on
alloying anode materials, including SEI formation over short terningyc¢he evolution of the SEI over
extended cycling, and improvements in SEI performance through the useitasidnd unconventional
electrolyte formulations.
1.1) Introduction

Rechargeable battery technologies, specifically Li-ion batteries, have folibhdinta variety of
important applications, including personal electronic devices and hybridrieled! electric vehicles.
These technologies requiring the storage of large amounts of energy make use of anodattzode
materials with large differences in redox potentials in order to increase theageevoltage. However,
the electrochemical stability window of most liquid electrolytes, in particular the odegdiquid
electrolytes used for rechargeable batteries, falls within the voltage window of the battecyrodes In
order for the battery to function, the formation of a passivating layer on the edeetisurface that blocks
electron transport to limit excessive electrolyte degradation while still allowonghie transport of Li ions
is necessary.This passivating layer is known as the solid electrolyafaxte (or interphase) (SEI).

The SEl is a film composed of electrolyte salt and solvent reduction or desitimp@roducts>*

Conventional Li-ion battery electrolyte solutions contain éd@¥the Li salt supporting electrolyte and

This chapter was written to be submitted for peer review andlation in theJournal of the Electrochemical
Societywith Leslie A. Kraynak and Amy L. Prieto as authors. The paper was wyitteslie A. Kraynak with guidance
and editing provided by Amy L. Prieto.



various mixtures of organic carbonates, including ethylene carbonate (EC), propgidmmmate (PC),
dimethyl carbonate (DMC), diethyl carbonate (DEC), and EMC, as the cosdSents.of the proposed
reduction and decomposition pathways for the most common electrolyte compsnare shown in
Sdeme 11. Many of the proposed reactions result in the formation of radical intermediateghwhione
reason the SEI formation is so compieuch of the current understanding of the SEI for Li-ion batteries
comes from XPS, FTIR, and electrochemical characterization of graphite and Li metaf* &ridatsesd on
these works, the SEI formed on Li-ion battery anodes is generally accepted keteg@geneous, layered
structure. It consists of an inner layer near the anode surface composed of inorganic speties LiF,
LkO, and LCQ and an outer organic-rich layer composed of solvent reduction speciesi likiyl
carbonates, PEO oligomers, and metal carboxylates.

While it is not typically considered as a component of Li-ion batteries like thédearcathode,
electrolyte, and separatorare, the SEI plays a crucial role in the performance of the battery. It is thought
§} (Hv 8]}v ¢ +<}o] o SE}oCS U v P}1B EN¥Zt]ude«& |E%(} ESEV

V 0 *§ pv E-+S}} -}o]? ltaaffectE the GaéfetyX charge/discharge rates, cycle lifetime,
calendar lifetime, and reversible capacity of Li-ion batteries. As a crucial batiBrgonent, there are
several important criteria for a functional and safe SEI, as outlined elsewhéiiest, the SEI must be
stable over the cycle lifetime of the battery, without excessive depositionssotiition. Second, the SEI
must be mechanically stable; specifically, it should be flexible and robust eh@agcommodate volume
changes during lithiation and delithiation. To allow for fast Li ion transpatould have a low electrical
impedance and/or be relatively thin and uniform in thickness, and it should ¢eod conductor for
unsolvated Li ions. Finally, it should provide a barrier for solvesiecules>® The SEI formed from
conventional electrolyte solutions on graphite satisfies most of these reqeingsradequately, which has

enabled it to be used as the anode in most commercial Li-ion battetidewever, for next generation



Scheme 1.1:Common examples of proposed electrolyte reduction pathways and products for
conventional organic carbonate solvents in Li-ion battery electroftés.

Possible ethylene carbonate (EC) reduction pathways and products
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Possible dimethyl carbonate (DMC) reductlon pathways and products
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Possible diethyl carbonate (DEC) reduction pathways and products



anode materials with higher capacities, most of these criteria are not met when using camamfi-ion
battery electrolytes.

Materials that alloy with lithium, including elements such as Sn, $bSarand Sb- and Sn-based
intermetallics and alloys, are attractive as next generation anode materialsodibeir high volumetric
capacitiest2® 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 delithiatiach) Wefads to cracking
of both the electrode active material and the SEI. When new electrode surfaces are exposedicise
volume changes, it leads to additional electrolyte reduction and SEI form&tibhe chemical and
mechanicalnstability of the SEI ultimately leads to low coulombic efficiency aphcity fade due to
either sluggish Li ion transport kinetics or active material loss, respectively. Awdlifiothe surface
reactivity of alloying anodes results in large first cycle irreversible capacitdlesso excessive SEI
formation and Li ion consumptiofd.One of the most common approaches to alleviating the mechanical
stress of the electrode associated with lithium alloying and dealloying is the usiEmf- or nano-sized
active material particles, which can also exacerbate issues associated with the ®8Ehdresased surface
area, so SEI formation is an issue for alloying anodes even when problercg@atassavith volume
expansion have been moderatétl.

Research on the SEl is a continuously growing field, and there have been nuererellsnt reviews
chronicling the progress and limitations of the field. Kang Xu hasspeblitwo exhaustive reviews on
electrolytes and interfaces in rechargeable batteries, describing decades worth of resmarsbth
conventional and novel electrolytes and additives as well as interphases ons/atectrode materials
for rechargeable batteries!* Verma and coworkers published a review focusing on compositional
characterization of the $Eormed on graphite from carbonate-based electrolytes, highlighting the
importance of many variables in SEI formation and characterization and how these pole in the

species commonly reported to make up the SEI as well as species that continue to be &depet®in



the field* Others such as Gauthier and coworkers and Peled and Menkin have written revieprothde

a survey of field of SEI research for Li-based battery systems, describing curremédge of SEI
formation, composition, and characterization for cathodes and the most camamwde materials such
as graphite, silicon, and tin as well as the gaps in knowledge for thé fikldst of the existing SEI reviews
are quite broad in scope, covering SEl literature for the most commonhestetéctrodes, although some
have written an in depth review of the SEI on Si alloying antfdesthe best of our knowledge, there are
no reviews yet that provide an in depth look at SEI formation and ositipn for metallic alloying anode
materials, which are considerably different than graphite, Li metal, and Singllaypodes in terms of
surface reactivity and/or lithiation/delithiation mechanisms.

While the SEI formed on graphite and other carbon-based anode materials has beeed studi
extensively and covered in several of the reviews mentioned previously, theecdeawn fewer studies of
the SEI formed on alloying anode materials, which are attractive as next-gemeaatiole materials due
to considerably higher volumetric capacities compared to grapfitéowever, the different lithiation
pathways and reactivities of graphite and alloying anodes affect SEI formation avithgso conclusions
drawn from SEI studies on graphite electrodes may not be translatable to gllagodesUsingon-line
mass spectrometry, Wagner and coworkers observed differences in gas evolution wheg gsafinite
and tin/tin antimonide based anodes, suggesting differences in electrolyte redutactions and SEI
formation for the intercalation and alloying anodes. The authors observed thateolbf ethylene and
propylene when using EC- and PC-based electrolytes, respectively, for graphitetlihe Sn-based
anode; these gases are proposed to form due to the two electron reduction of ECCamheh suggests
that solvent reduction on alloying anode may follow different pathways thiamse proposed for
graphite!® Bryngelsson and coworkers have also observed some differences between the SEI layers
formed on graphite anodes compared to AlSb anodes; based on X-ray photoelggécnoscopy (XPS)

characterization, there are differences in the predominant carbonaceous species at the SEI surface for the



graphite and AlSb anodes after 50 cycles, and the SEI formed on AlSb seems to be much thinner than the
one formed on graphité’ Furthermore, Wachtler and coworkers have pointed out that the requirements
of alloying and intercalation anodes are different because alloying anoddsrgm such large volume
changes during cycling, as depicted in Figure 1.1; while the SEI on graghissto@assivate the surface,
allow for Li ion transport, and hinder solvent co-intercalation, the SElddrom alloying anodes needs to
be flexible enough to withstand volume changes during cycling in adddipagsivating the surface and
allowing for fast Li ion transpotf. Additionally, alloying anodes tend to exhibit large initial iemsible
capacity loss and short cycle lifetimes due to capacity fade, likely dueetdaicial instability associated
with the SEt2 As such, it is important to study the SEI formed on alloying anodes intorgain a better
understanding of the formation processes, composition, and properties of thernS&loying anodes in
order to ultimately be able to control SEI formation and impart the @eksproperties for a SEI on alloying
anodes.

While it is important to study the SEI formed on alloying anodes becausansdede different than
the SEI formed on graphite, it is also important because the varying reactivitiebtl@och alloying
pathways of different types of alloying anodes also seem to play a role fior8tation and evolution.
Therefore, it is important to study the SEI on alloying anodes to understandr8g&liém on different
lithium alloying materials, but the diversity among alloying anode maltedlso makes them interesting
for fundamental SEI studies. For example, some alloying electrodes form a passlaggo upon
exposure to electrolyte without any applied current or voltd§g! while others do no#?%* Bridel and
coworkers have observed considerable EC reactivity at the surface of thin film alloying bkedss Bi,
and Pb at high potentials, but not Sb and Si thin fitwsdditionally, others have observed differences in

the SEI speciation on Sn and Au electrodes using FTIR and MA531-
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Figure 1.1:lllustrations depicting SEI formation and the changes to the electrodeSai during cycling
for (a) graphite anodes and (b) alloying anode materials. Reprinted from ReferengithliBermission
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 researchérarve
that the electrode fabrication methods and conditions can also influence thé'8Ei. The cycling
conditions such as temperature, applied current, and potential limits have also foead to influence
the SEf:113436 Finally, it should come as no surprise that the electrolyte components, incltndirighium
supporting electrolyte, solvents, additives, and impurities, also affect the SEI formedimposition, and
properties3"“ As such, it is incredibly difficult to compare results from SEI studies across ttéilée
egpecially for alloying anodes. In this review, we have gatiend summarized the results of existing
alloying anode SEI studies in one place with the hope of better understatidirformation, composition,
and properties of the SEI on alloying anadesnany ways, the study of the SEI on alloying anodes is still
in its infancy despite decades of study. Comparison of studies of the SElsyamgaiinodes can help

clarify what has been discovered about the similarities and differences among allmydg SEls while

also helping to see the directions that should be pursued in future research.



1.1.1) Scope of review

In this review we will focus on the SEI formed on lithium alloyingdesdn non-aqueous
electrolytes but will not include any artificial SEI or anode coatindies. This revieis limited to metallic
lithium alloying anode materials, which we are defining as any metalinsetal, or metallic alloy that is
a good electronic conductor in its delithiated form without the use of dapaAs such, Si is beyond the
scope of this review, but the reader will be referred to SEI studies on Si anodes where refevant.
discussion of SEI studies on metallic current collectors will also beedchate because many of those
studies have helped provide insight into studies of alloying matedal$,along with studies on lithium
metal and graphite (both of which are outside the scope of this work) have helpedtfar basis of the
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1.1.2) Definitions

The field of battery research is remarkably multidisciplinary and as such often usegoage
that can lead to confusion. This is particularly true for terms used to tesdrattery and half-cell
electrochemistry Most studies of the SEI formed on alloying anode materials make use of halfscell
we will use those terms in this review. In two electrode half cells, the anode maigriaé working
electrode and lithium metal acts as the counter and pseudo reference electrods| gotentials in this
work are referenced to Lif" unless noted otherwise. Discharging a half cell refers to applying a rgducin
current and lithiating the working electrode active material, and charging refers tyiagphn oxidizing
current and delithiating the working electrode active material. In cases where cycliowadtay is used
instead of galvanostatic cycling, or when the electrolyte decompositionS&idormation processes are
being discussed, we may refer to the processes as reduction/oxidation insteadcbfadje/charge.
Finally, our definition of alloying anodes encompasses the elemental lithllaying materials, including

Sn and Sb; lithium alloying intermetallic compounds that are often referred to as convarsides; and



binary metal alloys. A list defining all of the acronyms used in this resaevbe 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 metallicent collectors is
useful for fundamental studies on electrolyte reactivity even if they do not alidy lithium or are not
practical electrode materials. These metals are useful as model electrodes to helpvémpuo
understanding of the SEI formed on metallic surfaces, especially since someeiratiic and binary metal
alloy anode materials incorporate elements such as Cu or Ni which dolowtidth lithium but may still
react with electrolyte components.

Studies of lithium salt and organic solvent decomposition on noble metal electridesuihave
helped form the basis of the understanding of electrolyte decomposition ando8&étion, providing
details about electrolyte cathodic and anodic stability limits, reduction @xidation species, and the
effects of solution contaminants or additivé&!® Additionally, inactive/non-alloying metal electrodes
have proven extremely useful for studies of the SEI where lithiation and delith@ittbe electrode could
complicate the interpretation of the results. Studies of SEI formation on Cu electragilesbeen useful
for understanding Li ion transport in the SEI and studying changes in tlstr&filre and morphology
with potential **®2 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 befonaéhgeinorganic
rich layer of the SEt. 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 thinngcharging but slowly
increases in thickness with cyclitigvlodel electrodes have also been useful in demonstrating the utility
of certain characterization techniques without convolution from Li alloyefertrodes; for example,

valence band XPS was demonstrated to be a useful technique for identifying carbonate species in the SEI



that cannot be differentiated using C 1s or O 1s core spétiahers have found utility in using model
electrodes like Ni and Cu to study surface passivation in unconventioraiofjges like LiBHin THF,
which does not seem react to form a thick SEI to the same extent as conveliiteay electrolytes>°°
In other experiments, model electrodes have been useful for fundamental studies of molémusdhr
interactions between solvents and the electrode surface and for evaluating pedpetectrolyte
reduction pathway$’%8

While the utility of model electrodes has been demonstrated for many diffeapptications, they
do have limitations. Some of these limitations have been revealed in studies comparing SEI foomatio
Au model electrodes and Sn alloying anodessitu FTIR studies of the electrolyte reduction and SEI
formation revealed that some species for the Au and Sn SEls were differeikewise, EQCM
characterization showed higher mass gain for the Au electrodes compared to Sn, aml-Vi#e- MS
results suggested the formation of high molecular weight oligomeric species witlarggepeating units
for Au electrodes while high molecular weight species formed on the Sn elestthding the first cycle
decomposed or reacted to form lower molecular weight species over subsequent €y€lesse studies
suggest that there is a difference in the reactivity of Au and Sn electrodes, anddbat electrodes have
limitations. SEI studies on model electrodes are a useful complement twbatreplacement 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 theoraiiesiurface
reactivities for different materials. Some alloying anode materials have loegml fto spontaneously form
a passivation layer upon contact with an electrolyte solution while othersoilocSong and Baek observed
some evidence of electrolyte decomposition on Sn thin films after 30 hdweaking in electrolyte. Using
FTIR, they saw bands corresponding to inorganic PF-containing species as well asgaoimespecies

containing alkyl and carboxyl groups on the surface of the soaked elecftddewever, Martin and
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coworkers did not see any evidence of a passivation layer on Sh pellets soatectiolyte for several
hours based on XPS characterization. The authors did not observe any attenuitiesbf4d peaks after
soaking, and there were only very weak C 1s and F 1s signals, suggesting litlespontaneous
passivation of the Sb electrodé.

Intermetallic alloying anode materials show similar variations in surface reac@hgmas and
coworkers observed the formation of a passivation layer on fFe@mposite electrodes upon contact
with the electrolyte based on the EIS results at @Qrsfaye and coworkers also observed the formation
of a thin passivation layer on SnSh composite electrodes at OCP based on EIS ahdr@&tizatior?®
Using XPS to characterize their samples, Naille and coworkers observed the forofiaipassivation
layer on CgSn; composite electrodes after soaking in electrolyte for 24 hours. Most of the peaks
corresponding to the underlying €3n; electrode either disappeared or were attenuated. The appearance
of C 1s peaks corresponding to carbonat&)Cand aliphatic carbon binding environments and F 1s peaks
corresponding to LiF and LiP$pecies suggests the formation of a passivation layer composed of both
organic and inorganic electrolyte decomposition speéiebhe results for other Sn-based intermetallic
anodes were mixed. After soaking TiSnSb composite electrodes in electool4 hours there was no
evidence of passivation layer formatiéhalthough others found that storing TiSnSb electrodes in
assembled half cells for three weeks did result in a passivating layer at the ekesuddce®* Finally,
NizSny composite electrodes did not show any evidence of passivation layer formaftiensoaking in
electrolyte for an unspecified amount of time, respectivély.

It is not readily apparent why some alloying anode materials spontaneously form a passivati
layer while others do not, especially considering the variation in reactimtyhe Sn-based electrodes
described above. Washing the electrodes does not seem to play a rolefainice 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 seemnsistently play a role since some
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electrodes soaked for 24 hours had a passivation layer and others did nolarlyi the electrolyte
formulation does not seem to be a factor; in most of the cases described aboskecalblytes contained
1 M LiPEand EC as well as either DMC, DEC, PC, or some combination. Wh&m &l€ctrode was
soaked in 1 M LiBRAn EC/PC/DMC (1:1:3 by volume) a passivation layer was formed, whereas no
passivation layer was observed to form at OCP ons8rnNelectrode soaked in the same electrolyte
formulation. One interesting observation for the electrodes characterized by XPS woftedation
between surface oxidation and surface reactivity. The surface of the pristine Shs&ngdlectrodes both
contained more metallic Sb/Sn compared to oxidized Sb/Sn binding enwrianbased on XPS
characterization and did not form a passivation layer upon contact with #arelyte, while the pristine
CuSny electrode surface, which was passivated in electrolyte, was richer in oxidized Sngbindi
environments compared to metallic Sn. It is not clear whether these observations are relkheigh
there is mention in the literature of surface oxides affecting surface reactivity and spontafirous
formation on surface oxides as wéif!

1.2.3) Native oxides

Many of the materials used for alloying anodes, including Sn, Sb, and intdlingetll readily
form surface oxides in air, and typically active materials and electriodedloying anodes are synthesized
or fabricated in air, respectively, so the native oxide layer needs to be considered whemgt&El
formation on these anodes. Characterization of pristine electrodes prior to cyadd@E| formation is
important for understanding the composition of the electrode surface before thésS&imed because
there have been several studies suggesting that the surface oxide layer may affect electabiieity
and SEI formation. Many alloying anode materials react spontaneously uposuggpgo carbonate-based
liquid electrolytes to form a passivation layer before any external currentleage is applied as described
above. XPS characterization of the surfaces of pristine in@ and Sng¥ilms 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 becau3d Sn
photoemission peaks from the Sn@ere still detected® In another study, Sn film anodes that were
fabricated to include an intentional Sa@yer exhibited better capacity retention than the unmodified Sn
films, which authors attributed to the Sa@assivating the electrode surfa&Others have hypothesized
that the native oxide on Sn may affect electrolyte reduction and SEI formiatiother ways. Based on
differences in electrolyte decomposition products for Au and Sn electrodes, Shic@aghors
hypothesized that there is a strong interaction between the surface oxide on Sn DEC, whicb ksads t
formation of intermediates that react with EC to form DEDOHC, which was observedifot St Au
with FTIR® Finally, the studies of Webb et al. concerning the surface passivation of Idrth@ldctrodes
also highlights the importance of surface oxides. The authors observed that surface oxédetned to
affect the degree of electrolyte reduction, with more electrolyte reduction observed a¥lod samples
exposed to more oxygen and with a thicker surface oxide layer even when 58%afHEed as an additive
to suppress excessive electrolyte reductfn.
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 comestindias on
Sn anodes. In addition to being attractive anodes due to high volumetric ta@a the ability to
fabricate electrodes without binders or additives through physical deposition houst and
electrodepositiont*%"° Sn anodes are particularly appealing for interfacial studies due to integesti
surface reactivity. Beattie and coworkers observed a large voltage plateau arodind (vs. Li/L)
corresponding to an irreversible electrochemical process for Sn thin films prepgreduttering and
electrodeposition in electrolyte containing 1 M LiRFEC/DEC, as shown in the top of Figuré*1The
authors observed a correlation between this feature and subsequent reduced capacityandygling

behavior, which was mitigated by lowering the upper cutoff voltage, although others toand that
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increasing the applied current density also eliminates this behd¥féf’ This behavior was observed for
pure Sn anodes but not Cu-Sn anodes, leading the authors to hypothesize that Sn swafalyee c
electrolyte decomposition at high potentidfidOthers have also observed irreversible electrochemistry at
high potentials on Sn anodes. Beaulieu and coworkers observed the formation of dilthiadn Sn
electrodes around 1.6 V on the first discharge/reduction via AFM andabpticroscopy. Like Beattie and
others, Beaulieu and coworkers observed excessive electrolyte decomposition iiREMn EC/PC
electrolyte; electrolyte decomposition at 1.6 V lasted about 17 hours beSaréthiation began when Sn
thin films were cycled with an applied current density of 38 p&icas shown in the bottom of Figure
1.2%

This excessive electrolyte decomposition on Sn has prompted many other researchers to study
this phenomenon. Like Beattie et al., Bridel and coworkers hypothesized that fatesurcatalyze
electrolyte decomposition; however, their results suggested that Sn catalyzed BGmesition in
particular. The authors observed excessive electrolyte decomposition at 1.5 MihiRk in EC/DMC
electrolyte but did not observe the same electrochemistry ind-f&Sed electrolyte solutions containing
only DMC, THF, or PC as the solerithis is somewhat contradictory to the observations of Beattie and
coworkers though, as they reported observing the voltage plateau at 1.5 V corresponditertimlyte
reduction in LiP§& and LiCl@based electrolyte solutions with PC as the soh@miscrepancies like this
and others such as the reported electrolyte reduction potentials of#%3ff and the current density
threshold for avoiding excessive electrolyte reductid®’ could be due in part to differences in the
composition of the Sn electrode surface, such as the presence of native oxides. iMihydngsthe SEI
formation processes on Sn in 1 M LiCI® 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 coonehglectrolytes
demonstrating the effects of (a) cycling from OCP above 1.2 V, (b) restricting the upper lioitate
the first cycle but not subsequent cycles, anpréstricting the upper voltage limit for the first two cycles
but not subsequent cycles. Reprinted from Refere@8avith permission from IOP Publishing. Bottom:
(a) images from in situ AFM showing changes in Sn electrode surface morphado@p) aarresponding
voltage response during the in situ AFM measurements. Reprinted from Refeégdneigh permission
from 10OP Publishing.
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galvanostatic cycling, but they did see evidence of electrolyte reductiondsst 1.4V and 1.0 V on the
second through fifth cycles. They speculated that electrolyte reduction was not obsamibd first cycle
due to the presence of a surface oxide layer and that electrolyte reduction was losgyved after the
surface oxide layer had been reduced and/or after underlying Sn surfaces hadcekpesed due to
electrode volume expansidfi. Bridel and coworkers reported that they did not observe excessive
electrolyte decomposition at 1.5 V when Sn composite electrodes were cycled trobfecsolutions
containing EC, although they were still exploring the reason for this obsenfatloiis possible that
surface of the micro- or nanoparticulate Sn active material in the composite electrodemerasoxidized
than the Sn thin film electrode, resulting in the differences in reactivity. Howevatessibed in the
previous section, other researchers have hypothesized that surface oxides omglémodes like Sn
enhance rather than suppress electrolyte reactivfty.

Another possibility for observed differences in the electrochemical behavior of Sn elesti®
differences in the reactivity of the Sn active material itself. Researchers have found diétereindes in
the reactivities of differentt-Sn crystal faces as demonstrated in Figure 1.3. Cyclic voltammetry of
different Sn crystal faces in 1 M LiRFEC/DEC (1:2 wt%) has revealed that the Sn (100) surface does not
passivate well while the Sn (001) surface passivates after one’eyeBEM characterization revealed
that the SEI surface morphologies for the two crystal planes were quite different; therBiEdfin Sn
(100) was thick, porous, and nonuniform, while the SEI formed on Sn (001) wathsiomiform, and
more compact than the film on the (100) surfaéé? In situ AFM and ellipsometry also revealed
differences in the formation and properties of the SEI on the two surfaces. The SEI or(16@)urface
seemed to grow continually with cycling and was quite soft and dicadbere well to the Sn surface in
many regions. In contrast, the SEI on the Sn (001) surface initially formed thin, diertbafigrew slowly
over time/* The compositions of the SEIs formed on the two different Sn surfaces also seeined

different based on soft X-ray absorption spectroscopy characterization. The Sn (100) SEl,
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Figure 1.3:Results from cyclic voltammetry, scanning electron microscopy, and energy dispérsiye
spectroscopy characterization of different Sn crystalline faces, demonstrating the differentles i
surface passivation, morphology, and composition of the SEI on Sn (100) &d@1krReprinted from
Referencer2 with permission from John Wiley and Sons.

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

lateral composition; the Sn (100) SEI was predominantBQ,iwith some LiPfpossibly present as well.
The Sn (001) SEI was predominantly LiF, with some organic species as well; thelso waglence for
some LIiCQ and LiP§in the bulk SEF.

The studies on single crystal surfaces reveal interesting trends in terms of Sn surfacétyeactiv
and passivation that can be extended to more commonly studied polycrystatlimaeples since
polycrystalline electrodes likely contain some combination Sn @0@)Sn (001) facekike Sn (100), the
SEI formed on polycrystalline Sn does not seem to passivate the electrodeeswet in conventional
electrolytes. Lucas and coworkers observed poor passivation of polycrystalline Sn foil electla@es i
based organic carbonate electrolyte; with cyclic voltammetry, the authors satmres associated with

electrolyte reduction even after the first cycle, which was supported by in-situ ARrk from others

on other Sn electrodes also suggests poor SEI passivation. Park and coworkersvasasace of
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LiPE/carbonate electrolyte reduction on Sn films via CV even after five and ten cyclesatnftam
electrode bending experiments suggested that the SEI formed on Sn was britiimard passivatin§®
Poor surface passivation, leading to continuous electrolyte reduction and SEhgrear seems to be a
problem for composite Sn anodes based on electrochemical impedance spectroscopy resuilitg) sn
increase in impedance with cycling in LiB&sed electrolyté® Given the poor surface passivation and
continual SEI formation on Sn anodes, it is not surprising that the S&i oan be as thick as 1 ym after
just ten cycles based on cross sectional SEMhe poor passivation of Sn surfaces does not seem to be
limited to LiPkbased electrolytes either; Tavassol and coworkers saw evidence of poor Sn surface
passivation and continued SEI decomposition on Sn thin films in/ci&glidnate electrolytes using ToF-
SIMS and EQCM. With ToF-SIMS, the authors observed the formation of high moleciibokggimeric
species initially, but by the fifth cycle much of the SEI was composed of sméfleaplelcies with m/z <
500, suggesting SEI instabifity.

While many studies of the cycling behavior and electrolyte reactivity of 8deansuggest that
much of the electrolyte reduction on Sn occurs at potentials above 1.0 Vhi§.d 8tudy of SEI formation
on Sn using EQCM from Li and coworkers suggested that electrolyte redudti@Eaformation 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 concludedvtiesn
1.9Vand 1.6 V mass changes were due to solvent adsorption at the electrode surface. Bét&&eand
0.7 V, electrolyte reduction and SEI formation takes place, although the MPE values s\ertéhitial
region were lower than expected, which the authors believed could be duetieraghe formation of
soluble species upon electrolyte reduction or the adsorption of solvent molecul@stbatelectrode
surface prior to reduction. Between OWand 0.07 V, where Sn lithiation occurs, the actual MPE was
higher than the theoretical value based solely on the mass change associated \ithia8or, suggesting

that electrolyte reduction/SEI formation is also occurring over this potential réhgesults from the
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characterization of changes in the SEI morphology over cycling seem to refleetdifferent stages of
SEI growth, although in some cases the potential regions differ. Wssity AFM, Lucas and coworkers
saw the initial formation of a 100-150 nm thick SEI between\2ahd 2.0 V that seemed to be composed
primarily of inorganic species based on unsuccessful attempts to scrape away thgtfilthe AFM tip.
Below 2.0 V (but still above the Sn lithiation potential), perturbation of tHd Adflection signal suggested
the formation of a soft and/or viscous material on the sample surface, most tikelyo the formation of
organic SEI speciésResults from studies of SEI formation on Sn from Yang and coworkers using EQCM-
D suggest a thinner, more compact SEI forms initially at potentials abuaédin, but as lithiation begins,
the SEIl increases in thickness and becomes softer and more porous, althougipéhienent could not
clarify whether the softer, porous layer formed on top of the initial compact layer theifnitial layer
became softer and more porous at lower potentiéls.

The composition of the SEI formed on Sn anodes has been studied using varidwsisnet
although FTIR is the most commonly used technique because it allows for the identification of carbonat
reduction species such as@@Q 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 inbhs&e carbonate
electrolytes cycled to various potentials;@@ seems to be a major species, although Li alkyl carbonate
species are also detecte#l®’®® Using in-situ FTIR, Shi and coworkers detected Li propionate and also
observed the formation of the alkyl carbonate species diethyl 2,5-diachexaaebdixylate at 1.4 V on
Sn?8 Similarly, Song and Baek also observed bands corresponding to alkyl cardnochaliyl carboxylate
species via ex-situ FTIR characterization of the SEI formed on Sn after one cycle, #iypbgimd that
the SEI was predominantly composed of PF-containing species with small ambi#i® and P=0
containing species as well as small amounts of alkyl carbonate and alkyl carboxylags. spiéer three
cycles, the SEI on Sn was similar based on FTIR, although the intensity of featuresmadingdp the

PFcontaining species became more intense and the authors saw new features correspondu@o Li
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that were not observed after the first cyctt2.Based on FTIR characterization, the SEI formation on
polycrystalline Sn seems to agree well with the composition of the Sn (100) an@1$m@del systems
determined using soft X-ray absorption spectroscépy.

Although limited to characterization of the topt®0 nm of the SEI surface, XPS is also useful for
studying SEI composition, especially for detecting species like LiF that are not HRS&CKPS
characterization of the SEI on Sn suggests that in addition to being rigE@, tthe SEI on Sn is also rich
in inorganic species like LiF, particularly after the first c3fcReAfter the first cycle, Park and coworkers
found that the SEI surface on Sn thin films was composed of roughly 30% F, most of aghdtrevto LiF
and a small amount of LIk species? while Seo and coworkers found that the SEI surface for their Sn
composite electrode system was roughly 10% F in the form of LiF aftéirgheycle, which dropped to
about 4% after the third and tenth cyclésWhile the F 1s spectra helped provide information about the
SEI that IR could not, the C 1s spectra corresponding to carbonaceous SEI comgpupented the
conclusions drawn from IR. Based on XPS guantification, the SEI surface on Sn isataith C making
up roughly 40% and 60% of the SEI surface after the first cycle on Sn composite difa #lectrodes,
respectively?®> The C 1s HRES spectra showed features corresponding to alipht&jcO€a0, and
carbonate binding environments, likely corresponding to the Li alkyl catbspecies, Li alkyl carboxylate
species, and }CQ detected by FTIR:2568.75Seo and coworkers also saw a small amount@f ini the O
1s HRES spectrum for the SEI on Sn composite anodes after the first cycle, which differs ftodiethe s
on the single crystal model systems in which n®4.iL;O, or LiOH were detected.”®

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 surfacesugtd tho
to react catalytically with organic carbonate-based electrolyté3as described above, Sb does not seem

to exhibit the same reactivity. While Bridel and coworkers observed a large voltage ptateand 1.5 V
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corresponding to electrolyte reduction when Sn anodes were cycled in electrolyte coqtdid, this
behavior was not observed for Sb thin film anodes, suggesting differences in sedatieity > However,

despite these reactivity differences, SEI studies of Sb are still just as importantexedting as those on
Sn.Like other alloying anode materials, Sb electrodes typically exhibit lesgeyftle irreversible capagit
losses; some researchers have reported irreversible capacity losses as high as SW/cdmposite
electrodes?®’® Additionally, Sb anodes cycled in standard electrolytes without the additfoBEI-
improving additives often exhibit rapid capacity fade after only tens of cycles and can bpabregzed

from large volume changes due to lithiation/delithiation after only a few cy€les.

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 Sticdeuitron
spectrum were almost completely attenuated, even affet etching?? Similarly, others found that the
Sb peaks in the Sb 3d photoelectron spectra were completely attenuated halfway thtedirst
reduction/discharge for conventional Sb composite electroieslso like the SEI on Sn, the SEI formed
on Sb seems to exhibit dynamic behavior, at least over the initial stages of SEI forrBatienmes and
coworkers observed #it during charging, the SEI on Sb composite anodes partially dissolved to allow for
the detection of underlying electrode components with XP8ian and coworkers may have also
observed this phenomenon, as there may have been some contribution tihentonductive carbon
additive Super P in the C 1s photoelectron spectrum of an Sb composite electrode after 3°cycles.

Most of the knowledge about the composition of the SEI on Sb anodes comasXR5
characterization. After sputtering away residual electrolyte and possibly some of theu$&de, XPS
characterization of Sb electrodes reduced/discharged to 0.5 V by Martin and cowsuggasted that
the SEI contained LiF, aliphatic carbon binding environmen® phding environments attributed to PEO

oligomers, LLICQ, Li alkyl carbonate species, and carbide spedidost of the species detected for the
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SEI on Sb are similar to those reported for other anode materials, includjrex&mpt for carbide. The
presence of carbide species in the SEI seems curious; although there has beent afrafaobide
formation due toLkCQ reduction!” it seems more likely that the C 1s peak at 283.9 eV assigned to carbide
is either an artifact of sputterirf§ or actually spcarbon from a species such as Li vinylene carbonate or
Li vinylene alkoxic"®based on the SEI formation conditions and low potential cutoff of G°Pércent
atomic composition values from XPS characterization of the SEI surface on Sb compositées eften

5 cycles revealed that the SEI surface was rich in Li and O, with the surface compositioaum#ityg30%

Li, 1% P, 20% C, 50% O, 4%5Bme of the oxygen content was likely due to the presence of carbonaceous
SEI components, because aliphatitQCO=@0, Li alkyl carbonate, andCQ 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 LiFtF? and GF binding environments, although J@species could also
account for the peak at ca. 686 eV assigned to fluorocarbon spécfes.

Another study of the SEI composition on Sb composite anodes using XP8ddemes and
coworkers revealed interesting differences in SEI formation and speciation depemdthg binder and
solvent used for the fabrication of composite electrodek general, they found that the SEI surface over
the first cycle contained LiF, aliphatictGZ O=QO, and carbonate binding environments regardless of
preparation method, which is in agreement with the findings described abo/é®*wWhen PVdF was used
as the binder, the SEI seemed to grow preferentially on the active material and condcathen
additive. The predominant species at the SEI surface were aildA_iP§degradation products like LiF
and PRO, species in addition to f© containing species such as Li alkyl carbonates, alkoxides, and PEO
oligomers. When CMC was used as the binder, most of the peaks corresponding vee@MVatenuated
during the first cycle, suggesting that the SEI forms on the active matendl ctive additive, and binder.

The predominant SEI surface species based on XPS characterization ingDdeiDH, and some 14F.
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Finally, another study of the SEI composition was conducted in ordegtterhunderstand the
thermal stability of Sb anodes. XPS characterization of lithiated Sb composite electrodes shovtieel that
SEI surface consisted of mostly LiF, aliphatic carbon containing speciest@uedraining species, as
well as a small amount of O%Q 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,cadiptiain, and €
binding environments were still observed; however, the @®Ginding environment was no longer seen,
and a new feature corresponding to a carbonate binding environment appaaréfte C 1s spectrum.
Interestingly, these changes in the SEI surface composition after heating were different trsn tho
observed for the SEI formed on graphite electrodes. Comparison of the quantitativeeB8t 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 Sbh-based electrode tharrapleitg
electrode. The authors hypothesize that this is due to the capacity of Sb versus graghitesf.SEIl
formation per capacity), but there could be some difference in SEI layer decdioposased on
differences in the SEI composition, which could be due to electrode reqalifierences or possibly
potential differences since graphite is lithiated at a lower potential than Sb electfddes.

1.3.3) Initial SEI formation on other elemental alloying anodes

The SEI on other elemental metal alloying anodes have been studied verytilitte, elemental
Sn and Sb alloying anodes, but the few examples of studies we wereodild suggest that this isna
important area of study for understanding the role the SEI plays in electrode instanitl poor cycle
performance Kuwata and colleagues observed poor performance for Bi composite electrodes cycled in
conventional electrolytes; the capacity faded rapidly, dropping below &¥te initial capacity within 5
cycles, and the coulombic efficiency never exceeded 95%. In situ FTIR characterizatiodeb Ni
electrodes in the same electrolyte solution showed evidence of typical SEI sgeclaBPland carbonate

decomposition products® 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 arodnd due to irreversible processes
such as electrolyte reduction and SEI formation, which could explain the pdargcbehavior observed
by Kuwata et af® Similarly, Webb and coworkers observed excessive electrolyte decompositiamdarou
1.4 V for In thin film anodes during the first discharge and limited stocagacity of the active material
when using conventional electrolytésFinally, Qin and coworkers found that Al composite electrodes
also exhibited severe capacity fade within the first 10 cycles and had low CEs. CharactesfzhgoSEI
surface with XPS revealed low intensity peaks in the C 1s HRES spectrum corresponding to cartonate
O=CtO bhinding environments as well as peaks in the F 1s HRES spectrum asslgRéd ltiPFO,, and
LiF®2 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 liwratuthe reason for
the poor performance of the Al anode is not clear from the compositional characterizafithe SEI
surface alone. These studies suggest that excessive electrolyte decomposition and/or SHtyirmtabi
elemental alloying anodes like Bi, In, arigprevents them from being functional anodes in conventional
carbonate-based electrolytes. Studies understanding why additives or alternative gfeefaymulations
are necessary for these types of anodes, which will be discussed later, are cruniadiéostanding 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 atigysally exhibit longer
lifetimes than their elemental alloying anode counterparts like Sn and $hrindue to more modest
volume changes due to often containing one inactive componentep buffer volume change'$:®
However, this subset of alloying anode materials also has issues associated withntaiEbrioand
instability, including large first cycle irreversible capacity lossesapid capacity fade after extended
cycling!? Studies of the SEI formed on intermetallics and binary metal alloys have caveiieé range

of different materials and SEI formation conditions, so it can be difficult to congllaoéthem and draw
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conclusions from the myriad studies. The studies do reveal some commoreshamd interesting
differences regarding SEI formation on these types of anodes, as well as sailadtiEs and notable
differences compared to the elemental alloying anodes.

Some aspects of the initial SEI formation process and initial SEI characteristics aréosihukze
observed for other alloying anodes. Based on ToF-SIMS characterization, Li arkecewaw evidence
of the formation of a multilayered SEI on Ni-Sn electrodes during the first eytiean organic rich outer
layer and an inorganic rich inner layer near the electrode sufaaehich is in agreement with
observations made for the SEI on Sn electrodé® SEI formation process seems to occur in different
stages on intermetallic anodes as well as for elemental lithium alloying an8dsed on MPE values and
EQCM characterization, Yang et al. found that fasSGelectrodes, solvent adsorption occurs between
2.8 V (OCP) and 1.7 V. Electrolyte reduction occurred betweevi dnd 0.8 V, with k€CQ and LIOCH
being some of the proposed major electrolyte reduction species, and betweévidh8 0.1 V there may
be some LD formation occurring in addition to the lithiation 8h%* Similarly, Stjerndahl et al. observed
that the DOD/lower cutoff voltage affected the relative SEI speciation of AlSb anodes; ragéeSo
characterization, the SEI surface of the electrode cycled to 0.01 V was richer in organic/carbsnaceo
species than the electrode discharged to 0.% Wuring the first discharge of F-doped Ni-Sn films, Hong
et al. did not observe any SEI formation until reduction to 0.4%%¥ed on XPS and FTIR characterization,
both solvent and salt species were reduced starting at 0.45 V, resulting in the formationtrof bo
carbonaceous and inorganic SEI species. As the sample was reduced to lower potentials,rthpauige
detected with FTIR suggested either continued solvent reduction or further reduction of the carbosaceou
SEI speciée¥.

Much of the SEI growth on intermetallic and binary metal alloys seems t@lage over the first
cycle. FTIR characterization of F-doped Ni-Sn electrodes seggestinual SEI formation and increasing

SEI thickness over the first cycle based on increasing intensity of IR bands corrggponsitvent
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reduction species in the SEISimilarly, EQCM characterization o6& electrodes indicated that most

of the SEI formation occurred during the first discharge, although it continuetbt® gver 10 cycle&

EIS characterization of Fe@md SnSb electrodes also suggested considerable SEI growth during the first
discharge based on increasing impedaficd.However, rate studies on FeSelectrodes suggest that
cycling rate also plays a role in the initial formation and growth of the SEmpesiance of the SEI formed

at faster rates (C/5) was much smaller than that of the SEI formed at slower rates (C/50) aftestthe fi
cycle!

While XPS characterization of®Sand SB2° electrodes after the first discharge suggest the
formation of a relatively thick SEI layer, one commonality for most intermegaitidbinary metal alloying
anodes seems tbe 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 diffeden
materials have suggested that the SEI layer formed during the first cyeds ihan about 10 nm because
the core photoemission peaks from the underlying electrode materials chhestilletected. This behavior
has been observed for €8s composite and thin film electrode$8” NisSn, composite electrode$®
MnSn composite electrode® TiSnSb composite electrod®s?® and AlSb composite electrod&dn fact,
the SEI formed on AISb was thin enough that after 3 cycles, carbon black and PVDfopedke
composite electrode were still observed in the C 1s spé€taithough this may also be related to
differences in reactivity for the electrode active material compared to the conduatidéive and binder,
similar to what has been reported for Sb electrodes.

Although the SEI formed on many intermetallic anodes seems to be tipuiténitially, there are
some examples of studies where this was not found to be the case. For example, whertdwarkers
characterized Ni-Sn and Co-Sn thin films with XPS after the first discharge, the peaks edimgspahe
electrodes had been completely attenuated, suggesting the formation of a thicker Bid the first

discharge®®® In this case the thickness of the SEI during the initial cycling could be relatbd to
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electrolytes used; Li et al. used 1 M LKJIOPC as the electrolyte in their SEI studies, whereas for the
examples where the SEI was still thin enough to detect photoemission peakstiimmnderlying
electrode, the electrolytes were either 1 M LiPin EC/DMC (1:%);%8 1 M LiPF in EC/PC/DMC
(1:1:3)20-2324450r 1 M LiPEin EC/DEC (2:B1t is not clear whether the reported differences in initial SEI
thickness are due to the use of Li€l@stead of LiRfas 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 fitroedsdn EC-
and PC-based electrolytes, XPS and EIS results suggested that the SEnhftimm&cCibased electrolyte
was thicker®® Hong and colleagues also observed the formation of a thicker SEI over thediestia XPS
for fluorine-dopedNi-Snthin film electrodes in 1 M LiR EC/EMC (3:7).In this case, however, the
difference in SEI thickness may be due to a difference in electrode surfacevitgaither than
electrolyte reactivity because Choo and others observed the formation of a thicker SEI orefldoped
Ni-Sn compared to undoped Ni-Sn films in an earlier stidy.

While the initial thickness of the SEI on Sn- and Sb-based intermetallics may differ film@npu
and Sb anodes, the SEls formed on different types of alloying anodes seem to be similar in thieatense
SEI formation on alloying anodes seems to be a dynamic processs 3listmass increases and decreases
were seen with EQCM during discharging and charging of Sn electrodes, respéttastarchers have
reported similar behavior for the SEI on intermetallic and alloying anodes. Muble evidence for this
behavior has come from studies involving XPS characterization of the SEI atiddiezent points during
the first cycle. This behavior has been reported @ESn;,?° NisSn,>®> MnSn,®® TiSnSKS and AISH
composite electrodes based on XPS characterization, where core photoemission peaks feteuttbde
active material and conductive carbon additive either reappear or increase insityeduring
charging/oxidation. The detection of these peaks could also be explained byodeend SEI fracturing
due to volume changes, but others have observed a decrease in impedance for bbrBposite

electrodes during charging on the first cycle that may be indicative of SHutdmsoresulting in a thinner
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SEI laye?? Overall, the results from the studies are consistent in that the SEI seems to underduatidisso
during charging/oxidation of the electrode/SEI. However, EIS and EM characterifatienSEl formed
on SnSb suggests that the dynamic behavior of the SEI could be a little more complightid¢tuations
in properties and thickness occurring during both discharging and charging, as denmedhbiydhe trends
in resistance values determined from EIS and TEM characterization shown in Figéire 1.4.

There arealso some conflicting results as to which species in the SEI are changing durimg cycli
and specifically during charging/oxidation. The results of some studies sumgested that inorganic
components such as LiF are changing. Based on F ssNMR characterization of TiSngb, el#rads
present in the SEI at the end of discharging but the peak correspondingrtm&ily disappeard at the
end of charging, which authors attributed to partial SEI dissol#fi@@hanges in the LiF content over the
first cycle were also observed forsBiy electrodes, although the amount of LiF at the surface was higher
at the end of charging based on XP$EM characterization of SnSb electrodes also suggests changes in
inorganic SEI components because samples were sonicated for several minutesniol gttior to
characterization, which likely only left the inner, inorganic rich layer of the &it.iduthors observed
that this portion of the SEI layer fluctuated in thickness over the first cycle, as seears E4j it was ca.

6 nm partway through discharge (0.68 V) andt3.B nm at the end of discharge and during chardgthg.
In contrast, others have observed evidence of the dissolution of carbonaceous SEI corapturang
cycling. Based on XPS characterization of the SEI formed on AlISb during the firstecgaldonaceous
species seemed fluctuate during cycling while the salt degradation species seemed to rersaitentii

In addition to seeing fluctuations in LiF content for the SEI on TiStBkrweling, Marino et al. also
observed some fluctuations in carbonaceous species based on XPS characterization. Abfhibesficst
discharge, the highest intensity peaks in the C 1s spectra were the peaks attributed to carfpeces
whereas at the end of the first charge, themas an increase in the intensities of the aliphatic, C-O, and

O=C-0 peak¥.Even during the initial SEI formation process, the dynamic behawvioe &EI seems to be
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Figure 1.4Top: changes in (a) electrolyte, (b) SEI, and (c) charge transfer resistance values, obtained from

modeling and fitting electrochemical impedance spectroscopy data, during tbie cfjcle for SnSb

electrodes. Bottom: Transmission electron micrographs of SnSb electrodelgmudver different stages
of the first cycle: (a) at OCP, (b) discharged to 0.68 V, (c) discharged to 0.01 V, (d) chardeV¥ tard7
(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 shartieling of alloying anodes
could help improve understanding of SEI instability.

Comparing the formation process and morphology of the SEls on diffararmietallic and
binary metal alloying anodes prepared under various conditions is challengibhg;omparing the
compositions is even more difficult due to the limitations of differentrelsterization techniques used
for studying the SEI composition. Like the SEI formed on Sn anodes, tlo@ §tasy intermetallic and
binary metal alloying anodes, includings6m,2°848"NisSn,?® F-doped Ni-S#f, FeSp* Ag-Sn¥ Co-Sn®®
SnSK4 TiSnSB*S AISbY"® and CoShelectrode$® are rich in carbonate specielt is difficult to
distinguish between CQ and Li alkyl carbonate species with XPSy in some cases it is not clear
whether the SEI containsCiQ, Li alkyl carbonates, or a combination of bétf*4>858190.93y/glence band
XPS characterization, which can help differentiate between carbonate spétdbss suggested that the
main carbonate species in the SEI opStuandNiSn, anodes is CQ.2>22 Additionally, calculations of
MPE values from EQCM experiments with g8GLelectrode also suggest thatCiQ is one of the major
SEI specie.Results fronFTR characterization have suggested that the SEIs on F-doped Ni-Sn, SnSb, and
CoSb anodes have both 4GQ and Li alkyl carbonate specf@$?9°

Other possible carbon-containing species in the SEls on intermetallicigary metal alloying
anodes include PEO oligomers, Li alkoxide species, Li carboxylate saltsatei speties, and ester
species. These species cannot be distinguished by XPS, but the SEExgANi-Sn83 FeSp° MnSn,28
CoSn® TiSnSB**° CuSbh? and AISH® electrodes may contain some of these species in addition to
LbCQ and/or Li alkyl carbonates based on the binding environments seei s HRES spectra.
Interestingly, a SEI study for £Sb 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 LiCQ.% Hong et al. also saw evidence of carboxylate species on F-do@thNodes using FR®
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and Yang et al. found evidence for alkoxide species, specificallysl. @Dd#Sr anodes using EQCM and
MPE value&

Inorganic species primarily from LiRce most SEI studies for these types of anode materials
done using LiRFas the salt. Like the SEI on Sn and Sb electrodes, the SEls initially formed on many
intermetallic and binary metal alloying anodes contain LiF. Valence a8dckaracterization revealed
that LiF was a major component of the SEI surface fg8r€and NiSn, electrodes, while the combination
of 1% ssNMR and XPS suggested that LiF was a minor component of the SEI oeldiBa&s?2324
Based on F 1s HRES photoelectron spectra LiF has also been detected at tHaceEbrsar variety of
other electrodes, including Ni-Sn, F-doped Ni-Sn, Mn&SmSn, GSb, and AISb electrodéss?:8588,90,91
Using®®F ssNMR, some have found that ki§éts incorporated into the SEI formed on TiSHSthile "Li
ssNMR studies on Mngalectrodes have suggested that it gets removed with wasHiie surfaces of
the SEls formed on €3y, NgSn, MnSn, and AISb electrodes also contain LiBFLiPE degradation
products (LPR) based on XPS characterizatiéf’2385878Wwhile LiF and LiFEiPF. are the most
commonly reported fluorinated SEI species, others have been reported as well. Hong and csworke
reported the formation of organic phosphorus fluoride species ¢PIR)) in the SEI of F-doped Hi
based on IR characterizati8hMarino and coauthors sawikPFO/PRO, species with'®F ssNMR for
unwashed TiSnSb samples but not for washed samples, suggesting that these species artither
incorporated into the SEI on TiSnSb or that they are soluble in®WMi@ally, F 1s binding environments
assigned to @ containing species were reported for the SEls formed @BrEthin film electrodes’
these species are often reported for XPS characterization of composite electrodesnown PVDF
binder?2° 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 arkbO and LiOH. 40 forms from the reduction of oxides on the electrode surf&c€°

although it may also be an artifact introduced during characterizafiéft.LiOH is believed to form from
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reactions between electrolyte reduction products like LiF ap@@iand trace watet! The surfaces of
metallic films and particles are typically covered by native oxide 1&é¥884878%q it is reasonable that
LbO has been detected or hypothesizedsasomponent of the SEI during short term cycling in studies of
many intermetallic and binary metal alloy anodes, including5&#* Ni-Sn FeSp % MnSn,® AgSn*®
However, in some instances, the detection ofOLin the SEI of alloying anodes could be an artifact
introduced during characterization. Li et al. detected1d@ring ToF-SIMS characterization of the SEI on
Ni-Sn electrodes, which could be due teQ,ibut the authors cautioned that it could also be due to the
degradation of other SEI componeftsSimilarly, Marino et al. saw evidence oflin O 1s HRES spectra
from XPS characterization of the SEI surface on TiSnSb electrodes but hypothesized that it wiastan arti
from degradation of LiOH in the SEMWater was used as a solvent in the preparation of the TiSnSb
composite electrodes with CMC as a binder, so authors hypothesized that trace water fromdsectro
fabrication could lead to the formation of LiOH in the 8&1Based on their findings from multinuclear
ssNMR studies of FeSglectrodesHuo and colleagues hypothesized that at faster cycling rates, LiOH is
formed and incorporated into the SEI, while at slower rates, the LiOH gets converte® tndi possibly
LiPRO;, species?

Most studies of the SEI formed on intermetallic and binary metal anodes over shortyelingc
focus on the formation process and composition of the SEI, although there are ke ¢bapexamine
changes in the SEI upon heating or aging. Like the SEI on Sb anodes, the S&b efeCtodes also
changes upon heating, although the SEI osgSBwndergoes different changes than the one on Sb. When
lithiated CuSb electrodes were heated to 350 °C under Ar, there was an increase in the amoint of L
detected at the SEI surface with XPS, in contrast to what was observed for Shdeleciioere was also
a decrease in carbonaceous with the exception of carbonates. While the SEEtru@derwent different
changes upon heating than Sb electrodes, it generated roughly the same amiobaat per unit of

energy storage as the Sb electrode, which was roughly 37% less than that of thaegeaquiue®! As
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mentioned above, rate studies with FeSrectrodes suggested that cycling rate also plays a role in SEI
formation; electrodes cycled at faster rates like C/3 had higher capacitiekagdr cycle lifetimes than
those cycled at slower rates like C/50, which the authors attributed to the formation ofra stable SEI
at faster rateg! While the SEI formed on FeSat faster rates seems to be more stable during cycling
compared to the SEI formed at slower cycling rates, the SEI formed at faster rates dibéissexhe
evidence of instability during resting or aging. When lithiated Fefectrodes were aged in a half-cell at
OCP, EIS characterization showed an increase in impedance for both SE| anttasfieyecomponents.
The authors hypothesized that as the lithiated FeSelf-charges, the diffusing Li ion reacts with
electrolyte or SEI components to either increase the SEI thickness and/or decre&&d tarosity during
aging®?
1.4) SEI evolution on alloying anodes over extended cycling

As described in previous sections, the cycle lifetime of alloying anoddteis sthort due to
electrode mechanical instability and SEI chemical and mechanical instability. iEgtémel lifetime of
some alloying anodes beyond 10 cycles requires the use of electrolytevadddr unconventional
electrolyte formulations. As such, there are relatively few reports of SEI studekygimg anodes cycled
for extended periods of time, which we are defining here as greater than 10 cyclesnventional
electrolyte solutions without the use additives. However, the studies that do exist ltyirad anodes
have helped provide some insights into the role the SEI plays in itgtitee 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 dramad&rdlyph various
characterization techniques. After 20 cycles, Park and coworkers saw the formatitmiad SEI layer (>1
pm) on Sn thin film anodes with cross sectional SEM, and based on EDS nsappén§n seemed to be

incorporated in the SEI with extended cyclfA)PS 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 thitkhetaag
Snfrom the electrode was detected even at the end of charging when some SEI dssaatiurs’®
Others have also used compositional analysis techniques as rough indicat8El thickness; Hong et al
hypothesized that the SEI on F-doped Sn-Ni thin film electrodes increasedknetbg after 50 cycles
based on FTIR peak intensitfsnd others reported similar results for Sn film electrodes after 50 cytles.
Interestingly, Bryngelsson et al. reported that the SEI formed on AISb comptesiteodes seems to be
thin even after 50 cycles based on peaks from the PVDF binder and carbon loldoktn@ additive still
being detected in the C 1s photoelectron spectrélowever, this observed behavior could be related to
the findings of Bodenes et al. that different binder formulations affect SEI form&idadec and
coworkers observed that the binder and solvent used in electrode fabrication caydapble in the SEI
composition and morphology even after extended cycling; in particular, #tdly observed peaks
corresponding to PVDF binder via XPS even after cycling TiSnSb electrodes foe$60 cycl

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 poreéoSEif th
composed mainly of inorganic species might not grow considerably. Tesfagke sbnicated SnSb
electrodes stopped at different stages of cycling in ethanol for several minutes tpriTEM sample
preparation and characterization, so most of the SEI remaining on the surface oétireéé particles is
most likely the inner, inorganic rich layer.idkayer of the SEI seemed to grow very slowly over extended
cycling based on TEM characterization. After th& tQcle, the layer was 4.7 nm thick, while it only
increased in thickness to 5.5 nm and 5.7 nm after thé &ad 5" cycles, respectiveR;.

Another interesting observation from some long-term cycling studies has Hezincrease in
electrode thickness in addition to the increase in SEI thickness. SEM of electrodeectasss revealed
that Sb composite electrodes increased from 10 um for the pristine electrode to 38f@m20 cycleg®

Similarly, Madec and coworkers observed that the thickness NbSnSb composite electrodeocy€léd
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cycles increased by 3 times when cells were cycled at 25 °C and by 1.5 times wheereadigcled at 60
°C103 Schulze and coworkers saw similar behavior for Sb/carbon nanotube composite edsctndtch
increased from 5 um to 30 pum in thickness over extended cytifrithe authors attributed this increase
in electrode thickness to SEI formation at new electrode surfaces exposed by vetparesion during
lithiation; for electrodes that maintain good electrical connectivity thrioogt the active material and
with the current collector, this can lead to increased electrode thickness with increased cycling as the SE
continues to form on newly exposed electrode surfat®sThis behavior could also explain the
observations of Park and coworkers, who saw increased carbon content in the Sn eledtiodeoss
sectional SEM-EDS after 20 cyéfes.

In addition to increasing in overall thickness with extended cycling, the &&lsd on many
alloying anodes over longer periods of cycling show evidence of either mechanatedmical instability.
For example, after 20 cycles, Li and coauthors saw the reappearance of Sn pleakdis8 Sn 3d spectrum
for Sn-Co thin film electrodes, which they suggested was indicative of SEI craokingossible
delamination®® Similarly, after 30 cycles Sb composite electrodes appeared to be composedhiter
particles due to pulverization based on SEM characterization, and excessive ddilamirom current
collector was apparentt 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-sizgrhficles were severely
pulverized and the SEI on the surface of electrode appeared porous and loose rather mhaacts
While alloying thin film and composite electrodes showed signs of pulverizatibp@or SEI mechanical
stability over extended cycling, Jackson and Prieto saw signs chemical instabilitg SEI formed on
CuSb nanowire arrays. SEM characterization revealed that ta8lCoanowires were intact and still in
contact with the current collector after 50 cycles, but all of the space between wires had beeirfiby
SEI and there was evidence of a thick surface film, suggesting poor surface passivatimmtandl

electrolyte reductiorf?
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1.4.2) SEI properties

The SEI layers formed on many alloying anodes over the initial phasesmd egelin to exhibit
some instability either in terms of electrode passivation or in dyndralavior suggested by fluctuations
in the SEI composition at different states of discharge or charge. As describekuricap section of this
review, electrolyte reduction and SEI formation seems to be catalyzed on Sesa@od over short term
cycling the SEI does not seem to passivate Sn electrodes sufficiently. However ftnen&Ebn Sn does
seem to passivate the electrode eventually; Park and coworkers observed that the peak arduvid
associated with electrolyte reduction and SEI formation on Sn was no longer pedtarthe 20" cycle
during characterization with C¥.Unlike for Sn, our studies of the SEI evolution over longer cycling fo
CuSh thin film anodes suggests that without electrolyte additives, the SEI foom&uSb in 1 M LiClO
in EC/DMC/DEC (1:1:1 vol) electrolyte does not passivate the surface wetl ba evidence of Cu
diffusion and CiEb/Cu oxidation around 3.0 V and may contribute to the rapid capacity fade observed
after about 10 cycle¥® 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 alloyidgsis 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 cyclifg.

Changes in other properties, such as SEI resistance, observed for alloying anodes aftedextend
periods of cycling make sense based on the changes observed for the morphiolbgys&l. There have
been many reports of increasing SEI resistance with extended cycling based on EIS ctaiacteri
Increases in impedance have been reported for Sb, Mn&md SnSb electrodes after % cycles,
suggesting that the SEI either increases in thickness or decreases in porosity after extende&@¢§&ing.
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 aléoyaoigs like MnSrmand

SnSb to continual SEI growfi?? Similarly, previous work in our group studying SEI formatio@@8b

36



nanowire arrays suggested that surface instability and the related SEI formation wereaunaof failure
due to hindering Li ion transport, which was supported by SEM characteriZation.

1.4.3) SEI composition

It is more difficult to understand how changes in the composition ef 3l formed on alloying
anodes may play a role in capacity retention and cycle lifetime asrteepn the evolution of the SEI
composition during extended cycling have been varied. Some have reported seegame 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 Htatimese seen during
the first cycle, including organic fluorophosphates, alkyl carboxylates, alkynzdds, and LCQ.% In
contrast, Song and Baek reported seeing new SEI species after extended cycling of Sfesjedtay 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 tércBntaining species detected after initial
SEI formation. Interestingly, the authors sawCi} in the SEI initially but did not observe any after 50
cycles!® Members of our group found that the SEI surface osSBINW arrays was carbonate rich after
50 cycles based on XPS characterization, which was hypothesized to bauduentrolled polycarbonate
formation, and they also saw evidence of alkyl carbonates, alkoxides, LiF agiekEjBpecies'? After 20
cycles, Marino and Zhang still detectegd/LiOH at the surface of the SEI on TiSnSb electrodes based on
O 1s photoemission spectra, and they saw a decreasalionate binding environments based on XPS
as well. After 20 cycles, the authors also saw the appearance of a low binding enenglyofb&émission
peak that could be due to $garbon and a high binding energy O 1s photoemission peak that beuld
due to polycarbonate speaé® In contrast to the SEI formed on TiSnSb, others have reported an increase
in carbonates for other alloying anodes. After 50 cycles, Seo et ahrsauerease in X CQ and Li alkyl
carbonate species for the SEI on Sn based on XPSliahdharacterizatioff, and Li et al. saw an increase

in carbonate species for the SEI on Sn-Co electrodes after 20 cycles with XPS antSTomich the
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authors attributed to LLICQ.2° 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 ®ldesases in the amount of LiF at the
SEI surface o8nSbCu and AlSb electrodes after 30 and 50 cycles, respectively, were also refpéfted.
Ulus and coauthors hypothesized that more LiF may make the SEI more brittl@g@drple in the ability
of the SEI to accommodate the volume expansioBre$bCuelectrodes'®
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 panfmrand stability
of the SEI formed on both intercalation and alloying anodes, tend to akieally increase the cycle
lifetime of alloying anode&:43%76103They are believed to behave as sacrificial additives that prevent
excessive SEI formation, although other studies have suggested that these additivethetaples as
well #4197 These additives also seem to help limit excessive electrolyte reduction arfior8Etion on
alloying anodes, based in part on the electrochemical behavior and SEI maypliotcalloying anodes
cycled with these additives. Webb et al. found that the addition of 5% FEC aluhithe excessive
electrolyte consumption at 1.4 V on the first cycle for In electrodes, while inage#ts® additive amount
to 13% FEC eliminated the excessive electrolyte consumption for both the firsharsgcond cycles.
Yang et al. hypothesized that the addition of 2% FEC in 1.2 MihiPE/EMC (3:7 wt) electrolyte helped
suppress EMC decomposition ons8&ny electrodes based on results from differential capacity ana¥sis.
Some of our XPS studies have suggested that the addition of 5% VC téohEelDcarbonate electrolytes
help passivate the surface of &b thin film electrodes better and prevent £Sb/Cu oxidation and Cu
diffusion!% Results of studies from Madec and coworkers on TiSnSb and NbSnSb electrodegdzded re
that the addition of VC and FEC can even help minimize excessive electroldiorednd SEI formation

at elevated temperatures of 60 °C and that the additives may even perform better &€ 6ban at 2

°C 34,103
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Results from studies of FEC and VC as additives for alloying anodes suggest that the &Els form
with additives help passivate the electrode surface more effectively and prevent sixeesolvent
reduction, which is supported by studies comparing the initial thicknesses of SEsIflayeed with and
without additives. EQCND-results for CsSns and Sn electrodes suggested that the SEI formed in the
additive-free electrolyte was initially thicker compared to the electrolyte contgiEC®2* Similarly, The
SEIl formed in VC-based electrolytes also seems to be thinner than the additive-fragafifzlbased on
XPS characterization of the SEI formed on Sb electrodes with and withétit VC.

While results for the characterization of the SEI thickness during the initial stagegah&tibn
are consistent, the results for the evolution of the thickness and morphology dio®féd in electrolytes
containing additives vary based on the additive useamparisons between FEC-based and VC-based SEI
layers revealed some differences. For example, the SEI formed on Sn anodes with VC aarhaddi
very high impedance after 50 cycles, whereas the SEI formed with FEC as an additive waserioh lo
impedance? After cycling GiSb 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 £51owever, after 250 cycles that there was a notable difference in the
surface morphologies of the SEls formed on thgSBYWSs; the FEC-based SEI was thick and porous with
no NWs visible, whereas the VC-based SEI appeared nonporous and relatively thiogsptut also had
wires visible’?

There also seems to be some variation in the evolution of SEI thickness fon adylitve, which
could be due to a number of factors, including the electrode materialjcehof solvent, or cycling
conditions. While initially thinner than the additive-free SEI, the SEI formed with FEGSmnli&game
thicker than the SEI formed without FEC during extended cy¢lifige SEI formed on TiSnSb electrodes
in electrolyte containing FEC also gets thicker with increasing cyclingendtih contrast, results from

EIS characterization of Sb electrodes after thebd 20" cycles suggest that the thickness of the SEI
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Figure 1.5:Scanning electron micrographs of.8ln nanowire arrays cycled in conventional electrolyte
after 100 cycles with (a) 5% FEC additive and (b) 5% VC additive and after 250 cycles wREQR&#o

(d) 5% VC. Reprinted with permission from Reference 43 copyright 2016 American Chemigal Societ
formed in PC-based electrolyte with 10% FEC remains relatively consisterdarechtp the SEI formed
without FEC, which shows an increase in impedance with continued cifdingontrast, an increase in
impedance between thesland 1% 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 electr8liakS characterization of

the SEls formed on Sn-based electrodes with and without 10% VC showed a decreaselamampvith
continued cycling for the VC-based SEI and an increase in impedance with continusgl foydhe
additive-free SEY Comparisons of the electrode cross sections with SEM after 10 and 20 cycles showed

that the SEI formed on Sn with 1 M LdRFEC/DMC (1:1) with 5% VC was thinner compared to the SEI

formed in the electrolyte without VE&.
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Some researchers have observed electrode volume expansion with extended cycling fog alloyin
anodes in conventional electrolyte without additives, and some have also auksmilar behavior for
alloying anodes cycled with FEC or VC. After 20 cycles, Park et al. observed $imat¢ioerode cycled in
electrolyte containing 5% VC was thicker than the electrode cycled withoutiaeldibased on SEM
characterization of electrode cross sections. EDS of the electrode cross section for theet¥ Galasle
showed Sn signal in the SEI and carbon signal in the electrode, so the thickness isdikelsefrom SEI
formation between Sn particles, leading to increased electrode thickness, similar tootitess have
observed®103104 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 theeMitrodt
additives; after 400 cycles, electrodes cycled at%With VC and FEC were 5 times thicker and electrodes
cycled at 60Cwith VC and FEC were 4 times thicker than the pristine electtélésterestingly, while
Bian et al. observed a thickness increase for Sb-based electrodes cycled withoukadthie electrodes
cycled with 10% FEC experienced negligible increases in thickness after 20 cycles; tieectetttiode
was 10 pum thick, while the electrode cycled with FEC was 13 um’thigjain, it is unclear at this point
whether these contrasting results are due to differences in the additives, the electrodes, ordivegcy
conditions.

Despite some differences in morphology and thickness for the SEls formeationsvalloying
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 eittidvexdree or VC-
modified SEIs based on XPS characterization®d8im’®> Sb76 CupSb*3 TiSnSH® and NbSnSb electrod&¥:

Bian and coworkers reported that the SEI surface of Sb electrodes cycled with 100h$t&€dcof 20%
F, while the SEI formed without additives had only 4% F at the suffadBE values and EQQM-

characterization of GS$ry electrodes during the SEI formation process suggested the formation of LiF

41



and/or LIOH species when the electrolyte contained FEC, compared to carbonaceous speities f
electrolyte without FE€' In many systems, the addition of FEC also seems to result in a carbahate ri

SEI formed on alloying anodes. This was observed f68hf2 Sh/¢ CpSb?2 and TiSnSbelectrodes using

XPS and/or FTIR characterization. Comparison of FEC-modified SEIs to faeeif\ds for some alloying
anodes revealed some differences in carbonate speciation between the two types of SEls.rBasée o
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 mos@@ithan the SEI formed without additives, as well as
polycarbonate species that were not observed for the sample without additv@ased on XPS
characterization, Zhang and coworkers concluded that during the initial stages of SEldnromefiiSnSb,

the SEI formed with 5% FEC was richer in Li alkyl carbonate species while the FEC-freecBEl imas

LpCQ; after 20 cycles, the FEC-free SEI was still thought to be rig@@ 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.CiQ rich and the SEI surface at the end of charge containing Li alkyl
carbonates’ Similarly, Madec and coworkers reportegd® in the SEls formed on NbSnSb electrodes

with and without additives, but the SEls formed from the electrolyte without additives tended to contain
more LiCQ based on XPS characterizatigh.

Compared to the SEls formed with FEC as an additive, the SEIs formed when VC isnsed as
additive tend to be less fluorine ric¢h/® although fluorinated species like LiF are still present from the
LiPE Li saltt>43888%n some cases the VC-modified additives are also less F rich than the SEls formed
without additives; for example, based on XPS characterization of the SEI surfacelect®mes, Park
and coworkers found that SEI formed with VC was only ca. 5% F, while the SEI formed without VC was ca.
30% P8 and XPS characterization of Sb-based electrodes also suggested that less LiF was ghesent at
SEI surface when VC was used compared to when it was a@Bdeke. the SEIs formed with FEC as an

additive, the SEls formed with VC as an additive tend to be rich in carbonatesndsrseg?®°Sb?2 and
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CuSbelectrodes!1% although comparisons of the SEls formed on Sn electrodes suggest that the SEI
formed with VC is less rich in€CQ and Li alkyl carbonate species than SEls formed without additives or
with FEC as an additive based on FTIR characteriZ&tioFhe most notable difference in the composition
of the SEI layer formed in electrolyte with VC as an additive compared to either ®iRoot additives
is the presence of polycarbonate species, such as poly VC. These types of species heapolieenn
FTIR and XPS studies of the SEI on Sn elef#6tésas well as XPS studies of the SEI oi8ICu
electrodes!® While polycarbonates have also been reported to form on Sn electrodes when FE&das
as an additive, the VC-based SEI was richer in poly carbonate species than the FEC-BaBase8Ein
these results, it seems that for without additives, solvent reduction and reductionrgdinic SEI
components to form LCQ 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 likes laRFFused as the supporting
electrolyte, resulting in more LiF in the SEI. The use of VC as an additivetsesdsts favor solvent
reduction but results in formation of poly carbonate species like poly VC rétharsmaller molecular
species like kCQ or short chain Li alkyl carbonates.

Characterization of the SEI formed with and without additives on alloying anodes loas als
suggested that the properties of the SEls formed with the additives are quite different than thtse o
SEI formed without additives. Sb electrodes cycled in PC-based electrolyte withoutddiyeadhowed
poor performance at faster cycling rates, while the electrodes cycled with 10% FECstiateohgood
rate capabilities® 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 electrdiiggethe Sb particles
cycled without FEC, which were already beginning to show signs of fracturing, as #eetop of Figure
1.6. There were also notable differences in the electrode morphology and apparent SEI properties afte
longer cycling. After 30 cycles without FEC, the Sb electrode was severelyndéahand SEM showed

signs of pulverization; however, the Sb electrode cycled with FEC showegham&delamination even
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after 50 cycles and seemed to still have larger micron-sized particles, as $égarin1.6 (bottom}® This
suggests that the SEI formed on Sb with FEC as an additive may help improve the mestadiitabf
the SEI and prevent severe electrode pulverization and delamination

FEC and VC additives have also improved the properties of Sn and Sn-based electroddd. EQCM
characterization of SEI formation on Sn anodes with and without FEC suggested that then&dEfriom
the additive-free electrolyte was softer and more heterogeneous than the FEC-based SEI #vel FEAT-
based SEI was more elastic than the one formed without addittv&amilarly, the SEI formed on Sn
electrodes with VC as an additive also seems to be more flexible than the SEI feithmd VC based
on electrode bending experiments, which the authors attributed to the presence of mrganic species
in the VC-based SEI.

While the addition of FEC or VC to the electrolyte seems to result in the formdtiSale with
better mechanical properties for alloying anodes, the additive modifiedsSiEimight not meet all of the
criteria of an ideal solid electrolyte as outlined in the introduction. MPE valadsed from EQCND
characterization of G&ry electrodes cycled with FEC additive were lower than expected over the
potential region where the material alloys with lithium, suggesting an incomglltging reaction. This
behavior was not observed for electrodes cycled without additives, suggesting th&&himrmed with
the additive may impede lithium transport more than the SEI formed without the addit@geiting in
incomplete lithiation during the first dischardé.The SEI dissolution behavior observed during
charging/oxidation for many alloying anodes cycled in conventional elgtdgrbhs also been observed
for TiSnSb electrodes cycled with a combination of 1% VC and 5% FEC aftersh@hdkeof first cycle
charge) and long term cycling (end of20ycle charge)> Madec and coworkers also observed this
behavior for TiSnSb electrodes cycled for 400 cycles with 1% VC and 5% FEC; at thhaegd oh the

400" cycle, low intensity Sn 3d and Na KLL features corresponding toelectomponents could still be
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Figure 1.6Tgp: scanning electron micrographs and digital photographs (insets) of Sb eksidafter
50 cycles when FEC was used as an additive and (d) after 30 cycles witliiwggdgbttom: transmission
electron micrographs of Sb electrode particles after (a, b) 1 cycle with FEC addie) without FEC
additive. Reprinted with permission from Reference 76 copyright 2020 American Chemical Society.
detected with XPS when the sample was cycled aC2%Fhis 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 fongkmodes are still
being clarified after numerous studies, others have started studying the effects of electrolytevesidi

that serve a specific purpose. In conventional é-t#sed electrolytes, the formation of HF due to the

presence of trace water in the electrolyte has been found to affect SEI stabilitylema to SEI
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dissolution®” Some researchers have started study the effects of acid scavenging additives, specifically
trimethyl phosphite (TMP), on SEI formation and stability for Ni-Sn alloying afodes.

Choo and coworkers observed improved electrochemical reversibility and modastiements
in CE and capacity retention for Ni-Sn thin film electrodes when 3% TMP westaddM LiP&n EC/EMC
(3:7 by vol) electrolyte. Based on characterization of the SEIs with FTIR and XB8)pb&tons and
thicknesses of the SEIs formed with and without TMP were diffef€né signal for the FTIR spectrum for
the SEI formed on Ni-Sn without TMP was not very intense and primarily coredistds corresponding
to P=0 and RO tC stretching modes, which the authors attributed to organic phosphorus fluoride species
(OPEXORY)). For the electrodes cycled with the additive, the peaks in the FTIR spectrum were more
intense, suggesting a thicker SEI. The features corresponded mostg@ but there were also minor
peaks corresponding to Li alkyl carbonates as well as peaks correspaadimegthyl and methylene
groups. XPS characterization of the SEI surface on the sample cycled without TMP dulgesie SEI
was quite thin because Sn 3d peaks were still detected. The C 1s HRES spectrum containe@ eartbonat
aliphatic carbon binding environments, but the peaks were not very intensgestigg that Li alkyl
carbonates and §€Q 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 therformati
of a thicker SEI based on the Sn 3d peaks from the underlying electrodecbeipietely attenuated. The
additive-modified SEI surface was more carbon-rich based on intense peaks inlhesg@ctrum
corresponding to carbonate and aliphatic binding environments, as well as lowesity features
corresponding to @ and O=@ binding environments. Based on the F 1s spectrum, the SEI surface
formed from electrolyte containing TMP also had small amounts @ldEiPFKO; specie. The formation
of a thicker SEI on Ni-Sn electrodes may help passivate the electrode surface more effatievdliylP
additive also seems to be helping to change the dii@&ctivity in some way to help create a passivation

layer that consists of solvent reduction products likeCG and Li alkyl carbonates rather than salt
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degradation products like LiIF and QRBR), although it is not clear how this difference in SEI
composition helps improve cycling performariée.

1.5.3) Unconventional electrolyte formulations

In addition to the use of small amounts of additives, many researcheroakeg to different
electrolyte formulations in order to improve the SEI formed on metalioying anodes. Hong and
coworkers took a combined approach to improving the SEI formed ompé&ddsgi-Sn thin film electrodes;
they used 3% TMP as an acid-scavenging additive, but they also replaced EC witmEBCtlhs solvents
in their electrolyte. Cycling F-doped Ni-Sn electrodes in 1 M InAAEC/DEC (1:1 by vol) with 3% TMP
resulted in notable morphological and compositional changes in the SEI compmareshventional
electrolyte. Even after one cycle, the active particles at the surface of the thielfictrode appear to be
better-connected by the formation of a surface film based on SEM characterizdtioa electrode cycled
in the FEC-based electrolyte, while the surface of the electrode cycled in EC-basedytdeappears
rougher, and the electrode particles appear smaller, suggesting more pulverization. Bagetin
characterization, the FEC-based SEI contains prima€i@land metal carboxylate species; the EC-based
SEl also contained these species as well as more alkyl carbonate species. Additionally, FTIR
characterization of the two SEls over different stages of the first cycle suggest the formatiomooé a
stable SEI from the FEC-based electrolyte; the spectra for the FEC-based sample remainely relativ
consistent, while the spectra for the EC-based sample showed an increase in carbonate species toward
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 EGlrésesl SEI
was richer in carbonate and carboxylate species, while the FEC-based SEI was richer i cijlos;
which the authors hypothesized to be due to the formation of polyethylene basqulaposed electrolyte
reduction pathways. Additionally, the F 1s HRES spectra revealed that the FEC-based SEI surface was richer

in fluorinated species, including 3.
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Zhang et al. also studied changes in the SEI formed when conventional SElngpdulitives
like VC and FEC were used in conjunction with an alternative electrolyte foromutaimposed of a
carbonate and ionic liquid mixture. They found that the cycle lifetime ofSESiomposite electrodes
cycled at a 4C rate could be extended to nearly 500 cycles in LITFQ/DNR@r(1:1) with 1% VC and 5%
VC electrolyte, although the reversible capacity was slightly lower than in movewtional electrolytes.
Like many SElIs formed from conventional electrolytes, the SEI formed from the IL/BM@ with VC
and FEC showed some instability in terms of SEI dissolution during chai@msed on XPS
characterization, the SEI surface formed in this electrolyte contained similar spsdies SEI formed in
conventional electrolytes. The addition of FEC and VC decreased the interfastahiasiincreased the
LiF content, and decreased the carbonate species at the SEI surface for the IL/DMC electraliytaravhi
trends often observed for conventional electrolytes as Wéll.

Qin and coworkers also studied SEI formation in ILs. They found thatgcydlicomposite
electrodes in 0.2 m LiTFSI in N-butyl-N-methylpyrrolidinium bis(fluorosiliiimige (PyrsFSI) resulted in
good capacity retention over 10 cycles and relatively high CE, although thetgdqmayzn fading around
15 cycles, so the improvement over conventional electrolytes was still modekeiionic liquid. The
authors hypothesized that the improvement in cycling performance may be relatdtktmcorporation
of TFSI and FSI salts and their reduction products into the SEI. Based omardBt8ridation, some of
these reduction products include Li$OLIF, and LINSO.

While immediate capacity fading was observed for Bi composite electrodes cycimavientional
electrolyte, Kuwata and colleagues found that replacing the conventional electmwithel M LiBH 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 élmaintain good electrical connectivity despite

fracturing In situ IR on model Ni electrodes cycled in the LiBHF electrolyte showed peaks
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corresponding to LiBiH THF, and LIiBFHTHF complexes but no electrolyte reduction or degradation
products, suggesting that the LIBFHF electrolyte solution does not passivate the electrode surface in
the same way that carbonate-based electrolytes with fluorinated supporting electrolgssiyate the
electrode surfacé®

Others, like Chan and coworkers, have found promise in using coomehtlectrolytes with
unconventional formulations. Instead of using more conventional 1 $alt concentrations, the authors
used a roughly 1:1 mol:mol ratio of LiFSI to DMC. Over short term cyciing0 cycles), concentrated
electrolyte showed better capacity retention than the conventional electrolyte ctvimay be due to
better electrode passivation in the concentrated electrolyte. Based on Li iortisolgtudies using Raman
and DFT, the authors hypothesized that poor surface passivation of Al electrodes innessticied
electrolytes was due to insufficient B&duction. This hypothesis was supported by XPS characterization
of the SEI surface after one discharge, which showed that the speciation of the SEls formed in both
electrolytes were similar, but the surface on the SEI formed from the concentrated electrolyte wes rich
in salt and salt reduction products like LiFSI and LiF, while the surface of ther&Ifrom conventional
electrolyte was richer in solvent reduction products like carbonates. SEMEESh@haracterization 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 ibethe
concentrated electrolyte, it does not prevent fracturing of the active material, whviak observed after
5 cycles for both the standard and super concentrated electrolyte solutf8ns.
1.6) Conclusions and future directions

Overall, the SEls formed on alloying anodes share many similarities. Much ®EkHermation
occurs during the first cycle over different potential-dependent stages. The SEl initial thickness on Sn and
Sb anodes tends to be thicker than for other alloying anodes like irtadiics, which could be related to

differences in volume expansion and/or surface reactivity. Despite differences a thitkness, the SEls
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most alloying anodes seem to exhibit dynamic behavior in terms ofgesaim thickness and speciation
during different stages of cycling, with SEI thickness decreasing during chargiatitoxitiowever, with
extended cycling, the SEI increases in thickness on alloying anodes. As with péseptyelectrode
materials, the SEI formed on alloying anodes seems to be primarily compbssdctrolyte solvent
reduction species like AGQ and Li alkyl carbonate species and &ileBuction species like LiF. Other SEI
components have also been reported, although the reports are varied due to theofuddferent
characterization techniques and SEI sample preparation methods (different electrode sitionm)
electrolyte compositions, and cycling conditions).

Studies of the influence of electrolyte additives and unconventional electrolyt&Ed formation,
composition, and properties have helped provide some insightshote SEI composition and structure
affect capacity retention and cycle lifetime of alloying anodes. However, there are atiyl gaps in our
understanding of how SEI composition affects the properties, and what role that plaggcia
performance. For example, it is still not clear whether LiF is a beneficial SEI species for alloyingtanodes;
appears to contribute to good electrode passivation during the initial stafj&&I formatioft1°°but may
not be beneficial over long term cyclit§:©° Similarly, the role that carbonate species play in surface
passivation and SEI stability for alloying anodes remains unclear. Addytjidhatke are still large gaps in
the understanding of how the SEI changes over extended cycling and how tloggstaffect the cycling
performance. If the ultimate goal of SEI studies is the more intentional deigleairolytes, additives,
and even artificial SEls, a fundamental understanding of SEI formation and evolution aeltioaship
between SEI composition, structure, and properties is required.

Overall there is a need for more SEI studies of alloying anodes usawy-bamd 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 ctengestrodes

can affect SEI formatio#¥:?® 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 describegl fmake use of
electrodes with only 6@670% by weight active material, so many of the findings concerning SEI formation
on alloying anode materials are likely convoluted or diminishedth® low amounts of active
material 2428.:29.34.59.75.76.82 10F g rtynately, electrodes of many alloying anode materials can be fabricated
without binders or additives using physical or electrochemical deposition tgahsj allowing for more
direct analysis of SEI formation on these materi#§:361.6383:87.891.97.11a112 However, since most of
these fabrication techniques usually involve exposure to air prior to celirddgeand SEI formation, it is
also important to know the composition of the pristine electrode surface since nativeoridy affect
SEI formatior®:6162

Another area of research that is lacking in SEI studies of metallic alloyidgsais SEI studies of
anodes in full cell configurations, which are important for several reasonsiriibed Li inventory in full
cells could affect SEI formation and speciation as well as electrode failure nsrob&i Additionally, SEI
formation on alloying electrodes seems to be potentigpendent, and the potentials anodes are
polarized to in full cells is typically different compared to half ¢éls*The use of arion cathode instead
of a Li metal electrode could also affect the SEI formed on alloying anodesédral ways. It has been
} o EA 3§72 8§ §Z & 3§]A1SC }( 8Z }puvs E o SE} v o®&l@&gs N &}
reduction species and SEI formation and compostttéi? Additionally, metal dissolution from cathodes
to graphite anodes has been found to exacerbate electrolyte reduction, leatingxcessive Li
consumption and decreases in both anode reversibility and capacity, which may affect trei&ying
anodes as welit*11™21 Finally, although anodes in full cells are not cycled over the sametj@temges
as cathodesd!®!4it is not clear if metal oxidation and dissolution from alloying anodesdcalso affect
the SEI on cathodes, especially when intermetallics or alloys containing Cu, which onsgy tdifbther

parts of the cell, are used as anodes.
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CHAPTER 2: CONSIDERATIONS FOR SOLID ELECTROLYTE INTERFACE SAMPLE PREPARATION AND

PHOTOELECTRON SPECTROSCOPY CHARAC'IJERIZATION

Chapter Summary

Solid electrolyte interface (SEI) formation is sensitive to many variables thdtecaibserved
through characterization techniques such as differential capacity analysis and X-rayelphtybn
spectroscopy (XPS). Here we present some examples of important considerations fanpid
preparation and XPS characterization based on our results, including replicgiéesacontamination,
rest time, and representative data. We discuss the importance of small details when é@sctum
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 libgtabithe
electrolyte over the large operating potential windows bfion rechargeable batteries? It is a
necessary battery component in the sense that a stable SEI layer helps passiveliectiazle surface
and allows the battery to functioby limiting excessive electrolyte degradation, preventing electrode
corrosion, and allowing for the transport of B An SEI that meets these three criteria and has other
desirable properties such as good mechanical stability help extend the bafttimdi. However, it also
can play a detrimental role in battery performance, affecting the irreversibleaagp and lithium
consumption, capacity retention, cycling rate, and safétjpecades of research have been devoted to

studying the SEI in hopes of better understanding the role that SEI components and stplajum the

" This chapter was prepared as a manuscript to be submitted to the American @h&uocietyournal

of Applied Energy Materiafor peer review and publication with Leslie A. Kraynak and Amy L. Prieto as
the authors. Leslie A. Kraynak wrote the manuscript and Amy L. Prieto prayid@éaince and helped
with editing.

62



SEI properties and cell performance, with the aim of being better able to control theafimm and
improve the properties of the SEHowever, studying the SElI 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 camositiffected
by a variety of factors. Since the SEI is composed of electrolyte reduction speleesolyte
components such as the solvent, supporting electrolyte salt, additives, and contamiranta major
role in the formation, composition, and morphology of the SEIThe electrodes also play a role, as the
reactivity of the active material, the use of binders and additives, and the electrode prepanagithod
have also been demonstrated to affect the 8F. Finally, the cycling conditions used, such as
temperature, cycling rate, and potential limits also play a féf&’ Due to all of these factors, there are
many differing, and sometimes conflicting, reports on the compositiothef SEI depending on the
systems and conditions used for SEI formafioks a result, it is difficult to determine which variable
results in the observed battery performance, and it is difficult to develpthetic design rules for
improving the SEI.

In addition to the multitude of variables, another reason studying the SEI is dendiad is
because it is complex and heterogenous structure and typically requires theolsaultiple
complementary characterization techniques in order to gain a complete representatitve SEI. While
many research efforts have been focused on developing in-situ techniques for stulgisEe post-
mortem and ex-situ techniques are still used for most SEI characterization since théye amost
readily accessible. Some of the techniques that have been employed to better undetsiar6El
composition and structure include X-ray photoelectron spectroscopy (XPSgdfRospopy, solid state
NMR, mass spectrometry, and electron microscopy, while techniques such as &iogmienicroscopy,
electrochemical impedance spectroscopy, cyclic voltammetry, and differesd@dcity analysis have

been used to study the formation and properties of the SEl.
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While there is no single technique capable of comprehensively characterizing the SEAsSXPS
been and remains one of the most widely used SEI characterization techniguees/éval reason$® It
is surface sensitive, which makes it useful for studying interfaces such as the SEI, batsodamused
in conjunction with depth profiling via ion sputtering to gain informatiabout thicker SEI layefs.
Additionally, XPS provides information on different species present in thti®Egh binding energy
shifts of high-resolution core spectra as well as quantitative (or semi-quanéjdtiformation about the
composition of the SEf°

Given the complex nature of the SEI, studying it requires a multidisciplinary apraad the
SEI community consists of researchers from many different backgrounds mclmditerials science,
chemistry, and engineering. However, because the field is so multidisciplinary cée@ten be a lack
of consistency in terms of research protocols and reporting experimental details in the field. Bduause t
SEl is so sensitive to many different variables and because much of the characterizatiom éx-citu,
the details of sample preparation and characterization are very importanorimfately, they do not
often get discussed in much detail, which can make it difficult to compelts 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 compaosition with XPS, some of which were quite unexpectedaaraht discussion.
K(S§v ( §}Ee §Z § }v[S « u §} 8Z 8§ Ju%}ES v8 v X}A DT C((ES 5Z
interpreted. While the focus of this paper is on the characterization of the SEI forméihder- and
additive-free thin film anodes, we expect that our findings can be extendedrtgpasite electrodes as
well. Additionally, while we focus on XPS characterization, for which this levelaif idemportant due
to the surface sensitive nature of the characterization method, some of our observatiagsbe
relevant to other characterization techniques as well. This paper is not intended to dre@eahensive

list of all of the important considerations for sample preparation and XPS charatitarjzout we hope
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that it can serve as a resource for others in the field, both new and experienced. Véethnatpit will
also encourage the discussion of the importance of attention to detail in Eamppeparation and
characterization and the importance of discussing those details in published smtkat 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 vegied
and the complete relevant experimental details will be provided in Appendix Anatiie Results and
Discussion section where appropriate. Samples have been given generic namesmliir raund letter
designations such that two comparable samples (i.e. prepared using the same variablesearfdoofit
the same CiBb film) will be named with different numbers and the same letter (e.g. Sample la and
Sample 2a). With this sample naming convention, two samples that were prepanagl thei same
conditions such as electrolyte, potential limits, cycling rate and are lmintpared to each other are
named using the same letter and a different number (such as Samples 1la anéamples 1b and 2b
in Table Al of Appendix A). When two samples cycled using slightly differentiaondare being
compared, the samples are named using different letters and the same number (such assSHnapid
1g in Table A1, which were prepared without and with 5% VC additive, respectivel@xperamental
details described in this section are an overview of the procedures relevant to all results discubéed in
paper.
Electrode preparation

Copper antimonide (G8b) thin film electrodes were electrodeposited onto Cu substrates (110
Cu foil, 0.002-in thick, McMaster-Carr, cleaned by electropolishing inl éy:volume BPQ/H.O
solution) following an established procedufeBriefly, CuSb was electrodeposited af.05 V versus a
e SUE 8 oju o o SE&} ~N e (EIUu VvV <d Fue ~P(]dA] WD E } %h&o DIO e~ ,J} O

nitrate hemipentahydrate (Cu(N® Q.5 HO, Aldrich >99.99%+), 25 mM antimony (Ill) oxide
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nanopowder (SfO; U DTAT vuU o E] Z H66X0669«U v 0diil uD ]JSE&] ] ulvizC C
certified ACS grade) adjusted to a pH of 6 with saturated potassium hydroxdie fscher Scientific,
certified ACS grade). All films were electrodeposited for 600 s at room tatupe unless otherwise
noted. The average mass loading of theStufilms, determined by mass difference, was 0.9 mg/cm
Half-inch diameter circular punches were made from the films for use in élddf{average 1.2 mg €3b
per punch).
Half-cell preparation and cycling

Swagelok half cells were prepared in an Ar-filled glovebex1(@pm) using the G8b punches
as the working electrode, Li metal foil as the counter/pseudo reference electrodea glads fiber filter
(Whatman GF/A) layered between two polypropylene films (Celgard, 25 yum) as the sepafii®
cleaning procedure used for cell parts is described in Appendix A. The electro@tpl(2r half-cell)
was 1 M lithium perchlorate (LICIQAldrich, 99.999% battery grade) in a mixture of ethylene carbonate
(EC, Aldrich, 99% anhydrous, recrystallized from ethandly $ZCo &E}vs ~DU o E&] zU
anhydrous),and] 3ZCo @& }v§ ~ U o E] ZU H669 vZC EEFuA]SAWIBWIGI C A
(by volume) vinylene carbonate (VC, Aldrich 99% with 80 ppm butylatdtbytoluene added as
stabilizer) added, unless otherwise noted. Half cells were cycled galvanostaticaaly/20 rate (average
19 ... | Y using an Arbin BT-2143 battery tester. Various potential limits ané tyoés were used;
please refer to Table Al in Appendix 1 for complete details. In this work, disdhaefgns to a negative
applied current and reduction/lithiation of the working electrode, and charging refera 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 mitectro
(PHI) 5800 series Multi-techniqgue ESCA system wittr AZKr A i 8 6 § a@nochromatized radiation

source operating at 350.0 W. Most samples were transferred under vacuum directiyttie Ar-filled
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glovebox (@1 ppm) to the XPS sample introduction chamber using a custom-built séuwipler so
that air exposure prior to XPS characterization was minimizéa electron flood gun operating with a
5 PA emission current, 1.5 V bias voltage, and 40.0 V extractor voltage was farsetharge
neutralization on all SEI samples. Survey spectra were collected with a pass enerd@y86f el in
intervals of 1.6 eV/step. High resolution (HRES) spectra for the elements of interestoected with
a pass energy of 23.5 eV in intervals of 0.100 eV/step. Spectra were collectedtfieast 3 areas on
each sample (area 126.7 mMyusing a 0.6 mm by 2 mm analysis area (area 1.2)mmensure that any
lateral heterogeneity in the SEI was accounted for. Short HRES scans were collectedtpedonger
acquisitions so that any sample damage could be identified, although the longer HRES scans were
relatively short (2030 minutes) to avoid prolonged beam exposure and possible sadgieage®
When appropriate, HRES spectra were shifted for charge correction so that the,Qlek for CIQ
species in the SEI was located at 208.6 eV. CasaXPS software (Version 2.3.16) was used foigpeak fittin
and quantification of the HRES spectra. A nonlinear Shirley background and B&tzian/70%
Gaussian line shape were used for peak fitting, and PHI relative sensitbtaysfaorrected for angular
distribution were used for quantification based on the peak fitting. The fitted speatchtabulated
fitting data for the SEI samples discussed in this chapter can be found in FAdufesand 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 imn&aited manner and
challenging to characterize, as described above. As such, it can be difficult to know ti&&Itkample
being characterized is a reasonable representative sample. Because SEI formation caariadlscawnd

sensitive to a variety of factors, it is important to make and study multipleaaelisamples to get the
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fullest and most accurate representation of the SEI possible. Additionally, becaubkés afxtreme
variability and sensitivity, sometimes two samples prepared the same way can shererdiffesults.
For example, the surfaces of two SEI samples prepared under the same conditioggnen df
electrolyte formulation, cycling rate, and potential limits may shaaviations in terms of different
relative atomic compositions or different species based on XPS characterization. Inlgaricihave
observed this for SEI layers formed on binder- and additive-free electrddbecated by
electrodeposition, which can sometimes show some variability across a film surfserens of native
oxide content or can show some variability in composition over time, ealbegihen electrodeposited
on Cu substrates. However, this is also relevant to composite electrodes where materialxageby
ball milling or ground in a mortar and pestle for electrode fabricatiorthase methods can introduce
contaminants or result in uneven or incomplete mixing, respectively, which caffidatt results of
NE %0] § o SE} 3A'Sihce the%sSEl«frmation process is sensitive to a number of
variables, including electrode surface heterogeneity, it is helpful to have a mhethoh 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 amadysis
useful for understanding SEI formation processes. While cyclic voltammetry is coareonly
employed in studying SEI electrochemistry because the information it povsdémited to processes
occurring at the electrode surface, differential capacity analysis offers the advantagéwhation
about SEI formation during galvanostatic cell cyclidge of the drawbacks to differential capacity
analysisis that features corresponding to SEI formation/dissolution at electrode lithiatielitliation
potentials are usually obscured. However, at higher potentials where initiglo8&tion occurs, it is
possible to see features associated with processes occurring at the electrode surface lyingaimoon

the differential capacity analysis plots to see the low intensity features associated wittrodjte
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reduction. This portion of the differential capacity analysis plot can serve as a ww#ftdr comparing
SEI formation between different samples.

Figure2.1a shows the differential capacity analysis plots of tweSButhin film samples cycled
between 1.8 and 3.0 V vs. Li/lwhere some SEI formation but no /Sb lithiation/delithiation is
occurring. The half-cells were prepared from punches of differepBCtilms, but both were prepared
in the same way and had similar active material mass loadings of.@an@/cnt. Despite being
prepared the same way and cycled under the same conditions, the differential capacity plioeteat
the two samples show some differences. The differential capacity plot of Samplenbatly featureless
with the exception of the onset of a reduction feature around 2.1 V vs.*ldfiithe first cycle. In
contrast, the differential capacity plot of Sample 2a, prepared the same way aseampshows a
reduction feature around 1.9 V vs. Li/and the onset of an oxidation feature around 2.8 V vs. Lafhi
the first cycle as well as a low intensity reduction feature around 2.6 V v&.fai/hiultiple cycles.

The SEI formation processes for Samples 1a and 2a seem to be quite tiffased on the
differential capacity analysis despite being prepared the same way, and the SEI surfgussiton
based on XPS characterization also reveals that the SEI composition for the twessasnplite
different, as shown in Figur2.1lb. The Sample 1la SEI is quite uniform, with similar compositions for
multiple analysis regions, whereas the Sample 2a SEI appears to be more heterag@ieo8ample 1la
SEl is very carbon-rich, consisting ot 88% C compared to 565% for Sample 2a. Unlike the Sample la
SEI, which only hast2% CI present as GlCspecies, the Sample 2a SEI hda8% Cl due to ClO
Additionally, ca. 8% Li was consistently detected across different regiddasngble 1a, but Li was only
detected in one of three analysis regions for Sample 2a. Finally, while a small amount ofdebestes!

for both samples, Cu was only detected in Sample 2a.
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Figure 2.1Differential capacity analysis plots for two.Sh thin film samples prepared and cycled under
the same conditions (a) and the percent atomic compositions for multipéyais regions of the two
samples based on XPS characterization (b).

Although these two samples were prepared in the same way, qualitatively they are naatepli
samples based on the differential capacity analysis and the XPS quantification results.ufdndraw
very different conclusions about the SEI formed oaSBuwover this potential region depending on which
sample was used, so it emphasizes the importance of looking at multiple eanapknsure that they
are representative of the SEI. It also demonstrates the utility of differential capacity arsyssi®ol for
comparing SEI samples prior to ex-situ characterization. In this scenario, theeBEtpiite thin due to
being formed over a potential region that precluded.8lu lithiation, allowing for some small amount of
correlation between differences observed in the differential capacity analysis and XPS regidtslyTy
the SEI layers being formed are much thicker, so this is not likely to beadeefor many samples, but
differential capacity analysis can still be used to determine whether a sample is therttime and
effort of further characterization. Additionally, this example demonstrates just kemsitive the SEI can

be to different variables since both samples were prepared keeping almost alblesrithe same (the
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only differences were that the different 3b films prepared from different electrodeposition solutions
and two different batches of the same electrolyte solution were used). There are éecofupypotheses

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 characterizatimvenay
been due to differences in the amount of surface oxides present on the differes@bdilims used, as
there have been other studies suggesting that surface oxides may play a role in SEiofotand
composition!>1"3* 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 Aelgbx 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 esensitiv
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 plo
and HRES XPS spectra features and quantification, as described above. Howevain ttrdtenion we
use for whether two samples are qualitatively the same or not is whether the sameusions about
the SEI could be drawn from data from two different SEI samples. Unfortunatehottétear how often
replicate SEI samples are studied in general, as the number of samples analyzed arepareadyg in
the literature 3¢ and when it is reported, there is not much detail provided about the results from the
replicate samples and the criteria used to evaluate th@rhis is one area where members of the SEI
community could provide more detail into the procedures used for the papen and evaluation of
samples.

Contamination
Contamination is one of the major factors influencing the formation, caositjpm, and stability

of the SEI. In the SEI research community, contamination is most ofteghhof in terms of water
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content in electrolyte solutions, which can affect SEI formatioAdditionally, commonly used salts
such as LiRFand LiBFare particularly moisture sensitive, reacting with water to form HF, which can
affect SEI composition and stabilftyAnother type of contamination commonly considered in this
community is exposure to air prior to characterization, which can alter the SElositiop due to the
SEIl containing many species that are sensitive to moisture and oxygen, and as such preaagtions
taken to avoid air exposure prior to SEI characterizat?éfh®® Additionally, in terms of XPS
characterization, contamination from adventitious carbon is usually unavoidaisén with very careful
sample handling and even under ultra-high vacuonditions#%4* While these are common sources of
sample contamination that are often considered for SEI studies, we hawwseied other sources that
may not be anticipated, as described below.

The following example illustrates several things: 1) the importance of thbtpudeaning cell
parts (but more generally the importance of being meticulous when preparing Splesan®) the utility
of differential capacity for evaluating the early stages of SEI formation, and 3) the sensftivitth SEI
formation and XPS characterization to contaminants in a system. F&jarehows the differential
capacity plots of the first two cycles of replicate;8ln samples cycled galvanostatically between 1.8 and
3.0 V vs. Li/Liin 1 M LIiCIQin 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 cgcleardje of
Sample 1b, there is a reduction peak at approximately 2.1 V vsarifl.ithe onset of another reduction
peak around 2.0 V vs LifLihere is also an oxidation peak 2.7 V vs Li/Lithat is seen for both the first
and second cycles. In contrast, the differential capacity plots of replicate Sample 2kelatreely
featureless in comparison, with only the onset of a reduction pesde 2.0 V vs Li/Lifor the first and
second cycles. These differences in the differential capacity plots of replicate samples suggest

differences in SEI formation.
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Figure 2.2Differential capacity analysis plots for two.Shb 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 SEls formed on the two samples (representative survey spectra am ishBigure
2.3). Based on the survey spectra, carbon, oxygen, and small amounts of chlorine, cog@atticaony
were detected for both samples. However, Sample 1b, which showed more reductiboxigation
peaks in the differential capacity plots than Sample 2b over the first two cycled)adsituorine on the
surface, even though the electrolyte used to cycle both Samples 1 and 2 aahtai fluorinated
species such as Lidt 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 ne Biguor 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 uncontdminate
(Sample 2b) SEI samples.

High resolution (HRES) XPS spectra for different regions of Samples 1b and 2blieetexdc
and quantitative peak fitting analysis was performed to gain information abmutompositions of the
SEI surfaces formed on the two samples. The fluorine contamination inl&amgs considerable, with
fluorine composing about 10% of the surface for all three analysis regions as sh@&iguie2.4. The
fluorine contaminant, likely LiRBr LiPEdegradation product$2¢-*°was most likely introduced prior to
cycling and SEI formation rather than after because other samples disassemblqutegraded for
characterization at the same time as Sample 1b did not contain fluorine lmas&dPS characterization.
The only possible source of contamination prior to cycling, considei@angples from other half cells
prepared at the same time using the same materials (electrodeposited thin films, separatous, |
foil, and electrolyte) did not show evidence of contamination, is from imperly 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 fde raoélpsis
regions of the contaminated (1b) and uncontaminated (2b) SEI samples.

species from a LikMbased electrolyte. This highlights not only how sensitive the SEI can be to
contaminants, but also the importance of careful SElI sample preparation at all stemyaselectrode
fabrication to cell assembly to cell disassembly, which is applicable when usgadpleeequipment such

as beaker cell setups or Swagelok type cells. The introduction of a contdrimteathe system prior to

SEI formation could have notable implications for the characterizadiothe SEI at a later point as
demonstrated by Figur2.4. 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 underb@bgeleatrode

than uncontaminated Sample 2b, suggesting that the presence of contaminanééfeahSEI formation

as well, possibly further convoluting the results from contaminated samgleastamination is often

unavoidable, especially in the case of water content in electrolyte solutions avehaiious carbon
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during the preparation of samples for XPS characterization, but with careful samplergtiepaand
handling, other types of contamination, such as from cell parts or during sanmpfeanation for
characterization can be avoided.
Importance of time as an experimental variable

There are many important variables to consider when it comes to SEI formatiergfamhich
includes time, as many of the species in the SEI are hypothesized to be thermodynannistalyle??
There are numerous examples in the literature demonstrating the importance of timevasadle. For
example, the rate and method (e.g. galvanostatic versus a potential sweep) at aielectrode is
cycled has been found to influence the composition, morphology, and propeasfithe SEI on different
anode materials, including Li metal and“Sf Lithiated anodes can also experience self-dischamyer
time as a result of SEI instability and dissolutibhEven before current is passed in a cell, time can be
an important factor for the SEI, especially for reactive anode materials. A passiegtorfdrms on Li
metal anodes stored in carbonate electrolytes, with changes in compositiorinanelasing resistance
being observed over timeThe formation of a passivation layer or changes to the electrode surface
prior to cell cycling when an electrode has just been soaked in electrolytalb@a$een observed for
alloying anodes including BiSn#* CuSn;,*® and CuSb (see Figures AR in Appendix A). We also have
observed the importance of time in regard to changes in the SEI on delithiated/chargddsaatier
cycling.

We have observed changes in the composition of the SEI surface via X&Secization for
both rested half-cells after cycling and samples stored under inert atmosphere aftelisassembly. In

general, we see the biggest change in the composition of the carbon species at the f&td, sag

' Note that the term self-discharge is used in the literature to refer to a lithiated arinda full cell
setup discharging/delithiating. We use the term here to be consistent with the literatues though
for our experiments and throughout the rest of this paper we refer to the lithiationcess 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 Figbige In the sample rested for longer after cycling (11
days), Sample 1c, we observe an increase in the contribution from carbbimaieg environments and
a decrease in the contribution from aliphatic and @&inding environments (and little to no change
in CtO binding environment contribution), compared to the sample rested for a shateth of time
(1 day) prior to XPS characterization (Sample 2c). We also observe arl deerahse in the carbon
contribution to the percent atomic composition of the surface and an increase inaothgen
contribution for the sample rested for longer (Sample 1c in Figusk), which is expected based on the
increase in carbonate species.

These changes are surprising for several reasons. This aging phenomenon has beed observ
consistently; even when the SEI samples were prepared using different formatioiti@esdhan those
in the example above, we consistently observed an increase in the relative amforarbonate species
for samples rested for longer thantd 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 disassemiblecstred,
which is surprising because one might expect to see different changes if the eléStEbdmmple is
rested in the half-cell where it is in contact with the electrolyte and solublespé&dies to undergo
further reactions>?”¢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,tlsese
observations in charged/delithiated samples do not seem to be due tddurteactivity or self-
discharging as a result of incomplete delithiatigf.Additionally, we have observed these changes in
half-cells cycled with LiCi@ased electrolyte, so they are free of reactive Li@#tomposition species
such as HF that are known to react further with SEI components and lead to SEI disSolution.

These findings are important because one can draw very different conclusions @igoSEI

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 shortes (2¢) time
prior to characterization (a) and comparison of the compositions of multipddyais 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) bheaniude 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 SEr these
formation conditions. The observations that the rest time after cycling andtithe between cell
disassembly and characterization can affect the SEI composition have importdidatiops for SEI
studies. These results stress the importance of careful experimental planning and obsetuaitsure

that SEI samples can be characterized in a timely manner or that the amount of time betyaang
completion and characterization can be considered when interpreting characterization results. It also
has important implications for collaborative experiments, in which the time between kamp

preparation and characterization, due to factors like shipping samples, coutdrisderable. The time

between cell cycling and characterization is rarely reported in the SEI literdtbre, since time can
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make a difference in the SEI composition, it is another factor that shaulcbhsidered during data
interpretation and an area where more detail should be provided in exparial 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 whethmt to
wash the samples prior to analysis because many of the commonly used SEI characterizatigogschn
are ex-situ. Typically, washing the SEI sample is done by rinsing or sthekaigctrode in one of the
solvents that make up the electrolyte solution, such as DMC, or in another orgawentssuch as
acetonitrile2®48%1 This decision tends to be dependent on the characterization method(s) to be ssed, a
it can have an impact on the results obtained. For surface-sensitive characterization mekieoXP &,
washing the sample is often performed to remove excess salts and other species not incorjui@ted
the SEI that could attenuate signal from the 8Byt it could also rinse away SEI species that are soluble
in solvents like DM¢. 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 theuSHl general
the unwashed sample contained higher quantities of F and P from salts and salt redypet@es while
the washed sample contained higher quantities of C and O from carbonaceous SEI speciegradé elec
components®® We have also observed that for the SEI formed o8B thin films, unrinsed SEI samples
characterized by XPS have more salt species at the surface compared to the washed samples, as shown
in Figure A10However, others have observed via XPS that washing leads to the detectiiffecdnt
salt reduction species in addition to decreased signal from said salt reduction speciestloe to
elimination of some species when washed extensit&l§For other techniques such as SEM and FTIR,
washing the sample can change it in ways that may lead to different conclusions abaidtéhda=or
example, Somerville and coworkers observed differences in the surface morphimogyraphite

electrodes based on how the electrodes were treated after cycling; there was evidence of a fil
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covering the unwashed graphite electrodes that was not observed for the washed sdfples.
Additionally, Shi and coworkers were able to detect some electrolyte degradati®El species via in-
situ ATR-FTIR that were not observed via ex-situ ATR-FTIR measurements of washedshikeles.
many aspects of SElI sample preparation and characterization, there is not one copezachpfor
sample washing; instead, it is highly dependent on the type ofpancharacterization method, and
desired information since both approaches have associated disadvarfd§ésinstead, the best
approach seems to be to use care during sample preparation, to rigorously report the proceddreal
that it can be reproduced by others, and to consider the sample preparation metised when
interpreting data and comparing to the literatufé>?
2.3.2) XPS characterization

XPS is a useful technique for studying interfaces like the SEI because leineigy shifts of
core level spectra can provide information about species present in the SEI while gaéatifiresults
can provide information about the SEI compositfdf However, XPS is not straightforward even for
uniform samples$;? and for complex, heterogeneous structures like the SEI, XPS characterization and
interpretation becomes even more challengihds such, there are many factors to consider for XPS
characterization, and as others have pointed out previously, there is unfortunatelgingle correct
approach when it comes to the treatment and interpretation of XPS data for th& BEte we describe
some of the challenges associated with XPS data collection and some consideratiopssaifuie
approaches for SEI characterization.

Air exposure

One important consideration for XPS characterization of the SEI is avoidegpasure during
sample transfer because the SEI is composed of many reactive species that areesemstivand
moisture® Edstran 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 edrapsuggested @ air
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exposure affects organic SEI speéfeShorter air exposure times on the order of minutes rather than
hours have also been observed to cause changes in the SEI and ekeofygpecies detected with XPS.
Schroder and coworkers also found that some organic species were susceptible te<ladiey air
exposure; studying the SEI formed on Si anodes before and after air expimyra@bserved that CO
and OCO bonds were particularly reactive based on changes in the C 1s $pbugeestingly, the
effects of air exposure also seem to be dependent on SEI formation and sample pa@padatditions.
When different electrochemical procedures were employed to form the SEI on Si, regultthg
formation of different SEI species, some SEI layers underwent more dramatic chpogesirnexposure
than others. For example, the SEI formed by linear sweep voltammetry that contained magenexy
poor organic species and LiF was not changed as much by air exposure as the SElbformed
chronoamperometry, which contained more phosphorus oxyfluoride species argkmxich organic
species like carbonate$.Malmgren and coworkers also observed that sample preparation can affect
the degree to which the SEI is affected by air exposure; they observed that unwashedn§lek sa
underwent more dramatic changes upon air exposure compared to the washed SEI s&mples.

While sample preparation and SEI formation conditions appear to playeanrdhe degree to
which the SEI may be affectbgt 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 pasSibine researchers
are able to utilize XPS instruments connected to inert atmosphere glove boxasia air exposure
during sample transfet!#84°put fortunately there are also options for commercial and homemade air
free sample transfer devices when this is not feasiblgir free sample transfer devices can range from
glove bag¥-°? or simple holders that keep the sample under vacuum until a lower vacuassyre in

the XPS sample introduction chamber is achiéveimore complex desigri§:>6->7
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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 impantanpretaition
of the data and comparison to the literatuf?'5>58 Typically, charge correction (also commonly
referred to as binding energy calibration- see Reference 54) is performedfbggshil of the binding
energies for a set of spectra based on a known binding energy for a specific ppakafthe core level
transitions. Unfortunately, this is difficult for SEI samples, which are heteemgesn contain unknown
phases, and consist of many electronically insulating species that can resiiteierdial charging
additionally, effects from the underlying electrode can further complicate eraff4:5° Several recent
studies on model systems have demonstrated the importance of using peaksStEbroomponents for
charge correction, the utility of using Ar as an internal standard for changeation when doing depth
profiling experiments, and the usefulness of characteristic binding energy separations hetose
level spectra of a given phase for peak identificafibf:>® However, the most ubiquitous method for
charge correction for spectra of SEI samples is to use either adventitious lmatigliparbon since the
former is unavoidable during sample preparation and the latter is typiqatigent in the SBEf:>
However, using an adventitious or aliphatic carbon peak for charge corréstiwablematic for several
reasons, including that the carbon binding environments may not always be the same ihirduces of
carbon speciein the SEI or from the adventitious carbon soutt®.Additionally, while the C 1s peak
typically attributed to adventitious and aliphatic carbon is usually thestniitense C 1s peak for SEI
samples, this may not always be the case, as demonstrated in FAguré/e have found that using a
peak from an inorganic SEI species such as /4 @ZI0iF is useful for charge correctinwhile this
method does not allow for direct comparison to binding energy valudhlenliterature, it is useful for
self-consistency. However, there may be instances when these species are not pessdescribed 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 valtieef aliphatic (G
C/CtH) binding environment and there are also no inorganic SEI componentsetofon charge
correction. In Figur@.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 intensity285 eV, a common
practice especially when electrode additives such as conductive carbon are presemhadead it
inappropriate to shift the binding energies using the C 1s peak witrothest binding energy**"¢The
tentative binding environment assignments based on the approximate birefieggies of the peaks for
the unshifted and shifted data are shown in Taklé. Based on whether or not the spectra are shifted
results in different binding energy assignments based on reported binding ieresigd could lead to
different interpretations of the data. Additionally, neither instance is entirely satisfacforygxample,
the unshifted data results in the highest binding energy C 1s peak being at ca.e29which is quite
high based on many of the reported binding energies for the species expecthd isample such as
LbCQ and Li alkyl carbonate&§38-61¢3 Typically, only the Ginding environment of poly VC or peaks
associated with @ 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 fluorinatedrsadigitives>?6263
Shifting the binding energies using the C 1s peak is also unsatisfactory; forlextmagdower binding
energy Li 1s peak, which is at ca. 52.7 eV due to this shifting protocol is too lmsvanything other
than metallic lithium, the presence of which also seems unlikely for thepleatmased on the cycling
conditions® In this case, using C 1s peaks for charge correction is not praEtcathe SEI sample
described in this example, and for many other preliminary SEI studies where the Siokitimm may
not be well understood, as in the case of a studying a new electrolyte formulatiadditive, 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 ¢iresti intensity C 1s peak
(bottom row).
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Table 2.1:Binding energies and tentative peak assignments for the fitted spectra in REgubased on
two different treatments of the data. The text colors correspond to the peak colors in Figure 2.6

Tentative assignment

Description Region Peak position (eV)
286.3 CtO
291.2 Qs
Cls
O=CtO,
289.4 oxalates/carboxylates
Unshifted
(no charge correction) 288.2 O=C1tO, esters
532 5 CtO, CO, LpQ0s
O1s . .
530.5 LIOH, LiO
Li 1s
285.0 CtC/CtH
289.9 Qs
Cls
288.1 O=Ct0
Shifted
(most intense C 1s peg 286.9 Cto
set to 285 eV)
531.3 Cto, CO
O 1s :
529.2 LeO
Li 1s

" 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 hawdtemmative
approach for charge correction.

In instances where instrumentation or time constraints prohibit the collectibgood valence
band spectra to aid in calibratidh 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 éhaagrection. One such
method is the use of an internal reference. Some practices for applyirigtamal reference include
gold sputtering in sityapplying powders to the sample surface, or implanting Ar using thguk but
these methods could lead to the introduction of artifacts due to sample damagétemuate the signal
from the SE>4%*8We have had success drop casting Aghigarticles, prepared by sonicating Ag leaf
in DMC, onto SEI samples for use as an internal reference. Shown in Eiyaire spectra from the
sample SEI sample before and after the Ag internal reference was applied (seeAtiytor the Ag 3d
spectrum), demonstrating that it can be applied to the sample without considerable losigl
intensity from the SEI components and with only minor artifacts introduced to the dathjs case a
small amount of Clfrom the Ag leaf that could be eliminated by using higher quatayting materials
This method for applying an internal reference is attractive becauseett dot damage the sample like
other application methods such as Au sputtering might and does not attenuateahmple signal as
applying a powder to the surface would. The particles are also quite larggo(pmm scale), so size
effects associated with nanoscale metal particles is not expected to be a cdhé€efinis method could
be applied to other elements or compounds, including electronic insulators instead aflimepecies to
have an internal reference with similar properties to the SEI species and asa&bsiassociated with
conductor-insulator interface®.> This method would also allow for the application of multiple internal
references, so long as they could be suspended in DMC long enough to beadtapnto 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 severalydatie
attenuated.

Analysis regions and representative data

The SEI on many anodes is a heterogeneous, layered structure, and XPS gpufterin
synchrotron photoelectron spectroscopy (PES) is often used to characterize this digyghelent
compositional variatiort:*° Typically, XPS is not used to measure the lateral heterogeneity of the
speciation and composition of SEI samples, and in general characterization disthbution of
elements or chemical species across the SEI surface is not especially common in thettBEd itee8
The typical XPS analysis areas used to obtain good signal to noise rakid¥E8rspectra are quite large
(typically on the order of hundreds of square microns to several square gtilig).*>%° However,

compared to the areas of most SEl/electrode samples, which are usually at least hundreds ®f squar
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millimeters, the XPS spot size is quite small, and ideally muligiens of each sample would be
characterized® We have found that by looking at multiple regions of an SEI sarfgsimed on
electrodeposited thin film electrodes, we can capture some of this compositionatdgdneity even
with large XPS analysis areas (ca. 1.2 mnalysis area and ca. 126.7 rsample area). This may be
different for composite electrodes where the active material, conductive additive,bamder are very
well mixed before electrode fabrication, but for thin film electrodes where there can b sa@riation
between films and even between regions of the same film, it is usefubtaldle to characterize this
heterogeneity to obtain a more realistic model of the SEIl. This has been dom¢hérs using a
guantitative approach, but unfortunately no details were provided about hiegvanalysis regions were
determined to be statistically similar, and no commentary on similarities or differences betwesssianal
regions was provided-"° 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 charaatecematioveal
information about the lateral heterogeneity of a SEI sample, it can be chimfeig determine which
data from different regions of a sample are representative of that sample and whes gfpdifferences
constitute actual differences between regions. Fig@r8 shows multiple analysis regions from two
different SEI samples, one that did show some variation between analysis regions, sudgesah&El|
heterogeneity, and one where analysis regions were similar, suggesting a lateralbgéwons SEI
sample. We determine representative sample regions based on differences in percamic at
composition and spectral features. For example, the different regions of SarhjpteFigure2.8b are
relatively similar in terms of composition with the exception of some variaitiothe percent atomic
composition of Li. However, looking at the HRES spectra for the three analysissregiSample 1f in
Figure2.8a reveals that Region 2 (shown in maroon) shows evidencefrithe O 1s spectrum and™Cl

in the Cl 2p spectrum, so Region 2 of Sample 1f varies somewhat in terms of thes gpesent
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compared to Regions 1 and 3, suggesting that the SEI is heterogeneous and requingsdbokiltiple
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 presengl#tize

peak intensities in the HRES spectra, and the percent atomic compositions, suggest#igl of this
sample is relatively homogenous across the surface. In order to ensure that this latenadesteity is

not an artifact of the sample washing procedure or due to differences in current densitgsatite
electrode during cycling, we have looked at multiple regions on the ceasfténe sample and on the
edges (representative data shown in Figures A12 and Table A9), and we havéhuhds is generally

not the case.

a b
—— Regionl —— Region2 —— Region 3
C1ls HRES 0 1sHRES Cl2p HRES Lils HRES N C mw O = C mm L
?'?mple Sample 1f
region 1
—_ Sample 1f
3 region 2
)
2 Sample 1f
P region 3
[iT} 1 1 1 1 1 1 1 1 1 1
£ Sample Sample 2f
D P region 1
% Sample 2f
region 2
Sample 2f
region 3
I I I 1 I I I I 1 1 I T T T T T T T T T 1
290 285 535 530 210 200 58 56 54 52 0 10 20 30 40 50 60 70 80 90 10
Binding Binding Binding Binding Percent atomic composition (%)

energy (eV) energy (eV) energy (eV) energy (eV)

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 percanicatompositions
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 importdrg tble to
characterize this depth-dependent heterogeneity, and XPS is suited to this due the capabilities to
sputter away layers using an ion beam, most commontylan sputtering is known to damage samples
and introduce artifacts for a variety of samples, including the*®EY>*Edstran and coworkers have
found that Af sputtering of the SEI formed on graphite from kiP&sed carbonate electrolyte resulted
in the decomposition of CQ into LiO*° Based on these findings, researchers have advocated for the
use of synchrotron PES for obtaining depth-sensitive information withoupkamtamage and have
demonstrated that it is a useful characterization technique for achieving these*f{d$ The use of
synchrotron PES for non-destructive SEI depth characterization is an attractivéqteghibut it does
come with some drawbacks. First, it is not readily accessible to all researchers, whersaXmP$
instruments are equipped with ion-sputtering capabilities. Second, when synchrotron PEESssare
available, timing can be problematic, as we have demonstrated that the time betwedor®&tion
and characterization is an important variable.

Despite the disadvantages associated with ion beam sputtering, it is still a valuableideig
accessible tool for gaining information about changes with depth in SHllesnWe have found that
when sputtering is done carefully and for short periods of time, it can reweedul information with
minimal sample damage even when using a higher energypdam. Additionally, the use of controls
can help with anticipating sample damage and artifact introduction, so that changes iISEI sample
seen as a result of sputtering can be assigned to either sample damage or achgg<hathe sample
with more confidence. We have observed possible sample damage inducgultigring when doing
Ar* depth profiling of SEI samples formed onS&uthin films in LiClcbased carbonate electrolyte in the

form of CIQ”decomposition. Indeed, when a Li€kdntrol sample was sputtered for just 12 s with a 2
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kV 3 x 3 mm Arbeam, there was evidence of GRdegradation and the formation of GJQand CF;, as
shown in Figur.9.

When sputtering SEI samples containing.Gl§uch as the one shown in Fig@a0, there is no
evidence of Cl¢g degradation over shorter periods of sputtering (up to 30 s total using®d 2 x 3 mm
Art beam). However, after longer sputtering times (60 to 120 s total sputtering), tees@ne evidence
of ClQ~degradation based on the appearance of Cl 2p peaks around 198 eV apif d@dicative of a
CFPbinding environment and some broadening on the low binding energy $ithee «C1Q~ CI 2p3/2 peak
at ca. 207 eV that could be due to a €lfinding environment?4 The appearance of the Gind CI@”
environments were seen after sputtering the LiCtOntrol, suggesting that the LiGl@resent in the SEI
is also decomposing into these species as a result‘dfeam exposure. However,®las been detected
in the SEI formed in perchlorate-based electrolytes for samples that have e Bputtered,
suggesting that some of the Qletected could actually be present in the SEI and not just an artifact of
sputtering?47*°In particular, this may be the case when the SEI sample was sputtered for a total of 180
S. As seen in Figu&10, only one Cl 2p binding environment, corresponding towzds detected after
180 s of total sputtering. Some of th&¥” could be coming from decomposed €lMut since there was
no CIQ” detected, which also seems to be an indicator for,CH&gradation, the layer of the SEI
revealed after 180 s of total sputter time seems to containr@ther than CI® This also seems to be
supported by notable changes in the features of the C 1s, O 1s/Sb 3d, and Li 1s HRES spd@tasafte
of sputtering compared to samples sputtered for 120 s or less, which suggests the speciesipridsent
inner part of the SEI are quite different than those in the outer layer. Therefore, it seerasnable
that CFcould 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 wdetunl
performed carefully, but it does seem to be highly dependent on which tgpepecies are present in

the SEI and the sample preparation conditions. For example, we have seen that it takes up to 60 s of

91



re-sputter
clo; pressp

12 s sputter
El
o
>
)
)
c
Q
)
= clog

Cl~

215 210 205 200 195

Binding energy (eV)

Figure 2.9.Comparison of Cl 2p HRES spectra from a4jgol@er control sample before and after 12 s
of sputtering with a 2 kV 3 x 3 mm*Aream.

sputtering to see ClOdegradation in SEI samples that were not exposed to air while” @#@radation

was seen after only 12 s of sputtering Lilat was exposed to ambient conditions prior to XPS
characterization, suggesting that air or moisture exposure could exacerbate beam-indacgie

damage. Additionally, SEI species present in a hexafluorophosphate-based SEI may chéteave
differently than those in a perchlorate-based SEI when exposed to an ion beam; foplexave have

not observed the formation of ¥ as a result of sputtering a LiGlased SEI, whereas there have been
reports of LiO artifacts as a result of sputtering a lBRs "~ /X dZ]e u | » Alvo o]l (18-
approach to SEI depth profiling difficult, similar to other aspects of XPgsanaf the SEP. However, it

does not make sputtering less useful, it just requires careful consideration and exptimplamning.
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Figure 2.10Comparison of XPS C 1s, O 1s/Sb 3d, ClI 2p, and Li 1s HRES spectra for a SEI sample sputtered
for different total amounts of time with an Abeam.

2.4) Conclusions

We have found that there are many important factors to consider during the sampl
preparation and XPS characterization of the SEI layer. There are several considerationsasioipileg
preparation, such as preparation and evaluation of replicate samples, sample rest tichasaaple
contamination, and XPS characterization, such as representative samples, that either detnot ¢
discussed in SEI literature or are mentioned only briefly with little detail inrerpatal sections. In this
paper we have discussed our findings concerning these aspects of SE| gaeymeation and

characterization that suggest they are important considerations for SEI studies. We hadesealssed
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our findings for other aspects of SEI sample preparation and XPS characterization thestcasseati

more often in the literature, such as sample washing, air exposure, charge correctéibspattering,

with references to other useful sources on these topics. While the SEI is a verlexasygtem that

E <u]E « u vC }ve] & S]}ve (JE % E % & S]}v Vv Z E 3§(]&q1 dpv
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 sp$terterest as

well as generate more discussion in the SEI community about the intricacies of $Erstutie level of

detail required when reporting results.
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CHAPTER 3: EXPLORING THE ROLE OF VINYLENE CARBONATE IN THE PASSIVATION AND CAPACI
RETENTION OFR8ln THIN FILM ANODES

Chapter Summary

Electrolyte additives such as vinylene carbonate (VC) have been demongtratagrove the
capacity retention for many types of Li-ion battery electrodes, inclydimermetallic alloying anodes,
but it is still unclear why VC extends the cycle lifetime of copper antimonidsSifCwanodes so
dramatically. Here we have studied how VC affects the solid electrolyte interface (SEW famnCuSb
thin film anodes in fluorine-free electrolyte solutions in order to leettunderstand which non-
fluorinated species may play an important role in effectiveSbupassivation. Using differential capacity
analysis and X-ray photoelectron spectroscopy (XPS), we have found that V@edjfeetssivates G8b
and prevents Cu/G&b oxidation at high potentials. Carbonate species from the reduction of VC seem to
play an important role in passivation, while inorganic species like Lf@IM 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 increhsimpergy
density of the anode materials used in secondary battery technologies suithias-ion batteries!-?
Lithium alloying materials like silicon, tin, antimony, and imtetallics have garnered interest as
alternative anode materials to replace graphite, a lithium intercalation anode ftutheir large

theoretical gravimetric and volumetric capacitfesHowever, these materials suffer from problems such

K This manuscript was submitted for publication in the American Chemical Sdoietyal of Physical
Chemistry Quith Leslie A. Kraynak, Jacob D. Schneider, and Amy L. Prieto as authorswanehity
under revision. Leslie A. Kraynak wrote this manuscript, and Jacob D. Schneider desigiaéxdicated
the air free XPS sample holder that was essential for acquiring the data presented in thig.chihpte
potential regions used for studying the regions of SEI formation and growth based on previous
work from Timothy S. Arthur and Matthew T. Rawls. Amy L. Prieto provided guidadcedited the
manuscript.
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as large irreversible capacities and short cycle lifetim@ne 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 anédeterfacial problems associated with the solid
electrolyte interface (SEI) also contribute to the issues associated with these anode maferials.

The SEI plays an important role in battery performance, affecting the anode irregersibl
capacity, cycle lifetime, self-discharge, rate capability, and safety, making it a @oiipbnent in
lithium-ion batteries>® It forms on Li-ion battery anodes due to the instability of the ligeliectrolyte
over the potential window where rechargeable batteries oper&teThe heterogeneous, amorphous
film, composed of the decomposition products of organic carbonate solveuitshenlithium supporting
electrolyte, is difficult to characterize due to its heterogeneity, reactitityair and moisture, and
sensitivity to many variables.Variables that can influence the SEI formation, composition, and
properties include cycling conditiof4? electrolyte compositiod!'® and the anode composition and
fabrication6t?

Du Z }( 8z §§ EC }uupv]SCl[e pv E<S v JvP }( §zZs2» I™ fuvw (E}L
graphite anode$. However, it is crucial to study the SEI on next generation alloying amcersion
anode materials because while the SEI formed on graphite is relatively stablarghesolume changes
associated with cycling alloying anodes means that the SEI is forming tbrdugk cycling process as
new electrode surfaces are exposed due to crackid\s such, the requirements of the SEIs formed on
these anode materials are different than those of grapA#tgéin addition to passivating the electrode
surface and allowing for good*ldonduction, a stable SEI on high capacity anodes would also be robust
enough to accommodate large volume chang&sStudies of the SEI formed on Si have contributed to
the understanding of SEI formation on alloying anodes, but there is stihrto be learned about the

SEI on metallic and intermetallic alloying electrode matetfasts17:2426
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Intermetallic electrodes, such as SnSb, AlSb, ap8hCare particularly attractive materials for
SH studies not only because of the dearth of knowledge of intermetallic SEafiommand composition
but also because these materials have interesting chemistries that could enrich fundamental kreowledg
of the SEI. The variety of metallic elements, both active and inactive towards lithiunmg|ltyat make
up intermetallic anode materials result in varying surface reactivities and diffétieiation/delithiation
reactions and potential$?’®° Additionally, intermetallic electrodes can be prepared without additives
or binders via electrodeposition and physical vapor deposition metBb#sThis makes these anodes
ideal candidates for fundamental SEI studies because binders and conductive additiva$ect SEI
formation, complicating studies of SEI formation and composifiéh3>3¢ Another advantage of
electrodeposition in particular as a fabrication method for intermetallic anodes is thaaitles both 2D
and 3D anode morphologies, which is a useful synthetic control to favimterfacial studies where
increased surface area may be desife#:®

One route to stabilizing the SEI is to use small amounts of electrolyte vaddisuch as
fluoroethylene carbonate (FEC) and vinylene carbonate \&)prisingly, even though these additives
were initially found to improve the SEI on graphite anodes, they also resdhaimatically improved
cycle lifetimes for alloying anodés®“° There are many hypotheses about why these additives work so
well for all types of anode materials. The prevailing hypothesis is that lietyave as a sacrificial
component that is reduced before the other electrolyte components to help passivate the aglectr
surface and prevent excessive SEI formatfdf although computational work suggests that additives
like VC may help by altering the reduction pathways of the carbonate solfe@tadies on Si anodes
suggest that FEC and VC also improve the cycling performance of allogihgs amy forming cross
linking moieties in the SEI to improve the mechanical stal3fiity Other work has suggested that these
additives favor the formation of components like LiECO, and/or polycarbonates to help passivate

the electrode surface more effectively#244
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Previous work from our group has revealed that FEC and VC effectively stabilizetfaeé of
CuShb nanowire electrodes cycled in LBRsed carbonate electrolyte, although it still not entirely clear
why these additives extend the cycle lifetime of;8l so dramatically, especially VC, which resulted in
the longest lifetime® In the current work, the SEI formed on,Sh over different potential regions in
electrolyte with and without VC was characterized using differential capacity analysis<-aay
photoelectron spectroscopy (XPS) to better understand what types of speciesctiohai groups in the
SEI formed with VC may be beneficial fogSEuelectrodes. In this study, the SEls formed ossthin
film anodes in LiClcbased carbonate electrolyte solutions were examined to eliminate some vagiable
associated with the use of Liftased electrolytes that could complicate the study. &HSed
electrolytes often contain small amounts of very reactive HF, which can waticklectrolyte and SEI
components and affect the SEI composition, convoluting the reSuksiditionally, while inorganic
species such as LiF are thought to passivate the electrode surface, eliminating flubdoatponents
from the electrolyte may help reveal what other types of organic and inorganic specibsragéicial for
effectively passivating the surface of intermetallic electrotfes:*
3.2) Experimental
Materials
Citric acid monohydrate (Fisher Scientific, certified ACS), antimony (lll) oxide omatesp
(SbO;U DAl vuU o E] Z HBO6XB09*U Vv }%o% E ~//e3)¥|iXED,3AIdACU] %o VS Z(
HeoX689=+ A E - e« E JA X MhydmoxEedwas Pprégared]jiam pellets (KOH,
Fisher Scientific, Certified ACS). Phosphoric agliGH85% EMD Chemicals, ACS grade) was used to
make a 2:1 (vol) PO:H, K ¢}op3]}vX hoSE %u®E A & E ~i6 DOU D]0o0]%}E A -
Dimethyl ca& }v § ~ D U vZC E}u+U HB69.U ] 8ZCo (& }v §Co-v U VvZC
carbonate (VC, 99% with 80 ppm butylated hydroxytoluene added as stabilizer), ama lt@richlorate

(LiClQ@, battery grade, 99.999%) were purchased from Aldrich and kept in an Ar-fitleebgx without
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further purification. Ethylene carbonate (EC, anhydrous, Aldrich 99%) was recrystalliredtifranol,
dried, and stored in an Ar-filled glovebox. Lithium metal was storeghiAr-filled glovebox and cleaned
prior to use by manually scraping away any surface oxide layer present to reveal thdicrigtal
underneath. Glass fiber separators (Whatman GF/A) were dried in an oven prior to benpgguinto
an Ar-filled glovebox for storage and use.
Anode preparation

Copper antimonide (G8b) was electrodeposited at room temperature following a previously
established proceduré Briefly, CeSb was eleSE} %o}*]S }vS} }% % E e ¢SE § « ~iil
thick, McMaster-Carr) from a solution containing 400 mM citric acid monohyd2iemM ShO;
nanopowder, and 40 mM Cu(NR| 1 X 0 and adjusted to pH 6 with saturated KOH. ThgS@dilms
were electE&} %o}e*]S § >iXiA s AeX e SUE 8 ojuo o SE&} ~n e }vs}
ulJvpusS ¢« 8§ E}}u S u% E SUE pe]JvP "UEC Z (( EX i_TiE %AS vik s &X (
substrates were cleaned prior to electrodeposition by sonicating in isoprogan8lminutes to remove
organic residue, followed by electropolishing in# & solution for 30 seconds to remove copper oxide;
the substrates were then covered on one side with Kapton tape. After electrodeposition, 86 Gims
were rinsed thoroughly with water, followed by isopropanol, and then dried befaesferring to an
Ar-filled glovebox to minimize native oxide growth. The,Sku mass loading for the 10-minute
electrodepositions was ca. 1.0 mg/gndetermined by mass difference. The X-ray diffraction (XRD)
pattern from a representative G8b film can be found in Appendix B, Figure 1B.
Electrochemical half-cell preparation and cycling

Swagelok half-cells were assembled in an Ar-filled glovebgx (D0 ppm, kD < 0.5 ppm).
Circular punches (1.27 cm diameter) of the electrodepositegbRiilms were sealed in the Swagelok
cell body. Two polypropylene separators (Celgard, 25 um) and a glass fiber sepsvak@d in either

il ...> }( i RIrtHCHOKIC/DEC (1:1:1vobe SE}oCS }E 1ii .4in BQ/OMO/DEC ¢IKL:1
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vol) with 5% (vol) VC added, were placed between theéSEwvorking electrode and lithium metal
counter/pseudo reference electrode. All potentials in this work are referenced to the tiuple
unless noted otherwise.

All half cells were cycled using an Arbin BT-2143 battery tester with anur8-4st step before
cycling. Half-cells for the cycle lifetime studies were cycled galvanostaticallgdretv05V and 3.0 V at

ITi & § ~ X 9iiFor.tHe SEI preparation, the Sb half-cells were galvanostatically reduced

(E}u 8§Z }% v ]JE H]S %}S vS] o ~ X TXi s9) ustil a periicdr $oltage ¥mitii ... | u
was reached. Then the current polarity was switched so that thgSiCwvas oxidized to a higher,
predetermined potential. At that point, the cells were cycled galvanostatically ovemptitantial range
for a total of 20 cycles. Three different potential regions were chosen to study Btititam at different
stages of haltdl cycling: the high potential region (HPR) between\iahd 3.0 V, the middle potential
region (MPR) between 0and 1.8 V, and the low potential region (LPR) between 9.@&d 0.9 V. For
a given potential region, half-cells were made using the LikdSed electrolytes with and without VC
using CuSb punches from the same film to minimize variability due to differences legiviiBns. After
galvanostatic cycling was complete, the half cells had a 24 hour rest stewere then dismantled in
an Ar-filled glovebox within 1 to 2 days of cycling completion. atiteldes were washed with ca. 1 mL
of DMC so that only the components incorporated into the SEI layer adhered wldbeode surface
remained for characterization.
Characterization

X-ray photoelectron spectroscopy (XPS) measurements were performed in order to ahalyze
chemical bonding and composition of the SEI samples using a PhysicalniiectRiHI) 5800 series
Multi-d Zv]<p ~ +Ce3 u A]38Z u}v} ZE}u 8] wodrce-oferatihgial 85000 S
W. Samples were transferred under vacuum directly from the Ar-filled glovebox to t8esXAple

introduction chamber using a custom-built sample holder so that the SEI samples were nessdeipo
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air prior to XPS characterizatid’ Samples were pumped down for 30 minutes prior to characterization.
An electron flood gun operating with a 5 A emission current, 1.5 V biteyep and 40.0 V extractor
voltage was used for charge neutralization on all SEI samples. High resdHR&ES) spectra for the
regions of interest (C 1s, Cl 2p, O 1s/Sb 3d, Li 1s, and Cu 2p}ollected sequentially with a pass
energy of 23.5 eV in intervals of 0.100 eV/step. The instrument base pressure was Tarior lower
during data acquisition. Spectra were collected from at least 3 areas on each sanepld 267 mrf)
using a 0.6 mm by 2 mm spot size (area 1.2prtmensure that any lateral heterogeneity in the SEI was
accounted for. Short HRES scans were collected prior to the longer acquisitions sotlsstngple
damage could be identified, although even the longer HRES scans were relatively skt@ftr{2futes)
to avoid prolonged beam exposure and sample danfide. these studies, we were interested in
studying relative changes in binding energies and speciation between samples tiadéim obtaining
absolute binding energies; therefore, all HRES spectra were shifted so that either the, @eag for
ClQO~was located at 208.6 eV or the Ch2peak for Ciwas at 198.6 eV (if no GlOvas detected)
based on research suggesting that it is preferable to use SEI species for calibrating bnergies?
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 linevebapased for peak fitting?
and PHI relative sensitivity factors corrected for angular distribution were wsegugntification based
on the peak fitting. More details about the peak fitting rationale and constraints used&dound in
Appendix B.
3.3) Results and Discussion

Previous studies of the effects of additives on the cycling performance 8bGo LiPFbased
electrolyte have demonstrated that VC dramatically improves the cycle lifetin@sSb nanowires®
and we have observed that it also improves the cycle lifetime eblCaycled in LiCidased electrolyte.

Binder- and additive-free G8b films ca. 1 um thick cycle for about 15 cycles at a C/20 rate in 1 M LiCIO

108



in EC/DEC/DMC (1:1:1 vol) electrolyte before dropping to 80#teaihitial capacity. However, despite

the poor performance of G8b films in LiClcbased electrolyte, the addition of 5% VC improves the
cycle lifetime considerably. As shown in FigBie a ca. 1 um thick GBb film cycled over an extreme
potential range (0.0%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 gradyealcity fade (see FiguB2in

the Appendix B). The &3b film cycled with VC actually shows a slight increase in capacity after 10 cycles
that is associated with electrochemical roughening or pulverization of the binderaduiitive-free film

that allows more of the active material to be accessed due to increased surfacé-&rdae good
capacity retention of the film cycled with VC despite electrode roughening or pwtierizuggests that

the SEI formed with VC has desirable mechanical properties that enable it to accommodatg¢he la
volume changes of the €sb during cycling and keep the electrode material in good contaht the
current collector as it is pulverized rather than delaminating from the substrate.

More insight into the failure of G8b cycled in LiClased electrolyte and the increased
capacity retention associated with VC can be gained from the differential capacitysptmis in Figure
3.2. The intense features of the differential capacity plots corresponding tskClithiation and
delithiation are similar for the G8b cycled with and without VC and are in agreement with the
previously reported lithium alloying and dealloying reactions ofSGe#** Looking at the much lower
intensity peaks between 2.7% and 1.0 V corresponding to electrolyte reduction aB# formation
processes in FigurB3 also reveals similarities between the samples cycled with and without VC
However, comparison of the differential capacity plots for the first 20 cyofethe CuSb half cells
cycled with and without VC suggests that the failure of the film cycled without VC may be mhré tm

loss of electrical contact of the active material due to volume changes during lith@ighiation
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Figure3.1: Coulombic efficiency and capacity data for 1 pum-thickSGuilms cycled at a C/20 rate
between 0.05Vand 3.0 V vs. LifLin LiCl@based electrolyte with and without 5% VC added for the first
40 cycles.
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because the peaks for €&b cycled without VC decrease in intensity with cycle number, unlike those for
the CuSbcycled with VC, suggesting that for the film cycled without VC less active mater&hgs b
lithiated and delithiated with continued cycliftg.Again, this suggests that VC may help improve the
physical properties of the SEI formed on&ly perhaps forming a more robust SEI that is better able to
withstand the large volume changes during cycling and prevent cracking and dafiamiaf the film

that result in loss of electrical contact. Additionally, there seems to be erelifte in the degree of
passivation of the G&b electrodes cycled with and without VC. The first cycle lithiation peaks shown in
black in Figur&.2 for CuSb cycled with VC are at slightly more negative overpotentials than those for
the CuSb cycled without VC, especially for the phase transition at ca. 0.7 V, as demonsyrates b
dotted grey lines on the right side of Figl8&. This suggests that even on the first cycle, the SEI formed
on CuSb with VC is thick enough or passivating enough to slightly impettarisport compared to the

SEI formed without V&. Another striking difference between the differential capacity plots for the
CuShb samples cycled with and without VC are the reduction and oxidation featupegentials above

2.5 V that are seen only for the £8Ib cycled without VC. The differences in the electrochemistry for
CuSb cycled without VC suggest some sort of compositional difference between théo@igd with

and without VC that affect the electrochemistry of the electrode material and will beudsed in
further detail below.

In order to learn about the compositional differences in the SEI formed from .th@ked
electrolyte with and without VC, @8b was electrochemically cycled over three different potential
regions to target different stages of SEI formation and growth. The three different regions vamench
based on the characteristics of the voltage profile forSEy shown in Figurd.3. The high potential
region (HPR), cycled between M3and 3.0 V, was chosen because it is well above the lithiation
potential for CuSb and there is expected to be little to no SEI formation in this regmany SEI formed

by cycling over this potential region may provide insights into the types of species presey ithari
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Figure 3.2:(Left) Full differential capacity plots for the first 20 cycles of 1 um-tbig8b films cycled at
a C/20 rate between 0.0¥ and 3.0 V vs. LifLin LiCl@based electrolyte with (bottom) and without
(top) 5% VC added. (Right) Zoomed in differential capacity plots showing 4Bl Ehiation/delithiation
features from the left plots in more detail.
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initial stages of SEI formation. The middle potential region (MPR&dcpetween 0.9vand 1.8 V, is still
higher than the CiBb lithiation potential, but based on the voltage profile, some capasitgoing
towards SEI formation and lithiation of surface oxides. The reported reductiomiiatéor EC, DMC,
and DEC on metallic electrodes is ca. 1.3 V, while VC reduction has been observedL.ataghé and
the reduction of surface oxides on Sh-based electrodes has been reported arounéf¥*&Nidying the
SEI formed from cycling over the MPR is expected to provide insigbtthaelectrolyte reactions that
occur and the SEI species that are formed at higher reduction potentials. Finally, the tlentiglo
region (LPR), cycled between ®@nd 0.05 V, encompasses,Sh lithiation and is expected to provide
insights into the electrolyte degradation and the types of SEI species that are forrtmdeatreduction
potentials.

X-ray photoelectron spectroscopy (XPS) was used to determine the compositi@pecidtion
of the SEls formed over different potential regions with and without VC as an additieetoDthe
heterogeneous nature of the SEI, high resolution (HRES) XPS spectra from atdiffaser® regions
(1.2 mnt analysis area) were collected for each sample (total area 126.7) mumensure that an
accurate representation of the SEI was obtained. Representative regions for eacbf t§i#¢ sample
were chosen based on a combination of the spectral features and the percent atomic coonsositi
determined from HRES peak fitting and quantification. The analysis regions for hibstSE|I samples
showed some differences in spectral features and quantification results, suggesting latered
heterogeneity of the SEI, and two representative regions are reported for each sample to eitherr refle
the sample heterogeneity or demonstrate the consistency between sample regioribisirset 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 Sb cycled with an applied current of 15 pAfcrfthe

features of the voltage profile were used to determine the potential limits for the three differegibns
of SEI formation chosen for this study: the high potential region (HPR), middletipbtegion (MPR),
and low potential region (LPR).

The quantification results from the HRES peak fitting of the different SEI samplgisoane in
Figue 3.4 (See Tables BB3 for tabulated quantification results and FigurB4tB9 for all fitted
spectra). Both the HPR and HPR VC SEls are composed primarily of @Q08a) add O (ca. 234%),
with only small differences in composition for the samples with and without VC, vgbiggests that
there is SEI formation at higher potentials even though it is not readily appé@ntlooking at the
voltage profile in Figur&.3. Additionally, a small amount of Sb (ca. 0.8%) and a slightly higher
amount of Cu (ca. %) were detected in these samples. In Region 1 for both the HPR andCGiPR

samples a small amount of Li (ca.t13%) 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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Figure3.4: Percent atomic compositions for the representative regions (R1 andfR@¢ &EI samples
formed over different potential regions (HPR, MPR, and LPR) with and without VC, detkfrom XPS
HRES peak fitting.

(ca. 2t4%). Looking at the features of the HRES spectra show more differences between the HPR SEls
formed with and without VC.

The CI 2p HRES spectra are shown in Figibréwithout fitted data for simplicity). As can be
seen for the Cl 2p spectra of the HPR and HPR VC samples on the left 08 bigheCl 2p, and 2p.2
peaks are around 208.6 eV and 209.7 eV, respectively, which is indicatavgp@ichlorate binding
environment®® The CI@” detected at the SEI surface for both samples cycled over the HPR is from the
LiClQ supporting electrolyte; since the samples were rinsed with DMC prior to XPS chasdiario
remove residual salt species, this suggests that the' Gl®@eing incorporated into the SEI.

Interpretation of the O 1s/Sb 3d HRES spectra shown in Fagdi(@lso presented without fitted

data for clarity) is more complicated than that of the Cl 2p spectra. The reported O 1s bindnggeen
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Figure3.5: Cl 2p HRES spectra from the representative regions (Region 1 and Regiothe)Sal
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 carbop@tg8) (kange from
531.7 eV to 533.8 e¥,17:306163 gnd the distinguishing O 1s peak for poly VC is located around §84.5
to 534.7 e\f*%° The reported O 1s binding energies for perchlorates range from 533.0 eV to 533.6
eV 216066 This makes it difficult to distinguish different binding environmentstlier SEI samples even
when curve fitting is used to deconvolute the O 1s peaks. Additionally, tianbi energies of Sb gd
peaks range from ca. 528 eV foP$ 531 eV for Sb oxides, further convoluting the O 1s spectra if Sb is
present?:5867 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 HRE®ospeidtiiae

CuSb (see Figure B10) shows intense Sk, 3ahd 3d, peaks around 531.0 eV and 540.6 eV,

respectively, for antimony oxide species from the surface oxide layer and less intepsan8d3d .
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Figure3.6: 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.
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peaks around 528.3 eV and 537.6 eV, respectively, corresponding to mettitihomn from the CuSb
beneath the surface oxide layer. Both the HPR and HPR VC SEI samples are quit@ tihmbaded on
the information depth of XPS), as there are peaks corresponding to Sb oxide $pmuidbe surface
oxide layer of the underlying €sb film for both types of samplé$The HPR VC SEI may be thinner in
some regions because metallic Sb peaks are also seen for Region 1 of the HPR VCe$SEliggesing
that the HPR VC SEI is thin enough in some regions that the metallic Sb #®mc@n be detected in
addition to the Sb oxide species from the.8lo surface oxide layer.

The presence of Cu in the HPR sample set may hold one of the keys to undegstdmai
differences between the SEls formed with and without VC. Given the small amount deftefited

(<1%), the comparatively large amount of Cu (c&#%) 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 thab afe§cted if it were due to
signal from the underlying G8b film rather 35 times the amount as is the case here. Based on the data
discussed below, it seems that the considerable amount of Cu detected is duadiffiuSion as a result

of Cu/CuSb oxidation. Even though the HPR sample set was not discharged to low entegnjs to

lithiate the Sb and extrude Cu out of Sb (refer to Figure.3), it was charged to high enough potentials

to result in Cu/CeBb oxidation (in aqueous solutions,.@u }A£] 3]}v A « } « EA V@E}pv >iXi

0.0 V vs. a saturated sodium calomel electrode (SSCE) reference depending on swointitions,
which corresponds to ca. 2\6to 2.8 V vs. Li/L).2? This could result in more Cu present at the surface
as it is oxidized and reduced when cycling over the HPR. This is more pronoutitedHiRR sample
without VC, for which about 8% Cu was detected for all regions of the sample; differential capacity
analysis for the HPR SEI sample Figur€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 peaksatdikely due to

the oxidation and reduction of Cu, respectively. There is also visual evidenceptortstifis hypothesis;
when disassembling half cells cycled up to 3.0 V in J-l§2i§ed 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 HPRaWMpISEFigure
3.7, bottom) did not show these features; this could be because there was less Cuaxidad
reduction for this sample, as not all analysis regions of the HPR VC SETweéoh (ca. 1% Cu was
detected for Region 1 and ca. 4% for Region 2). Additionally, the separators from halfdeliswith

VC do not show signs of discoloration due to Cu diffusion. These results suggest t8&t foemed in

the presence of VC is better at protecting and passivating th8lCsurface as it seems to decrease the
amount of Cu/CgSb oxidation and subsequent Cu diffusion when cycling to high potentialsaced to

the SEI formed without VC. Based on the XPS results for the HPR samples with andu@tHmath SEIs

are quite thin and nonuniform, which suggests that the differences in passivating ability are due to
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Figure3.7: Comparison of the differential capacity analysis plots for the samples cycled withoudVvVC an
with VC for the HPR SEI sample set.
differences in SEI speciation rather than thickness or coverage. The features corresponding $8iCu/Cu
oxidation were also seen in the differential capacity plots efSBicycled over the full 0.08 V potential
range when no VC was present (FigBi2 top left plot), which suggests that even when the electrode is
polarized to lower potentials, the SEI that forms does not passivate the surfdceneeigh to prevent
Cu/CuSb oxidation, unlike the SEI formed in the presence of VC, which does notasiyosigns of
Cu/CuSb oxidation (Figurd.2, bottom left plot); however, unlike for the HPR SEI case, it is unclear at
this point whether differences in passivating ability for the SEls fornved 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 foriv& with

may be better at protecting the G8b 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 spectravaneirstrigure3.8
with the fitted data included to help illustrate differences between the spectral feattoeshe various
SEI samples. The most intense peaks in the C 1s spectra for the HPR sampdesl witthout VC
correspond to an aliphatic carbon binding environment around 285.0 eV (red peak), whidhbe due
to some adventitious carbon in addition to organic SEI comporiéfit§2¢>Both the HPR and HPR VC
samples also have a peak corresponding tot® Ginding environment around 286.5 eV (blue peak),
which could be due to the presence of SEI species such as alkoxides, alkyl carbocatesxytates, or
PEO oligomers, and a peak around 289.0 eV corresponding to atOOs@ling environment (gold
peak) that could be due to oxalates, alkyl carboxylates, or ester-containinggsHeéir?616365Based on
a previous study of the SEI formed on$luthin film anodes in LiRBased electrolyte, these three C 1s
binding environments may be due primarily to carboxylate and ester species,ditioadto small
amounts of alkoxide® The most notable difference between the HPR and HPR VC SEls is the presence
of a small carbonate peak around 290.5 eV (teal peak) in Region 1 @PtReV/C SEI, which is the region
where the CuSb 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 carbonat€€} lor poly VC, but it
seems that the presence of carbonates could be beneficial for passivation of {8 Gurface during
the initial stages of cyclirt§:® 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 rattier than
alkyl carbonate species orCQ since those species could also be formed from the electrolyte without
VCH446569 Because it is difficult to draw any conclusions about the carbonate species basedXShe
results alone, this warrants further exploration in future work using complementary characterization
techniques such as FTH344

Both the HPR and HPR VC SEls 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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Figure3.8: 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 Figdréhe compositions of the MPR sample set (with and
without VC) are quite similar, with C (#87%) and O (228%) making up most of the SEI surface. The
MPR VC SEI surface is quite Li rich d22%, 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 upt3#c@l fom CIQ while the
MPR SEI surface has about twice the amount of Cl at 5%, with a mixture,08CCT seen for MPR
Region 2 as shown in Figu& (middle column). The SEls 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 3d 1s/Sb

spectra (Figur&.6, middle column). Again, it is difficult to comment on differencethe O 1s spectra,

but one notable feature is the presence of an O 1s peak around 528.3 eV corregpondiiO for
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Region 2 of the MPR SEI that is not seen for the other MPR region or for the MRRIME® Looking
at the C 1s spectra in Figugs8, both the MPR and MPR VC samples have aliphati@, &d O=8
binding environments like the HPR and HPR VC samples. The MPR VC C 1s sgecruadditional
binding environment corresponding to carbonate like Region 1 of the HPR Vjdesamhile no
carbonate binding environment was detected at the surface of the MPR sampleuwith@. The
intensity of the carbonate peak relative to the other C 1s peaks is highethé MPR VC sample
compared to HPR VC Region 1. This seems to reiterate that one importanerti# between the SEI
formed without VC and with VC is the presence of carbonates, possibly in the form of paiyoW¥&r
species formed from VC reductiéh.

Both the LPR and LPR VC SEI are also heterogeneous, and the compositions of the
representative sample regions are shown in Figie Like the SEls formed with and without VC over
potential regions more positive than €3b lithiation (HPR and MPR), the SEls formed over the LPR are
composed primarily of C and O. Both the LPR and LPR VC SEI contdinthmughme amount of
oxygen as the SEls from the HPR and MPR sample sdB42) However, the LPR SEI is more C-rich
(42152% C) than the LPR VC SEI32% C), which contains roughly as much Li as @334). The LPR
SEl is Li-rich compared to the HPR and MPR samples, but it only contaihbabthe amount of Li as
the LPR VC SEI (22%).

The Cl 2p and O 1s/Sb 3d spectra, shown in Figiseand 3.6 (right columns), reveal more
differences between the LPR and LPR VC SEI surfaces. The LPR SEI surface is similar to th®@RIPR and M
SEls in that it is composed of ca. 3% CI from Cli©contrast, the LPR VC SEI surface is composed of
only ca. 1% ClI present as/OCI?*%¢ Like the MPR SEI set, the LPR and LPR VC SEls are thick, as no Sb 3d
peaks are seen. The O 1s spectra reveal that the LPR VC sample surface cebtamsléithe LPR SEI
surface does not. Compared to Region 2 of the MPR SEI, which alsethathé.iLPR VC SEI surface

contains more LD based on the intensity of the:Oi 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 preserme of
considerable amount of 4@ on the surface of the LPR VC SElI 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 Fi@Bgright column) for the LPR sample set also highlight several
differences between the SEI formed over the LPR with and without VC. Both regions of tB&ILPR
sample have four C 1s binding environments corresponding to aliphattiz, @=QO, and carbonate
binding environments. The C 1s spectra for both regions of the LPR VC SEI sample areliffetaiit
in that they do not show a C 1s peak corresponding to antOfinding environment, suggesting that
the surface of the LPR VC SEI does not contain any oxalate, alkyl carboxylate, oreestsr $he LPR
VC SEI surface may also contain sonteGspas 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, edhitthbe due to the presence
of species such as Li vinylene carbonate or Li vinylene alkBXit¢he case of the LPR VC SEI surface, it
seems like poly VC is not contributing to the C 1s carbonate binding emérdrbecause there is no
corresponding O 1s peak around 534.5 eV to 535 eV that has been reported for 6fy VC.

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 bineliiiyonments or
species present seem to play an important role in capacity retention feBlCaycled in LiClbased
electrolytes, which has been suggested previously in studies of the SEI formedSimr@nowires in
LiPk-based electrolyte with and without additives and for other alloying anodes such.#<*®ased
on the differences in the XPS C 1s HRES spectra for the SEI layers formed with and without V&, it seem
that carbonate species in particular play an important role in SEI passivation:felb €lectrodes. The
carbonate species formed from VC reduction, such as poly VC, may be necessary for passévating th
CuwSb surface during the early stages of cycling (prior &&Kelithiation) in LiClcbased electrolytes and

may also improve the mechanical properties of the SEI based on changes observedapattity over
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cycling. The species that form from the reduction of EC, DEC, and DMC do not $eesutficient for
surface passivation in the LiGlased 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 (geeeBi7 and
Figure B13), the carbonate solvents are being reduced for the samples both with and WGt
However, no carbonate binding environments were detected for the SElI samplaedaat higher
potentials (HPR and MPR) in the absence of VC; instead, species such as carbosylattesal or Li
alkoxides are formed from solvent reduction based on the C 1s HRES spectra of the HFFRag&IM
samples formed without VC. These differences in speciation for the SEls formed without andCwith
over the HPR and MPR could be due to differences in favored solvent redymibways or to
differences in SEI reactivity based on electrode surface passivatibim the latter case, initial solvent
reduction species in the SEI formed without VC such as Li alkyl carbonates may have rethetetbfu
form carboxylate salts, esters, or alkoxides due to poor surface passivation when viGtwasd as an
additive. This preliminary passivation (or lack thereof) may be particutapggriant for high capacity
anode materials such as &I that experience large volume changes during cycling. Even though
carbonate species are incorporated into the SEI formed without VC at lower potentials (réfer t&R

C 1s spectra in Figu@e8), it does not seem to be sufficient for passivating the electrode surface, as
there are still signs of Cu/gsb oxidation when the film is cycled over the full voltage range from\9.05
to 3.0 V vs. Li/Lti(refer to Figure3.2). This electrode oxidation could be due in part to new electrode
surfaces being exposed due to volume changes during cycling, but @ atsd be due in part to
continued insufficient passivation because the Cuf8buoxidation features in the differential capacity
plot for the VC-free sample shift to higher overpotentials with increased cyciinggesting that
continued SEI growth is resulting in a kinetic limitation of the processidtucompletely preventing it.
Therefore, the stage at which the beneficial species are incorporated into the SEI may lb&minjpo

addition to what types of species are formed, which has also been demonstratetih fanodes?*
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However, additional work characterizing the SEl/electrode morphology and pasgi\adtility using
techniques such as scanning electron microséoy®2and redox-probe experiments respectively, is
necessary to determine whether electrode volume changes and the physical prop#rthes SEI play a
role in the differences in electrochemistry observed for the electrodes cycled over theltalje 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 i
this study but may also play an important role in SEI performance and surdassé/gtion, although
based on the literature it is still unclear whether they are beneficial for aljpginodes:#4344:46.7375
Based on comparisons of the percent atomic composition of Cl at the SEI sluéat®the presence of
CIQ and/or Cl species, the SEls formed without VC over the HPR, MPR, and LPR were moi@lfich in
containing inorganic species. While the inorganic SEI species such as LiF thatmee fimm
electrolytes containing fluorinated components such as d.0?H-EC are believed to be beneficial SEI
components that passivate the electrode surfdt&:“the presence of perchlorate in the SEI onStu
films when LiCl@based electrolytes are used does not seem to be beneficial. Although the SEI layers
formed without VC over different potential regions are quite rich inJClkkdmpared to their VC
counterparts, the SEI layers formed without VC do not passivate th8bCsurface well and €3b
oxidation has been observed when charging to 3.0 V. This suggests that not all inorganic SEI components
are beneficial, and the presence of ¢t the SEI does not appear to help with surface passivation for
CuSh electrodes. Chloride species arDlivere also detected at the surface of SEls formed oSiCu
with and without VC, but at this point, it is unclear what rolé<plecies and 1@ play in the properties
and performance of the SEI. The formation of both species may be undesirable since the redfiction
LICIQ to form LiCl and LD consumes eight moles of electrons and eight moles*of Oihe formation of
LiCl and kO from LiCl@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 diffusion, especially in the case ofi
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formation.”® The role of these two species in the passivation and properties of the SEI may warrant
further investigation to better understand whether the possible improvementsirface passivation
and LT diffusion due to LiCl and>0O formation outweigh the unfavorable decrease in Li inventory .
While we have discussed the oxidation of Cu&tuand Cu diffusion in the context of the
passivating ability of the SEI and the role of VC, we would be remiss not toisdsgsdthe possible
implications of these observations for SEI health and the capacity retention A&8bCWithout VC,
charging the Gi4sb to high potentials results in the oxidation of Cu&tuand also some Cu diffusion to
other parts of the cell. While metal oxidation and transport are not typically discuaste context of
alloying anodes, it is a very important area of research for cathode matevi@ldas previously been
found to help prevent Co oxidation in lithium cobalt oxide cathodaterials/” Additionally, metal
transport in systems containing Ni- and Mn-based cathodes has been fouraléodetrimental effects
for the anode SEI layer, affecting the passivating ability of the SElI and exacerblatitgplyte
degradation’>"®7°1t is possible that Cu in the SEI could also play a role in the poimgcyetformance
observed for Ci#5b without VC in a couple of ways. First, the observed Cu diffusion couldyegpa
role in the short lifetime and rapid capacity fade of the,&w thin film cycled without VC. If Cu is
diffusing away from electrode, some of the conductive Cu network that allows fod gextronic
conductivity in the lithiated Sb phases may no longer be present and cesililt in some loss of active
material conductivity and cause the observed capacity fade in addition tald¢lemination that has
been observed for G8b cycled without V&.However, this is not consistent with previous observations
from our group in which Cu-deficient £2Ib showed good reversibility and cycling stabifitgecond, it is
possible that the Cu species in the SEI formed without VC could be reacting with SEctodye
components, which could be another explanation for why the HPR and MPR plessaithout VC did
not contain carbonate binding environments. This explanation is more consistentowitiprevious

observations in which Cu-rich S8Ib showed large irreversible capacities and short cycle lifetifes.
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Research on metal dissolution and transport for cathode materials has revealed that theedafgr
detrimental effects on the anode SEI depend on the transition metal, with Mn being thehaosful
for SEI health, but it is possible that Cu could also prevent effective SEI passiv&tibhere is
precedence for Cu reactivity in other chemistry fields, as some enzymes known to react with small
organic molecules contain Cu active site§his area is worth exploring further with redox probe
experiments to determine the role of Cu in SEI passivdficvietal transport could be an important
consideration for other intermetallic anode materials as well, especially when Cu, aolabtstate
diffuser, is used as a volume buffering component in alloying anttles.
3.4) Conclusions

The SEI formed on €3b 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 SEkstting the cycle
lifetime of CuSbh. The cycling data (capacity vs. cycle number and differential capacity analysis) suggest
that some of the improvement in capacity retention observed fosSBuwith VC is due to improved SEI
mechanical properties, as the film cycled with VC showed evidence of electrochemnighéning but
not delamination from the substrate, unlike the film cycled without VC. Thdobed with VC also
seemed to passivate the €3b surface more effectively, as no evidence of Ci8Bloxidation and
diffusion was observed for €sb films cycled to oxidizing potentials with VC as an additive. The
differences in the passivating ability of the SEI formed with and without VC seeresdigebin part to
differences in the SEI speciation.

The role that inorganic SEI components like LiF play in the passivating abilgiahitity of the
SEI on alloying anode materials is unclear. By studying the SEI format©uSt without fluorinated
electrolyte components allowed us to better understand what other types oamigand inorganic
species may be beneficial for good SEI performance. During the initial stages ofaibfoat higher

reduction potentials, the surface of the SEI formed osSBuvithout 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 alfititg SEI. The surface of
the SEI formed without VC tended to contain more inorganic ki€i@taining species, which do not

seem to passivate G8b very effectively.
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CHAPTER 4: INVESTIGATING THEORDHE SOLID ELECTROLYTE INTERFAEEYCLE LIFETIME
AND FAILURE OF TIN ANTIMONIDE ELECTRODES FOR Li-ION BATTERIES

Chapter Summary

Tin antimonide (SnSbh) anodes are attractive electrodes for Li-ion batteries dwaitty a high
volumetric capacity and exhibiting good reversible capacity. However, therk aslistiited understanding
of the mode(s) of failure for SnSb electrodes, which is important for designing elestrgith good
capacity retention and long cycle lifetimes. In order to understand what roles, iflagpotid electrolyte
interface (SEI) plays in the cycling behavior and failure of SnSb thin fdtrodés, we studied the
formation and evolution of the SEI on SnSb over different stages of cyclingXisaygphotoelectron
spectroscopy (XPS). The SnSb electrodes were cycled in electrolytes couliffimiagt Li salts in order
to better understand what roles different species play in the stability of the SE¢yaiing performance
of SnSh.
4.1) Introduction

Materials that alloy with lithium, including Sn and Sb, are of intemsdtigh capacity anodes for
next-generation Li-ion batteriesThese materials have high volumetric capacities; compared to the
conventional graphite Li intercalation anode, which stores 1 mole of LivEnyé moles of C, 3 and 4.4
moles of Li can be stored for each mole of Sb and Sn, respeétivelfprtunately, the large Li storage

capacity of alloying anodes comes with a cost; during alloying aatlogling, these anode materials

* The battery cycling data and XPS data presented in this chapter are preliminaryrdataikfahat will be
submitted for publication to a peer reviewed journal at a future date witHiees Kraynak, Jeffrey Ma, Nathan J.
Gimble, and Amy L. Prieto as the authors. Leslie A. Kraynak designed the exiseraoiéected data for all short-
term cycling experiments, will fit the XPS data for the long-term cycling expesmgihin progress, and prepared
the manuscript. Jeffrey Ma prepared all of the electrodeposited SnSb thinrihtieg used in this work and
performed XRD characterization. Nathan J. Gimble will disassemble tharaelerform XPS characterization for
the long-term cycling experiments still in progress. Amy L. Prieto provided geigéth experimental planning
and helped with editing.
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undergo large volume changes that result in electrode pulverization and tiaratdly result in electrode
failure due to electronic isolation of active material and delamination.

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 teneaay alloys, including
intermetallic materials, as electrodé€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 dithilagion.>? Interestingly,
the intermetallic SnSh, which does not contain an inactive component to buff@meothanges, exhibits
a much longer cycle lifetime than either Sn or Sb anodes, as demonstrateguie Bil. Some have
speculated that one reason for the good cycling performance of SnSb compararkt&n and pure Sb is
due to the SnSb lithiation pathways. The Sb in SnSb alloys with lithium Hefd8a, and the ductile Sn is
thought to help buffer the volume expansion associated with the formations8bE As demonstrated
in Figure 4.1 (top), a mixture of Sn and Sb particles does not exhibitayotalperformance like SnSb
does. Antitomaso and colleagues hypothesized that this is due long-range order aner shiffusion
distances between Sn and Sb for SnSb but not for the physical mixture of the two, wisthen
maintained to some extent during cyclio§SnSE.

There are several hypotheses about the mode of electrode failure for &n8tles. One
hypothesis is that SnSb is not completely reformed upon charging/delithiationyeer time aggregation
of Sn or LBn prevents alloying and dealloying off@mother hypothesis is that the large volume changes
during cycling lead to cell failure due to loss of active material tHrodglamination or electronic
isolation, which is a problem for all alloying anode matefidisis 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 rolshsiEhelp the electrode
remain intact even after pulverization due to volume expandidine results from other studies of SnSb

electrodes have suggested that continuous SEI formation during cycling, which can
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Figure 4.1Capacity versus cycle number results for Sn, Sb, Sn+Sb, and SnSb composite electvodges sho
the dramatic differences in capacity retention and cycle lifetime for differenyiggpmaterials. 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 oneeahtin reasons for
the capacity fade of SnSb electrodeEhe 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 electrodepagsitivites an ideal
system for fundamental studies of the SEI on SnSb for several reasons. First, electtioteakmivs for
the fabrication of electrodes without the use of binders or additives, which can affect SHitifomH'3
Second, many previously published SnSb electrodeposition syntheses resuliomthgon of SnSb with
crystalline Sn impurities. The presence of these impurities could convolutatérgrietation of results

from studies of SEI formation on SnSb because Sn is believed to catalyticatly setoe electrolyte

componentst*® We have used this model SnSb thin film electrode system to study SEtiformad
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evolution on SnSb in order to understand what role the SEI plays in the capacity retentiorifatjroie, |
and failure modes of SnSb electrodes.
4.2) Experimental
SnSb Electrodeposition

The SnSb thin film electrodes were prepared following a previously establsheddure!’
Briefly, the films were electrodeposited onto Ni foil #8.7 V vs Ag/Agfor 300 s at room temperature
from a non-aqueous electrodeposition solution using a Gamry Reference go@btiostat. The
electrodeposition solution contained 50 mM Sp(3igma Aldrich, ACS reagesutd 50 mM SnePH.0
(Sigma Aldrich, ACS reagent) dissolved in ethaline, which was prepared byingnehioline chloride
(VWR high purity) and ethylene glycol (Fischer Scientific) in a 1:2 satimabs. Phase purity of the
electrodeposited films was verified by X-ray diffraction. The approxii@attmass loadings of the films
were ca. 0.10 mg/ch 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 plineH)ims were
electrodeposited on substrates that were large enough to obtai punches per film for making
replicate samples.
Half-Cell Assembly and Cycling

Two electrode half cells were assembled using 1.27 cm diameter Swagmbokells in an Ar-
filled glovebox (@< 1.0 ppm; KD < 0.5 ppm)A complete description of the procedure for cleaning
Swagelok cell parts can be found in AppendiXide cells were assembled with a SnSb punch as the
positive electrode, which functions as the working electrode, and a Li metgduindh as the negative
electrode, which functions as the counter and pseudo reference electrodelifinetal foil was prepared
by flattening Li ribbon with a wooden brayer, followed by manually rengpthe surface oxide layer by
scraping the metal on both sides with the rounded end of a double-bladed stastkssspatula until the

surface was shiny and no dull, grey oxidized Li was apparent. The separators werecia p@aich of
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glass fiber (Whatman, dried overnight in an oven prior to being introducedtima@lovebox) layered
between two 1.27 cm polypropylene punches (Celgard, 25 um). 200qleatrolyte solution, either 1 M

LiCIQ (Aldrich, battery grade 99.999%) in dimethyl carbonate (DMC, Aldrich, aminyd99%) with 5%

by volume vinylene carbonate (VC, Aldrich, 99% with 80 ppm butylated hydnoemyéoladded as
stabilizer) or 1 M LiRkn DMC (Sigma Aldrich, battery grade) with 5% VC by volume, was used imkkach h
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 tweezertomealing the cell.

The assembled half cells rested at open circuit potential (OCP) for 18 hefore bycling. Half
cells were cycled galvanostatically using an Arbin BT-2143 battery tester. Cells were cycled at a C/20 rate
(ca. 4 pA/cr) between 0.01 and 1.6 V vs. Lifldr various periods of time to study different stages of SEI
formation and growth, which are described in more detail in the results and disoussation. Each SEI
sample was prepared in duplicate to ensure an accurate representation of the SEI formed imaSnSb
obtained. Discharging refers to the application of a cathodic current and lithiatiche SnSb active
material, and charging refers to the application of an anodic current and delithiatitve active material.

Half Cell Disassembly

With the exception of the first discharge SEI samples, cell cycling was stappleel end of
charging. All cells were rested for 24 hours prior to disassemblytrendells were disassembled and
characterized within 1-2 days of cycling completion. Half cells were disassembledi-filled glove box.
Prior to disassembly, the box was purged for 1 min to minimize exposure gemm@as much as possible.
Plastic tweezers (cleaned with DMC prior to use) were used to remove and separate the celheotapo
to avoid shorting or self-charging in the case of the samples disassemtileel discharged state. Each
SEI sample formed on the SnSb working electrode was washed by rinsing with ca. CiExbdéds DMC
was wicked away from the edge of the sample with a clean Kim Wipe, and the remainvegt sehs

allowed to evaporate from the surface of the sample before being mountetherXPS sample holder.
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Samples were secured to the custom-built air free sample h8ldesing Cu clips, and care was taken to
avoid touching or scratching the sample surface with the clips in ordeid damaging or contaminating
the samples. The sample holder was sealed under vacuum in the glovebox antechambemaimekd
sealed in either the antechamber or glovebox until XPS characterization.

XPS Characterization

SEI samples were transfedfrom the Ar glovebox to the XPS sample introduction chamber using
a custom-built air free sample holder to minimize air expostifehe air free sample holder was vacuum
sealed, and the lid was removed in the XPS sample intro chamber once theaharessure was lower
than the pressure in the sample holder. The samples were pumped down in the intro ehfonht least
30 min to remove residual solvent and avoid excessive off gassing in the main vaamtrech

A Physical Electronics (PHI) 5800 Multi-Techniqgue ESCA system with moratichrdl Kr
radiation source (= 1486.6 eV) operating at 350.0 W was used for XPS characterization. An electron
flood gun operating with a 5 HA emission current, 1.5 V bias voltage, afdv48xtractor voltage was
used for charge neutralization during the analysis of all SEI samples. High res¢l&R6S) spectra for the
regions of interest were collected sequentially with a 23.5 eV pass energy in interval®@ed/step.

The instrument base pressure was 9 3 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 accountesifort HRES scans were
initially collected over wider binding energy ranges to ensure all features of interest werddddhuthe
data collection and to have as a reference in case of sample damage. The HRESIectets foo data
analysis were collected over narrower binding energy ranges to onlydmthe features of interest for
longer periods of time to obtain better signal to noise ratios. The loRRES data collection times were
still minimized as much as possible (36 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 SnShb thin films and the long-ternmgySE| samples were also
done to characterize any depth dependent heterogeneity. Depth profiling was perforsiad an Ar
gunwith a 5 keV 3 mm x 3 mm beam for sputtering of the pristine electrode anke¥ 3 mm x 3 mm
beam for sputtering of the SEI. Sputtering was performed in short increments,yu$6&30 s, to avoid
sample damage. Survey spectra were collected between each sputtering increment tomobiinges
in the sample using a pass energy of 187.85 eV and 1.6 eV/step. HRES spextallected using the
same procedure as described above? #puttering is known to cause sample damage and introduce
artifacts, so extreme care must be used when collecting and analyzing dataxtt@depth profiling
experiments!®t?!

In this work, we were not concerned with obtaining absolute binding energistead we were
more interested in studying the relative changes for a given set of smmpb charge correction
procedures were based on shifting photoelectron peaks corresponding to cemtaiganic SEI species
rather than using more conventional charge correction proced&tésCharge correction for the spectra
collected for the pristine SnSb samples was performed by setting theszlp8dk for metallic Sb to 528
eV, although minimal charging was observed. For charge correction of the HRES fep&ifiasamples
prepared in LiRFbased electrolyte, the F 1s peak for LiF was set to 685 eV, and for the-haSéd
electrolyte SEI samples, the Ck2peak for CIg¥ was shifted to 208.6 eV. CasaXPS software (Version
2.3.16) was used for peak fitting and quantification of the HRES spectra, and thegedlfitting results
can be found in Tables @15 of Appendix C. A nonlinear Shirley background and 30% Lorentzian/70%
Gaussian lineshape were used for peak fitting, and PHI relative sensitivity factors correceddtar

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 unidet amb
conditions by electrodeposition. The films have a native oxide lay¢h@surface due to preparation in
air, which may affect SEI formatiét?® Therefore, the pristine SnSb electrode surface was characterized
with XPS in order to better understand the composition of the electrode surface prior tor®&Etitm.

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 spectrumpand ca. 42

O, 14% Sb, and 22% Sn, due to the presence of a native oxide layer. Looking at the Sb 3d/O3d and Sn
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Figure 4.2Composition data from XPS HRES spectra shown in Figure 4.3 for a pristine Subittdited
for different total lengths of time.
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HRES spectra in Figure 4.3, there is evidence of both metallic Sb and Snass axélized Sb and Sn
binding environmentg!?° 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 surfacexida®ed Sb. Sputtering
for 30 s with a 5 keV 3 mm x 3 mm"Aeam 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 34 peak corresponding to 8B, species at ca. 540 eV is no longer present (the Sb
3ds2 peak overlaps with the O 1s peak at ca. 530 eV), while there are still highergoardirgy Sn 3d
and 3d, peaks at ca. 486 eV and 495 eV, respectively due to oxidized Sn apparenBm3H spectrum.
Additional sputtering for totals of 60 s and 120 s of sputtering remones| @amounts of the oxidized Sn
species, but it seems to persist below the film surface. Based on XPS depth profiling & n&infilms,
the electrode surface is composed of°’S8R, ShO,, and SkO, species due to preparation in ambient
conditions; there also seems to be some incorporation of amorphowd, Species into the film during
electrodeposition based on the presence of@rspecies after sputtering. Additionally, while XRD and
characterization of the films suggests that the films are composed of only crystalline Sn®inecagy
dispersive X-ray spectroscopy confirms a 1:1 Sn:Sb ratio in the bthk @ifm!” comparison of Sn:Sb
ratios based on XPS characterization suggests that the surface region of the SnSb filmsSmaichne
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 &eruofh factors,
including the composition of the electrolyte solution. Therefore, the chofadextrolyte is an important
consideration for SEI studies. Studies on other anode materials have suggested teétctanlyte
solutions containing a combination of ethylene carbonate (EC) and linear otgaibamates like diethyl

carbonate (DEC) and/or DMC, the carbonaceous components in the SEI are mainly composed of EC
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Figure 4.3XPS HRES O 1s/Sb 3b and Sn 3d spectra for a pristine electrodeposited SnShefibd Smutt
different total lengths of time showing the differences in Sb and Sn speciation with film depth.
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reduction specie$®3° Additionally, there is data that suggests EC is catalytically reduced on metallic Sn
surfacest*® 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 exantithlifetime of SnSb
electrodes and allow us to study and understand the evolution of the &#lextended cycling and
understand the role it plays in capacity retention and long cycle littias well as possibly cell failure.
Previous work in our group using this solvent and additive combination to cycle Sndmtlelectrodes
has demonstrated good capacity retention and long cycle lifetithes.

In order to better understand the role that the SEI may play in the capacity reteatidriong
cycle lifetime of SnSb anodes, we chose to study SEI formation in elecrobtaining two different
supporting electrolytes/Li salts, while the electrolyte solvents and additives wereckesistent. LiRF
has become the most conventional supporting electrolyte for use in Li-ion stadidsthe use of 1 M
LiPk in DMC with 5% VC results in the formation of a SEI that allows SnSb fiyasetdor hundreds of
cycles. The use of LS a supporting electrolyte results in the incorporation of LiF in the SEI, which is
thought to be beneficial for passivating the electrode surf&c@although its role in long term cycling for
the SEI on alloying anodes is uncl&af.However, LiRfbased electrolyte solutions often contain trace
amounts of HF due to unavoidable water contaminatidf has been found to contribute to SEI instability,
reacting with SEI species and leading to SEI dissofufitiners have found that using trimethyl phosphite
(TMP) as an acid-scavenging additive for Sn-based alloying anodes cycleglhadaBElectrolyte helps
improve cycling performanc&®® In order to better understand whether HF and other LiPF
decomposition species are detrimental to the SEI formed in SnSb, we also chose t8Ekdioymation in
1 M LiCl®@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 sayefes c
in the LiPE and LiCl@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 affectcthrgcy
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Figure 4.4:First cycle differential capacity analysis plots for SnSb thin films cycled éndniBRICIQ
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) arithiaigbn
(positive differential capacity) for both electrolytes. However, there seem to be stiffezences in the

peaks associated with solvent reduction, shown in the insets on the right side of Figur8irdé
electrolyte reduction processes only occur at the electrode surface, the peaks associated egith th
processes in the differential capacity plots are much lower in intensity than thosesporrding to phase
transitions occurring throughout the bulk of the electrode material. Both tifdst and LiCl@based
electrolytes exhibit electrolyte reduction peaks at ca. ¥.@nd ca. 1.2 V vs LifLHowever, the sample
cycled in LiRfbased electrolyte also has a solvent reduction feature at ca. 2.5 V vsthdt is not

observed for the samples cycled in Lid@sed electrolyte, and the LiGloased electrolyte sample has
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a peak around ca. 2.2 V vs Lifihat is absent in the differential capacity analysis plots for the samples
cycled in LiRFbased 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 cyakelg iand
LiClG-based electrolytes (representative data shown in Figdi®). Most notably, the gravimetric
capacities of the SnSb electrodes cycled in the L-i6d46ed electrolyte are higher than those of electrodes
cycled in the LiRMased electrolyte, although it is unclear why this is the case. Otherwise, the SnSb
electrodes cycled in both electrolytes exhibit low coulombic efficiencies arcanfl7%, as shown in the
top right panel of Figurd.5. This may be due to continual electrolyte reduction and SEI formation; as
shown in the bottom right panel of Figudeb, 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 lifatime of SnSb
thin film electrodes and possibly in the electrode failure, the SEI was charadteatidifferent stages over
the cycling of SnSb to isolate different phases of SEI formation and evolution. These stdgesrated
in Figure 4.6, which depicts thpical capacity versus cycle number behavior of thin film alloying anode
materials cycled in half cells where there is an unlimited supply ¥fQyer short-term cycling, the SEls
formed at the end of the first discharge and the end of the first cycle were characteriteR& in order
to understand what species are initially incorporated into the SEI. The compasitiba SEI at this stage
has been studied for many different alloying anodes as summarized in Chaptendtlfor SnSb to the
best of our knowledge.

The SEI on SnSb will also be characterized over long-term cycling. In ordee ® lteseline for
comparison to later stages of SEI evolution and growth, the SEI on SnSb will be czedetiéer the
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Figure 4.5 Coulombic efficiency versus cycle number and capacity versus cycle number plotti(kioth
progress) for SnSb films cycled in kiRRd LiCl@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
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also be characterized just after electrode failure, which is defined as the poan Wie capacity is 80%
of its initial value (initial capacity here based on the reversible capacitytiie second cycle, not the first
cycle, which includes irreversible capacity from SEI formation). By charactehgii®El on SnSb after
failure, we hope to be able to identify which, if any, SEI species may play a inigating electrode

failure.
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Stages of SEI formation and evolution

~ Short-term cycling:

1st discharge SEI
1st cycle SEl

Established SEI
l Pre-failure SEI

Capacity

Post-failure SEI

Cycle number

Figure 4.6:Generic capacity versus cycle number plot typically of alloying anodedabils for the
different stages of interest for short-term and long-term SEI studies on SnSb electtbdeamaroon
dotted line indicates where the capacity is 80% of the initial capacity valuehvghused as the cutoff for
failure of the cell.
Short-Term Cycling SEI

The SEI layers formed during the first cycle on SnSb electrodes were charact@hzg®S in
order to better understand the types of species present on the electrode surface duringtibbstages
of SEI formation. While this type of characterization has been done for many $theand Sb-based
alloying anodes’?*® it has not yet been reported for SnSh. The SEI formed at the end of the first
discharge and at the end of the first cycle (end Htharge) were both characterized because the SEI has
been found to exhibit dynamic behavior and changes throughout theehdirging and charging
processeg?27129.3840 Additionally, in order to assess SEI reproducibility and consistencysaagie was

made in duplicate, and to assess lateral heterogeneity, we looked at three diff@nahtsis regions per

sample. The HRES XPS data for all analysis regions from the duplicate sampleréordibeharge and
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first cycle SEI samples prepared from SnSb cycled in 1 MilLiBMC with 5% VC are shown in Figures
4714.9.

The C 1s and Li 1s HRES spectra for the first discharge and first cycle SEI samples are compared in
Figure 4.7From looking at the C 1s spectra for the first discharge replicate SEI samples showrein Fig
4.7a, the SEI formed over this stage of cycling seems to show some minor irpreiween replicate
samples and for different analysis regions of a given sample based on the typeding environments
present. However, overall the results are similar in that the most intense C 1s featusedermasponding
to an aliphatic carbon binding environment at ca. 284.5 eV, which couldubeto the presence of
adventitious carbon as well as carbonaceous SEI compofietts. There are also several low intensity
features seen in the C 1s spectra. There is one at ca. 286 eV correspondingtbiading environment,
which could be due to a number a SEI species, including alkyl carboalkidscarboxylates, esters,
alkoxides, or PEO oligomers; there is also a low intensity feature at ca. 288responding to an O=C
O binding environment due to species like alkyl carboxylates or e8t&r8S Finally, there is also a low
intensity feature at ca. 290 eV corresponding to a carbonate binding environméith could be due to
either Li alkyl carbonate species oA@ in the SEi/2%4142The only C 1s feature not observed for all
regions and samples of the first discharge SEI is one at higher biw#ngies around 291 eV. It is only
observed in analysis regions 1 and 2 for first discharge sample 1 (left side of4g)rand is most likely
due to poly carbonate species like poly 4¢.

The C 1s HRES spectra for the first cycle SEI samples shown in Figure 4 fablgrdifierent
than those seen for the first discharge SEI samples in the sense that all regions of the SEI sangules form
over the first cycle show evidence of at least five carbon binding environments. Theefehta. 291 eV
corresponding to a species like poly VC is seen for all analysis regiooth dirét cycle SEI samples
Otherwise, the first discharge and first cycle SElI samples have the same types of Cirig bind

environments, which could mean similar types of species in both types of SEHéshuatighey seem to be
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Figure 4. 7HRES XPS spectra for short term cycling SEI samples formed on SnSb cycl@efrirl DIMC
with 5% VC as the electrolyte. The C 1s (a) and Li 1s (b) spectra for all three retfiengplicate first
discharge SEI samples and the C 1s (c) and Li 1s (d) spectra for all three regioreptitéte first cycle
SEI samples are shown.
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present in different amounts based on differences in relative peak intensities. For theyfilst SEI
samples, the SEI seems heterogeneous for a given sample, but there is somdityaliabieen
NE %0] S e o }Jv3EZ & o0 3]A Jvd vel]d] ¢ }(( BSUE - v 3Z e *%o

The Li 1s spectra for the first discharge and first cycle SEI samples are shown iA. Figarel
4.7d. It is difficult to draw conclusions about the different types of Li-contgisipecies that may be
present in the SEI based on the Li 1s spectra due to small binding endtgyostdifferent Li 1s binding
environments. However, the Li 1s spectra for these samples are notable in thattheeéaks are well
resolved, which is usually seen only when there are relatively high concentratidngdsent at the
sample surface due to the small ionization cross section of Li. This suggests tlgat anterunt of Li is
consumed in SEI formation during the first cycle for SnSbh electrodes andsistent with the large first
cycle irreversible capacities reported for SnSb electrédés.

The F 1s HRES spectra for the first discharge and first cycle SEI samples are shorerdig-ig
and 4.8c. All of the spectra show evidence of at least two binding environmentéirsthat ca. 685 eV,
is assigned to LiF and the second at ca. 687.5 eV could be due to eithgspéies, including LigF
and/or LiIRRO, species?®®?%4 Much of the Li detected at the SEI surface likely comes from the 4aRF
and LiPFdegradation or reduction species. There are some small variations in relative&kliatensities
for the LiF and LiR/LiIRKO, 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 id.Bigaral
4.8d. The P 2p spectra for both types of SEI samples also show evidence of at leasteweotdif2p
binding environments. The first, at ca. 133 eV, most likely corresponds toospipate binding
environment based on the binding energy; P 2p peaks correspgimtirganic and organic phosphates,
as well as pyrophosphates are all reported to appear at similar binding iesegp it is difficult to

determine what type of phosphorus species is present based on the P 2p spectrd®dfsfielhe second
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Figure 4. 8HRES XPS spectra for short term cycling SEI samples formed on SnSb cycl@efrirl DIMC
with 5% VC as the electrolyte. The F 1s (a) and P 2p (b) spectra for all three regions of the feglicate
discharge SEI samples and the F 1s (c) and P 2p (d) spectra for all three regions otéte fiegticycle
SEI samples are shown.
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P 2p feature at ca. 137 eV is likely due to eithefH.&hd/or LIRRO, species based on the F 1s spectra. In
general, the first discharge SEI samples seem to contain more phosphate specidsetfiest 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 samipdegnarefsigure
49a and 4.9c. There is some overlap between the Sh 8dd O 1s peaks between ca. 528 eV and 530
eV, but the Sb 3g 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 Sk,3geaks corresponding to Sand SkO, species were
observed around 537 eV and 540 eV, respectively (not shown in Figure 4.9), wigektsugat the SEls
formed over the first discharge and over the first cycle are thick enough to attenuateahtis signal
from the Sb in the electrode. However, there is a very broad, low intensity featureaseend 525 eV
for some regions of the first discharge SEI samples and around 526 eV fostthgdie SEI samples that
could be Sb 3gb peaks due to small amounts of lithiated Sb species being detected at the stifdue.
features are too low in binding energy to correspond to and O 1s features, andntesgonding Sb 3¢
peaks would be very small and overlap with the high binding energy O 1s feature3.IE&pecies with
binding energies between ca. 530 eV and 535 eV can be difficult to decaneviem with peak fitting
due to small binding energy shifts, but the presence of O 1s features initklidp energy region agree
with the features seen in the C 1s, F 1s, and P 2p HRES spectra. The SEI samples fotheetirstver
discharge all contain some amount afbased on the feature at ca. 528 8\4Jthough for most analysis
regions the peak is quite low in intensity.

Finally, the Sn 3d HRES spectra for the first discharge and first cycle SE$ sasmghown in
Figure 4.9b and 4 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 thes@ihgtrde and at
the end of the first cycle while Sn was detected. It is not clear why this is the daseighl it could be

related to either differences in lithiation potentials or differences in reactivities of Sn and Sh. The Sn 3d
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Figure 4.9HRES XPS spectra for short term cycling SEI samples formed on SnSb cycleBirlDMC
with 5% VC as the electrolyte. The O 1s/Sb 3d (a) and Sn 3d (b) spectra for all threeaiiemeplicate
first discharge SEI samples and the O 1s/Sb 3d (c) and Sn 3d (d) spectra for all thmeefélge replicate

first cycle SEIl samples are shown.
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peaks for the first discharge SEI samples are located lower binding energies compared to thpe&ks3d
in the pristine SnSb film, which is likely due to the presence of litthigtein the discharged SEI santpfé.
The Sn 3d binding energies for the first cycle SEI sample are higher than thosefiist thiecharge SEI
sample, but they are still low compared to the binding energies for the pristine samvpich could be
due to either incomplete delithiation or differences in sample charginghferconductive electrode and
insulating SE2#

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 sammes] (k) C1 S# R#) are
summarized in Figure #0. Overall, there was some variation between different analysis regions for a
PJA VvV ¢« u%o0 Vv SA v 8Z ~E %0] 3 _ » U%OPB3AXR]|®] Fllokl 0E}y &
surface of the SnSh thin film. Even though Sn 3d peaks from the SnSb eleatredietected, the SEl is
still quite thick and seems to cover most of the electrode surface based on thatdéomic percent of Sn
detected. The SEI surface is Li-rich as predicted based on the good signal to noiselrpéak resolution
of the Li 1s spectra, with Li making up ca. 30% of the surface for the first discharge [3&3$ sauh 20%
of the surface for the first cycle SEI samples. The higher percentage of Li detedtesl ficst discharge
SEI samples may be due to thglLihat was detected for the first discharge SEI samples but not the first
charge SEI samples. Compared to the SEls formed on other Sn-based electrodes cyclethasedPF
electrolytes containing VC during the first discharge or during the first cycl§Ehen SnSb is more F-
rich, which may be related to the absence of EC in our electrolyte sof§tiépf:>

Studies of the SEI formed on SnSb over short term cycling in-b&d€d electrolyte have not
been completed yet. However, based on our previous studies of the ®i#damn CwSb from LiCl©
based electrolyte, we anticipate that the SEI composition will be quite different. THer8t&ld from
LiClG-based electrolyte may be more C-rich than the one formed in-lb&$ed electrolyte since there

will not be any fluorine source present in the electrolyte to help passivate the electrode surthce wi
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Figure 4.10Compiled quantification results from the HRES spectra shown in Figutdsofar the short-
term cycling SEI studies on SnSh.

LiF3132 Additionally, there may be more;Oi formed in the LiClcbased electrolyte samples; results from
electrolyte soaking experiments in our group and from others have suggdsatdrace amounts of HF
in LiPE-based electrolyte solutions can etch surface oxides eSicand Si electrodés.
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 electfaeitaplished SEI samples will
likely cycle for about 100 cycles, or until the coulombic efficiency stedilend the pre- and post-failure
SEI samples will likely cycle for 2800 cycles. The low coulombic efficiency values suggest continual SEI

formation during cycling for both the LiRand LiCl@based electrolyte samples, so the SEls are expected
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to be quite thick. Sputtering through the long-term cycling SElI samplesbtain depth profiling
information will likely take some time, although short sputter times (casB®ill be used to try to
minimize sample damage and so that changes in the SEI with sputteritg cdosely monitored. Based
on existing SEI literature and previous work from our group, we expect the outemdaie SEIs formed
in both electrolyte solutions to be rich in organic species such as poly carbéhztesThe inner layer of
the SEl is expected to be rich in inorganic species, although the predominant sp#diesiyvbe different
for the different supporting electrolyte¥.>8

During XPS depth profiling characterization, we will also take the time to sputtergih some of
the SnSb electrode in order to better understand how it is changing duringdedetycling as well. This
can be informative for several reasons. First, other long term SEI studies omalanaddes have
suggested that some SEI formation occurs within the electrode due to volume changes cdiing,
which causes an increase in electrode thickness overiiit¥€! Sputtering through some of the electrode
will help us determine if this is occurring in our system and what tgbedectrolyte reduction species
may be incorporated into the electrode. Additionallye may be able determine whether & species
are still present within the electrode and whether the presence of amorphous Sn cxfidess SnSb
cycling. Finally, comparing Sn and Sb atomic ratios in the electrode ovededteycling will help us
determine if the ratios are changing over time. Sn aggregation has besmkio occur in Sn-based anode
materials and is thought to play a role in the failure of SnSb anttdésIncreasing Sn:Sb atomic ratios
over time coupled with changes in differential capacity plot features may hedietesmine whether Sn
aggregation is occurrirf§.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 theelear 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 SEls formed on SnSb electmdasfdifferent
electrolytes were characterized with XPS in order to better understand tkeehat interfaces play in the
lifetime and failure of SnSb anodes. The surface of electrodeposited SnSb films was coof@®$ed
SnOy, SB, and SKO, species due to preparation in ambient conditions. Additionally, there appeared to
be some amorphous B, incorporation in the film based on XPS depth profiling with sputtering.
Ultimately, we hope that by studying the evolution of the SEI formed @bSwer different stages of
cycling in addition to studying changes in the electrode with XPS that weevailile to determine whether
changes in the SEI or changes in the electrode are the main contribution to the &ilBreSb thin film
anodes. Additionally, if our data suggests that changes in the SEI dundbetnto electrode failure, we

hope to be able to identify what types of species may be respansibl

160



(1)

(@)

©)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

CHAPTER 4 REFERENCES

Zhang, W. J. A Review of the Electrochemical Performance of Alloy Anodes forloithium
Batteries.J. Power Sourc@911, 196 (1), 13t24.
https://doi.org/10.1016/j.jpowsour.2010.07.020.

Thackeray, M. M.; Vaughey, J. T.; Johnson, C. S.; Kropf, A. J.; Benedek, R.; Fransson, L. M. L.;
Edstrom, K. Structural Considerations of Intermetallic Electrodes for Lithium Batferfaswver
Source2003 113(1), 124t130. https://doi.org/10.1016/S0378-7753(02)00538-

Rom, I.; Wachtler, M.; Papst, I.; Schmied, M.; Besenhard, J. O.; Hofer, F.; Winter, M. Electron
Microscopical Characterization of Sn/SnSb Composite Electrodes for LithilBatteries.SOLID
STATE IONIQ801, 143(3t4), 329t336. https://doi.org/10.1016/S0167-2738(01)00886-

Winter, M.; Besenhard, J. O. Electrochemical Lithiation of Tin and Tin-Based Intermetallics and
CompositesElectrochim. Actd999 45 (1t2), 31t50. https://doi.org/10.1016/S0013-
4686(99)001917.

Antitomaso, P.; Fraisse, B.; Stievano, L.; Biscaglia, S.; Ayme-Perrot, D.; GiragtaR,;NboT .;
Monconduit, L. SnSb Electrodes for Li-lon Batteries: The Electrochemical Mechanism and
Capacity Fading Origins Elucidated by Using Operando Techrlgiveger. Chem. 2017, 5
(14), 65466555. https://doi.org/10.1039/c6ta10138k.

Wachtler, M.; Besenhard, J. O.; Winter, M. Tin and Tin-Based Intermetallics as New Anode
Materials for Lithium-lon Celld. Power Sourc@901, 94 (2), 18%193.
https://doi.org/10.1016/S0378-7753(00)00585-

Tesfaye, A. T.; Dumur, F.; Gigmes, D.; Maria, S.; Monconduit, L.; Djenizian, T. Superior
Electrochemical Performance of Thin-Film Thermoplastic Elastomer-Coated SnSb as an Anode for
Lilon BatteriesSci. Rep2019 9, 119. https://doi.org/10.1038/s41598-019-408 35b-

Tesfaye, A. T.; Yucel, Y. D.; Barr, M. K. S.; Santinacci, L.; Vacandio, F.; Dumur, F.; Maria, S.;
Monconduit, L.; Djenizian, T. The Electrochemical Behavior of SnSh as an Anodenfor Li-lo
Batteries Studied by Electrochemical Impedance Spectroscopy and Electron Microscopy.
Electrochim. Act2017, 256, 155t161. https://doi.org/10.1016/j.electacta.2017.10.031.

Aurbach, D.; Markovsky, B.; Shechter, A.; EinEli, Y.; Cohen, H. A Comparative Study of Synthetic
Graphite and Li Electrodes in Electrolyte Solutions Based on Ethylene CarbonateyDimeth
Carbonate Mixtures). Electrochem. Sd996 143(12), 38093820.
https://doi.org/10.1149/1.1837300.

Bodenes, L.; Darwiche, A.; Monconduit, L.; Martinez, H. The Solid Electrolyte Intergbgse a
Parameter of the High Performance of Sb in Sodium-lon Batteries: Comparative X-Ray
Photoelectron Spectroscopy Study of Sb/Na-lon and Sb/Li-lon Battérleswer Sourc@915
273, 14124. https://doi.org/10.1016/j.jpowsour.2014.09.037.

Madec, L.; Coquil, G.; Ledeuil, J.-B.; Gachot, G.; Monconduit, L.; Martinez tht How
Binder/Solvent Formulation Impacts the Electrolyte Reactivity/Solid Electrolyte Irgtegph
Formation and Cycling Stability of Conversion Type ElectrddEgectrochem. S&020, 167 (6),
060533. https://doi.org/10.1149/1945-7111/ab861f.

161



(12)

(13)

(14)

(15)

(16)

17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

Fransson, L.; Eriksson, T.; Edstrom, K.; Gustafsson, T.; Thomas, J. O. Influence of Canbn Black
Binder on Li-lon Batteried. Power Sourc@901, 101 (1), 1t9. https://doi.org/10.1016/S0378-
7753(01)00485.

Jaumann, T.; Balach, J.; Klose, M.; Oswald, S.; Langklotz, U.; Michaelis, A.; Ecketer)L.Gieb
SEI-Component Formation on Sub 5 Nm Sized Silicon Nanopatrticles in Li-lon BatefRede T

of Electrode Preparation, FEC Addition and Bind@ligs. Chem. Chem. PH3@15 17 (38),
24956t24967. https://doi.org/10.1039/c5¢cp03672k.

Beattie, S. D.; Hatchard, T.; Bonakdarpour, A.; Hewitt, K. C.; Dahn, J. R. Anomalvioiagegh-
Irreversible Capacity in Tin Electrodes for Lithium BattedieSlectrochem. S&003 150 (6),
A701tA705. https://doi.org/10.1149/1.1569477.

Beaulieu, L. Y.; Beattie, S. D.; Hatchard, T. D.; Dahn, J. R. The Electrochemical Réthation of
with Tin Studied by in Situ AFM.Electrochem. S&003 150 (4), A419A424.
https://doi.org/10.1149/1.1556595.

Bridel, J.-S. S.; Grugeon, S.; Laruelle, S.; Hassoun, J.; Reale, P.; Scrosati, B.; Tarascon, J.-M. M.
Decomposition of Ethylene Carbonate on Electrodeposited Metal Thin Film Ahdeewer
Source010 195(7, Sl), 2036043. https://doi.org/10.1016/j.jpowsour.2009.10.038.

Ma, J.; Prieto, A. L. Understanding the Electrodeposition of Pure Phase SnSb fréfutBetic
Ethaline Solution and Its Application as a Lithium-lon Anajeublished®020

Schneider, J. B.; Agocs, D. B.; Prieto, A. L. Design of a Sample Transfer Holder to-Eresthe- Air
Ray Photoelectron Spectroscofp20

Greczynski, G.; Hultman, L. X-Ray Photoelectron Spectroscopy: Towards Reliagl&Béngjn
ReferencingProg. Mater. ScR020 107, 100591.
https://doi.org/10.1016/j.pmatsci.2019.100591.

Edstrom, K.; Herstedt, M.; Abraham, D. P. A New Look at the Solid Electrolyte Interphase on
Graphite Anodes in Li-lon Batterids.Power Sourc@906 153 (2), 380t384.
https://doi.org/10.1016/j.jpowsour.2005.05.062.

Dedryveére, R.; Laruelle, S.; Grugeon, S.; Poizot, P.; Gonbeau, D.; Tarascon, J. MoGaftkbuti
Ray Photoelectron Spectroscopy to the Study of the Electrochemical Reactivity ov@r® to
Lithium.Chem. Mater2004, 16 (6), 10561061. https://doi.org/10.1021/cm0311269.

Lindgren, F.; Rehnlund, D.; Kallquist, I.; Nyholm, L.; Edstrom, K.; Hahlin, EchivihiBreaking
Down a Complex System: Interpreting PES Peak Positions for Cycled Li-lon Battegdegléctro
Phys. Chem. 2017, 121 (49), 2730327312. https://doi.org/10.1021/acs.jpcc.7b08923.

Webb, S. A.; Baggetto, L.; Bridges, C. A.; Veith, G. M. The Electrochemical Reactions of Pure
Indium with Li and Na: Anomalous Electrolyte Decomposition, Benefits of FEC&\dRtitge
Transitions and Electrode PerformandePower Sourc&914 248, 1105t1117.
https://doi.org/10.1016/j.jpowsour.2013.10.033.

Chiu, K. F.; Lin, H. C.; Lin, K. M.; Lin, T. Y.; Shieh, D. T. The Signifide®nIRioxale
Interphase in Enhancement of Cycling Performance of Sn Thin-Film AdoB&trochem. Soc.
2006 153(6), A1038A1042. https://doi.org/10.1149/1.2189246.

162



(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

Shi, F.; Ross, P. N.; Zhao, H.; Liu, G.; Somorjai, G. A.; Komvopoulos, K. A Catalytic Path for
Electrolyte Reduction in Lithium-lon Cells Revealed by in Situ Attenuated Total Reffextii@n-
Transform Infrared Spectroscopy.Am. Chem. S&015 137(9), 3181t3184.
https://doi.org/10.1021/ja5128456.

Chan, C. K.; Ruffo, R.; Hong, S. S.; Cui, Y. Surface Chemistry and Morphology of the Solid
Electrolyte Interphase on Silicon Nanowire Lithium-lon Battery Andd@&wer Sourc@909,
189 (2), 11321140. https://doi.org/10.1016/j.jpowsour.2009.01.007.

Naille, S.; Dedryvere, R.; Martinez, H.; Leroy, S.; Lippens, P.-E. E.; Jumas, J. C.-C.; Gonbeau, D.;

Dedryvere, R.; Martinez, H.; Leroy, S.; Lippens, P.-E. E.; Jumas, J. C.-C.; Gonbeau, D. XPS Study of
o SE} | o SE}oCS -CudSab Electropés{in Li-lon Batterie$2ower Sourc907,

174 (2), 108&1090. https://doi.org/10.1016/j.jpowsour.2007.06.043.

Ehinon, K. K. D.; Naille, S.; Dedryveére, R.; Lippens, P.-E.; Jumas, J.-C.; GbliR8ad, D
Electrodes for Li-lon Batteries: &nAlloying Process and Electrode/Electrolyte Interface
PhenomenaChem. Mater2008 20 (16), 53885398. https://doi.org/10.1021/cm8006099.

Stjerndahl, M.; Bryngelsson, H.; Gustafsson, T.; Vaughey, J. T.; Thackeray, M. M.;Kedstrom,
Surface Chemistry of Intermetallic AISb-Anodes for Li-lon Batt&fliestrochim. Act2007, 52
(15), 49414955. https://doi.org/10.1016/j.electacta.2007.01.064.

Madec, L.; Gachot, G.; Coquil, G.; Martinez, H.; Monconduit, L. Toward Efficient L&lain Cell
High Temperatures: Example of TiSnSb Matelid&ower Sourc918 391, 5158.
https://doi.org/10.1016/j.jpowsour.2018.04.068.

Qiao, R.; Lucas, I. T.; Karim, A.; Syzdek, J.; Liu, X.; Chen, W.; Persson, K.; Kostecki, R.; Yang, W.
Distinct Solid-Electrolyte-Interphases on Sn (100) and (001) Electrodes Studied bR&pft X
SpectroscopyAdv. Mater. Interfacef014 1 (3), 1t6. https://doi.org/10.1002/admi.201300115.

Chan, A. K.; Tatara, R.; Feng, S.; Karayaylali, P.; Lopez, J.; Stephens, |. E. L.; Shao-Horn, Y.
Concentrated Electrolytes for Enhanced Stability of Al-Alloy Negative Electrodes in Li-lon
Batteries.J. Electrochem. Sa&2019 166 (10), A186TA1874.
https://doi.org/10.1149/2.0581910jes.

Ulus, A.; Rosenberg, Y.; Burstein, L.; Peled, E. Tin Alloy-Graphite Composite Arbilgrfdoh
Batteries.J. Electrochem. S&002 149 (5), A633A643. https://doi.org/10.1149/1.1469029.

Choo, M.-H.; Nguyen, C. C.; Hong, S.; Kwon, Y. H.; Woo, S.-W.; Kim, J. Y.; SonghiSaMinCom
of Acid-Resistor and -Scavenger Improves the SEI Stability and Cycling Ability of TBaNesiel
Anodes in LiPF6-Containing Electrolfakectrochim. Acta013 112, 252t257.
https://doi.org/10.1016/j.electacta.2013.08.121.

Hong, S.; Choo, M.-H.; Kwon, Y. H.; Kim, J. Y.; Song, S.-W. Interfacial Chemistryr Control fo
Performance Enhancement of Micron Tin-Nickel/Graphite Battery Anbdgectrochem. Soc.
2014, 161(12), A1851A1859. https://doi.org/10.1149/2.0661412jes.

Hong, S.; Choo, M.-H.; Kwon, Y. H.; Kim, J. Y.; Song, S.-W. Mechanisms for Stader&@pied El
Interphase Formation and Improved Cycling Stability of Tin-Based Battery Anode in
Fluoroethylene Carbonate-Containing Electrolydy. Mater. INTERFACHERSG 3 (22), 119.
https://doi.org/10.1002/admi.201600172.

163



(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

Schulze, M. C. Using Antimony as a Model Anode to Study the Chemical andidaé&talility
of Electrodes in Li-lon and Next Generation Batteries, Colorado State University, 2019.

Philippe, B.; Mahmoud, A.; Ledeuil, J. B.; Sougrati, M. T.; Edstrom, K.; Dedryvendelu, Go;
Lippens, P. E. MnSn2 Electrodes for Li-lon Batteries: Mechanisms at the Nano Scale and
Electrode/Electrolyte Interfacdelectrochim. Act2014, 123, 72t83.
https://doi.org/10.1016/j.electacta.2014.01.010.

Yang, Z.; Dixon, M. C.; Erck, R. A.; Trahey, L. Quantification of the Mass and Viscoélasticity
Interfacial Films on Tin Anodes Using EQCMKIEES Appl. Mater. Interfac2815 7 (48), 26583
26594. https://doi.org/10.1021/acsami.5b07966.

Zhang, W.; Ghamouss, F.; Darwiche, A.; Monconduit, L.; Lemordant, D.; Dedryvédiriez,M
H. Surface Film Formation on TiSnSb Electrodes: Impact of Electrolyte AddliiR@ser Sources
2014 268, 645t657. https://doi.org/10.1016/].jpowsour.2014.06.041.

Dedryvere, R.; Gireaud, L.; Grugeon, S.; Laruelle, S.; Tarascon, J. M.; Gonbeau, D. Characterization
of Lithium Alkyl Carbonates by X-Ray Photoelectron Spectroscopy: Experimental andiddleoret
Study.J. Phys. Chem.2B05 109 (33), 1586815875. https://doi.org/10.1021/jp051626k.

Dedryvére, R.; Laruelle, S.; Grugeon, S.; Gireaud, L.; Tarascon, J.-M. M.; Gonbeau, D. XPS
Identification of the Organic and Inorganic Components of the Electrode/Electrolyte Interface
Formed on a Metallic Cathodé. Electrochem. S&005 152 (4), A68IA696.
https://doi.org/10.1149/1.1861994.

El Quatani, L.;Ded§E U ZXV ~]E U XV ] ve vU WXV Z Cv p U AXV /E
of Vinylene Carbonate Additive on Surface Film Formation on Both Electrodes in LitdoieBa
J. Electrochem. S&009 156 (2), A103A113. https://doi.org/10.1149/1.3029674.

Schroder, K. W.; Celio, H.; Webb, L. J.; Stevenson, K. J. Examining SoljteHldenathase
Formation on Crystalline Silicon Electrodes: Influence of Electrochemical Preparation and
Ambient Exposure Conditions. Phys. Chem.2012 116 (37), 1973%19747.
https://doi.org/10.1021/jp307372m.

Li, J.-T. T.; Swiatowska, J.; Seyeux, A.; Huang, L.; Maurice, V.; Sun, S.-G. G.; Marcus, P. XPS and
ToF-SIMS Study of $i€o Alloy Thin Films as Anode for Lithium lon Batferyower Sources
2010 195(24, SI), 82518257. https://doi.org/10.1016/j.jpowsour.2010.07.043.

El Quatani, L.; Dedi, R.; Siret, C.; Biensan, P.; Gonbeau, D. Effect of Vinylene Carbonate
Additive in Li-lon Batteries: Comparison of LiCoO2/C, LiFePO4/C, and Lio&R42 Systems.
J. Electrochem. SA&009, 156 (6), A468A477. https://doi.org/10.1149/1.3111891.

Li, H.; Shi, L. H.; Lu, W.; Huang, X. J.; Chen, L. Q. Studies on Capacity Loss and Capacity Fading of
Nanosized SnSb Alloy Anode for Li-lon Battedigslectrochem. S&001, 148 (8), A913A922.
https://doi.org/10.1149/1.1383070.

Sherwood, P. M. A. Introduction to Studies of Phosphorus-Oxygen CompoutfeiSSyrf. Sci.
Spectra2002 9 (1), 62t66. https://doi.org/10.1116/11.20030101.

Shiraishi, S.; Kanamura, K.; Takehara, Z. I. Influence of Initial Surface ConditiomoMeathiu
Anodes on Surface Modification with HEAppl. Electrocherh999, 29 (7), 86%881.

164



(50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

(61)

Park, S.; Heon Ryu, J.; Oh, S. M. Passivating Ability of Surface Film Derived from Vinylene
Carbonate on Tin Negative ElectrodeElectrochem. Sd2011, 158 (5), A498A503.
https://doi.org/10.1149/1.3561424.

Marino, C.; Darwiche, A.; Dupre, N.; Wilhelm, H. A.; Lestriez, B.; Martinez, H.; Dedryvere, R.;
Zhang, W.; Ghamouss, F.; Lemordant, D.; Monconduit, L. Study of the Electrode/Electrolyte
Interface on Cycling of a Conversion Type Electrode Material in Li Batfeids/s. Chem. C

2013 117(38), 1930219313. https://doi.org/10.1021/jp402973h.

Silicon Electrolyte Interface Stabilization (SEISta) Second Quarter Progresg(Reépafal8
https://www.nrel.gov/transportation/assets/pdfs/next_generation_anodes g2 progress_report
fy18.pdf(Accessed 07/09/2020).

Jackson, E. D.; Prieto, A. L. Copper Antimonide Nanowire Array Lithium les Stadillized by
Ekctrolyte AdditivesACS Appl. Mater. Interfac2616 8 (44), 3037930386.
https://doi.org/10.1021/acsami.6b08033.

Seo, D. M.; Nguyen, C. C.; Young, B. T.; Heskett, D. R.; Woicik, J. C.; Lucht, B. L. Characterizing
Solid Electrolyte Interphase on Sn Anode in Lithium lon BatieBlectrochem. S&015 162
(13), A7091A7095. https://doi.org/10.1149/2.0121513jes.

Kilibarda, G.; Schlabach, S.; Winkler, V.; Bruns, M.; Hanemann, T.; Szabo, D. V. Eleatrochemi
Performance of Tin-Based Nano-Composite Electrodes Using a Vinylene Carbonate-Containing
Electrolyte for Li-lon Cell§. Power Sourc@914 263, 145t153.
https://doi.org/10.1016/j.jpowsour.2014.04.030.

Li,JdX dXV _A] 8}A«l U :XV D uE] U sXV-G & Maels, PXXPSandPU >XV A
ToF-SIMS Study of Electrode Processes on Sn-Ni Alloy Anodes for Li-lon Batknes.Chem. C
2011,115(14), 70127018. https://doi.org/10.1021/jp201232n.

Nie, M.; Lucht, B. L. Role of Lithium Salt on Solid Electrolyte Interface(@&tioR and
Structure in Lithium lon Batteried. Electrochem. S&014 161 (6), A1001A1006.
https://doi.org/10.1149/2.054406jes.

Jurng, S.; Brown, Z. L.; Kim, J.; Lucht, B. L. Effect of Electrolyte on the Nanostrustuselaf t
Electrolyte Interphase (SEI) and Performance of Lithium Metal AnBdesgy Environ. S2018
11(9), 26002608. https://doi.org/10.1039/c8ee00364e.

Madec, L.; Ledeuil, J.-B.; Coquil, G.; Gachot, G.; Monconduit, L.; Martinez, H. CrosA«#gtion
Imaging: A Suitable Tool to Study Aging Mechanism of Conversion Type Eledtr&deser
Source019 441, 227213. https://doi.org/10.1016/j.jpowsour.2019.227213.

Bian, X.; Dong, Y.; Zhao, D.; Ma, X.; Qiu, M.; Xu, J.; Jiao, L.; Cheng, F.; Zhang, N. Microsized
Antimony as a Stable Anode in Fluoroethylene Carbonate Containing Electrolytes for
Rechargeable Lithium-/Sodium-lon Batterid€S Appl. Mater. Interfac2820 12 (3), 3554

3562. https://doi.org/10.1021/acsami.9b18006.

Schulze, M. C.; Belson, R. M.; Kraynak, L. A.; Prieto, A. L. Electrodeposition o @ifatidite
Films as Anodes for Li- and Na-lon Batteg®rgy Storage MateR020, 25, 572t584.
https://doi.org/10.1016/j.ensm.2019.09.025.

165



(62) Courtney, I. A.; McKinnon, W. R.; Dahn, J. R. On the Aggregation of Tin in SnO Composite Glasses
Caused by the Reversible Reaction with LithilinElectrochem. Sd999, 146 (1), 59t68.
https://doi.org/10.1149/1.1391565.

166



APPENDIX A: SUPPORTING INFORMATION DISCUSSED IN CHAPTER 2

SEI Sample Preparation

All half cells were cycled with €3b thin films electrodeposited for 600 s (ca. 0.9 mg/amd ca.
1.2 mg CeSb per punch half-inch punch based on mass difference) as the working electrode. lessemb
half cells were rested for 18 hours prior to cycling, and the half cells eyeed at a C/20 rate (ca. 19
HA/cm?) over a given potential range for 20 cycles. Details on the potential miselectrolyte for a
given sample are provided in Table Al below.

Table AlPotential limits and electrolyte solutions used for the different samples mentionedkimtin
text.

Sample name R;)tzr_]tll_?/ltr? nge Electrolyte

Sample la 1.8t3.0 1 M LiCIQin EC/DMC/DEC (1:1:1 by)vo

Sample2a 1.8t3.0 1 M LiCIQin EC/DMC/DEC (1:1:1 by vol)

Samplelb 1.8t3.0 1 M LiCl®Qin EC/DMC/DEC (1:1:1 by vol) with 5% VC (by vc
Sample 2b 1.8t3.0 1 M LiCl@Qin EC/DMC/DEC (1:1:1 by vol) with 5% VC (by vc
Sample 1c 0.911.8 1 M LiCI®Qin EC/DMC/DEC (1:1:1 by vol)

Sample 2c 0.9t1.8 1 M LiCl@in EC/DMC/DEC (1:1:1 by vol)

Sample 1d 0.05t0.9 1 M LiCl®@in EC/DMC/DEC (1:1:1 by vol)

Sample le 0.05t1.6 1 M LiCI®Qin EC/DMC/DEC (1:1:1 by vol)

Sample 1f 0.911.8 1 M LiCI@in EC/DMC/DEC (1:1:1 by vol)

Samplelg 0.9t1.8 1 M LiCl@in EC/DMC/DEC (1:1:1 by vol) with 5% VC (by vd
Sputtered sample| 0.05t3.0 1 M LiCIQin EC/DMC/DEC (1:1:1 by vol) with 5% VC (by vc

Sample 2c¢ and Sample 1f are the same sample but used in different examples and thexefore gi
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 bladkieesiside of the used
PTFE Swagelok cell body parts was scraped away using either a metal rasp or the endsnekeslearp
nosed tweezers and rinsed well with distilled water. Used PTFE Swagelok cell parts (celhadys,
and ferrules) were soaked in several changes of distilled water (ca. 2 L each tiatde&st 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 gphldriP TFE cell parts in several
changes of water for long periods of time is sufficient for removing residuahlt and electrolyte
degradation products, although others have also had success using a combinatigargt solvents and

water to clean cell parts.

The metal cell parts (copper and stainless-steel current collectors, stainless-steel mésh, an
stainless-steel springs) were rinsed briefly with distilled water and then immediatiglgt tb prevent
oxidation. The Cu current collectors were cleaned with Wenol metal polish towethe oxidized surface
layer and then cleaned 3 times by wiping with isopropanol-soaked Kim wipesrmtove the organic
residue left by the metal polish. The stainless-steel current collectors were clearigne8 using
isopropanolscaked Kim wipes, and the stainless-steel springs and mesh punches were soiicated
isopropanol for 5 minutes. Once all of the cell parts were dry, they were pumped damight into an

Ar-filled glove box to minimize additional oxidation after cleaning.
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Table A2:Sample 1a HRES fitting data

Sample " Peak Corrected area % Atomic
descrip?tion Transition position (eV) FWHM (eV) (A/(RSF*T*MFP)) | composition
284.97 1.02 577.84 53.3
C1s 286.01 1.97 116.47 108
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
Sample la 527.84 1.21 1.62 0.2
Region 1 537.14 1.26 1.08 0.1
529.99 1.20 1.86 0.2
O 1s/Sb 3d 539.77 1.37 1.24 0.1
532.23 2.25 174.60 16.1
533.56 1.46 53.92 5.0
Li1s 55.62 1.45 91.67 85
284.84 1.13 1346.72 56.3
Cils 285.94 2.00 233.06 9.7
289.05 1.56 92.4144 3.9
cl2p 208.56 1.21 30.6452 13
210.17 1.27 15.316 0.6
Sample 1a 528.36 2.30 4.11582 02
Region 2
530.18 1.01 2.11491 0.1
O 1s/Sb 3d 539.79 1.12 1.40634 0.1
532.18 2.30 374.559 15.6
533.60 1.50 97.497 41
Li1s 55.70 2.15 196.277 8.2
284.62 1.14 1111.61 52.0
Cls 285.61 1.97 197.21 9.2
288.94 1.39 79.2019 3.7
Cl2p 208.59 1.17 50.6045 24
210.21 1.23 25.2914 1.2
Sample la 527.92 1.42 1.94068 0.1
Region 3 537.13 1.53 1.29064 0.1
530.00 1.25 2.81002 0.1
O1s/Sb3d 53973 150 1.8685 01
533.47 1.48 202.265 95
532.10 2.04 273.473 12.8
Li1s 55.74 1.70 188.431 8.8
284.70 1.19 20200.3 525
Cls 285.91 2.00 3538.47 9.2
Sample la 288.93 1.92 1892.41 4.9
Region 4 Cl 2p 208.50 1.23 446.158 12
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
Lils 55.40 1.84 2555.03 6.6

iArea (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP).

Figure Al:Sample 1a HRES fitting results.
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Table A3:Sample 2a HRES fitting results

Sample .. Peak Corrected area % Atomic
descrip?tion Transition position (eV) FWHM (eV) (A/(RSF*T*MFP)) | composition
284.88 1.27 233.512 374
C1s 286.46 1.41 37.6087 6.0
288.90 1.65 36.9293 5.9
Cizp 208.62 1.28 22.7797 37
210.25 1.17 11.3849 1.8
530.58 1.23 1.99608 0.3
Ssergﬁ')i Zla 539.95 1.36 1.32741 0.2
O1s/Sb3d| 531.35 2.30 44.0259 71
533.22 1.54 114.87 184
532.03 1.17 22.8498 37
Li 1s 55.94 1.75 79.6734 128
Cu2p 932.84 1.31 12.0689 1.9
952.65 1.68 5.47621 0.9
284.63 1.20 228.142 37.2
C1s 286.06 1.75 52.2849 8.5
288.70 1.66 38.1004 6.2
o 20 208.52 1.18 34.0946 5.6
210.16 1.08 17.04 2.8
Repin 1 S
O 1s/Sb3d o017 1.58 148.437 24.2
531.71 2.15 77.4502 12.6
932.66 1.28 9.59588 1.6
Cu2p
952.54 1.89 4.89426 0.8
284.73 1.18 225.363 378
C1s 285.92 2.00 69.7505 117
288.83 1.56 38.2244 6.4
ci 20 208.47 1.19 22.5792 3.8
210.08 1.11 11.2848 19
Sample 2a 530.33 1.04 2.78214 05
Region 3 539.86 1.15 1.85007 03
O 1s/Sb3d m—o2373 1.57 111.177 18.6
531.72 2.30 92.481 155
932.70 1.31 14.3746 2.4
Cu2p
952.70 1.86 6.86124 12

iArea (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 " Peak Corrected area % Atomic
descrip?tion Transition position (eV) FWHM (eV) (A/(RSF*T*MFP)) | composition
285.02 1.13 766.153 31.7
Cls 286.59 2.00 236.619 9.8
289.11 2.00 143.668 6.0
208.58 1.20 22.2365 0.9
Cl 2p 210.31 1.22 11.1128 05
198.11 1.21 8.37924 04
199.73 1.09 4.18784 0.2
527.81 0.94 14.1181 0.6
537.22 0.92 9.38862 04
SF‘;";?('; 11b 530.72 1.34 35.5699 15
O 1s/Sb 3d 540.12 1.50 23.6542 1.0
533.18 2.00 315.214 13.0
531.78 1.42 223.909 93
528.98 2.30 77.4001 3.2
Li 1s 55.91 1.84 256.791 10.6
932.98 1.25 13.8887 0.6
Cu2p
952.69 2.02 6.30106 03
E1s 687.18 1.76 208.031 8.6
685.18 1.46 38.4345 16
28479 1.12 17936.7 41.0
Cls 285.97 2.00 4235.86 97
288.86 2.00 1771.84 4.0
Cl 2 208.44 1.09 413.845 1.0
P 210.04 1.26 206.922 05
527.82 0.96 103.343 0.2
537.16 0.99 68.9301 0.2
530.58 1.28 229.724 0.5
Sample 1b 539.92 141 153.226 04
Regliaon o | O1s/Sb3d 5540 1.91 571.057 13
532.00 2.09 5693.98 13.0
533.09 1.17 1348.52 31
533.84 1.47 1567 36
Li 1s 55.70 2.09 5484.22 12.5
932.94 1.21 94.5682 0.2
Cu2p
953.04 1.70 51.9211 0.1
F1s 687.09 1.84 3292.67 7.5
685.06 1.22 546.761 1.3
284.95 1.14 13079.4 309
Sample 1b C1s 286.61 1.92 3821.34 9.0
Region 3
288.67 1.22 961.344 23
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289.45 2.00 1652.56 3.9
208.47 133 375.14 09

ci2p 210.18 1.43 18757 04
198.20 1.70 187.566 04

199.01 1.48 93.7828 02

527.77 0.96 328.936 08

537.11 0.98 219.4 05

530.66 131 821.64 1.9

540.00 1.46 548.034 13

O 1s/Sb 3d =75 68 211 1680.29 40
531.79 132 4613.82 10.9

532.89 1.38 3083.37 73

533.82 1.45 1549.91 37

Li 1s 5561 1.75 4969 .56 117

- 1e 687.06 1.76 3392.87 8.0
685.14 155 770.735 18

iArea (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 " Peak Corrected area % Atomic
descrip?tion Transition position (eV) FWHM (eV) (A/(RSF*T*MFP)) | composition
285.14 1.08 296.095 393
Cls 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
Sample 2b 527.76 1.06 1.03955 0.1
Region 1 537.08 1.07 0.691307 0.1
530.01 1.56 1.82911 0.2
O 1s/Sb3d 739 03 1.73 121617 02
532.02 1.96 170.315 23.0
533.89 1.19 9.11307 1.2
Li 1s 55.50 1.65 131.543 175
285.00 1.04 273.146 347
286.24 2.00 84.9945 108
C1s 288.87 1.43 54.0646 6.9
290.48 2.00 27.6286 3.5
208.60 1.32 9.83599 13
210.43 1.45 4.91564 0.6
527.62 0.94 0.636691 0.1
Sample 2b 537.08 0.91 0.423404 0.1
Region 2 529.14 1.31 0.871208 0.1
O 1s/Sb 3d 539.45 1.45 0.579193 0.1
531.82 1.53 97.5695 124
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
932.41 1.25 493134 0.6
Cu2p
952.24 2.08 2.69878 0.3
285.01 1.29 172.52 44 .4
Cl1s 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
Sample 2b 530.25 1.22 1.93019 0.5
Region 3 539.82 1.35 1.28351 0.3
O 1s/Sb 3d 531.87 2.30 76.3599 197
533.20 2.10 45.6168 11.7
932.54 1.40 10.2386 2.6
Cu2p
952.35 1.77 4.87558 1.3

iArea (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP).
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Figure A4Sample 2b HRES fitting results.
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Table A6:Sample 1c HRES fitting results

Sample . Peak Corrected area % Atomic
descrip?tion Transition position (eV) FWHM (eV) (A/(RSF*T*MFP)) | composition
284.89 1.21 917.199 32.0
C1s 286.45 1.79 253.075 8.8
290.22 1.29 134.37 4.7
288.95 1.25 91.1433 32
cl2p 208.55 1.14 49.4134 1.7
Sample 1c 210.16 1.14 24.6961 0.9
Region 1 527.88 1.33 4.54563 0.2
530.16 1.23 8.56287 0.3
O 1s/Sb 3d 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
284.98 1.11 838.024 293
C1s 286.55 1.78 287.349 10.0
290.29 1.25 146.951 5.1
289.03 1.32 113.453 4.0
cl2p 208.51 1.22 33.1305 12
Sample 1c 210.12 1.18 16.5581 06
Region 2 527.76 1.43 6.92095 0.2
530.11 1.19 9.55181 0.3
O 1s/Sb 3d 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 1.69 471.329 165
284.96 1.12 867.234 34.4
C1s 286.32 2.00 304.811 12.1
290.16 1.41 106.686 4.2
288.91 1.34 90.6212 3.6
208.53 1.08 21.0102 0.8
Cl2p 210.12 1.24 10.5006 0.4
Sample 1c 198.40 1.36 5.55703 0.2
Region 3 200.00 1.14 2.77732 0.1
527.68 1.34 4.26611 0.2
530.33 1.59 11.1026 0.4
O 1s/Sb 3d 539.69 1.58 4.60848 0.2
533.27 1.89 273.208 109
532.11 1.65 513.509 204
Li 1s 55.56 1.40 302.764 12.0

iArea (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP).
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Figure A5;Sample 1¢ HRES fitting results.
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Table A7:Sample 2c/1f HRES fitting results

Sample " Peak Corrected area % Atomic
descrip?tion Transition position (eV) FWHM (eV) (A/(RSF*T*MFP)) | composition
284.88 1.16 306.386 407
Cls 286.05 2.00 68.9558 9.2
288.97 1.57 52.7461 7.0
Samplg 2c/1f Cl2p 208.59 1.19 24.2312 3.2
Region 1 210.21 1.02 12.1104 1.6
0 1s 532.04 1.72 99.8794 133
533.31 1.56 100.248 13.3
Li1s 55.91 1.56 88.358 11.7
284.71 1.34 311.338 41.7
C1s 286.29 1.43 26.2386 3.5
288.86 1.79 31.6308 4.2
208.50 1.34 15.9788 2.1
210.21 1.34 7.98574 11
Sample 2c/1f| €l 2p 198.51 1.74 7.48708 1.0
Region 2
200.30 1.78 3.74172 0.5
528.26 1.13 7.70749 1.0
O 1s 531.41 2.30 129.445 17.3
533.17 1.64 54.7739 7.3
Li1s 55.20 2.04 150.31 20.1
284.86 1.21 282.884 40.2
C1s 286.27 1.26 32.348 4.6
288.96 1.95 58.3801 8.3
Sampl_e 2c/1f Cl 2p 208.59 1.14 19.1698 2.7
Region 3 210.25 1.23 9.58046 14
0O 1s 532.06 2.15 134.296 191
533.41 1.40 55.7848 7.98
Li 1s 55.79 1.93 111.023 158

iArea (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 .. Peak Corrected area % Atomic
descrip?tion Transition position (eV) FWHM (eV) (A/(RSF*T*MFP)) | composition
284.71 1.22 288.036 337
c1s 286.24 2.00 64.4683 76
288.61 1.50 32.9161 39
289.71 2.00 42.3693 5.0
S;gj?c')i 119 a2 208.49 1.17 17.2438 2.0
210.15 1.23 8.61819 1.0
o 1s 531.79 2.26 174.081 204
533.35 1.53 65.9385 7.7
Li 1s 55.37 1.76 160.096 188
284.77 1.22 280.875 32.9
c1e 286.31 2.00 62.7755 74
288.53 1.06 20.3645 24
289.63 1.85 47.038 55
S;;f’('; 129 ci2p 208.53 1.24 11.8919 14
210.18 1.24 5.94323 0.7
0 1c 533.49 157 42.008 4.9
531.77 2.20 194.209 228
Li 1s 55.18 2.16 188.08 22.0
284.78 1.22 259.044 348
c1e 286.09 2.00 51.3313 6.9
288.73 1.44 32.9588 4.4
290.00 2.00 26.7365 36
S;g}?('}i ég o 20 208.61 1.21 15.865 2.1
210.26 1.11 7.92911 11
o 1c 531.90 2.30 165.904 223
533.46 1.42 41.1318 55
Li 1s 55.27 2.13 142.914 19.2

iArea (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 faSBuilms soaked in either 1 M Lifkr EC/DMC/DEC
(1:1:1 by vol.) or 1 M LiCi@n EC/DMC/DEC (1:1:1 by vol.) electrolyte for 18 hours and then wpsbed
to XPS characterization. For the sample soaked irs-hé&ed electrolyte, peaks for €8b are still
detected, but there is also evidence of liRRRd LiP&decomposition products on the surface based on
the F 1s, P 2s, and P 2p peaks detected. For the sample soaked ibh&elD electrolyte, there is
evidence of LiCl3pn the sample surface but no signal from the$hlis observed.
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Figure A9:Comparison of XPS O 1s/Sb 3d HRES spectra.fap Glms soaked in either 1 M LiRRk
EC/DMC/DEC (1:1:1 by vol.) or 1 M Li@&C/DMC/DEC (1:1:1 by vol.) electrolyte for 18 hours and then
washed prior to XPS characterization. For the sample soaked inblaigde electrolyte, Sb 3d peaks
corresponding to metallic Sb are observed but no peaks corresponding to Skspaites are observed
even though the Gi$b is covered with a surface oxide layer. For the sample soaked in-haS&d
electrolyte, there are no Sb 3d peaks detected, likely due to the adsorption of.LiCIO
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Figure AO: Representative XPS HRES spectra from unwashed and washed SEI samples, demonstrating
that washing the sample primarily removes residual supporting electrolytenaotporated into the SEI
from the sample surface, resulting in decreases in O 1s, Li 1s, and ClI 2p signal correspondig to LiCl

Figure A11The 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 A12Comparison of XPS HRES spectra from edge and center regions of a SEI samgleadi@gion
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 21.1 447 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 electrodeposii&t Cu
films to ensure films were consistent with those reported in previous work from aoupg
Diffractograms were collected using a Bruker D8 Discover Davinci instrumentwikh radiation (,=

1.54184 A

FigureB1: Representative XRD pattern for the;Sh thin films electrodeposited as described in the main
text and in a previously published procedtiveere indexed to PDF 00-003-1023 fop%tu 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 fitiimocedure

Since not much is known about the solid electrolyte interface (SEI) £8bGhin films, the high

resolution (HRES) X-ray photoelectron spectra were fit using a simplifiedagppwith minimal fitting

constraints in order to obtain rough atomic composition estimates wimleng to avoid fits with no
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physical basis and drawing unrealistic conclusions from the data. Due to tphieagh, the fits
(summarized in Tabld31tB3and shown in Figurd34tB9) 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 overestiindtierpercent atomic
composition. However, for our purposes of examining trends in the bindimgronments and
compositions for different SEI samples this fitting procedure seems to be sufficient.

Peak fitting was performed on the raw data (no data smoothing algorithers wtilized) with
CasaXPS software (version 2.3.17PR1.1) and the following parameters and constraints. Therizhckgro
was defined using the Shirley algorithm, and the Av. width was 1 for all spectra. The lineskdderu
peak fitting was 70% Gaussian, 30% Lorentzkor.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 distribasi®.314089. For the
Cl 2p spectra, the ratio of the areas of the,2pnd 2p.. peaks was set to 2:1, and the FWHM values were
constrained such that the FWHM values for the,2and 2., peaks varied by no more than 10% of each
other. The PHI RSF value corrected for angular distribution for the Cl 2p spectde6@6646. A similar
approach was used for fitting the Sb 3d spectra; the ratio of the areas of theaBd 3d,, peaks was set
to 3:2, and the FWHM values were constrained such that the FWHM values forsthar8t3d,, peaks
varied by no more than 10% of each other. The PHI RSF value corrected for distyibartion for the Sb
3d spectra was 7.20613. The peak separations between thesgbd Cl 2p, and Sk8ds, and Sb 3gb
peaks were not constrained as the peak separations after fitting were similar to the reported peak
separation value$.The upper limits for the FWHM values of the O 1s peaks were set to 2.3, andithe P
RSF corrected for angular distribution was 0.787404. No constraints werefarséfie Li 1s spectra,
although if the Li 1s peak was not readily distinguishable from the bawgkd (as was the case for HPR
Region 2) or if the background noise was greater than the peak height (as wasé¢hfercdPR VC Region
2), no fitting was performed. The RSF value used for quantifying the Li 1s specD263/87 after

correction for angular distribution. Finally, for the samples in which Cu was detected,aoa@rstraints
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were used for fitting the Cu 2p and Cu 2p, peaks because of possible Super Coster-Kronig effétts.

PHI RSF value used for the Cu 2p spectra was 4.28013.

Figure B2: Cycling data showing the capacity retention, cumulative excess capacity, atmmba
efficiency up to 50 cycles for €8b cycled in LiCldased electrolyte without VC and up to 100 cycles for
CuSh cycled in LiClbased electrolyte with VC.
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Figure B3Differential capacity analysis plots (also shown in Figteof Chapter 3) for the G8b thin
films cycled 20 times between 0.05 V and 3.0 V. The y-axis and x-axis rangégén narrowed to show
the low intensity features associated with electrolyte reduction and SEI formation thatoandsible in
Figure3.2 when the y-axis range is expanded to show the intense features correspondingSb Cu
lithiation and delithiation.
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Table B1Fitting results for the two representative regions of the HPR and HPR VC SEI samples.

Sample Transition p(l;)seifilgn FWHM Corrected area | 9% Atomic Binding
description (eV) (eV) | (A/(RSF*T*MFP)) Composition| environment
284.88 1.27 233.51 37.39 GCIGH
Cls 286.46 1.41 37.61 6.02 GO
288.90 1.65 36.93 5.91 OGO
Cl 2p 208.62 1.28 22.78 3.65 ClOs 2ps2
210.25 1.17 11.38 1.82 Clos 2py2
530.58 1.23 2.00 0.32 ShO 3ds
R:a_'gpisr; 1 Sb 3d 539.95 1.36 1.33 0.21 ShO 3dse
531.35 2.30 44.03 7.05 C0
Ols 533.22 1.54 114.87 18.39 6] 0)y
532.03 1.17 22.85 3.66 CcO
Lils 55.94 1.75 79.67 12.76 L
Cu 2p 932.84 1.31 12.07 1.93 2ps2
952.65 1.68 5.48 0.88 2Py
284.73 1.18 225.36 37.77 GCICH
Cls 285.92 2.00 69.75 11.69 GO
288.83 1.56 38.22 6.41 OGO
Cl 2p 208.47 1.19 22.58 3.78 COs 2ps
HPR 210.08 1.11 11.28 1.89 COs 2p12
Region’ 5 Sh 3d 530.33 1.04 2.78 0.47 ShO 3ds
539.86 1.15 1.85 0.31 ShO 3dse
O 1s 533.13 1.57 111.12 18.63 Cos
531.72 2.30 92.48 15.50 CO, CO
Cu 2p 932.70 1.31 14.37 2.41 2p312
952.70 1.86 6.86 1.15 2p12
285.00 1.04 273.15 34.66 GCICH
C1s 286.24 2.00 84.99 10.78 GO
288.87 1.43 54.06 6.86 OGO
290.48 2.00 27.63 3.51 carbonate
Cl 2p 208.60 1.32 9.84 1.25 ClOs 2ps2
210.43 1.45 4.92 0.62 Clos 2py2
527.62 0.94 0.64 0.08 S 35/
HPR VC, Sh 34 537.08 0.91 0.42 0.05 SB 3ds2
Region 1 529.14 1.31 0.87 0.11 ShOy 3dsr
539.45 1.45 0.58 0.07 SbOy 3dsr
531.82 1.53 97.57 12.38 CO
Ols 533.14 2.12 82.95 10.53 Cos
530.32 1.32 28.36 3.60 CO
Li1s 55.55 1.57 114.47 14.53 Li*
Cu 2p 932.41 1.25 4.93 0.63 2pzp2
952.24 2.08 2.70 0.34 2Py
HPR VC, C 1s 285.01 1.29 172.52 44.42 GCIGH
Region 2 286.40 2.00 29.25 7.53 GO
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288.93 2.00 32.21 8.29 0=GO
Cl 2p 208.50 1.54 9.40 2.42 Cy 2p3i2
210.17 1.40 4.70 1.21 Cy 2p12
Sb 3d 530.25 1.22 1.93 0.50 ShO, 3052
539.82 1.35 1.28 0.33 ShO, 3ds2
O 1s 531.87 2.30 76.36 19.66 CO, CO
533.20 2.10 45.62 11.74 COy
Cu 2p 932.54 1.40 10.24 2.64 2312
952.35 1.77 4.88 1.26 2p12

iArea (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP).
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Table B2Fitting results for the two representative regions of the MPR and MPR VC SEI samples.

Sample Transition p(l;)seifilgn FWHM Corrected area | 9% Atomic Binding
description (eV) (eV) | (A/(RSF*T*MFP)) Composition| environment
284.88 1.16 306.39 40.69 GCIGH
Cls 286.05 2.00 68.96 9.16 GO
288.97 1.57 52.75 7.01 0=GO
MPR, Cl 2p 208.59 1.19 24.23 3.22 CIOy 2p3p2
Region 1 210.21 1.02 12.11 1.61 ClOs 2p12
O 1s 532.04 1.72 99.88 13.27 CO, CHO
533.31 1.56 100.25 13.31 CDs
Li 1s 55.91 1.56 88.36 11.74 Li
284.71 1.34 311.34 41.70 GCIGH
Cls 286.29 1.43 26.24 3.51 GO
288.86 1.79 31.63 4.24 0=GO
208.50 1.34 15.98 2.14 ClOs 2pzr2
210.21 1.34 7.99 1.07 ClOs 2p12
R';AgFi’;’ 5 Cl2p 198.51 1.74 7.49 1.00 Cl 2pzp2
200.30 1.78 3.74 0.50 Cl 2pue
528.26 1.13 7.71 1.03 LO
O 1s 531.41 2.30 129.45 17.34 CO, CO
533.17 1.64 54.77 7.34 COy
Li 1s 55.20 2.04 150.31 20.13 Li", LbO
284.71 1.22 288.04 33.74 GCI/GH
C1s 286.24 2.00 64.47 7.55 GO
288.61 1.50 32.92 3.86 0=GO
289.71 2.00 42.37 4.96 carbonate
II\?AelzDgITo\r/Ii, Cl 2p 208.49 1.17 17.24 2.02 ClOs 2pz2
210.15 1.23 8.62 1.01 ClOs 2p12
0 1s 531.79 2.26 174.08 20.39 CO, CO
533.35 1.53 65.94 7.72 Cy
Li 1s 55.37 1.76 160.10 18.75 Lif
284.77 1.22 280.88 32.92 GCIGH
C 1s 286.31 2.00 62.78 7.36 GO
288.53 1.06 20.36 2.39 0=GO
289.63 1.85 47.04 5.51 carbonate
g:g?o\éc;’ Cl 2p 208.53 1.24 11.89 1.39 ClOs 2pzr2
210.18 1.24 5.94 0.70 ClOs 2p12
O 1s 533.49 1.57 42.01 4.92 COys
531.77 2.20 194.21 22.76 CO, CHO
Li 1s 55.18 2.16 188.08 22.04 Lif

iArea (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP).
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Table B3Fitting results for the two representative regions of the LPR and LPR VC SEI samples.

Sample Transition p(l;)seifilgn FWHM Corrected area | 9% Atomic Binding
description (eV) (eV) | (A/(RSF*T*MFP)) Composition| environment
285.05 1.20 168.61 21.23 GCIGH
C 1s 286.51 1.85 99.97 12.59 GO
288.94 1.17 27.07 3.41 0=GO
LPR 290.38 1.30 38.99 491 carbonate
Regior’l 1 Cl 2p 208.55 1.18 13.06 1.64 ClOs 2p3p2
210.15 1.23 6.53 0.82 ClOs 2p12
O 1s 532.19 2.30 206.41 25.99 CO, CHO
533.53 1.73 59.41 7.48 CDOs
Li 1s 55.51 1.90 174.15 21.93 Li
284.76 1.14 234.74 33.28 GCIGH
C 1s 286.29 2.00 74.16 10.51 GO
288.69 1.76 25.18 3.57 0=GO
LPR 290.47 1.71 35.43 5.02 carbonate
) 208.60 1.19 15.97 2.26 COy 2p3
Region 2 Cl 2p -
210.22 1.13 7.98 1.13 COy 2p12
0 1s 532.01 2.30 125.16 17.74 CO, CO
533.40 1.65 68.13 9.66 Cy
Li 1s 55.73 2.00 118.57 16.81 Li
284.73 1.62 224.74 27.20 GCI/GH
Cls 286.68 1.85 29.05 3.52 GO
289.78 1.45 35.31 4.27 carbonate
LPR VC, Cl 2p 198.55 1.34 451 0.55 Cl 2psr
Region 1 200.18 1.48 2.26 0.27 Clt 2pu2
0 1s 528.29 1.18 25.89 3.13 LeO
531.19 2.16 220.37 26.68 CO,CO
Li 1s 54.72 2.00 283.96 34.37 Li", LbO
284.85 1.46 179.86 18.50 GCIGH
C 1s 286.62 1.72 28.16 2.90 GO
289.85 1.45 24.01 2.47 carbonate
283.19 1.17 10.44 1.07 spfcarbon
Il?_epgljr\i)o\r/lcg Cl 2p 198.56 1.47 5.53 0.57 Cl 2pae
200.36 1.20 2.76 0.28 Cl 2puwe
O 1s 528.60 1.24 72.03 7.41 LkO
531.29 1.88 235.00 24.18 CO, CHO
Li 1s 54.54 2.03 414.22 42.61 Li", LkO

iArea (A), relative sensitivity factor (RSF), transmission (T), and mean free path (MFP).
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FigureB4: Fitted XPS HRES C 1s, O 1s/Sb 3d, CI 2p, Li 1s, and Cu 2p spectra for the two representative
regions of the HPR SEI sample.

FigureB5: 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 B6Fitted XPS HRES C 1s, O 1s, Cl 2p, and Li 1s spectra for the two representative regions of the
MPR SEI sample.

Figure B7Fitted XPS HRES C 1s, O 1s, Cl 2p, and Li 1s spectra for the two representative regions of the
MPR VC SEI sample.
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Figue 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 B9Fitted 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 B0: HRESC 1s, O 1s/Sb 3d, and Cu 2p X-ray photoelectron spectra for a pristine (uncygsdd) Cu
thin film showing the presence of a surface oxide layer s that results in more intense Sb 3d peaks
for SKO, species than for Sfrom the CuSb film. The presence of carbon is due to adventitious carbon,
and Cd from the underlying G$b underneath the surface oxide layer can also be detected.

Figure Bll:Left: representative digital photograph of a discolored polypropylene separabon &
disassembled half-cell containiagCwSbthin film electrode cycled in 1 M LiGlid EC/DMC/DEC (1:1:1
vol) electrolyte with an upper voltage cutoff limit of 3.0 V vs LiRight: 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 rang#//ditabnel,
and a SATW type window coupled to a JEOL JSM-6500F scanning electron peiceEl3&mapping and

data collection was performed at 25x magnification and a 20.00 kV acceleratiagezol

Figure B12AnEDS map-sum spectrum of a discolored separator fromalchalf-cell cycled without VC
to an upper voltage limit of 3.0 V vs Li/demonstrating the presence of Cu in the discolored separator.
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Figure B13Differential capacity analysis plots for the first cycle discharge of the MPR, MRRR/@nd
LPR VC samples showing similar features. The first cycle discharge was the only stage dfiatycling
showed SEl-related features in the differential capacity analysis, so the rest of they ayata was
excluded from the figure for clarity.

201



APPENDIX B REFERENCES

(2) Mosby, J. M.; Prieto, A. L. Direct Electrodeposition £3ICior Lithium-lon Battery Anodek.
Am. Chem. So2008 130(32), 1065610661. https://doi.org/10.1021/ja801745n.

2) Sherwood, P. M. A. The Use and Misuse of Curve Fitting in the Analysis of Core X-Ray
Photoelectron Spectroscopic Dagurf. Interface Ana2019 51 (6), 58%610.
https://doi.org/10.1002/sia.6629.

3) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bombemaadbook of X-Ray Photoelectron
SpectroscopgyChastain, J., King, R. C. J., Eds.; Physical Electronics, Inc., 1995.

202



APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER 4

Table Cl: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*MFF %At. Conc.
285.01 1.57 229.93 17.3
Cls 286.68 1.02 30.37 2.3
288.51 1.85 25.31 1.9
527.98 1.05 76.39 5.8
537.33 1.05 50.80 3.8
Sb 3d 530.53 1.10 38.02 2.9
Pre sputter 539.80 1.39 25.29 1.9
0 1s 529.99 1.90 299.72 22.6
531.49 2.30 255.14 19.2
486.60 1.60 143.00 10.8
495.01 1.56 95.13 7.2
Sn 3d 484.93 0.94 36.02 2.7
493.36 0.90 23.96 1.8
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
30 s sputter 485.12 0.90 151.00 17.1
Sn3d 493.53 0.90 100.46 11.4
486.39 1.82 81.51 9.2
494.71 1.94 54.22 6.2
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
60 s sputter 485.14 0.90 170.11 20.8
493.56 0.90 113.17 13.8
Sn 3d
486.14 2.17 80.02 9.8
494.34 2.30 53.24 6.5
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
120 s sputter 485.15 0.90 189.20 24.4
493.56 0.90 125.87 16.2
Sn 3d
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 saonge bef

sputtering; carbon was detected on the SnSb surface due to the presence of adventitious. carbo

Table 2CFitting results for the first discharge SEI Sample 1

Sample

region Name Position (eV)| FWHM (eV) | Area/(RSF*T*MFP %At. Conc.
284.34 1.53 481.46 20.5
C1s 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 684.93 151 172.30 7.3
686.96 1.96 171.90 7.3
Region 1 136.55 1.68 20.85 0.9
P 2p 137.39 2.00 10.42 0.4
133.02 2.00 10.96 0.5
133.86 2.00 5.48 0.2
531.51 2.20 383.27 16.3
O 1s 533.95 1.99 129.24 5.5
527.58 1.19 15.90 0.7
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Sn 3d 481.60 1.36 3.96 02
Sn 3d 490.00 1.18 218 01
Li1e 55.10 1.87 466.68 19.9
53.06 1.94 121.01 52

284.42 1.47 381.03 18.8

1 286.24 2.00 159.79 7.9
289.61 2.00 110.04 54

287.96 1.89 5581 28

-1 684.88 158 87.08 44
687.00 1.76 13731 6.8

13653 1.26 1771 09

| o2 137.37 1.16 8.85 04
Region 2 133.06 2.00 11.25 06
133.90 2.00 562 03

531.48 213 395.46 195

01s 533.90 1.86 87.29 43
527.81 230 21.54 11

481.66 1.40 358 0.2

Sn 3d 490.10 1.30 242 01
e 55.00 2.01 433.35 214
52.46 1.66 104.67 52

284.32 1.41 436.68 191

285.87 2.00 140.45 6.2

C1s 289.29 1.85 98.06 43
287.90 2.00 40.66 18

282.52 0.93 13.75 06

-1 684.94 155 180.97 79
687.22 1.87 17522 77

136.87 1.42 2457 11

o2 137.71 1.86 12.28 05
Region 3 132.93 2.00 10.86 05
133.77 2.00 543 0.2

531.32 212 414.01 181

01s 533.77 164 41.04 18
527.80 2.30 28.24 12

524.83 1.10 0.80 0.0

534.13 121 053 0.0

Sb 3d 481.63 134 331 01
490.05 1.26 2.10 01

e 55.04 2.03 546.38 23.9
52.64 2.03 107.43 47
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Table 3CFitting results for the first discharge SEI Sample 2

Region Name Position (eV)| FWHM (eV) | Area/(RSF*T*MFF %At. Conc.
284.66 1.64 399.31 18.9
C1s 286.45 1.99 63.12 3.0
289.96 0.99 17.65 0.8
289.29 1.57 30.19 1.4
F1s 684.99 1.66 56.22 2.7
687.35 1.76 33.73 1.6
133.07 1.58 7.59 0.4
. 133.91 1.74 3.79 0.2
Region 1 P2p 136.83 1.85 581 03
137.67 1.67 2.90 0.1
0O 1s 531.18 1.97 454.27 21.4
528.31 1.44 163.88 7.7
482.08 1.33 1.44 0.1
Sn 3d 490.50 1.09 0.85 0.0
Lils 54.38 2.10 645.38 30.5
52.93 2.10 232.36 11.0
284.54 1.57 504.91 28.9
C1s 286.52 1.32 65.22 3.7
289.74 1.25 68.00 3.9
288.31 1.09 33.55 1.9
687.29 1.81 73.87 4.2
Fls 684.96 1.58 52.28 3.0
136.85 1.33 9.87 0.6
P 2p 137.69 1.55 4,93 0.3
132.99 1.70 8.22 0.5
Region 2 133.83 1.87 4.11 0.2
531.47 2.17 379.13 21.7
528.05 1.99 37.37 2.1
O 1s/Sb 3d 524.94 1.34 1.24 0.1
534.46 1.49 5.82 0.3
534.24 1.34 0.82 0.1
481.90 1.41 2.90 0.2
Sn 3d 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
284.52 1.53 597.43 29.1
286.44 1.74 64.37 3.1
. Cls 289.67 1.42 65.55 3.2
Region 3
288.48 0.88 15.40 0.8
F1s 687.46 1.85 104.05 51
684.99 1.58 75.82 3.7

206




137.15 1.58 18.16 0.9

P 2p 137.99 1.74 9.08 0.4

132.79 1.99 10.29 0.5

133.63 1.80 5.14 0.3

531.24 2.20 417.15 20.4

O 1s 528.09 1.57 46.53 2.3

534.74 1.73 9.76 0.5

481.90 1.53 2.71 0.1

Sn 3d 490.25 1.37 1.66 0.1

Li1s 54.71 2.01 569.97 27.8

52.50 0.93 37.16 1.8

Table 4CFitting results for the first charge SEI Sample 1

Region Name Position (eV)| FWHM (eV) | Area/(RSF*T*MFP  %At. Conc.

284.47 1.49 321.48 17.0

C1s 287.00 2.00 225.00 119

290.93 1.07 40.14 2.1

289.32 1.98 100.99 53

F 1s 684.89 1.60 110.04 58

686.85 1.87 151.52 8.1

136.35 1.63 22.67 1.2

. 137.19 1.92 11.33 0.6

Region 1 P2p 133.28 0.76 4.85 0.3

134.12 0.50 2.43 0.1

531.55 2.30 353.12 187

O 1s 534.07 2.14 178.71 95

526.61 2.30 20.93 11

snl 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

284.48 1.60 5416.63 17.2

C 1s 287.10 2.00 4017.47 12.8

290.73 1.35 1063.33 3.4

289.22 1.36 1088.35 35

F 1s 684.85 1.55 1660.15 5.3

686.79 1.91 2909.38 9.2

Region 2 P 2p 136.26 1.64 300.41 1.0

137.10 1.35 150.21 0.5

531.53 2.30 6070.24 19.3

O 1s 534.04 2.17 3284.20 10.4

526.36 1.50 355.72 11

483.50 1.31 98.98 0.3

Sn 3d 491.84 1.03 52.80 0.2
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Li 1s 55.07 2.10 5049.94 16.0

284.43 1.61 304.82 16.3

C1s 286.97 2.00 209.25 11.2

290.79 1.08 33.43 1.8

289.29 2.00 99.85 5.3

F1s 684.89 1.56 151.43 8.1

686.72 1.97 136.99 7.3

. 136.10 1.52 15.88 0.9

Region 3 P2p 136.94 1.24 7.94 0.4

531.40 2.28 334.86 17.9

O 1s 533.90 2.23 170.12 9.1

526.49 2.17 18.69 1.0

483.32 1.13 3.49 0.2

Sn 3d 491.71 0.96 2.14 0.1

Li 1s 54.98 2.05 381.29 20.4

Table 5CFitting results for the first charge SEI Sample 2

Region Name Position (eV)| FWHM (eV) | Area/(RSF*T*MFH %At. Conc.

284.33 151 357.84 19.3

C1s 286.65 2.00 172.35 9.3

289.04 2.00 110.24 6.0

290.81 1.21 31.14 1.7

F1s 684.80 1.55 97.53 53

686.87 1.88 197.88 10.7

136.50 1.60 26.29 1.4

. 137.34 1.76 13.14 0.7

Region 1 P2p 133.25 2.00 8.17 0.4

134.09 1.88 4.08 0.2

531.37 2.14 339.55 18.3

O 1s 533.82 2.27 140.42 7.6

526.49 2.30 21.14 1.1

483.22 1.14 3.89 0.2

Sn 3d 491.60 1.03 2.35 0.1

Li 1s 55.06 1.73 325.30 17.6

284.37 1.46 432.38 19.9

C 1s 286.57 2.00 198.11 9.1

290.16 2.00 76.24 3.5

288.56 2.00 102.94 4.7

Region 2 F1s 684.86 1.60 103.86 4.8

687.01 2.00 224.80 10.3

136.63 1.86 33.90 1.6

P2p 137.47 1.95 16.95 0.8

133.00 2.35 10.49 0.5
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133.84 173 524 02

531.41 2.10 379.88 175

01s 533.80 223 152.64 70
526.72 230 21.26 1.0

48333 1.24 441 02

Sn 3d 491.62 111 2.29 01
Li 1s 54.08 201 410.01 18.0
284.38 1.38 432.49 204

c1s 286.30 2.00 174.29 82
289.79 2.00 91.44 43

288.13 2.00 82.77 39

- e 684.89 157 118.26 56
687.07 1.90 214.29 101

136.69 167 30.92 15

. 13753 1.59 15.46 07
Region 3 P2p 133.22 247 11.08 05
134.06 272 554 03

531.46 2.09 372.01 176

01s 533.81 2.26 12653 6.0
526.74 230 20.93 1.0

483.39 131 417 02

Sn 3d 491.76 1.20 2.42 0.1
Li 1s 55.09 1.99 415.65 196
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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 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

Pyna4: N-butyl-N-methylpyrrolidinium

RSF: relative sensitivity factor

SEI: solid electrolyte interphase/interface
SEM: scanning electron microscopy

SIMS: secondary ion mass spectrometry

microbalance/electrochemical

ssNMR: solid state nuclear magnetic resonance spectroscopy

T: transmission

TEM: transmission electron microscopy
THF: tetrahydrofuran

TFSI: bis(trifluorosulfonyl)imide

TMP: trimethyl phosphite

ToF: timeef-flight

VC: vinylene carbonate

XAS: X-ray absorption spectroscopy
XPS: X-ray photoelectron spectroscopy
XRD: X-ray diffraction
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