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The current commercial lithium ion battery utilizes fihost-guesto electrodes that allow for
the intercalation of lithium between the crystal lattice of the anode and cathode materials. The
lithium ions are transported through the electrolyte medium during the charge/discharge process.
Given their success, lithium ion batteries have now penetrated the electric vehicle market and

large scale grid storage, which require batteries with much higher energy densities. To meet this
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demand, alternative anode and cathode chemistries are required. Consequently, this will put high
strain on the electrolyte which will decompose at both low and high potentials to form a

passivation layer known as the solid electrolyte interphase (SEI).

Herein, the fundamental reduction mechanism of fluoroethylene carbonate (FEC) is
investigated as an additive for conventional electrolytes to improve the SEI formation on various
silicon anodes using a series of advanced spectroscopic and microscopic techniques. For the first
time, the direct visualization of the SEI generated on the silicon nanoparticle is investigated by
scanning electron microscopy and its chemical composition by electron energy loss
spectroscopy. The SEI is further investigated on lithium metal anode. Highly concentrated bisalt
ether electrolytes form a SEI that is dominated by salt decomposition rather than solvent
decomposition, which enables high lithium metal cycling efficiencies.

At high potentials the electrolyte oxidizes on the cathode to form the cathode electrolyte
interphase (CEI). With the discovery of 5V cathode materials, a new electrolyte is required.
Therefore, sulfone based electrolytes are studied as potential high voltage electrolyte. Combined
with lithium bis(fluorosulfonyl) imide, this solvent-salt synergy addresses the traditional
performance issues that develop at the interface of high voltage cathodes.

The factors that affect the cycling performance of cathode materials for lithium ion
batteries are also seen in sodium ion batteries. Atomic layer deposition (ALD) is widely used to
improve the cycling performance, coulombic efficiency of batteries, and to maintain electrode
integrity for LIBs. Therefore, this approach is used to understand the effect of Al,O; ALD
coating on P2-Nay;3NiysMn, 30, cathodes, which lowers the cathode impedance and improves
particle morphology after cycling. Improving the electrode-electrolyte interface is critical to the

development of next generation high density energy storage systems.
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Chapter 1. Motivation and Outline
The unprecedented warming trend over the last decade due to human activities has raised

concerns, sparking a global effort to combat climate change. One way is to place stringent

emissions requirements on industries that rely heavily on the burning of fossil fuels e another is

to decrease our dependence on fossil fuels altogether; specifically, to move away from oil as our
main source of energy for transportation. Therefore, we require alternative figreeno energy that
is efficient, reliable, inexpensive, and energy dense in order to spearhead the electric vehicle
(EV) revolution and to reduce greenhouse gases that lead to global warming.

Given their vast success in the portable electronic market, lithium ion batteries are the
logical energy source to power EVs. The market for hybrid EVs has expanded in recent years,
and EVs are now mass produced by nearly every major automotive manufacturer. Though hybrid
EVs still rely on the partial use of fossil fuels, consumers have embraced the improvement over
the traditional combustion engine. Increasingly, the demand for more environmentally friendly
transportation continues to grow, prompting the desire for fully electric vehicles. The current
intercalation chemistry in commercial lithium ion batteries has enabled some automotive
companies to make fully electric vehicles commercially available. By connecting battery packs
consisting of hundreds of cells in series and in parallel, the energy can be combined to increase
the energy density, thereby further improving the driving range.* However, the driving range of
the battery pack still remains a barrier for purchase, as consumersé biggest fear is to become
stranded without power. This driving anxiety is a major driving force for researchers to develop
new high energy density batteries that, when combined in a battery pack, can increase the energy

density to 500 Wh/kg, which subsequently increases the driving range exponentially.



As researchers seek alternative high energy cathode and anode materials to improve the
overall energy density of lithium ion batteries, the electrolyte must also be considered. The
beauty of the current lithium ion battery is that the electrolyte forms a stable passivation layer
known as the solid electrolyte interphase (SEI), which is ionically conductive and electronically
insulating. This prevents the battery from undergoing self-discharge and also contributes to the
long term cycle life. Therefore, during electrochemical cycling, the electrode-electrolyte

interface is vital to the success of the next generation lithium ion batteries.

On the anode side, graphite is a ubiquitous anode found in all commercial lithium ion
batteries due to its stable SEI and structure. However, the relatively low theoretical capacity of
372 mAh/g has prompted researchers to seek anode alternatives with a significantly higher
capacity to increase the cellés energy density. Anodes such as silicon and lithium metal with a
theoretical capacity of 4200 mAh/g and 3860mAh/g, respectively, have yet to reach the
commercial market due to their inherent challenges, one of which is the SEI formation and

evolution.

A similar process occurs on the cathode. During electrochemical cycling, the electrolyte
oxidizes and forms a passivation layer known as the cathode electrolyte interphase. The
development of LiNigsMn; 504 (LNMO) spinel, LiCoPO, (LCP), and the layered Li-Ni-Mn-Co
oxides (NMC) form a new class of high voltage materials which put significant strain of the
current carbonate based electrolytes that are stable to 4.5V.> Therefore, cycling the
abovementioned cathodes to 4.7V and even 5V will continuously decompose the electrolyte,
further adding to the commercial setbacks. It is imperative to solve the high voltage electrolyte

stability and to improve the cathode-electrolyte interface.



The combination of next generation anode and cathode materials is governed by the
stability of the electrolyte and its interface. Understanding and engineering the SEI can further

increase the reliability of lithium ion batteries for portable electronics and electric vehicles.

Another way to further reduce global warming is to consider energy storage systems for
large scale power applications. The demand for lithium has brought concerns regarding its
abundance, cost, and political mining location.® Therefore, lithium ion batteries are not suitable
for grid storage applications where cost plays a major factor. Sodium, on the other hand,
overcomes all the shortcomings of lithium and has a redox potential of -2.71V which is slightly
higher than that of lithium (E%;., i = -3.04 V versus standard hydrogen electrode). Given the
similarities of sodium to lithium, similar approaches can be taken to sodium ion batteries in order
to reach the maturity of lithium ion batteries. In particular, layered transition metal oxides can be
used as cathode materials for sodium ion batteries, which also suffer from similar shortcomings
in the case of lithium ion batteries. The same characterization techniques used in lithium ion
batteries to study electrode-electrolyte interface can be applied to further design and optimize the
cathode interface to improve the cycling performance of layered oxide cathodes for sodium ion

batteries.

Although researchers have studied the electrode-electrolyte interface on anode and
cathode materials, the development of next generation chemistries warrants the formation of new
electrolytes that can improve the electrode stability. Therefore, my PhD research mainly focuses
on the investigation and development of electrode-electrolyte interface. A fundamental
understanding of the SEI can aid in improving one of the factors that contributes to the longevity

of lithium and sodium ion batteries.



My PhD thesis consists of nine chapters, including this motivation (Chapter 1). Chapter
2 provides a general introduction to all of the lithium ion battery components. It also introduces
layered transition metal oxide cathode materials for sodium ion batteries. Chapter 3 briefly
introduces advanced characterization tools that | used in my research including X-ray
photoelectron spectroscopy, time-of-flight secondary ion mass spectroscopy, and scanning
transmission electron microscopy (STEM) coupled with electron energy loss spectroscopy
(EELs). In Chapter 4, the fundamental reduction mechanism of FEC is investigated on
amorphous silicon thin films to determine how the additive improves the silicon anode
performance. Chapter 5 further investigates the effect of FEC on composite silicon anode. For
the first time, the direct visualization of the SEI on silicon nanoparticles is demonstrated by
STEM. The chemical composition is investigated to understand how binder and conductive
additive affect the SEI. Chapter 6 discusses the role of electrolyte formulations to yield high
efficient lithium plating and a SEI dominated by salt decomposition. High concentrated salt ether
electrolytes in this section have the ability to cycle cathodes to 4.4V. Chapter 7 focuses on
alternative high voltage electrolytes for lithium ion batteries. The unique properties of the
sulfone electrolyte are explained. Chapter 8 explains the improvement of the cathode electrolyte
interphase on P2-Nay3NiysMny30, via atomic layer deposition of aluminum oxide. Chapter 9

summarizes the overall work and ideas for future research.



Chapter 2. Introduction to Lithium lon Batteries
2.1. Over all Function of Lithium-ion Batteries (LIBSs)

Lithium ion batteries (LIBs) can be categorized as an electrochemical energy storage
system. Figure 2.1. shows the components and working principle of a LIB. The anode, cathode,
electrolyte, and polymer membrane separator enable the LIB to function. The basic working
principle of the commercial LIB requires the electrodes to undergo an oxidation reaction and a
reduction reaction simultaneously. During the charge process, the lithium ions embedded in the
crystal structure of the cathode are transported though the electrolyte medium, which then
permeate the inert polymer separator. The ions pass through the solid electrolyte interphase and
intercalate in between the anode (graphite) sheets. Concurrently, electrons move from the
cathode to the anode through aluminum and copper current collectors which generate an electric
current. Since the chemical potential of lithium is higher in the anode than it is in the cathode,
the electrochemical energy is stored. The reverse process occurs in the discharge state. The
stored electrochemical energy is released, producing electric energy which allows one to power
his or her portable electronics. Herein, all of the major battery components will be discussed in

more detail.
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Figure 2.1. Schematic of the working mechanism of a LIB.

2.2. Anode Materials for L1Bs

The development of the rechargeable lithium battery was hindered by the anode due to
safety concerns. To combat the inherit issues of the previous generation, Sony developed a safer
alternative by switching the anode to an insertion material, coined as fithe rocking chair
technologyo.*> This revolutionized the portable electronic industry. Since their inception,
improvement to energy density has been gradual, making it difficult to match the staggering
growth of computing technology and electric vehicles. Therefore, researchers are seeking
alternative anodes with higher theoretical capacity to increase the energy density of LIBs, as

demonstrated in Figure 2.2. Herein, anodes for LIBs will be further discussed.
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Figure 2.2. Theoretical Capacity of various anode materials for LIBs.

2.2.1. Graphite/Carbons

Graphite anode is known as the model anode because of its structural stability, high
conductivity, long cycle life, and safety. The low cost and abundant nature makes it the perfect
candidate for mass production. During the discharge process, lithium ions are intercalated

between the graphite sheets. The reversible reaction is as follows:

Ce+ Li"+e &aALiCs (1.2)
Upon lithiation, the graphitic anode has a relatively low volume change of 10%, accommodating
the Li ions with ease in its structure.® Its 2D mechanical structure allows for fast Li ion
diffusivity and mechanical strength. Intercalating lithium at a relatively low potential yields a
gravimetric capacity of 372 mAh/g and a volumetric capacity of 756 mAh/cm®. The success of
graphite anodes is also due to the formation of a stable passivation layer that only occurs with
specific electrolytes; this will be discussed later in this chapter. Without the proper protective

layer, graphite suffers from exfoliation, which occurs when the electrolyte is also intercalated
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into the structure causing significant cell failure. Yet, the current commercial LIB graphite has
overcome all the abovementioned obstacles by demonstrating a high coulombic efficiency, thus
allowing LIBs to cycle hundreds of times.

The quest to increase the theoretical capacity of graphite has prompted researchers to
seek alternative structures to the planer graphite. Carbon nanotubes (CNTSs), an allotrope of
graphite, are good candidates. Their theoretical capacity varies from 300-600 mAh/g, which is
much higher than the current commercial anode.” Their unique cylindrical tube offers high
conductivity, rigidity, and tensile strength. During the discharge state, the Li ions are intercalated
in between the nanotube channels. However, it suffers from low first cycle coulombic efficiency.
During the charge process, the cathode does not recover all of the Li ions that were inserted in
the CNTSs. Although they are not susceptible to exfoliation, more research is required to solve the
first cycle irreversibility. Hard carbons are also less prone to exfoliation because of their small
disordered orientation grains. Within the grains, there are nanovoids that reduce volume
expansion and increase gravimetric capacity. However, the exposed graphitic grains exacerbate
the decomposition of the electrolyte which causes low coulombic efficiency. The high hysteresis
and capacity fade makes hard carbon unsuitable for commercialization. If graphite works
extremely well, albeit with lower gravimetric capacity, there is no point in switching to other
problematic carbon anodes for a small gain in gravimetric capacity.

2.2.2. Silicon Alloy

Lithium has the potential to alloy with a myriad of materials®aluminum, tin,
germanium, and silicon, to name a few.® Alloys are highly sought after as next generation anode
materials because of their high gravimetric and volumetric capacities, two to ten times higher

than that of graphite. Contrary to graphite, alloys have a higher onset voltage which makes it less



susceptible for lithium plating during electrochemical cycling. The abundance of the alloy
materials make this a cost effective anode which would help the production cost. Given all of the
positives, alloy anode materials face two main challenges that hinder their commercialization: 1)
mechanical degradation; and 2) chemical degradation.

For example, silicon suffers from severe mechanical strain because during lithiation, four
Li atoms are incorporated into one silicon atom, which generates its high gravimetric capacity of
3579 mAh/g. Consequently, the material undergoes a 300% volume expansion. Upon
delithiation, the silicon anode is unable to maintain its structural integrity, causing the silicon

particles to crack (shown in Figure 2.3.).

Pristine Lithiation Many Cycles

Figure 2.3. Schematic of the mechanical strain that occurs to during the lithiation process
of silicon to form Liy5Sis.

As a result, it causes mechanical breakdown and loss of electrical contact between the silicon and
the current collector, thereby causing severe capacity loss and electrode in activity. To mitigate
the volume expansion, researchers have focused their efforts on nanostructured silicon because
there is a strong correlation between size and fracture. In-situ transmission electron microscopy
(TEM) demonstrated that silicon nanoparticles with a diameter of 150 nm or less were able to
withstand full lithiation without cracking.® Silicon nanowires with an average diameter of 85 nm
expanded vertically in the <112> direction during lithiation and maintained their structure upon

delithiation.’® One key observation is that crystalline silicon transforms to an amorphous state
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after the first cycle. TEM further illustrated that in the first lithiation process, the silicon has two
phases: the core remains crystalline while the outer edges are amorphous.** This forms a sharp
two phase bounder within the particle which adds to the mechanical strain. Therefore,
researchers have also focused on using amorphous silicon thin films and microstructures to avoid
the drastic change within the material.**"*3

To minimize the delamination of silicon after repeated cycling, polymeric coatings have
been widely used.** Self-healing polymer coatings have been proven to minimize electrode
cracking, maintain the particles intact, and increase the capacity retention of silicon anodes.*
Even after 100 cycles, the electrode has over 2000 mAh/g of capacity with a coulombic
efficiency above 99%."® Molecular layer deposition was used to coat the entire electrode and to
improve the capacity retention of silicon composite electrodes. The flexible alucone coating
improves the mechanical stability of silicon nanoparticles with 900 mAh/g capacity after 100
cycles.

Although several approaches have been made to make silicon anodes more mechanically
stable, the solutions have led to side effects. Downsizing to nanostructures increases the surface
area of the active material which subsequently increases the chemical instability with the
electrolyte. As soon as the electrolyte makes contact with silicon, it quickly begins to
decompose. This process is exacerbated throughout electrochemical cycling as shown in Figure

2.4.
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Figure 2.4. (a) FTIR of etched silicon wafer (red) compared to etched silicon wafer that
was exposed to the carbonate electrolyte (blue). (b) Schematic of the solid electrolyte
interphase growth (SEI) over prolonged cycling.

The decomposition of the electrolyte on silicon is known as the solid electrolyte
interphase (SEI). Over prolonged cycles, fresh silicon is exposed to the electrolyte causing the
SEI to continuously grow as shown in Figure 2.4b. The combination of the mechanical and
chemical instability has hindered the commercialization of a pure silicon anode. However,
combining silicon with graphite or in carbon host structures'®*® has revitalized silicon as a
potential anode. For commercial applications, silicon may be implemented to increase the energy
density of LIBs, albeit in limited percentage. The current motivation is to test silicon in full cell

applications to determine its feasibility.?’"? Major research and development is currently

ongoing to solve this issue.
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2.2.3. Lithium Metal

Lithium metal is seen as the ultimate anode for LIBs due to its extremely high theoretical
energy density (3860 mAh/g) and low negative redox potential (-3.04 V vs. standard hydrogen
electrode). Making Li metal a ubiquitous anode is the key in propelling energy storage and
conversion systems. It is one of the key components that will further the development of next-
generation high-energy batteries such as Li-S, Li-O,, and high energy density (500Wh/kg)

batteries for the automotive industry.

However, the continuous growth during electrochemical cycling, the incompatibility with
the electrolyte, and the large safety concerns have prevented its implementation. In the plating
state, lithium ions nucleate on the surface of the copper foil and then propagate. However,
inhomogeneous conduction pathways form branch-like Li morphology known as dendrites. The
dendrites continue to grow throughout electrochemical cycling, puncturing through the separator
and reaching the cathode. This ultimately leads to a short circuit which is largely due to the

electrolyte.

During electrochemical plating of Li metal, the potential is driven more negative,
reducing the electrolyte anode surface (Cu or Li metal for a symmetrical cell) to form the SELI. In
an ideal case, once the SEI forms it should not change during electrochemical cycling. However,
just as in the case of the Li-alloy anodes, the SEI on Li metal is tremendously unstable. The
parasitic SEI continues to consume the electrolyte, forming fihot spotso which are highly

conductive pathways where Li ions are more prone to plate, shown in Figure 2.5.2°
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Figure 2.5. Schematic of the various stages of dendrite growth.?

In the event of preventing Li metal dendrite formations during electrochemical cycling,
polymer electrolytes gained much attention because they act as a physical barrier between the
anode and cathode, thus avoiding the penetration of dendrites to cathode as well as transporting
Li ions during electrochemical cycling. Monroe proposed a model that takes into consideration
the modulus of the electrolyte-separator and the surface tension of lithium metal deposition
Kinetics to determine that dendrites can be prevented if the shear modulus of polymer electrolytes
are twice that of Li metal.? The self-healing electrostatic shield mechanism has demonstrated the
prevention of dendrite formation. Cesium ions coat the surface of the lithium metal, forming an
electrostatic shield that repels the incoming lithium ions and forms a uniform barrier that
prevents the branch-like morphology.?®? This research has further inspired others to develop
ways to prevent dendrite formation.?” Very recently, the Battery 500 Consortium was created by
the Department of Energy which aims to develop a 500 Wh/kg battery for the electric vehicle
market. The multidisciplinary team from academia, national labs, industry are working together

to enable the lithium metal anode to meet the energy demand.
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2.3. Transition Metal Oxide Cathode Materials for LIBs

Similar to anodes, cathodes must also possess excellent performance, a long lifespan, and
excellent structure stability to host the lithium ions during cycling. The development of higher
capacity anodes (silicon and lithium) encourages researchers to focus their efforts on new
cathode materials since cathodes only have about half of the gravimetric capacity of graphite.
Therefore, cathode materials also play a critical role in improving the energy density of LIBs.

This section focuses on the development of lithium transition metal oxide cathodes.

2.3.1. Layered Metal Oxides

Much of the success of LIBs is due to lithium cobalt oxide (LiCo0O,), a transition metal
oxide cathode, developed by Goodenoughds group in the 1980s.22% The cathode provided a
voltage of approximately 4V which was coupled with graphite and commercialized by Sony in
the 1990s. Although LiCoO, played an important role in the commercialization of LIBs, there
are several issues associated with the material. First, cobalt (Co) is toxic and expensive, which
increases the cost of the overall battery. Second, the low theoretical capacity of 120 mAh/g
inherently limits the energy density of the battery for electric vehicle applications. Third, the
structure stability is compromised if 50% of the lithium ions are removed during delithiation.

The cost was alleviated by switching Co with other inexpensive transition metals such as
nickel and magnesium. The attempt to synthesize LiNiO, proved to be challenging; as result, the
combination of Ni and Mn was developed (LiNi0_5Mno_5OZ).30 However, the Li/Ni disorder
caused severe capacity fade due to the structure instability. To stabilize the structure, Co was
reinstated to form what we now know as NMC (lithium nickel manganese cobalt oxide

(LiNixMnyCo,0,). This new class of materials has high capacity, high operating potential, and
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good rate capability.** Altering the TM ratio can further increase the gravimetric capacity and
operating voltage but leads to structure failure and electrolyte incompatibilities.**%

Lithium excess layered oxides is another cathode that has the potential to meet the high
energy demands. Its high gravimetric capacity (above 300 mAh/qg) is significantly higher than
that of the current commercial cathode LiNiggC0o15Al00502 (NCA, ~200mAh/g).** Although it
has a high capacity, the material suffers from poor first cycle coulombic efficiency, structure
reordering, and chemical instabilities with the electrolyte. The oxygen evolution that occurs in
the first cycle is irreversible and contributes to form an unstable passivation layer on the cathode
surface.®* Therefore, surface modifications have been applied to improve the stability.*”*
Oxygen activities have been proven to alter the surface and bulk properties of lithium excess
cathodes which affect the transport kinetics.***° Furthermore, this material suffers from voltage
fading, poor rate capability, and safety concerns due to the oxygen evolution. Researchers

continue to improve lithium excess cathodes with the hope of solving all the abovementioned

problems.

Similar to lithium excess materials, LiNigsMn;504 (LNMO) and LiCoPO,4 (LCP) also
have inherit challenges that need to be addressed before reaching commercialization. Both
cathodes have high operating potential close to 5V, thus putting them in a category of their own.
Long term cycling causes these materials to have capacity fade due to structure instability and
electrolyte decomposition.** The passivation layer formed on these cathodes are not stable
because the electrolytes continue to decompose at such high voltages>**; this will be discussed

further in the next section.
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2.4. Electrolytes for LIBs and The Solid Electrolyte Interphase Formation (SEI)

Electrolytes are found in all electrochemical energy storage and conversion devices. The
role of the electrolyte is to serve as a transport medium for the transfer of charges. In LIBs, the
transfer of charges is in the form of lithium ions that are transferred between the anode and the
cathode.? The electrolyte solutions consist of salts dissolved in (an) aqueous or nonaqueous
solvent(s). Electrolytes for LIBs should follow a few basic requirements: 1) wide voltage range;
2) wide temperature range; 3) high dielectric constant; 4) low viscosity; and 5) low or no

flammability. However, meeting all of these requirements proves to be a difficult task.

2.4.1. Surface film formation

During electrochemical cycling, the electrolyte reduces on the anode to form the solid
electrolyte interphase (SEI). This occurs in the initial cycle and serves as a protective layer on
the graphite anode to prevent further decomposition of the electrolyte. The ideal SEI is an ionic
conductor and an electron insulator which avoids self-discharge. It is crucial to have a stable SEI
because it is known to affect the anodes structure stability and performance, as demonstrated by
Peled.*** Otherwise, the parasitic SEI continues to consume the electrolyte, forming various
decomposition products that continue to evolve from primary to secondary, and even tertiary
reactions. Moreover, if there are contaminates in the electrolyte such as water, carbon dioxide, or
oxygen, it can cause further alteration in the SEI. The electrolyte also oxidizes on the cathode
and forms the cathode electrolyte interphase that also protects the cathode from continuous
electrolyte decomposition. Figure 2.6 shows a schematic of the relative electrode and electrolyte

electron energies in an aqueous medium, but can also be applied to other electrolytes. The
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energy separation (Eg) of the highest occupied molecular orbital (HOMO) and the lowest
occupied molecular orbital (LUMO) is deemed as the electrolyte stability window. The anode
(ua) and cathode (uc) each have a specific potential during the open circuit voltage. Once
current is applied, the potential of the anode and cathode shift beyond the HOMO and LUMO of
the electrolyte, causing it to decompose. However, this can be alleviated by finding additives

45,46

that will decompose before the solvent to form a protective layer on either the anode or the

cathode. 3?4748
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Figure 2.6. Schematic of the electrolyte voltage stability compared to the anode
and cathode potentials.*®

2.4.2. Solvents

There are several types of electrolytes available for use, each serving its purpose to fulfill

a need in high voltage and low voltage applications. Carbonate based electrolytes are widely
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used in commercial batteries and are the only solvents that have a wide enough voltage window
for high voltage applications. However, this class of solvents is problematic and forms unstable
SEI on lithium and silicon anodes during electrochemical cycling. Lithium metal interfacial
chemistry research began in the late 1970s, where the investigation of solvent chemical
decomposition products and their effects on passivation film was recognized.*® This spurred the
research interest of electrode-electrolyte interface in lithium primary and secondary batteries that
we know of today. Commonly used carbonate based electrolytes (ethylene carbonate (EC),
propylene carbonate (PC), dimethyl carbonate (DMC), diethyl carbonate (DEC), ethyl methyl
carbonate (EMC)) primarily decompose to form lithium alkyl carbonates (RCOsLi), lithium
alkoxides (RCOLi), and lithium carbonate (Li,COs).>'™ Zhaung and coworkers further
enhanced the understanding of actual chemical compounds found in the SEI after Li metal
plating, where lithium ethylene dicarbonate forms through a single electron reduction of EC to
became a primary SEI component.>® Whereas the primary decomposition products of DMC are
lithium methyl carbonate, lithium oxalate and lithium methoxide.*® The carbonate decomposition
products continue to evolve and can further react with other contaminants such as water and
carbon dioxide to alter the SEI composition, exponentially increasing its complexity.”” This
inherently leads to poor coulombic efficiency and can potentially lead to cell failure. Moreover,

their voltage window renders them unfit to cycle 5V cathodes.

2.4.3. Salts
Not only does the solvent play a critical role in the SEI formation, the lithium salts also
participatedthese could have either detrimental or positive effects on cycling efficiency.

Altering the lithium salts is seen as a direct way to optimize the electrolyte. Figure 2.7
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demonstrates the structures of the reviewed salt systems. A myriad of lithium salts have been

studied in carbonate based electrolytes, primarily by Aurbach.>®
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Figure 2.7. Commonly studied salts for lithium ion batteries and for Li metal cycling.

The next step is to uncover an electrolyte combination that has the potential to be stable at high
voltages, is less flammable, and produces little to no gas generation. Electrolyte reviews have

already demonstrated that researchers are steering in the right direction.™
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Chapter 3. Advanced Characterization Tools
3.1. X-ray Photoelectron Spectroscopy (XPS)
XPS is a surface characterization technique that yields chemical information of materials.
It has the ability to measure elemental composition, chemical states, and electronic states of each
element within the materials of interest. This is achieved by using photons of a specific energy

that excite a core level electron to the vacuum level, shown in Figure 3.1.
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Figure 3.1. (a) Energy diagram of the core level electron excitation. (b) Schematic
representation of ejected electrons to the vacuum level.
This ejected electron has a kinetic energy (K.E) that is equaled to the phonon energy minus the

binding energy (B.E) minus the work function of the instrument (eq 3.1).

K.E=hg-B.E-&, (eq. 3.1)

The surface ejected electrons are filtered using the hemispherical (electron energy) analyzer
which disperses the emitted electrons depending on their kinetic energy. The intensity for related

energy is recorded by the detector (Figure 3.2) and is presented in an energy spectrum of the
20



intensity versus binding energy. All of these steps must be completed in an ultra-high vacuum to

avoid gas phase collisions and contamination of the analyzed surface.

Hemispherical Analyzer

Figure 3.2. Schematic of the internal function of the XPS.

Here, binding energy of the excited electron is unique and dependent upon the bonding

environment, giving each element its own fingerprint region.

This technique is extremely surface sensitive because it uses low energy x-ray sources
(Mg K:1253.6 eV, Al Ky: 1486.6 eV) that can excite the core level electrons. The core level
electrons must travel an average distance without losing energy; this is known as the inelastic
mean free path (a). The intensity of the emitted electrons decay as a function of distance as

demonstrated by the Beer Lambert Law (eq 3.2):
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U FoR

™ U (eq 3.2)

When the takeoff angle is 90A (Figure 3.3) and the distance traveled is equal to 32, 95% of the
signal intensity comes from depths between 0 and 3a. Therefore, with electron energies of 50-
2500 eV, the inelastic mean free path is 5 nm, making XPS a reliable surface characterization

technique.

Figure 3.3. Schematic representation of the inelastic mean free path for emitted electrons.

The chemical shifts of core levels are due to the change in the local binding environment.
The directions of the shifts are dependent on the potential of the nucleus and repelling
interactions of the surrounding electrons. Therefore, a higher energy shift can be due to a change

in oxidation state or electronegativity.

The surface sensitivity and penetration depth make XPS a suitable technique to study the
SEI of battery electrodes. However, it is critical that one uses anoxic and anhydrous methods to
transfer battery electrodes as the SEI is extremely sensitive to water and air. In my PhD work, all
of the samples were transferred at ultra-high vacuum to avoid any contamination and to properly

characterize the SEI.
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3.2. Time-of-Flight Secondary lon Mass Spectroscopy (TOF-SIMS)

TOF-SIMS is an extremely surface sensitive characterization technique that is widely
used in a myriad of research fields (biology, chemistry, physics, materials science). Time of
flight is a key component because ion fragments with similar energies but different masses travel
at different speeds, which allows isotopes to be properly identified. A yield of secondary ions
from the sample surface is bombarded with a low current pulsed beam. The electrostatic field
accelerates the excited secondary ions to the flight detector (1.5 mm away from surface). As
expected, the ions with less weight travel significantly faster than do the heavy ions, which
allows for even light elements to be detected (H, He, Li). The flight technique can separate
species with similar mass fragments as close as 0.001 a.m.u. Secondary ion spectroscopy is an
analytical technique that measures the mass of the ejected secondary ions from the sample
surface. Combined, this technique can detect both surface and bulk chemical composition with
ultra-high sensitivity in the parts-per-billion (concentration) for elemental detection and for a few
atomic layers for surface films. The ionized functionalities can be analyzed by molecular

surveys, elemental maps, surface imaging, and sputter depth profile.
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Figure 3.4. Schematic representation of TOF-SIMS.

For my research, | used a dual primary ion beam to analyze the solid electrolyte
interphase of amorphous silicon, shown in Figure 3.4. First, the surface is bombarded with Cs*
via a pulsed ion beam to remove molecules from the very outermost surface of the sample. Then,
Bis>* cluster is used to accelerate fragmented species into the flight tube to determine the mass by
measuring the exact time at which the fragments reach the detector. Previously, Ar* primary ions
were used as an excitation source, but when energy potential is in the range of keV, it can cause
detrimental effects to the sample.®® The surface of the sample can exhibit nonelastic processes,
Coupling a low energy sputter source such as Cs* with the polyatomic Bis®* cluster as the
analysis source, we are able to maximize the yield and minimize sample damage.®* More
importantly, the samples are transferred from the XPS in ultra-high vacuum to the TOF-SIMS

instrument to avoid contamination from the ambient environment.
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3.4. Scanning Transmission Electron Microscopy (STEM)-Electron Energy Loss
Spectroscopy (EELS)

Figure 3.5 shows a schematic of the STEM configuration. The electron beam with an
energy of 100 keV is focused through a series of condenser lenses (shown in green) to form a
small atomic scale probe that passes through the objective lens.®? The objective lens provides the
final demagnification step, where aberrations dominate to restrict the aperture size and to not
blur the probe. The beam current used during analysis is governed by the objective aperture.
Unlike TEM, STEM utilizes scan coils that raster the focused electron beam into a narrow spot
probe over the sample. The angular dark field detector configuration optimizes the electron
detection. The transmitted electrons that leave the sample at high angles with respect to the optic
axis are referred to angular dark field mode. Conversely, electrons that leave at high angles are
referred to bright field mode. The electrons pass through the electron spectrometer to generate a

magnified image.
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Figure 3.5. Schematic representation of the working mechanism of STEM-EELS.
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While focusing the beam in STEM, the electrons could be elastically scattered when it comes
into contact with the sample. Here, the electron beam loses energy and is bent in the electron
spectrometer through a small angle.®® This energy distribution provides substantial information
pertaining to chemical bonding, charge transfer, and valence states which is the principle of

EELS.

This powerful technique has been recently introduced to study cathode materials for
lithium-ion batteries.” ** However, this technique poses challenges when characterizing beam
sensitive materials; in particular, for lithium-silicate alloys and the SEI. The electron dose causes
beam damage when the SEI and lithium-silicate alloys material are exposed for long periods of
time at high energy, as demonstrated in Figure 3.6. However, beam damage can be prevented by
spreading out the electron dose in a large area as to not affect the sample. The total electron dose
used in our EELS spectrum experiments is 620 e/A? and the critical electron dose to study the

SEI composition is 800 e/A?, which is highlighted in Chapter 5.

Figure 3.6. ADF-STEM image of the delithiated Si after long exposure time with a high energy
beam.
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Chapter 4. The Effect of Fluoroethylene Carbonate as an Additive on the Solid Electrolyte
Interphase on Silicon Lithium-ion Electrodes

4.1. Introduction

Silicon-lithium alloys have been the subject of intense research as a negative electrode
active material in lithium-ion batteries (LIBs). The high theoretical gravimetric capacity of
lithiated silicon has motivated this research; however, major challenges remain for the
implementation of silicon in commercial devices. Upon lithiation, silicon undergoes a volume
expansion of about 300%. This causes mechanical breakdown and loss of electrical connection
between the active material and the current collector, in turn causing lost capacity and electrode
inactivity.**® Using nanostructured electrodes, the mechanical pulverization of the Si active
material has largely been mitigated.**!81%%67 For example, Si nanoparticles with a diameter less
than ~150 nm can accommodate the strain of full lithiation without fracturing.®®*'"°
Additionally, a wide range of electronically conductive binders and electrode coatings have been
developed to address the pulverization of the overall composite electrode structure.”*"
Unfortunately, nano-structures and complicated architectures generally lead to low tap
(volumetric) density electrodes with extremely high surface areas. Such high surface area
electrodes exacerbate capacity losses (and diminish electrode cycle life) through parasitic surface

reactions.”

Moreover, in a composite electrode, the conductive additive and binder also
participate in surface reactions, making it difficult to isolate the effects of each electrode

component on particular surface chemistries.”

Because interfacial chemistry on next generation negative electrode materials like silicon
is not well understood, rational design and control of new battery architectures is not
possible.”>™ The traditional electrolyte, LiPFs salt in diethyl carbonate (DEC) and ethylene

carbonate (EC), 1:1 by % wt., is unstable at normal battery cycling potentials (lithiation and
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delithiation below 1.0 V vs. Li/Li*). During the lithiation process, a portion of the Li ions is
consumed, as the electrolyte is reduced to inactive side products in parasitic reactions. Some of
these parasitic reactions form insoluble products that result in a solid electrolyte interphase (SEI)
which coats the negative electrodeds surface.”*>*® The SEI components are generally
electronically insulating in nature and passivate (to some degree) the active materialés surface
from further solvent reduction. As a result, the SEI hinders further progression of the parasitic
reactions to minimize the capacity loss due to irreversible sequestration of lithium-ions.
Therefore, SEI stability directly relates to the loss of capacity in LIBs. Incomplete passivation of
the electrode surface truncates the battery cycle life because of the continued consumption of

lithium throughout electrochemical cycling.””""

For silicon, one of the more successful strategies for dealing with the capacity loss
associated with electrochemical cycling and continuous electrolyte decomposition has been the
use of battery electrolyte additives such as co-solvents and co-salts. Of these, fluoroethylene
carbonate (FEC) has been very successful at extending battery cycle life. Its unique performance
has made it a standard additive in the literature for almost all silicon electrodes.”®"® As
discussed above, cycle life is linked to SEI stability; however, the connection between SEI
stability and FEC is still not well understood. Calculations by Balbuena and co-workers have
suggested that the kinetically fast reduction of FEC to neutral radical carbonate and fluoride
anion leads to rapid formation of LiF in the SE1.%¥"® On the other hand, previous work has
proposed that polycarbonates such as polymeric fluorocarbonate and polymeric vinylene
carbonate are formed during the reduction of FEC, and play a role in stabilizing the SEI or

promoting Li-ion transport during electrochemical cycling.*>8%8687
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To understand how the inclusion of FEC in the electrolyte affects SEI structure and its
evolution, we attempt to reconcile the differing accounts by: (1) using mechanically stable
amorphous Si (a-Si) thin film electrodes as a model system and (2) extending previously

developed anoxic and anhydrous analytical characterization techniques of silicon electrodes.

As shown by Lucht, Abraham and co-workers, model systems free of binder and
conductive additives are important for understanding the chemical composition of the SEI.%™!
Li and coworkers have shown that direct current (DC)-sputtered a-Si thin film electrodes with a
film thickness below the critical dimension of 150 nm or less are mechanically stable during
their formative cycles.*? To limit the irreversibility due to mechanical pulverization, we use a
model system of binder-free and conductive additive-free 50 nm thick DC-sputtered a-Si thin
films on copper foil. Unlike crystalline silicon, a-Si experiences much less strain and
mechanical deterioration with cycling because of reduced lattice mismatch associated with the
sharp two-phase silicon lithiation mechanism.**% By using a stable model system, we can better

relate the addition of FEC co-solvent directly with the electrochemical results and surface

properties such as SEI stability, structure, and chemical makeup.

To accurately characterize and understand how the inclusion of FEC in the electrolyte
affects SEI structure and evolution, we extend previously developed anoxic and anhydrous
XPS®99 and TOF-SIMS®*® measurement techniques to our model system. In much of the

C’45,80,86,91 there was no

previous experimental work on SEI formed from electrolytes with FE
discussion of the known effects of exposing SEI to ambient conditions.”®*** However, Xu, et al.*
has used a special-built airtight transfer system to avoid air exposure during sample analysis.

Although similar sample preparation precautions were taken in our study, Xu, et al. used

nanoparticle composite electrodes. As previously mentioned, it is widely accepted that both
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conductive additive and binder contribute to the SEI formation, therefore, it is difficult to solely
isolate the decomposition products formed from the electrolyte. Ultimately, their findings
suggest that FEC containing electrolyte preserves electrode integrity by preventing particle
agglomeration, cracking, and influence the salt dissolution reaction. Building on this work and
others, we discuss the differences between the electrode cycled in EC/ DEC versus
EC/DEC/FEC using a model system. Characterization by XPS and TOF-SIMS depth profiling
elucidates the reaction pathways that lead to thicker SEI, increased LiF formation, Li,O

formation, and increased silicon surface reactivity.

4.2. Experimental

50 nm a-Si thin film substrates were fabricated by direct current (DC) sputtering. Thin
films sputtered onto rough copper foil were repeatedly lithiated and delithiated (cycled) to
understand the structure of the SEI resulting from electrolyte containing FEC. The electrodes
where then analyzed by TOF-SIMS and XPS, closely following methods described previously

for anoxic and anhydrous characterization with minimal exposure to oxygen and water.®*%

4.2.1. Silicon Materials

Amorphous silicon thin films (50 nm) were fabricated by DC sputtering from an un-
doped Si target (99.999%) and deposited on battery grade copper foil. In order to calibrate the
TOF-SIMS depth profiling experiments, a-Si 50 nm films were sputtered on Si wafers. For these
samples, a metallic layer of 200 nm Cu (99.999%) and 200 nm Ti (99.995%) was deposited on Si
wafer as the current collector followed by 50 nm a-Si film. All sputtering was carried out under
pure argon atmosphere (99.9995%). A quartz crystal microbalance was used to monitor the film

thickness. The films were exposed to air prior to battery assembly.
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4.2.2. Electrochemistry

The a-Si thin films were assembled into 2032 coin cells, using a Celgard (C480)
polyprolylene separator (Celgard Inc., USA), 1 M LiPFg electrolyte solutions (battery grade,
BASF) including traditional 1:1 (wt%) EC:DEC, (hereafter AEC/DECO0) and a blend of 45:45:10
(wt%) EC:DEC:FEC, (hereafter REC/DEC/FEC0), with lithium metal as the counter electrode.
The electrochemical cells were assembled in a glove box purged with high purity argon
(99.9995%) and maintained with oxygen and water vapor levels at or less than 5 ppm. After
assembly, the electrochemical properties of the two-electrode cells were measured on an Arbin
battery cycler in galvanostatic mode. The open circuit voltage of the coin cells was monitored
for 1.5 hours then the cells were charged and discharged between 2.0 to 0.05 V, with a current
density of 21 OA/cm?, which is approximately C/2 rate at room temperature. Additionally,
electrochemical impedance spectroscopy (EIS) measurements were carried out with AC
frequencies from 0.01 to1x10° Hz on galvanostatic cycled a-Si electrodes in lithiated and
delithiated states, as described above. In a classical three-electrode cell, the voltage can be
applied and measured between the working and reference electrode, and current is collected on
the counter electrode. However, in this study, the impendence was collected in a half cell (pseudo
three-electrode cell) using a Solatron 1287 Potentiostat after first lithiation, first delithiation, and
100 cycles delithiation. After the EIS measurements were taken, an equivalent circuit model was
fit to the data to analyze the reactions that took place using Z view software (v. 3.4a, Scribner

Associates, Inc.).

4.2.3. Surface Analysis

After electrochemical cycling, the cells were disassembled in the glove box, then

transferred to the ultra-high-vacuum environment using a reduced oxidation (ROXx) interface
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designed for transferring air-sensitive samples. The ROx has methods and figures of merit to
determine if the samples are ever exposed to additional traces of oxygen and water greater than
those experienced in the glove box environment, even during pump-down. The methods and
components of the ROx are described in further detail in the Supporting Information and

elsewhere.®193%

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Ultra DLD XPS.
Analysis of the spectra closely followed previous work, with fitting performed by CasaXPS
.61,93

software (version 2.3.15, Casa Software Ltd.); an example fit is given in the Supporting

Information.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) data were collected using
an ION-TOF GmbH TOF.SIMS 5, again closely following previous work.®* TOF-SIMS depth
profiling experiments were performed by a dual ion beam interrogation of the surface, alternating
between an analysis beam (primary) (Bis** ions) and sputtering beam (secondary) (Cs* ions).
Full spectra from 1 to 1000 amu were acquired in negative ion mode at pressures between 5 x 10°

8 and 9 x 10 mbar, with mass resolution was better than 8000 (m/gpm).

TOF-SIMS spectra were analyzed with the ION-TOF software package (version 6.3).
Mass calibration used a set of only inorganic peaks.”® After depth profiling, samples were
removed from the TOF-SIMS and sputtering craters where analyzed by optical profilometry
(Veeco, NT9100 Optical Profiler). Additional samples for calibration were fabricated by DC
sputtering a-Si thin films on metalized silicon wafer (discussed in more detail in the Supporting
Information). Sputtering times and crater depths were used to determine sputtering rates for both
the SEI layer and the wafer by a linear fit of the sputtering depth versus sputtering time data. The

resulting sputtering rates were used to transform sputtering time into depth using a simple two-
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layer sputtering model.®*'% A homemade script executed in the iPython nootbook interpreter
environment using the numpy, scipy, and pandas libraries, organized and transformed the data

h.*""% The Si" mass fragment signal was used to define the

from the time domain to dept
relative contributions of each sputtering rate in the transition between the SEI and the silicon
active material. The outer surface of the silicon active material was defined to be where Si°

intensity was halfway between its maximum and minimum signal values.

4.3. Results and Discussion

4.3.1. Galvanostatic Cycling of a-Si Thin Film Electrodes

In order to understand the effects of FEC, SEI formed from the EC/DEC and
EC/DEC/FEC electrolyte systems were compared. To form the SEI, thin film electrodes
underwent controlled lithiation (discharge) and delithation (charge) by constant applied current
while measuring the voltage, as described above. Figure 4.1 shows representative
charge/discharge curves for three particular cycles taken from electrodes that were cycled 100
times. The applied current drove lithium-silicon alloy formation as well as decomposition of the
electrolyte via parasitic reactions T some of which resulted in the formation of the SEI. It is
common practice to plot the charge applied to the system in terms of the mass of active material
(ficapacity0), where one can observe how much of the active material is used during
electrochemical cycling. However it is important to note that some charge is consumed during
the formation of the parasitic side reactions, which should not be interpreted as used active

material.
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Figure 4.1. Voltage profiles of half cells taken during the (a) first cycle; (b) tenth cycle;
(c) one hundredth cycle. Cells were cycled with EC/DEC (solid red line) and
EC/DEC/FEC (dashed navy line) electrolytes.

34



In addition to using the integrated current applied during cycling to determine capacity,
the mass loading of silicon deposited on the copper foil was also used. Using the mass loading
per half-inch electrode (11.65 Og cm™), the capacity for the lithiated thin film cycled with the
EC/DEC was calculated to be 4446.2 mAh/g and the electrode cycled with EC/DEC/FEC

electrolyte was calculated to be 4525.84 mAh/g.

The voltage profiles include two curves, the left-most solid and dashed curves indicate
the lithiation of the material and the right-most indicate the delithation of the material. Regions
in the voltage profiles where capacity changed more rapidly than the voltage were defined as
voltage plateaus. These plateaus are also observed as peaks shown in differential capacity plots,
also known as dQdV™* plots or pseudo-cyclic voltammograms, shown in the Figure 4.2. In the
first lithiation (Figure 4.1a), plots resulting from both electrodes have a small plateau at 0.42 V
vs. Li/Li*. This plateau diminishes to the point of being unobservable by the tenth cycle (Figure
4.1b). Based on the potential at which this reaction takes place and previous work, we attribute

this behavior to the reduction/lithiation of native oxide layer on the electrodes. "%
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hundredth cycle. Cells were cycled in EC/DEC (solid red line) and EC/DEC/FEC.
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Lithiation and delithation reactions that took place during the first cycle for both
electrodes (Figure 4.1a) are shown in the plateaus at 0.262 V and 0.076 V during reduction and at
0.285 V and 0.488 V during oxidation. There is a slight decrease in the potential of the first
lithiation reaction between the first and hundredth cycle (Figure 4.1c) for both electrodes cycled
in both electrolytes. However, the shift to less positive potential for lithiation and more positive
potential for delithation is greater for the electrode cycled in EC/DEC, indicating an increase in
over-potential with continued cycling. We attribute this behavior to increased resistance to ionic
transport in the SEI, for reasons discussed in more detail below. Conversely, the lithiation
plateaus hardly shift between the tenth and hundredth cycle for the electrode cycled in

EC/DEC/FEC.

More qualitatively, the plateaus for the electrode cycled in EC/DEC (solid red line)
deform from Figure 1la to 1c. The profile changes to poorly defined potentials at 100 cycles in
Figure 1c. The electrode cycled in EC/DEC/FEC (dashed navy line) displayed similar behavior
in the first cycle (Figure 4.1a) and hardly any change is observed between the tenth and
hundredth cycle (Figures 4.1b and c). This indicates that the free energy required to lithiate is
more poorly defined after 100 cycles for the electrode cycled in EC/DEC relative to the electrode
cycled in EC/DEC/FEC. This could be due to the transport properties of each respective SEI, or
a degradation in the active material caused by repeated cycling (i.e., no clear phase equilibrium

between lithiated and delithiated silicon).

Figure 4.3 shows the evolution of the specific capacity and Columbic efficiency for
electrodes cycled in each electrolyte system described above. As previously mentioned, by
noting the x-axis value obtained at the end of each half cycle, an empirical estimate of the

storage capacity of the a-Si thin film electrodes can be found. This capacity is shown for each
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half cycle in Figure 2a. The ratio of the two capacity values is the Coulombic efficiency (CE), a

measure of the irreversibility of the reactions that participate in each cycle, shown in Figure 2b.

In Figure 4.3a, we note that the electrode cycled with EC/DEC exhibited higher capacity
up to the 37" cycle, compared to the electrode cycled in EC/DEC/FEC. However, with the
exception of the first cycle, the electrode cycled with EC/DEC/FEC had superior capacity
retention and CE (Figure 4.3b) compared to the electrode cycled with EC/DEC. The electrode
cycled in EC/DEC continued to lose capacity in each cycle until 100 cycles were reached, while
the electrode in EC/DEC/FEC maintained its capacity for the first 40 cycles, and then decreased

gradually thereafter.
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Figure 4.3. (a) Specific capacity versus cycle at ~C/2 rate and (b) Coulombic efficiency as a

function of cycle for a-Si thin film electrodes galvanostatically charged and discharges in
EC/DEC (red circles), and EC/DEC/FEC (navy squares).

The electrodes were not pre-cycled in anyway; therefore, the information from the first
cycle reports on the formation of the SEI in both of the electrolytes used. After the first
delithiation, the electrode cycled in EC/DEC had a capacity of 3867.3 mAh/g, while the
electrode cycled in EC/DEC/FEC had a capacity of 3665.21 mAh/g. Upon delithiation neither
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electrode returned to 0.0 capacity (Figure 1a) at the nominal open circuit voltage of 2.0 V. This
was due to electrons measured during reduction and lithiation that were not recovered upon
oxidation and delithiation. As a result, in the first cycle the electrode cycled in EC/DEC had a CE

of 86.95% and the electrode cycled in EC/DEC/FEC had a CE of 80.96% (Figure 4.3b).

After the tenth lithiation (Figures 4.1b and 24.3a), despite having a lower initial
theoretical capacity, the electrode cycled with EC/DEC showed higher capacity (3858.5 mAh/g)
compared to the electrode cycled in EC/DEC/FEC (3597.2 mAh/g). However, even though the
capacity of the electrode cycled in EC/DEC was higher, its CE was lower compared to the

electrode cycled in EC/DEC/FEC (Figure 4.3b).

By the one-hundredth cycle (Figure 4.1c), the electrode cycled in EC/DEC/FEC
maintained a capacity above 3000 mAh/g while the electrode cycled in EC/DEC suffered from
severe capacity fade (down to 1252 mAh/g). The relative performance of the two electrolytes is
in good agreement with the previous results shown in the literature, where the addition of FEC to

the electrolyte improves capacity retention and CE over prolonged cycles.*>#01829

We attribute the observed difference in loss of capacity between the electrodes to surface
processes and not mechanical degradation. We can deduce that changes in capacity are due to
surface properties because of the mechanical stability of both thin-film electrodes, which do not
show delamination or mechanical failure (see Figure 4.4). As a result, discrepancies in the
amount of CE decrease experienced by the electrodes must come from: (1) continued
progression of electrochemical parasitic reactions and incomplete surface passivation of the a-Si
electrodes by the SEI, and/or (2) lithium retained in the active material, e.g., as a reduced silicon-

lithium oxide (LiXSiOy),1°5"'109
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Figure 4.4. SEM images of electrodes after 100 cycles in (a) EC/DEC (b) EC/DEC/FEC,
and (c) cross-section image of EC/DEC electrode. All electrodes demonstrate high
mechanical integrality without substrate liftoff.

Before we look at the electrochemical evidence for differences in the SEI formation and
stability in the electrode/electrolyte systems, we will consider what is already known about
EC/DEC/FEC blends in comparison to EC/DEC. Previous work suggested that the chemical
composition and evolution of the SEI is controlled by the reaction kinetics of: (1) the initial
reactants, such as the electrolyte and additives, and (2) the initial, insoluble, parasitic reaction
products.”*"*M11 According to Balbuena and coworkers, density functional theory (DFT)
calculations predict that FEC selectively decomposes over DEC and EC by a comparatively high
rate. The reduction mechanism follows a one electron lithium-assisted reduction of the
fluoromethyl group to fluoride and neutral radical carbonate to form LiF as a main reduction
product.®"® Scheme 4.1 shows reactions that produce LiF and either ethylene and carbonate as
products (Reaction 4.1) or alternately alkoxy products (Reaction 4.2). Nie, Abramham, Lucht et
al. have also established the prominence of LiF in SEI derived from FEC reduction compared to

other carbonate solvents.®*
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Scheme 4.1. Reaction 4.1; Electro-reduction of fluoroethylene carbonate to form lithium
fluoride, lithium carbonate and ethylene and Reaction 4.2; Electro-reduction of fluoroethylene
carbonate to form lithium fluoride, methylenedioxyl ion (or alternately carbon dioxide) and
lithium ethoxide.

In the first cycle we observe that EC/DEC/FEC has worse CE than EC/DEC (Figure 3Db).
If more charge and lithium are consumed in the first cycle when the electrode is cycled in
EC/DEC/FEC versus an electrode cycled in EC/DEC, then this suggests that the reduction rate is
greater for FEC than EC.% Therefore, the addition of FEC to the electrolyte generates a large
amount of LiF in the first cycle. This further suggests that the reduction reactions of all
carbonates below 1.0 V Li/Li" are in a kinetically limited regime where the rate-limiting step
involves the carbonate species reduction and not charge transfer to the solvent. Because we are

comparing surfaces of similar area while maintaining mechanical stability, we are able to detect

this shift in the SEI formation reactions, which was not observed in previous work.

The direct electrochemistry observations in the first cycle also support the idea that the
difference in CE between the two electrolyte systems is due to SEI formation in the first cycle.
We observed a larger increase in ficapacity0 above ~0.5 V vs. Li/Li" in the electrode cycled in
EC/DEC/FEC during the first cycle (Figure 4.1a, dashed navy line). Since there is no

electrochemical processes related to the lithiation of the electrode at these potentials, the
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electrode cycled in EC/DEC/FEC must have consumed more charge during the formation of the

SEI prior to the actual lithiation of the electrode.

These results are in contrast to previous literature, where it has been shown that adding
FEC to a carbonate based electrolyte improves the initial CE. This result has been observed even
on conductive additive and binder free electrodes such as a-Si thin films, nanowires, and
nanoparticles.*>®8"% Nakai et al. and Nie et al. both observed roughly equal CE between
electrodes cycled in EC/DEC/FEC and EC/DEC electrolytes. However, Nakai et al. used
relatively thick, ~2 em a-Si thin film electrodes. The use of such thick electrodes makes it
difficult to attribute the difference in CE to surface reactions and not other factors related to
mechanical stability.*? It is also difficult to compare electrodes made with nano-structured active
material because of the inhomogeneity in surface area of each electrode when made on a
laboratory scale. Here, the small change in porosity and particle packing can have a large effect
on the SEI and lithiation rate of the active material.”® In the present work, we use thin films
grown during the same deposition event, in order to obtain a relatively controlled surface area

and morphology from electrode to electrode.

Because the electrode cycled in EC/DEC/FEC shows better CE after the first cycle, we propose
that the SEI formed during electrochemical cycling is better at passivating the surface from
further reactions. To better understand the mechanisms of SEI formation and how the SEI from
the two electrolytes differs, we turn to surface analytical techniques.

4.3.2. Surface Analysis by XPS and TOF-SIMS Depth Profiling

The complex and coupled nature of the parasitic surface reactions makes it difficult to
directly observe their products and reduction mechanisms. Here the structure and chemistry of

the SEI is determined by surface analysis via XPS and TOF-SIMS (Figures 4.5 and 4.6) post hoc
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and ex-situ, avoiding environmental contamination by water vapor or oxygen, which can be
detrimental to the SEI. By studying the SEI composition on a model system, we gain insights
into the reduction mechanism of EC/DEC/FEC from its SEI structure via both XPS and TOF-

SIMS depth profiling.

DC sputtered a-Si electrodes with SEI formed in both electrolytes underwent the
following galvanostatic experiments: (1) a single lithiation event, (2) one complete lithiation and
delithiation cycle, and (3) one hundred cycles. Each electrode surface was characterized first by
XPS analysis, then by dual-beam TOF-SIMS depth profiling.

The XPS assignments (Figure 4.5) follow a careful self-consistent fitting model and are
similar to previously reported results for SEI formed on other silicon model systems.®>*® The
identified chemistries included organics such as aliphatic carbon (iC sp®0), alkoxy groups (ethers
and alkoxides labeled iRCO0), carboxyl groups (carboxylates, esters) and/or oxalates (all labeled
AROCOO0), and carbonic esters and/or ionic carbonate salts (IRCO30). Inorganic functionalities
include lithium fluoride (fiLiF0), and fluoro- and phosphoro- oxides (fiPxOyF;0). Lithium signal
that could not be attributed to lithium fluoride is labeled fiLi-X,0 which may include alkyl
lithium, inorganic lithium oxide, and lithium phosphoro-oxy-fluoride compounds. Additionally,
lithium included in the Li-X functionalities, as well as oxygen attributed to PxO,F, may in fact be
part of lithium-silicon oxide (Li,SiOy) following the work of Philippe et al., Martin et al., and
Radvanyi and co-workers.*®"% A small, yet detectable amount of lithium oxide (fLiO,0) was
observed in one experiment and will be discussed in more detail below. It can be difficult to

distinguish between hydroxide, peroxide, and oxide compounds by XPS; therefore, the LiOy

assignment includes all of these functionalities.
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It should be noted that due to the mean-free path of the photo-excited electrons, the
compositions measured by XPS are only representative of the outer-most ~10 nm film thickness

of the SEI.

TOF-SIMS assignments (Figure 4.6) follow the work by Schroder et al.”*

and only
represent a small subset of marker species used to identify the layered structure of the SEI.
Determining the complete chemistry of the SEI from secondary mass fragments in an
inhomogeneous, poorly controlled, mixed inorganic/organic interface is outside the scope of this
work.®2%*12 |n lieu of comparing different functionalities directly (e.g., relative concentrations
of organic and inorganic species), the depth profiles consist of the signals of particular secondary
ion mass fragments normalized to each fragmentés maximum measured intensity. Identifying the
maximum intensity allows us to discuss the structure of the SEI in terms of intermixing strata
and micro-phases consistent with the kinetic stability theory of the SEI summarized by Peled and
Golodnitsky.** Accordingly, we use the C,H™ mass fragment as a marker for organic species (with
H™ shown to provide context for the fragmentation of these species). The PO™ and LiF, are
markers for the inorganic compounds such as PxO,F, and LiF species. LiO" is also present and

we have attributed its source to a mixture of LiOy species as well as Li,SiOy formed during

reduction of the native oxide present on the electrodes.

All mass fragments are plotted as a function of depth, with 50% of the maximum (steady
state) Si fragment signal taken as the surface of the electrode. It should also be noted that the
depth profiles are plotted on their own differing x-axis to highlight each ionés changing signal
with depth. Additionally, when discussing the ion signals it is important to remember that the
overlapping intensities are the result of multiple factors, including knock-in, recoil, and

interfacial roughness effects.®
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Figure 4.5. Relative composition of the 10 nm outer SEI after: first lithiation (a and b);
first delithiation (c and d); and 100 cycles in the delithiated state (e and f). The layer
resulted from and was in fluid communication with EC/DEC (a, ¢, and e) and
EC/DEC/FEC (b, d, and f).
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Figure 4.6. TOF-SIMS depth profiles of SEI resulting from both EC/DEC (left column)
and EC/DEC/FEC (right column) electrolytes that have undergone (a) and (b)
galvanostatic lithiation; (c) and (d) one full cycle of galvanostatic lithiation and
delithation; and (e) and (f) 100 galvanostatic cycles. It should be noted that each
subfigure is plotted on its own x-axis; the thickness of each SEI varies significantly as it
evolves and each is on their own scale to better see the changes in the secondary ionso
normalized signal. Negative depths are above the surface of the a-Si electrode, and
positive depths go below the surface.

Comparing the lithiated electrodes (Figures 4.5a, 4.5b, 4.6a, and 4.6b), we observe
changes in the chemical composition and stratification consistent with the calculations done by

Balbuena and co-workers. First, from the XPS, the SEI resulting from the EC/DEC/FEC
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electrolyte had increased concentration of inorganic species (Figure 4.5b), specifically LiF
(Reactions 1 and 2). Although not shown in Figure 3b, the SEI formed from EC/DEC/FEC after
initial lithiation was the only sample we observed with appreciable LiOy species (0.01 percent of
the atoms probed). Of the organic species present from the reduction of EC/DEC/FEC
electrolyte, there was less aliphatic carbon, as well as more alkoxy and carboxyl compounds
compared to the EC/DEC electrolyte SEI. This is consistent with what would be expected from
Reaction 2 if the computationally predicted FEC reduction preferentially occurred over the EC
reduction. Additionally, recent work by Martinez de la Hoz, et al.,"** has suggested that salt
decomposition products such as the P,OyF; species, LiF and LiOx all result from multiple step
reduction reactions. Significant among these findings is that phosphorus species form very stable
oxide and P-Si species on the surface of the active material. In addition to PO™ ion having a high
TOF-SIMS cross-section, the detection of these species close to the surface in the delithiated

electrodes (Fig. 4c-f) is in line with these predictions.

With regards to the structure of the SEI, TOF-SIMS depth profiles (Figures 4.6a and
4.6b) show that after the initial lithiation, EC/DEC/FEC produced a thicker SEI (35.1 nm),
compared to the SEI formed in EC/DEC (23.1 nm). Additionally, EC/DEC/FEC produced a
thicker stratum of LiF. In these electrodes, taking the stratum of SEI containing LiF to be where
LiF," signal was greater than 50% of its maximum intensity, this layer was ~4 nm in the SEI
derived from EC/DEC (Figure 4.6a) versus ~7 nm (Figure 4.6b) from EC/DEC/FEC. The SEI
structure was substantially similar in terms of the ordering of each marker speciesé maximum
intensity for both electrolytes. Both SEI had overlapping inorganic (PO’, LiF,) and organic
(C,H") mass fragment signals far from the electrodes surface (50% of maximum of the Si") with

lithium oxide/hydroxide and LixSiOy close to the to the electrodeso surfaces.
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The SEI that resulted from both EC/DEC and EC/DEC/FEC evolved significantly during
delithiation. XPS showed that more inorganic species and more LiF specifically, remained after
delithation for the EC/DEC/FEC SEI (Figure 4.5¢ and 4.5d). This suggests that the reactions in
EC/DEC/FEC that formed the SEI during lithiation were more inorganic, irreversible, and stable.
From the TOF-SIMS depth profiles (Figures 4.6¢ and 4.6d), we observe that the SEI resulting
from both electrolyte systems were of similar thicknesses: 6.6 nm for EC/DEC and 6.1 nm for
EC/DEC/FEC. This information, combined with the known higher concentration of LiF in the
outer ~10 nm of the SEI further suggests that there is a more dense layer of LiF formed on the

surface of the electrode cycled in EC/DEC/FEC.

There are, however, two structural differences: (1) SEI formed from EC/DEC had a
thicker organic stratum on top of the inorganic species compared to the SEI formed from
EC/DEC/FEC; and (2) there is a thicker stratum of LiO" species in the depth profile of the
electrode cycled in EC/DEC than the electrode cycled in EC/DEC/FEC. To explain (2), we
examine Figures 4c and 4d, where LiO™ fragments primarily result from LixSiOy species, as LiOy

species may be oxidized during delithation.®

This implies that there is less LixSiOy on the
electrode cycled in EC/DEC/FEC. The simplest explanation for this observation is that the FEC
reduction leads to the formation of a radical organic anion and fluoride ion (similar to the

Reactions 4.1 and 4.2) and then reacts with native oxide present on the surface, following

Reaction 4.3.
SiOx + XF' Y SiFx + (x/2)0. (4.3)
This hypothesis is further supported by previous work done by Schroder et al.* where

reactive ion etched silicon produced SEI morphology and chemistry comparable to that of the

SEI produced by EC/DEC/FEC after initial lithiation (Figures 4.5b and 4.6b). Below, we will
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further discuss the importance of this reaction with regards to SEI composition and function after

100 cycles in the delithiated state, and silicon surface reactivity.

After 100 cycles, we assume the SEI to be in an approximate steady-state and the
differences in chemistry and structure of the SEI to be the result of the different electrolytes. The
SEI produced by EC/DEC has much more carbonate and less carboxyl and/or oxalate species.
More importantly, this electrode contains much less inorganic species, especially LiF. The TOF-
SIMS depth profiles (Figure 4.6e and 4.6f) show that EC/DEC/FEC actually produced a much
thicker SEI (72.3 nm compared to 20.6 nm). The overall structure of both SEI; however, are
very similar in terms of the relative location of maximum signal for each of the marker species.
The strata in both SEIs are arranged with LiF near the surface of the SEI, intermixed with
organic and then PO" containing species and then LiO™ near the surface of the electrode. LiF
strata thicknesses are comparable, but EC/DEC/FEC did produce a thicker layer of 11.5 nm vs.
13.2 nm. The layer of lithium oxide (LiO") species found close to the surface of each electrode
produced the biggest difference in thickness between the SEI cycled in the different electrolytes.
These results are very much in line with recent predictions by Balbuena and co-workers who
examined computationally the effects of multiple competing reduction reactions and found Li,O

and P-O species to be important stable SEI products.™

Our results are in conflict with some of those previously reported, especially those that
claim the presence of poly-fluorocarbonate (poly FEC), poly-(vinylene carbonate) (polyVC), and
TCHF-OCO; type compunds.*>®#"% |n some cases, it is unclear where the direct evidence for
poly FEC originates in these reports. While it is possible to assign peaks in the C 1s and F 1s
spectra to C-F bonds, our fitting procedure was able to account for all oxidation states of carbon

by the oxygen signal detected. Qualitatively, the F 1s of the SEI produced by EC/DEC and
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EC/DEC/FEC in the region that would be assigned to C-F do not look particularly different,
making it difficult to justify why C-F bonds should be assigned. In other cases, the detection of
C-F bonds may be due to the investigated samples having polyvinylidene fluoride (PVdF)
binder, decomposed PVdF binder and/or exposure to air and water. This makes it difficult to

determine the origin of these species.

Schroder et al.** have shown that limited exposure to ambient atmosphere (i.e., oxygen
gas, and water vapor) dramatically changes the XPS results. We reproduce these results with SEI
formed from EC/DEC/FEC that were exposed to ambient conditions in the Supporting
Information (Figure S3). The literature that reports filimitedo exposure does not take into account
the time when a sample is loaded into an instrument during pump down when the environment
around the sample is contaminating. During this time there is continuous exposure to gaseous
water vapor and oxygen until the sample antechamber reaches UHV conditions, which with off-
gassing of high surface area materials may be on the order of hours. As a result, these samples
are always exposed to ppm oxygen and water higher than a glove box environment, which is a

large determining factor in the irreproducibility and/or inaccuracy of the results.”*9*%

We have shown that compared to the SEI formed in the traditional electrolyte, SEI
formed from EC/DEC/FEC is consistently thicker during cycling and contains more LiF.
Moreover, SEI formed from EC/DEC/FEC included different organic species after initial
formation that evolved to contain much less carbonate species after 100 cycles, compared to the
SEI formed from EC/DEC. Additionally, the SEI from EC/DEC/FEC comprised more lithium

oxide and lithium fluoride species near the electrode after 100 cycles.
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4.3.3. EIS of SEI Formed With and Without FEC

To determine how the differing chemical composition of the SEI affects its function, we
carried out a series of electrochemical impedance spectroscopy (EIS) experiments. EIS is a
standard analytical technique used to provide information on lithium ion migration through
surface films, charge transfer, phase transition, and solid state diffusion.*>***** In particular, we

use EIS to study the resistance associated with lithium ion migration through the SEI.

Figure 4.7 shows the changes in the impedance spectra of the a-Si thin films in a two
electrode system after the first lithiation, first delithiation, and 100 cycles in the delithiated state.
Figure 5a shows Nyquist plots for electrodes cycled in EC/DEC and EC/DEC/FEC after first
lithiation. A Nyquist plot shows the real part of the measured impendence versus its imaginary
component over a range of AC frequencies. In order to quantitatively and qualitatively analyze
the impedance spectra, we turn to a model circuit of the elementary reactions that occur during
electrochemical cycling (Figure 5d). The model accounts for the uncompensated ohmic
resistance of an a-Si electrode (Rq), the double layer capacitance of the electrode/electrolyte
interface (CPEy), resistance due to the surface reactions on the electrode (Ry), the double-layer
capacitance (CPEy), the charge transfer resistance (R, and the impedance due to solid state

45811151117 |4 1o widely accepted in the

diffusion processes, known as the Warburg impedance (Z).
case of battery negative electrodes that the semi-circle traces (Figures 5a, 5b, and 5c) generated
at high frequency and the associated resistance Rf are due to lithium-ion migration through
multilayer surface films.”>™**® At low frequencies, linear trends in high impedances are
observed, which are attributed to the Warburg impedance (Z,,) of the electrode and are due to the

solid-state lithium diffusion through the Li-Si alloy material 14819
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The major difference in the EIS between the electrodes cycled in EC/DEC and
EC/DEC/FEC is the resistance of the surface films, Rs. However, since this was conducted in a
two electrode cell, the impedance_measurement also includes the lithium metal. The EIS data for
the lithiated electrodes were fit to calculate an Ry of 0.120 kq and Ry of 0.489 KY for the
electrode cycled in EC/DEC/FEC, while the electrode cycled in EC/DEC had a lower R¢ of 0.067
kq and a R of 0.481 kY. After the first delithiation both electrodes had an increase in
impedance: the electrode cycled with EC/DEC/FEC had an Rfof 0.276 kg and R of 0.926 KY,
while the electrode cycled in EC/DEC had a lower R¢ of 0.021 kq and a R of 0.785 KY. The
increased impedance for the electrode cycled in EC/DEC/FEC electrolyte correlates with the

work conducted by Xu, C et al.®®

We find that the EIS data supports the idea that the FEC produces a dense, thick, LiF-
dominant SEI on the first cycle. Overall, the SEI from EC/DEC/FEC was thicker, it exhibited
decreased performance in terms of overall resistance to lithium transport after initial formation.
However, by compared SEI thickness to resistance in SEI produced by different methods, Lu,
Harris, et al. found that thicker SEI often had more inorganics and lower resistance per unit
length (depth resistivity).'? Even though the measurements came from different electrodes, we
can estimate that EC/DEC/FEC produced an SEI on the order of 29.5 g/nm vs. 35.5 gq/nm for

EC/DEC.

EIS had previously been carried out on electrodes cycled for 30 and 100 cycles.*® Both
studies suggested that the impedance of the SEI derived from EC/DEC/FEC had lower surface
film resistance. After 100 cycles, we found EC/DEC/FEC produced an Rsof 0.012 kY and a R
of 0.021 kY, while EC/DEC produced an Rsof 0.121 KY and a R of 0.148 kY, consistent with

these results. As we note above, a thicker, more inorganic SEI may be more conductive per unit
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thickness. This helps explain how EC/DEC/FEC produced a thicker SEI on the electrode after
100 cycles (in the delithiated state), but nevertheless its R¢was smaller and the electrode showed

well-defined plateaus in the charge/discharge curves (Figure 4.1c).
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Figure 4.7. Impedance spectra of half-cells after the initial lithiation (a), delithiation (b),
and 100 cycles in the delithiated state (c¢) for 1 M LiPFg in EC/DEC (red), and
EC/DEC/FEC (navy). An inset in (c) shows a more detailed view of the impedance
behavior at low resistances and high applied frequencies. An equivalent circuit (d) is used
to model the reactions on the a-Si electrode varying the electrolyte. The fits for the data
for each electrode are shown as solid lines.

First, FEC reduces to form fluoride anions near the surface of the electrode, but previous
work has failed to consider surfaces with native oxides. It is well known that F' reacts with SiOy
suboxides and we suggest that F" generated near the electrode is very likely to react with species
other than lithium. Looking at Figures 4.6c and 4.6d, the LiO" signal from SiOy and Li,SiOy
species indicate a thicker oxide layer on the interface cycled in EC/DEC than the electrode
cycled in EC/DEC/FEC (previously discussed). This data is consistent with the data shown by
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Nakai et al.®’

However, they suggested that an electrolyte not containing FEC somehow oxidized
the silicon surface, without suggesting a mechanism or providing supporting evidence for their
conclusion. We propose that fluoride ion etching is a more likely and is a simpler explanation.
Moreover, there is no reason to infer, a priori, that oxidation of the surface takes place under

reducing conditions (lithiation).

Previous work has suggested that Li,SiOx is a very compact and Kinetically stable
protective coating of the electrode; however, it is also electronically and ionically insulating. As
a result, etching the surface should improve a-Si conductivity.®1%>1%1% |ntentional removal of
silicon oxide on model wafer electrodes in previous work lead to formation of a thick Li,O layer,
consistent with the kinetic stability model of SEI structure.**®* The increased LiO™ in TOF-SIMS
depth profiles of the electrodes cycled in EC/DEC/FEC after initial lithiation (Figures 4.6b) and
after 100 cycles (Figure 4.6d), further supports the hypothesis that etching Reaction 3 takes

place.

The removal of LiySiOx may also lower interfacial resistance, which helps explain the
SEl resistance observed in the EIS after 100 cycles. Additionally, the lack of LiySiOy reduces the
irreversible lithium sequestration associated with this oxide layer and explains some of the

increased CE that results from EC/DEC/FEC electrolyte.

The formation of LiF at the electrode surface is also important in understanding the
transport properties of the SEI, the passivation of the surface, and the SEI evolution. As we have
discussed, the elevated concentration of LiF in the SEI (Figure 4.5b) results from the direct, fast,
electrochemical reduction of FEC is the evidence for the occurrence of Reactions 4.1 and 4.2
(Scheme 4.1). In contrast, the electrodes cycled in EC/DEC have only an indirect path to LiF

formation through thermal decomposition (Reaction 4.4):'?"%
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Li* ol + PF6 (o) Y PFs (sol + LiF) (4.4)

1247126

In addition, the solubility of LiF in liquid carbonates is very low, so the formation

of LiF is self-perpetuating and drives further precipitation (Reaction 5):

Li* oy + Fson Y LiF) (4.5)

For EC/DEC, the formation of LiF is reliant on the resistance at the interface of the
electrode to drive the thermal decomposition of LiPFs. As a result, LiF formation in EC/DEC is
preceded to some extent by decomposition of the solvent into organic species to form
electronically or ionically insulating species. In EC/DEC/FEC, LiF formation occurs by
electroreduction concurrently with formation of the organic SEI species. LiF is known to be
more Kinetically stable product under reduction compared organic SEI products, so LiF may
remain stable close to the electrode surface.**** Therefore, the SEI resulting from EC/DEC/FEC
has a more direct path to forming kinetically stable species than EC/DEC, as a result there is less
evolution of the SEI (and improved CE) with additional cycling.

The reduction of FEC to form fluoride ions has a big impact on the desolvation of lithium
ions and the transport of lithium through the SEI. Through the common ion effect, saturated
solutions of LiF lower the free energy barrier to desolvate (precipitate) other lithium-containing
species. As a consequence, the solubility (Sii2o) of LiO decreases with lithium fluoride

concentration in solution, following Equation 4.1:

S, =3 KSP = i/[O]([Li]Lizo + [Li]LfF)2
Li,0 \/ 4 4 enany

In this way, LiF formation is also coupled to Li,O. The formation of lithium oxide and/or

hydroxide species on the surface of the electrode is important for two reasons. First, we propose
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that it improves Li-ion transport though the SEI. Second, the formation of the species has been
shown to be quasi-reversible and therefore sequesters lithium to a lesser degree than other SEI
species.

Schroder et al.* have already shown that lithium oxide species formation is quasi-
reversible via oxidation reactions that take place when a-Si electrodes were delithiated (Figure

L which is

4d). The formation of the lithium oxide is due to electrolyte decomposition,®
detrimental to the long-term life of the cell; however, the quasi-reversibility of the reaction helps
to explain why the electrode cycled in EC/DEC/FEC has less lithium sequestration (and thus
higher CE). It is difficult to gauge the importance of this degradation mechanism because results
related to silicon electrodes that experience catastrophic failure after long term cycling are rarely
published (because this is a negative result). Furthermore these results are often attributed de
facto to mechanical failure of the active material or binder in composite electrodes.'*” However,
the degradation of the electrolyte due to continued reduction into lithium oxide might also
explain this behavior.
4.4. Conclusion

Using amorphous silicon thin film model systems and anoxic, anhydrous surface analysis
techniques, we have investigated the effect of FEC co-solvent in promoting a stable SEI
formation. Galvanostatic cycling of the a-Si thin film electrodes in electrolytes with and without
FEC and 1 M LiPF salt resulted in significant difference in the CE, consistent with prior work.

It was demonstrated that cycling the electrodes in the FEC-containing electrolyte lowered CE on

the first cycle; however, every cycle after showed better capacity retention, and CE.

The SEI that resulted from both of these electrolytes was characterized by anoxic and

anhydrous XPS and TOF-SIMS. XPS showed that FEC lead to an SEI with increased
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concentrations of inorganic species, specifically LiF. Moreover, the organic species present in
the SEI contained less aliphatic carbon, in comparison to the composition of the traditional
electrolyte SEI. These results are consistent with calculations conducted by Balbuena and co-
workers, which suggests a kinetically fast formation of neutral radical carbonate and fluoride via
a ring opening mechanism leading to the rapid formation of LiF. The TOF-SIMS depth showed

that the SEI was thicker in the electrode cycled with FEC-containing electrolyte.

Both the XPS and TOF-SIMS depth profiles showed evidence of fast reduction kinetics
of FEC. Subsequent formation of F affected the electrodes: (1) improving siliconds conductivity
via silicon native oxide etching, (2) changing the solubility of lithium, which lead to (3) quasi
reversible lithium sequestration and (4) improved Li-ion transport through the SEI via a shuttling
mechanism. The style of analysis presented in this work can be further applied to understanding

how SEI formation changes with other additives and on surface coatings.

With regards to SEI Li-ion transport, it has been suggested that inorganic species have
preferable properties compared to organic species. One justification of this idea is that inorganic
SEI species tend to have Li-ions bound in ionic bonds that facilitate hopping-type transport
mechanisms. High concentrations of LiF relative to organic species has already been shown, in

simulation, to promote rapid Li transport by Jorn, et al.*®

We propose Li,O has improved transport properties over organic species because of its
ionic nature. This hypothesis is consistent with the ideas put forth by Jorn et al. and would
explain the improved transport properties observed by EIS in Figure 4.7c. Moreover, the
oxidative instability of Li,O leads to desolvated lithium near the electrodets surface. This
desolvated lithium, combined with the low solubility of lithium in and near the SEI, leads to an

abundance of free lithium. These conditions facilitate a shuttle mechanism, decoupling the
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process whereby lithium leaves the electrolyte and enters the electrode, improving lithiation

kinetics.

Chapter 4, in full, is a reprint of the material AiThe Effect of Fluoroethylene Carbonate as
an Additive on the Solid Electrolyte Interphase on Silicon Lithium-ion Electrodeso as it appears
in the Chemistry of Materials, Schroder, K; Alvarado, J; Yersak, T.A; Li, J; Dudney, N; Webb,
L; Meng, Y.S; Stevenson, K.J, 2015, 27, 5531. The dissertation author was the co-primary
investigator and author of this paper. All the electrochemical tests were performed by the author
except for the TOF-SIMS data analysis and interpretation. Both Schroder and the author

designed and analysed, and wrote the results.
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Chapter 5. Direct Visualization of the Solid Electrolyte Interphase and Its Effects on
Silicon Electrochemical Performance

5.1. Introduction

Silicon is regarded as a potential candidate for next generation anode material for lithium
ion batteries (LIBs). The high theoretical gravimetric energy density of silicon-lithium is
attributed to the alloying reaction that occurs during the lithiation state, resulting in a high
specific capacity (3579 mAh/g for LiysSig), which is ten times greater than the current
commercial graphite anode. However, the material undergoes severe mechanical stress and
strain due to the volume expansion (300%), typical for lithium alloying reactions, which leads to
active material cracking, pulverization, and contact loss with the current collector. In order to
mitigate the mechanical degradation processes, clever nanomaterial design of silicon (i.e.
particles, wires, core shell) have proved to accommodate the large volume expansion during
lithiation.****%° Lui, Xiao et al. demonstrated that silicon cracking and fracture is dependent on
the Si particle size, ultimately, determining that below 150 nm crystalline Si particles can endure
the mechanical strain of full lithiation.” Moreover, Gu, Meng et al. observed a two phase
lithiation process resulting in mechanical stability improvement for Si nanoparticles (NP)
ranging from 60 to 100 nm in size, validating the critical cracking size.'®® Though researchers
have improved the volume expansion and active material contact to the current collector, the Si
anode still suffers from electrolyte chemical degradation caused by the formation of an unstable
solid electrolyte interphase (SEI). As a result of the continuous volume expansion, the unstable
SEI continues to consume and trap lithium ions as well as electrolyte during electrochemical
cycling.!***° Both the mechanical and chemical degradation of Si causes rapid capacity failure
and poor Columbic efficiency (CE) during electrochemical cycling. Thus several challenges

must be resolved in order to realize the pragmatic application of Si based anodes for LIBs.
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Previous work has reduced the SEI effects by: (1) a series of backend coatings; (2),
varying binders and conductive additives; and (3) modifying the traditional carbonate based
electrolyte.}”#0131132 Of these, altering the electrolyte composition by the addition of electrolyte
additives has successfully improved the chemical degradation of Si anodes. In particular, the
addition of fluorethylene carbonate (FEC) to conventional 1M LiPFg in ethylene carbonate (EC):
diethylene carbonate (DEC) electrolyte has successfully improved the cycling stability and CE of
various Si anode types. Though many researchers have used FEC, little is known on how it
improves the SEI formation and its morphology. In response, a series of recent publications have
investigated the SEI formation process using advanced surface characterization techniques. Yet
contradicting studies regarding to the reduction mechanism of FEC have caused researchers to
propose differing accounts, where some studies claim that FEC reduces to vinylene carbonate
which then self-polymerizes to form either polycarbonates or a poly(alkene).*>*® While Balbuena
et al. used computational methods to study the decomposition of FEC and demonstrated that the
most probable decomposition mechanism for FEC occurs via a ring opening reaction to form F’,
CO,* and CHOCHS,. These reduction products can then react further to form LiF, RCOLI, and
Li,CO3. This work agrees that a possibility to the stabilization of Siés SEI is due to the
substantial formation of LiF in the initial cycle as a result of the fast FEC reduction. Schroder,
Alvarado et al. used a-Si thin film to reconcile the differing accounts of the FEC reduction
mechanism, composition, and morphology.** Their results determined that the electrode cycled
in (10 wt.%) FEC additive forms SEI components that can help facilitate lithium ion transport
through the SEI despite being thicker and denser in structure. Xu et al. used Si NP composite

electrode to determine the effect of FEC at different state of charge in the initial cycle and as a
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function of depth, suggesting that FEC aids the preservation of the electrode by forming a

uniform dense SEI improving the cycling performance.**°

The notion that FEC forms a protective uniform SEI has been speculated and proposed by
scanning electron microscopy (SEM) and transmission electron microscopy (TEM).*808791
These studies use BF-TEM images mainly to study the volume changes after cycling, not
focusing on surface morphology Etacheri, et al. observed the Si nanowires after 30 cycles using
TEM; however, they mainly focus on volume expansion of the Si nanowires after cycling by BF-
TEM images with low spatial resolution not in the SEI morphology evolution.** Nie et al.
monitored the Si NPés morphology using TEM and SEI elemental composition by EDX.®
However, they claimed that the morphology of the SEI changes throughout electrochemical
cycling, yet the TEM images do not clearly demonstrate this phenomenon. This is largely
because BF-TEM images are not sensitive to the Z-contrast; therefore, how FEC improves the
SEI stability in the initial cycles has been proposed but not well characterized by microscopic
techniques. Therefore, more work needs to be done in order to determine how FEC affects the
SEI-Si NP interface and electrochemical performance given that the SEI formation is found to be
heavily influenced by surface chemistry and surface area. It is hypothesized that the rapid
decomposition of FEC forms a uniform conformal coating around Si NPs reducing the rate at
which the electrolyte decomposes,™® preventing the Si NPs from being exposed to the
electrolyte after initial lithiation and delithiation. Conversely, the electrodes cycled in a
conventional electrolyte (EC/DEC) suffer from a porous heterogeneous SEI. This hypothesis has
yet to be observed using proper single particle microscopy techniques; therefore, we aim to

validate this hypothesis by coupling annular dark field scanning transmission microscopy

imaging (ADF-STEM) with electron energy loss spectroscopy (EELS) to provide comprehensive
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insights into the SEI morphology evolution and observe its evolution throughout progressive
electrochemical cycling.’®® Using Z-contrast ADF-STEM images can display the SEI
morphology evolution with high-spatial resolution, while EELS analysis is used to correlate the
morphology evolution with the chemistry changes throughout electrochemical cycling. For the
first time, we discuss the SEI structural differences in the Si NP composite electrodes cycled
with EC/DEC and EC/DEC/FEC (FEC 10 wt %) using STEM techniques. Furthermore, the
chemical composition of the SEI using a linear scan by EELS can elucidate the chemical
composition of the SEI from the bulk of the active material to the surface (SEI-Si np interface).
STEM techniques poses many challenges such as the organic compoundds instability under

electron beam exposure 1%

and local area probing which limits the statistical analysis.
Therefore, we have taken several measures to overcome these difficult challenges, which will be
discussed in a greater detail later. One of which is to use XPS and Helium lon Microscopy
(HIM) surface sensitive techniques to further validate the STEM/EELS results to give a
macroview of the SEI composition and morphology. Herein, we demonstrate how utilizing a
suite of characterization tools can be a powerful approach to obtain critical information of the
SEI morphology and chemical composition for Si NP composite electrodes.
5.2. Experimental

5.2.1. Battery Preparation and Electrochemical Cycling

Silicon electrodes were prepared by coating a slurry of silicon Nano powder (NP)
(average particle size of around 60 nm, Alfa Assar), KetjenBlack (Kjundo), and sodium
carboxymethyl cellulose (CMC-Na, DS = 0.9, Mw = 250000, Sigma Aldrich) with a mass ratio

of 2:1:1 onto thick rough copper foil (battery grade). First Si NP and KetjenBlack were ball

milled for 20 min. The powder was added to a CMC water solution and placed in the

62



homogenizer to mix. The slurry was casted on the Cu foil using a doctor-blading. The electrode
was dried at 80 °C under vacuum for 12 h. The electrodes were punched and had a mass loading
0.5 mg of Si per cm® The coin cells were assembled in an argon- filled glovebox (Micromeritics
ASAP 2010, H,0 < 0.1 ppm). The electrochemical half-cells were assembled using 2032 coin
cells, polymer separators (Celgard), 1 mm thick lithium foil, 1 M LiPFs electrolyte solutions
(battery grade, BASF) including traditional 1:1 (wt. %) EC:DEC (ethylene carbonate: diethyl
carbonate), and a blend of 45:45:10 (wt. %) EC/DEC/FEC (fluoroethylene carbonate). The
approximate 100 uL of electrolyte was used in each cell. Half-cells were cycled in galvanostatic
mode (0.05 V11.0 V vs. Li) at room temperature and a C/20 rate for the first cycle and a C/10
rate for all subsequent cycles on an Arbin battery cycler.

5.2.2. Surface Analysis-X-ray photoelectron spectroscopy (XPS)

After electrochemical cycling, the cells were disassembled in the glovebox and washed
with DEC to remove excess lithium salt. The washed electrodes were then transferred to the
ultrahigh-vacuum environment using a reduced oxidation (ROXx) interface designed for
transferring air-sensitive samples. The ROx has methods and figures of merit to determine if the
samples are ever exposed to additional traces of oxygen and water greater than those experienced
in the glovebox environment, even during pump-down. The methods and components of the
ROx are described in further detail in our previous publication.® X-ray photoelectron
spectroscopy (XPS) was performed using a Kratos Ultra DLD XPS. Analysis followed similar
methods used in previous work.2># All XPS measurements were collected with a 300 em by 700
€m spot size without using a charge neutralizer during acquisition. Survey scans were collected
with a 1.0 eV resolution, followed by high-resolution 0.05 eV, 1 second scans of the carbon 1s,

oxygen 1s, lithium 1s, silicon 2p, fluorine 1s, and phosphorus 2p regions.

63



Fits of the XPS spectra were performed with CasaXPS software (version 2.3.15, Casa Software
Ltd.) to estimate the atomic compositions and chemical species comprising the SEI. All fitting
followed a self-consistent method similar our previous publication.?>?* All SEI species were
assumed to be electronically insulating and were therefore fitted with linear backgrounds and
with Voight functions composed of 15% Lorentzian and 85% Guassian following previous
work. %" Initial peak fits were made of the spectra using a LevenbergiMarquardt least-squares
algorithm, and atoms in the same functionality were assumed to be stoichiometric. The resulting
spectra were then refit and all spectra were shifted relative to the binding energy of the carbon 1s
sp® oxidation state (assigned to 284.8 eV) to compensate for any charging during the
measurement. The sum of the areas under the peaks were then used to determine relative
composition of the outer-most ~10 nm of the SEI.

5.2.3. Helium lon Microscopy (HIM)

Helium ion microscopy was performed using a Carl Zeiss Orion Plus System operating
at 30kV acceleration voltage and using 0.2-0.4 pA beam current. The base pressure in the
analysis chamber was kept at 1x10™ torr. No beam induced sample damage was observed.

5.2.4. Scanning Transmission Electron Microscopy (STEM)

The electrochemical cells were disassembled in an argon-ylled glovebox, and the silicon
electrodes were washed in DEC. The electrodes were then scraped to produce a yne powder and
then placed on a TEM lacy carbon ylm supported on a copper grid. The TEM samples were
loaded on a vacuum transfer holder and transferred to the TEM to avoid any contamination from
air or water. Annular dark yeld scanning transmission electron microscopy (ADF-STEM), and
electron energy loss spectroscopy (EELS) were recorded at 197 kV with a JEOL-2010F

microscope equipped with a Gatan-200 imaging ylter (GIF) spectrometer. The energy resolution
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of the EELS spectra measured from the full width at half magnitude (FWHM) of the zero-loss
peak (ZLP) was 0.9 eV. In addition, a collection angle (b) of 20 mrad and a convergence angle
(U) of 10 mrad were used for the acquisition of EELS spectra.

5.3. Results and Discussion

5.3.1. Electrochemical Results

The discharge capacity and Coulombic efficiency (CE) of the Si NP composite electrodes
cycled with EC/DEC and with EC/DEC/FEC are shown in Figure 5.1. The electrodes were
cycled within the potential range of 0.05-1V at C/20 for the first cycle and at C/10 for prolonged
cycling. Under these galvanostatic conditions the Si NP composite transformed into lithium-
silicon alloy and the electrolyte decomposed to form SEI. The electrodes were discharged by
applying a constant current until the voltage reached 50 mV to avoid the Li,,Sis alloy phase.™® It
is found that the EC/DEC electrolyte is reduced at 0.8V; however, the FEC is reduced at a higher
voltage consistent previous work.*** The CE and specific capacity of the electrode with
EC/DEC/FEC electrolyte has a slightly lower CE and specific capacity than the electrode cycled
with EC/DEC after first cycle, however, the CE improves after prolonged electrochemical
cycling. This behavior is most likely due to the reduction of the FEC in the first cycle to form F°
that could react with several components within the SEI such as etching the native oxide layer *
and also form LiF. The reduction process of FEC also generated Li,COs, along with other
organic products. This is consistent with all previous reports demonstrating that the FEC additive
improves the performance of Si anodes after prolonged cycling.*t4581%0137 Thereby further

proving that the FEC reduction stabilizes the Si NP composite interface by forming a rapid

uniform coating (compact SEI).
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Figure 5.1. Electrochemical cycling performance of the Si nanocomposite electrode with
EC/DEC and EC/DEC/FEC at C/10 rate, (b) Coulombic efficiency as a function of cycle number
for Si NP with EC/DEC and EC/DEC/FEC.

5.3.2. Surface Characterization

Helium ion microscopy (HIM) was used for the first time to study the changes in surface
morphology of Si NPs after the initial lithiation and 100 electrochemical cycles (delithiated state)
at the submicron scale. HIM images of the pristine Si (as casted electrode) and the cycled
samples are presented in Figure 5.2. The surface morphology of the pristine particles (Figure
5.2(a)) is very smooth and can be easily distinguished. However, it can be clearly seen that the
surface morphology changed significantly upon cycling, clearly showing a surface morphology
change between the electrode cycled in EC/DEC and EC/DEC/FEC (Figure 5.2(b and c)). This is
largely due to the difference in electrolyte decomposition products associated with the electrodes
in distinct electrolytes. However, Si NPs composite electrode contains inhomogeneity in active
surface area and small change in porosity and particle packing can have a large effect on the SEI
formation. The surface of the electrode cycled in EC/DEC is rougher than that of the electrode

cycled in EC/DC/FEC after one cycle. After 100 cycles, both electrodes demonstrated an
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increase in surface roughness, which can be attributed to the growth of SEI. To further validate
the HIM images a combination of characterization techniques such as STEM-EELS and XPS
were used to study the morphology and chemistry evolution of SEI throughout electrochemical

cycling.

Figure 5.2. Helium ion microscope images of the (a) pristine Si, (b) lithiated Si cycled in
EC/DEC after one cycle, (c) lithiated Si cycled in EC/DEC/FEC after one cycle, (d) lithiated Si
cycled in EC/DEC after 100 cycles, and (e) lithiated Si cycled in EC/DEC/FEC after 100 cycles.

It was found that organic compounds and lithium containing compounds are vulnerable to
electron beam exposure because of knock on displacement, radiolysis and heating effects.!****
Conclusively, in this work the electron dose and spatial resolution were optimized during STEM

experiments to minimize the electron beam damage to the SEI and LixSi compounds. In this

regard, the electron beam was spread throughout ADF imaging and EELS spectra acquisition.
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The acquisition time was reduced to mitigate the electron dose and prevent beam damage (Figure
5.3). Moreover, we lowered the sample temperature to LN, temperature to further reduce the
beam damage by limiting the diffusion process.'*® The ADF-STEM image of the pristine Si with
an average particle size of about 60 nm is shown in Figure 5.4(a). The crystalline structure of Si

can be confirmed from the EELS spectrum (Figure 5.4(b)).***

As the average particle size of Si is
less than 150 nm, the Si NP can withstand the strenuous lithiation process; therefore, in the first
few cycles the Si degradation (Figure 5.1) can largely be attributed to the changes in the surface
properties of Si (SEI formation). This allows us to mainly focus on the interfacial chemistry and
morphology changes of the cycled Si NP electrodes (SEI) that are associated with the addition of
FEC to the traditional electrolyte. The ADF-STEM image of the lithiated Si cycled in EC/DEC is
shown in Figure 5.5 (a). Important changes after lithiation can be observed, especially the
expansion of the lithiated crystalline Si particles. EELS spectrum of the lithiated Si (Figure 5.5
(c)) confirms the formation of amorphous Li,Si alloys (the enlarged Li-K EELS spectrum is
shown in the upper right corner of the Figure 5.5 (c)).**> However, after delithiation, the Li-K
edge disappears (Figure 5.5(c)) suggesting the full delithiation of Si NP. The particle size
becomes smaller (Figure 5.5(b)) and transforms from crystalline to amorphous Si, which is
confirmed by the EELS spectrum (Figure 5.5(c)). The regions with low contrast at the edge of
the cycled electrodes can be observed in the ADF images (Figure 5.6 (a and b)). This region is
ascribed to the presence of SEI, which is mostly composed of organic compounds (with lower
atomic number).’**? Based on the STEM images (Figure 5.6), the electrode cycled with
EC/DEC/FEC has an SEI that uniformly coats the entire Si NP in a dense thick film, whereas the

electrode cycled with EC/DEC has an inhomogeneous porous SEI. Furthermore, EELS scanning

profile was performed from the outer surface toward the bulk of these samples (along the
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indicated line in the Figure 5.6 (a and b)) to study the chemical changes from the bulk of the
particle to SEI. It is worth noting that Si was not detected in the SEI layer for both samples (outer
most surface of Si) based on our EELS spectra results, clearly demonstrating that we are solely

focusing on characterizing the chemical composition of the SEI.

Figure 5.3. ADF-STEM image of the lithiated electrode cycled in EC/DEC after 5 cycles.
The region of interest for EELS acquisition is shown is marked by square.
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Figure 5.4. ADF-STEM image of the pristine Si electrode, (b) EELS spectrum of the
pristine Si showing the presence of crystalline Si-L edges.
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Figure 5.5. ADF-STEM image of the (a) lithiated, (b) delithiated Si, and (c) EELS spectra
of the first lithiated and delithiated Si with EC/DEC. The enlarged Li-K EELS spectrum

is shown in the upper right.
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Figure 5.6. ADF-STEM image of the lithiated Si after one cycle cycled in (a) EC/DEC (b)
EC/DEC/FEC, and (c) corresponding EELS spectra from the surface of both electrodes.

Interestingly, the interfacial chemistry of the lithiated electrode cycled in EC/DEC varied
significantly from the electrode cycled in EC/DEC/FEC (Figure 5.6(c)), where more lithium
silicon oxide alloys are present. The distinct peak shifts towards higher energy for Si-L edge,
implies the change in oxidation state of Si.*** The Si-L fine structure from the surface of the
lithiated electrode cycled in EC/DEC/FEC is attributed to amorphous Li,Si, however, the SiTL

fine structure from the surface of the lithiated electrode with EC/DEC corresponds to Li,SiOy
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(Figure 5.6(c)).** This indicates that the lithiated Si cycled with EC/DEC is covered in a native
oxide. These results directly correlate with our previous work, where we propose the reduction
mechanism of FEC through a rapid ring opening mechanism, forming fluoride anion.** The
fluoride anion then undergoes competing reactions to either form HF or LiF (see Scheme 5.1,
reaction 5.1 and 5.2). The formation of HF then will etch the native oxide layer causing the

formation of less Li,SiOy in the electrode cycled with EC/DEC/FEC in the first cycle, which

correlate with our previous findings.**®*
SiOx + XF' Y SiFx + (x/2)0; (5.1)
Li* + PFgZ PFs5+ LiFY LiF + LixPFy (5.2)

PF5 + Hzo(trace) Y POF3 + 2HF
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Scheme 5.1. Electrochemical reduction of FEC via a ring opening mechanism to produce lithium
fluoride, lithium carbonate, and ethylene.

Thus, the interfacial chemical and morphology evolution between the two electrodes (cycled in
EC/DEC and EC/DEC/FEC) can be one of the major factors that lead to electrochemical
performance differences. Several researchers have confirmed the existence of silicon oxide layer
on the Si electrode, once lithiated its surface (SiOy) is transformed to Li,SiOy which leads to the
high impedance and low specific capacity retention.**>** It is established that silicon oxide layer

has lower flexibility than that of amorphous silicon,** consequently, the higher flexibility of the
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amorphous LikSi can endure large volume expansion of silicon upon cycling and maintain the
particle integrity. In addition, as the oxide layer on the Si NPs is insulating, it reduces the lithium
ion transport and increases the charge transfer impedance, therefore, reducing the cycling
properties. This oxide layer consumes Li-ion during lithiation which leads to low specific
capacity.**>™ We further investigated the evolution of Li,SiOy and SEI with progressive cycling

for the electrodes cycled in EC/DEC and EC/DEC/FEC (1 cycle, 5 cycles and 100 cycles).

Accordingly, we probed the interfacial chemical changes of the electrodes cycled in
EC/DEC and EC/DEC/FEC to further understand the role of FEC in oxide layer evolution with
cycle number (Figure 5.7). Figure 5.7 (a) compares the Si-L EELS spectra from surface and bulk
of the Si electrodes cycled in EC/DEC after various cycle numbers, where there were no
significant changes observed in Si-L edge after progressive cycling. All the SiTL edge taken
from the surface of the cycled electrodes in EC/DEC at different cycle numbers correspond to
Li,SiOy and the Si-L edge from the bulk can be assigned to the Li.Si. However, the surface and
bulk of the Si cycled in EC/DEC/FEC after one cycle corresponding to Li,Si. After 5 cycles, two
out of 15 acquired EELS spectra (from various regions) demonstrated the existence of Li,SiOy
which is shown in dashed line graph in Figure 5.7(b). Meanwhile, the EELS results from the
surface of the cycled electrode with EC/DEC/FEC after 100 cycles, only represent the Li,SiOy
compound. This is most likely due to the, reduction in effects of FEC decomposition compounds
as well as an increase in LixSiOy content after 100 cycles. Accordingly, the Si-L edge from the
bulk of the electrode cycled in EC/DEC after 100 cycles shows two additional peaks (marked in
Figure 5(a)) corresponding to the infiltration of the native oxide layer (Li,SiOy) into the bulk.

These results show the increase of native oxide layer with extending cycle number for both
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electrodes due to further electrolyte reaction with the surface of the electrode. Meanwhile, the
diffusion of the oxide layer into the bulk was only found for the electrode cycled in EC/DEC
after 100 cycles. This suggests that FEC limits the increase of oxide layer (Li,SiOy) with
progressive cycling (100 cycles). This may attribute to the improved cycling performance of the
electrode cycled in EC/DEC/FEC compared to the electrode cycled in EC/DEC. The increase of
Li,SiOy was also reported in a recent work indicating that the presence of Li,SiOy in high

amount for the Si anode (EC/DEC) after 100 cycles lead to capacity fading.'*
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Figure 5.7. Si-L EELS spectra of the Si NP half cells with (a) EC/DEC, and (b) EC/DEC/FEC at
various cycle numbers. The dashed line graph showing the presence of LixSiOy at the surface of
the electrode with EC/DEC/FEC after 5 cycles, which is only observed for 2 of the EELS spectra
out of 15, acquired EELS spectra.

ADF-STEM image (Figure 5.8 (a)) and the corresponding Si-L and Li-K EELS maps
were acquired from the lithiated Si samples cycled in EC/DEC (Figure 5.8(b and c)) to determine

the distribution of Li.Si and SEI composition. The bright contrast in the image is associated with
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high Si content; however, the grey regions demonstrate rich Li content in the SEI, which is found
on the outer most surface of the particle and further confirms the presence of the SEI. Figure 6(d-
1) shows the ADF-STEM images of SEI with progressive cycling, where the electrode cycled in
EC/DEC after the first delithiation forms an inhomogeneous porous SEI. Moreover, this SEI is
intermixed with silicon particles with increasing cycle number (up to 100 cycles). Conversely,
the electrode cycled in EC/DEC/FEC is covered with a dense and uniform SEI and the silicon
particle integrity is preserved which was hypothesized by Xu et. al.** Here for the first time we
present a comparative study to directly visualize the effects of FEC on SEI morphology in the
first few cycles (1, 5, cycles) using STEM-EELS. Surprisingly, the same phenomenon was not
observed after 100 cycles for the electrode cycled in EC/DEC/FEC. The SEI has similar
morphology properties to the electrode cycled in EC/DEC, which is also consistent with the HIM

images, previously mentioned.

The EELS spectra from the lithiated Si cycled in EC/DEC and EC/DEC/FEC after 1
cycle are compared with the possible reference compounds resulting from the electrolyte
decomposition including LiF, Li,COs, and Li,O (Figure 5.9).1**'% A comparison of the Li-K, C-
K, O-K, and F-K edges taken from SEI cycled with EC/DEC indicate that the SEI mainly
contains Li,COg3, which is due to EC reduction. However, the electrodes cycled in EC/DEC/FEC
are mainly contains LiF according to Li-K and F-K edge fine structures (Figure 5.9 (a and d)).
This is formed as a result of the FEC decomposition and salt dissolution which decomposes at a
much higher voltage than that of EC/DEC, therefore, limiting the degradation of EC/DEC which
is consistent with previous results.*** Figure 5.9(a) compares where the Li-K edge of the SEI
generated by EC/DEC and EC/DEC/FEC. The SEI generated by adding of FEC shows the

formation of Li,O, which can occur when the electrolyte reacts with the SEI. Based on our EELS
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results, we did not observe SEI chemical changes for the electrodes with EC/DEC and
EC/DEC/FEC after prolonged cycling (up to 100 cycles). These results are in agreement with the
previous results.’® It is necessary to note that in spite of using the low electron dose, electron
beam damage may still preclude the detection of low content organic and inorganic compounds.
As such, a surface sensitive XPS technique was utilized to further understand the SEI chemistry

changes upon cycling for the electrodes cycled in EC/DEC and EC/DEC/FEC.

Figure 5.8. (a) ADF-STEM image of the delithiated Si EC/DEC after 5 cycles and the
corresponding EELS mapping of (b) Si-L, and (c) Li-K. ADF-STEM images of the lithiated Si
(d) after 1 cycle, (e) after 5cycles, (f) after 100 cycles and the lithiated Si containing FEC, (g)
after 1 cycle, (h) after 5 cycles and (i) after 100 cycles.
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Figure 5.9. Comparison of SEI layer EELS fine structure in the lithiated Si after 1cycle with
reference compounds for (a) Li K-edge, (b) C-K edge, (c) O-K edge, and (d) F-K edge. SEI for
the electrode cycled in EC/DEC shown in red (SEI) and electrode cycled in EC/DEC/FEC shown

in blue (SEI-FEC).

5.3.3. XPS data supporting EELS data

Figure 5.10 demonstrates the relative composition of the first 10 nm of the SEI of
electrodes cycled with EC/DEC (a, ¢, and €) and EC/DEC/FEC (b, d, and f). The XPS analysis

was performed after the first lithiation (a and b), first delithiation, and 100 cycles in the

delithiated state (e and f).
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The special resolution and detection limit of STEM EELS makes it difficult to determine
the atomic composition of the parasitic electrolyte decomposition products over a large area.
Given that EELS is a local technique, XPS was used as a complementary surface
characterization technique to obtain a better understanding of the SEI using a large area scan
(300 x 700 pum). Post hoc and ex-situ XPS was used to avoid any environmental contamination
by water vapor or oxygen which can alter the SEI composition, as demonstrated by Schroder et
al.’* and our previous work.™ By studying the SEI composition via anoxic and anhydrous XPS,
we can gain insights as to how EC/DEC/FEC affect the cycling performance of composite,

avoiding any contamination.

The highly stable Si composite electrodes cycled with both electrolytes generated an SEI
by galvanostatic electrochemical cycling. The XPS assignments follow a meticulous self-
consistent fitting model previously used for Si anode types (shown in the supporting
information).” Figure 5.10 shows a bar graph demonstrating the relative compositions of the SEI
for electrodes cycled with EC/DEC and EC/DEC/FEC deduced from the XPS peak fittings. The
inelastic mean free path of the photoexcited electrons limits the detection depth to 10 nm;
therefore, Figure 8 demonstrates the outer most surface composition of the SEI generated by two
electrolyte types. In our previous work, amorphous Si thin films (without binder or conductive
additives) were used to clarify the FEC reduction mechanism and determine how FEC improves
the SEI in the initial cycles,** however, this study focuses on determining the SEI morphology
and chemical composition of the SEI in a composite electrode, which is how a Si electrode
would be used in a real battery configuration. The previous model system study was used to
decipher the convoluted SEI generated by a composite electrode because the binder and

conductive additive contribute to the rapid SEI formation.
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The atomic percentage of all the electrodes investigated is shown in Figure 5.10. Organic
species are labeled C sp® for alphatic carbon and may include adventitious carbon, ROR for
alkoxy groups (ethers), ROCO for carboxyl groups (carboxylates, esters), and RCO; for carbonic
esters and ionic carbonate salts. lonic carbonate salts are difficult to deconvolute by XPS because
of their similar binding energies and functional group (Li,CO3, ROCO,Li). Therefore, when
discussing RCOs it is likely that both these reduction products are being detected. The high
resolution XPS spectra and peak fittings can be found in the supporting information. Inorganic
species include lithium fluoride (LiF), fluoro-phosphoro-oxides (PxOyF,), and LiX (which could
include alkyl lithium and lithium phosphoro-oxy-fluoride). Additionally, it is difficult to
distinguish ionic lithium ions bound to organics such as carbonic esters and lithium alkoxides,
also labeled LiX. As demonstrated, we observed little to no Si 2p signal for all cycled electrodes.
Therefore, the SEI generated in the initial lithiation was much thicker than 10 nm given the Si 2p

signal.

We propose that the variations in the SEI composition are explained by kinetics of the
competing FEC versus EC reduction products perpetuated by the 60 nm Si particles. Though 60

129

nm crystalline Si particles help mitigate the volume expansion™ (below the critical cracking

limit), the surface area is increased which promotes the rapid SEI formation.'%30247148 | the
first lithiation step, we find the electrode cycled with EC/DEC contained approximately 21.2%
organic functionalities and the SEI formed by EC/DEC/FEC contained approximately 18%
organic functionalities. In our case, it is difficult to fully assign the C sp® carbon solely to SEI
moieties because our electrode contains conductive carbon and binder which contribute to the

signal as in our previous work.™ Therefore, the atomic percentage of organic functionalities is

solely based on ROR and ROCO species found in the SEI. The SEI comprised of 32% and 8%
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(atomic percent) carbonate species for the electrodes cycled with EC/DEC and EC/DEC/FEC,
respectively making it difficult to properly quantify the organic SEI species. These results are
consistent with the EELS data analysis, validating that the data is not the result of beam damage.
Furthermore, the SEI generated from EC/DEC contains a higher concentration of ROCO and
ROR (esters, ethers, carboxylates) 14.2 % and 7%, respectively. Where the electrode cycled with
EC/DEC/FEC contains 6% ROR and 12% ROCO. Here, the formation of ROCO is more
profound which may be attributed to the reduction mechanism of FEC while the electrode cycled
with EC/DEC forms more ROR reduction products as a result of the EC and DEC
decomposition. In the SEI generated by EC/DEC shows a higher concentration of RCOj
functionalities (~ 31%) while the SEI generated by EC/DEC/FEC has less (~8%). This is due to
the reduction potential and reaction kinetics, where FEC is more likely to form less carbonate
based functionalities. It is widely accepted that FEC decomposes at higher reduction potential;
therefore, the electrode cycled with EC/DEC/FEC contains 50% LiF whereas the electrode
cycled with EC/DEC contains 12% LiF. Given that the EC/DEC electrolyteés only source of
fluoride anion comes from the salt (LiPFg), the indirect path of LiF formation through the
reversible thermal decomposition of the salt (Reaction 2).2°'%4" As a result, the electrode
cycled with EC/DEC/FEC contains two reaction pathways to generate LiF. Furthermore, the high
surface area of the 60 nm Si nanoparticles further increases decomposition kinetics of the SEI."
Here, we find no evidence of C-F bonds which is still a heavily disputed conclusion as a result of
the FEC decomposition mechanism. However, determining the reduction mechanism of FEC is
beyond the scope of this work because the analysis was carried out using a composite electrode

containing binder and conductive additive which affect the SEI composition. Here, we are
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focusing on the morphology of the SEI over prolonged cycles using STEM and EELS and XPS

is used to observe the chemical composition of the SEI to validate the EELS results.

In addition to LiF, the electrode cycled with EC/DEC/FEC contains more PyOyF, which is a
function of multiple step reaction,® which form very stable oxides on the surface. These results
are consistent with our previous study where the FEC containing electrolyte produced a higher
concentration of P,OyF, Our findings are consistent with previous results, where and FEC

containing electrolyte produces a more inorganic SEI in the initial lithiation (Equation 2).

After delithiation, the SEI composition is consistent, where there is no major peak shift or
appearance of new compounds (supporting information). However, for the electrode cycled with
EC/DEC contains less RCO3 and more ROR and ROCO functionalities generating an SEI
consisting of 92% atomic percent. The LiF and P,OyF, species form 8% of the total SEI
consistent with the EELS results. The more organic species in the SEI forms a porous, ficloudo
like SEI morphology. Therefore, more electrolyte decomposes as a result of the exposed Si
surface that leads to poor electrochemical performance. Conversely, the electrode cycled with
EC/DEC/FEC has little change in SEI composition (in terms of atomic percentage), where the
LiF and P,OyF; species form ~ 52% of the SEI composition. If we compare this percentage to the
first lithiated percentage (~70%), it demonstrates that the SEI formed is much more stable.
Initially, EC/DEC/FEC forms a uniform dense coating (SEI) because of the fast reduction
kinetics if FEC compared to EC.'*® Therefore, there is little change in the SEI composition in the
first lithiated and delithiated state.

After 100 cycles, the SEI composition of both electrodes looks very similar which is
consistent with the STEM images. The SEI formed from EC/DEC/FEC has more organic species

than in the first cycle. There is a slightly more LiF and less RCO3; moieties than the SEI
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generated from EC/DEC. Since there is only 10 wt.% FEC additive and its rapid reduction
kinetics in the first few cycles (even to 5 cycles), over prolonged cycles the FEC will eventually
be depleted. This was first hypothesized in our previous work and is confirmed in this work.
Therefore, LiF forms in the initial cycles forming a protective coating around the Si NP and after
prolonged cycles the EC decomposition products dominate the SEI composition. As shown in the
STEM images, after 100 cycles the SEI morphology is identical for both electrolytes, which is
consistent with the XPS results. Furthermore, a more inorganic SEI is brittle and can crack
easily, therefore, after prolonged cycling this layer will become mechanically unstable, exposing
fresh Si surface forming a more organic SEI.
= Csp’ H ROR Bl ROCO
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Figure 5.10. Relative composition of the SEI at Si NPs after (a,b) first lithiation, (c,d) first
delithiation, and (e,f) 100 cycles in the delithiated state. The layer resulted from and was in fluid
communication with EC/DEC (a,c,e) and EC/DEC/FEC (b,d,f).
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5.4. Conclusion

A comprehensive study of the effects of FEC on the Si electrochemical changes discovers
new insights to the significance of SEI morphology and chemical changes that occur during
electrochemical cycling using STEM/EELS analysis. Specifically, the direct visualization of SEI
morphology evolution obtained for both electrode systems reveals that the electrode cycled in
EC/DEC/FEC is covered with a uniform and stable SEI mainly for the first few cycles while the
SEI of the electrode cycled in EC/DEC forms a porous and inhomogeneous SEI right away. The
stable SEI formation can contribute to the improvement in electrochemical performance of Si NP
electrode. Furthermore, according to the STEM-EELS profile results, less oxide layer (LixSiOy)
is found in the initial cycle on the Si electrode cycled with EC/DEC/FEC. Our XPS results
provide a much larger length scale for the SEI chemical changes after cycling, which
demonstrated that the electrode cycled in EC/DEC has a higher atomic percentage of Li,COs
consistent with the EELS results. On the other hand, the electrode cycled in EC/DEC/FEC
contained fewer carbonate species and more LiF, also correlating well with the STEM/EELS
analysis. Thus, we propose two main reasons as the effects of FEC which result in the
electrochemical improvements: (1), FEC decomposition products eliminate the LixSiOy layer,
and (2), the initial formation of homogeneous and dense SEI on the Si NPs. Therefore, the
chemical composition formed with FEC additive is not the sole reason for improved capacity
retention with cycling of Si electrode but the SEI density and morphology also plays a critical
role in electrode stability. However, the mechanical property of such a dense SEI film may not
be most ideal if large amount of lithiation/delithiation occurs upon long term cycling. Further
investigation on how SEI morphology and composition changes with the degrees of
lithiation/delithiation in the electrode cycled with EC/DEC/FEC can provide critical information

for further improving and developing Si anodes as well as electrolyte additives.
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Chapter 5, in full, is a reprint of the material fiDirect Visualization of the Solid
Electrolyte Interphase and Its Effects on Silicon Electrochemical Performanceo as it appears in
Advanced Materials Interfaces, Sina, M; Alvarado, J; Shobukawa, H; Alexander, C; Manichev,
V; Feldman, L; Gustafsson, T; Stevenson, K; Meng, Y.S, 2016, 1600438. The dissertation author
was the co-primary investigator and author of this paper. All the experiment parts were

performed by the author except for the HIM and STEM EELS analysis.
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Chapter 6. Bridging the Gap: Electrolytes for Efficient Coupling of Lithium Metal Anodes
with Next Generation Cathodes

6.1. Introduction

The development of Sonybs lithium-ion battery and its subsequent proliferation
revolutionized the electronics industry. However, with the growing demand for high energy
density batteries for the emerging electric vehicle market there is revitalized interest in lithium
metal anodesd®once deemed unsafe due to dendrite formation. The greatest strengths of lithium
metal as a negative battery electrode are also its major weaknesses. First, it has the lowest
electrochemical reduction potential compared to the current graphite anode, which increases cell
voltage compared to other negative electrode materials, but this comes at the cost of extreme
reactivity with the electrolyte. Second, as the lightest metal and as a pure active material, lithium
offers a tremendous theoretical specific capacity of 3,860 mAh g™, but suffers from dendrite
formation during cycling. This makes the formation of a stable solid electrolyte interphase (SEI)
extremely difficult and introduces significant safety and reliability concerns due to dendrite
formation and subsequent cell shorting. Mitigating these issues have proven to be challenging
and more research is required to solve the low cycling efficiency and to prevent dendrite

formation.

In conventional Li-ion batteries the efficiency, cycle life, and rate capability of the cell is
dictated by the SEI, which forms between the anode and the electrolyte. The miracle of the
current commercial Li-ion battery SEI is that it is a conformal, self-limited film composed of
reduced electrolyte components that allows lithium transport without conducting electrons,
which would otherwise lead to further parasitic reactions. For lithium metal anodes, the anode-

electrolyte interface is in a stronger reducing environment which undergoes significant volume

85



changes, leading to continuous exposure of the highly reactive surface, generating
inhomogeneities in the SEI and corresponding irregularities in the current density distribution
that lead to dendritic Li growth. Thus, stabilizing the Li SEI is currently one of the greatest
challenges that researchers face. A variety of approaches have been proposed including: 1) host

structures for Li***"™°2; 2) physical barriers to prevent dendrite formation such as polymer ***and

1541 159,160

solid state electrolyte™*™*"; 3) flexible coatings™®; and 4) electrolyte engineering

One of the most promising and economically viable approaches is in situ tuning of the
interphase chemistry with different electrolyte solvent/co-solvent combinations. It has taken
researchers over 40 years to increase the plating/deplating efficiencies from 80% to 98.5%,
cycling at 0.5mAh/cm? in Li versus Cu cells. This significant jump in efficiency was achieved by
moving away from highly reactive solvents (carbonate based electrolytes) to systems that are
more cathodically stable and by changing the lithium salt chemistry pioneered by Aurbach et al.
*8159161The morphology of plated Li metal is dependent on a variety of factors associated with
the salt, including the degree of dissociation, the strength of solvation, and the cathodic stability,
all of which are associated with the SEI.2°2%%In some cases, increasing the salt concentration has
also shown to be a viable method for improving the homogeneity of the SEI.**%!%* Suo and
coworkers coined the term fisolvent-in-salto, based on the concept of fipolymer-in-salto, where a
super high concentration of lithium salt outweighs the molar ratio of the solvent (or polymer).'®
The vast improvements of highly concentrated electrolytes (above 3M) have been extended to
single solvent systems for lithium sulfur and high voltage lithium ion batteries (LNMO vs
graphite), demonstrated by Kim and coworkers’®® and Yamada and coworkers'®’, discoveries

which may change the outlook of single solvent electrolytes. For example, highly concentrated

(5M) LiFSI in 1, 2 Dimethoxyethane (DME) improved the Li metal cycling efficiency in Li
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symmetrical cells and in electrochemical performance of Li-S system.'®

Qian et al. further
examined highly concentrated 4MLiFSI-DME electrolyte for Li metal cycling to achieve 99.1%
and 98.4 efficiency at 0.2 mA/cm? and 4 mA/cm? current for over 500 cycles (Li vs Cu coin
cell) without evidence of dendrite formation, thus making it the best performing electrolyte to
date.'®® Despite these significant developments, researchers have yet to achieve the 99.9%
benchmark required for widespread commercialization of Li metal anodes. Bisalt combinations
further alter the SEI, generally promoting more inorganic interphases which in turn increase the
Li metal cycling efficiency. A 1M combination of LiTFSI (0.5M):LiFSI (0.5M) in 1,3-dioxolane
(DOL)/DME solvent reduced dendrite formation and improved the plating efficiency to 99% at
0.25mA/cm?.*® This increases the LiF concentration without increasing the salt content, thus
lowering the cost of the electrolyte. Still, the abovementioned reports demonstrate that non-

aqueous electrolytes with LiFSI as the primary salt component generally exhibit the highest

plating efficiencies, even exceeding LiPFg and LiAsFg in carbonate solvents with additives.

Though there have been recent advancements in Li metal plating efficiencies, researchers
have a limited understanding of how the electrolytes affect the Li metal nucleation, growth
mechanism, and fine nanostructure. This is largely due to the beam sensitivity of Li metal which
limits the possible characterization techniques used. In-situ optical cells are widely used to
investigate the Li metal growth mechanism.*"**"* However, understanding the real behavior of
the Li growth mechanism is challenging because it is difficult to detect the Li nucleation at the
nanoscale and to mimic the stack pressure to that of a coin cell which would have altering
morphology. Therefore, to further understand the initial plated Li metal morphology, researchers
must consider alternative techniques to enable high resolution imaging of plated Li metal while

avoiding sample damage. Cryogenic (cryo) techniques have been widely applied to study
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proteins, ribonucleic acid, and macromolecules because they allow high resolution imaging of

172117 Recently, our group

sensitive material and have revolutionized structural biology imaging.
was the first to develop cryogenic transmission electron microscopy (cryo-TEM) to elucidate the
nanostructure of deposited Li metal while avoiding beam damage. Our group has extended the
cryogenic capability to focused ion beam (cryo-FIB). For the first time, we present cross

sectional images of deposited Li metal to accurately investigate the density and morphology of

electrochemically plated Li metal.

While it is already a colossal challenge to develop electrolytes that allow for efficient
plating/deplating of Li, next generation lithium metal batteries will also have a cathode that
demands a voltage stability window beyond the upper limit offered by previously published
systems (> 4.5V). While the state-of-the-art ether electrolyte (4M LiFSI in DME) has been tested
in half cell and anode free configurations versus lithium iron phosphate cycled to 3.8V!"™, an
ether-based system has yet to be paired with nickel rich cathodes (4.4V), which offer
significantly enhanced metrics for energy density. Inspired by previous work, we investigate
highly concentrated bisalt electrolytes to expand the voltage window of ether electrolytes and
cycle LiNiggMng2C00,0, (NMC-622) in both half cell and anode free cell configurations to
4.4V. Finally, we demonstrate that bisalt electrolytes can potentially facilitate the use of Li metal
anodes for rechargeable lithium metal batteries by forming a predominantly inorganic SEI that
enables safe and reversible Li metal operation during electrochemical cycling. We characterize
this SEI and the underlying lithium using a specialized cryo-FIB setup to minimize sample
damage while gaining information on the density, morphology, thickness, and surface chemistry

(SEI) of the Li metal. Together, these results provide a comprehensive look at the performance
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improvements garnered by the bisalt approach and the mechanism responsible for this

enhancement.
6.2. Experimental Section

6.2.1. Electrolyte preparation

The electrolytes were prepared using Lithium bis(fluorosulfonyl) imide (LiFSI Oakwood
Products, Inc.-battery grade (>99%)), Lithium (trifluoromethanesulfonyl) imide (LiTFSI BASF-
battery grade), lithium hexafluorophosphate (LiPFs BASF-battery grade), dimethoxyethane
(DME, BASF-battery grade), ethylene carbonate (EC, BASF-battery grade), and ethylmethyl
carbonate (EMC, BASF-battery grade). All lithium salts were dried under vacuum for 24 hours
and the solvents were dried using molecular sieves for 72 hours prior to making the electrolytes
(moles of salt/volume of solvent). Seven salt-solvent electrolyte compositions were used in this
work: 4.0M LiFSI-DME, 4.0M LiFSI:2.0M LiTFSI-DME, and 1.0M LiPFs EC: EMC (3:7 wt).
All electrolyte solvents and solutions were stored and handled in an argon-filled Vacuum
Atmospheres Nexus One glovebox with measured levels of O, and H,O < 1ppm.

6.2.2. Electrolyte Characterization

A three electrode Swagelok cell containing Li metal as the counter and reference
electrode with platinum metal disk (0.5 inch diameter) as the working electrode was used for all
LSV measurements. A glass fiber separator (Whatman QMF) was included to avoid cell
shorting, and the cells were filled with 300 uL of electrolyte. The experiments were carried out
on a single channel Gamry Potentiostat (Reference 3000), sweeping from OCV to 6V at 5mVs™.

Experiments were conducted three times for each electrolyte to ensure reproducibility.
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Electrolyte conductivity a of the electrolytes were measured with a Solartron potentiostat at
selected temperatures within a Tenney Jr. environmental chamber. The conductivity cells consist
of a pair of platinumTiridium electrodes. The cell constants of a nominal value of 0.1 cm™ were
calibrated with a standard KCI solution of 111 mS cm™ nominal value. The temperature

measurements ranged from 60 to -10°C in 10 degree decrements.

6.2.3. Electrochemical Testing

Copper foil was cut into ¥ inch diameter disks (1.27cm?) and washed in 1.0M HCI
solution for 10 minutes. The Cu disks were rinsed with deionized water (three times) and acetone
(three times), dried under vacuum for 12 hrs. The washed Cu foil was assembled in the coin cell
as the working electrode while the Li metal (1.5mm thick, FMC Corp) was the reference and
counter electrode. Asahi Kasei C5 was used as the separator and soaked in 120 pL of electrolyte.
The cells were first discharged until they reached an area capacity of 0.5mAh/cm? and charged

until reaching 1.0V (all at various currents).

All composite electrodes (lithium iron phosphate and lithium nickel manganese cobalt
oxide (622) were coated on 20 um thick aluminum foil. These electrodes were provided by the
CAMP Facility at Argonne National Laboratory. All electrodes were punched to 9/160 diameter
(1.6 cm? area) and assembled in 2032 coin cells (Hohsen Corp.) Asahi Kasei C5 was used as the
separator and soaked in 1200L of the desired electrolyte. Li metal (9/1660 diameter) was used as
the counter and reference electrode. In the case of anode free cells, Cu foil disks (5/8 in
diameter) were used as the counter electrode. All half cells were cycled at C/3 for both charge
and discharge without a formation cycle®in a Maccor battery cycler. The anode free cells were

cycled at C/10 during charge cycle and C/3 during the discharge state.
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The experiment was conducted in a pseudo-three electrode cell with the copper foil as the
working electrode and the Li metal as the reference/counter electrode. The cell was measured
from OCV to -0.1V at 2mVs™ for three scans using Solartron 1287 potentiostat at room

temperature.
6.2.4. Sample Investigation using SEM, XPS, cryo-FIB

The deposited Li metal on Cu foil was disassembled and washed with anhydrous DMC in
the glovebox. The sample was mounted on the SEM sample holder in the glovebox then imaged

using ZEISS Aurgia SEM with an ES2 detector at 5 kV.

Following cycling, all coin cells were disassembled in an argon-filled Vacuum
Atmospheres Nexus One glovebox (H,O < 1 ppm, O,<1ppm). The electrodes were rinsed with
anhydrous dimethyl carbonate and dried in vacuum at room temperature to evaporate any
residual solvent. The samples were transferred to a PHI Versaprobe Il XPS system using a
sealed vacuum transfer capsule enabling rigorous air/moisture exclusion, as to not alter the
surface chemistry. The XPS was operated using Al anode source at 15 kV with a 100 em x 100
€m spot size and charge compensation was provided by the PHI charge neutralization system to
eliminate differential charging. Survey scans were collected with a pass energy of 224 eV and a
1.0 eV step size followed by high-resolution scans with a pass energy of 26 eV and a step size of
0.05 eV. Peak fitting was performed using CasaXPS software (version 2.3.15, Casa Software
Ltd.), using 70/30 Gaussian/Lorentzian line shapes on a linear background. Quantification was
performed using peak area corrections to account for the photoionization cross section of each
element and the instrument geometry. All spectra were shifted relative to the binding energy of

the carbon 1s sp® (assigned to 284.5 eV) to compensate for any off-set during the measurement.
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The deposited Li metal on Cu foil were disassembled and washed with anhydrous DMC
in the glovebox. The samples were mounted on the SEM sample holder in the glovebox then
transferred to a FEI Helios NanoLab Dualbeam. The stage was cooled with liquid nitrogen to O-
180 °C. Sample cross-sections were exposed using 5 nA ion beam current and 100 ns dwell time
and cleaned twice at 0.5 nA and 0.3 nA respectively. SEM images were taken with an ETD
detector at 5 kV.

6.3. Results and Discussion

6.3.1. Electrochemical Analysis

The newly developed electrolytes were examined first by cyclic voltammetry, shown in
Figure 6.1. The cells were cycled in a Li versus copper (Cu) coin cell configurations, were the Li
metal works as both the counter and reference electrode. In Figure 6.1a, the insert is a magnified
image of the CV from 2.5V to 0.2V, which demonstrate small current peaks from the electrolyte
decomposition. However, since we have a bisalt electrolyte system it is difficult to decipher the
peaks that correspond to each Li salt. Therefore, CVos were run for each Li salt at a slower
sweep rate (Figure 6.1b) to properly determine the decomposition peaks. Figure 6.1b shows the
effect of 4M LiFSI-DME on Li metal cycling, a small peak at 2.4V and a large peak at 1.25V is
attributed to LiFSI decomposition which was previously demonstrated by Kim et al at 60°C in
the same solvent system.'® In the case of LiTFSI, it produces decomposition peaks at 2.0V and

1.44V. This demonstrates that both Li salts participate in the SEI formation.
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Figure 6.1. (a) Cyclic Voltammetry of 4MLIiFSI-DME (red) and 4MLIiFSI:2MLIiTFSI-DME
(green) at ImV /sec. Insert is a magnified image of CV to determine decomposition peaks. (b)
Cyclic Voltammetry of 4MLiFSI-DME (red-dashed line) and 2MLIiTFSI-DME (green-dashed
line) at 0.2 mV /sec. Insert is a magnified image of CV to determine decomposition peaks of
each lithium salt.

The stability of Li metal during galvanostatic plating/deplating cycling was examined in
Li versus Cu coin cells. The conventional electrolyte (Gen Il, 1.2 M LiPFg (3:7) ethylene
carbonate (EC): ethylmethyl carbonate (EMC)) efficiency was compared to DME electrolytes
(4MLiFSI-DME and 4MLiFSI:2MLiTFSI-DME). The cells were cycled at 0.5 mA/cm? to an
areal capacity of 0.5 mAh/cm? The voltage profiles at different cycle numbers are shown in
Figure 6.3. The Coulombic efficiency (CE) can be calculated by taking the areal capacity ratio of
deplated Li from the Cu to the plated Li. Gen Il electrolyte has a first cycle efficiency of 55%
which then increases to 80% until the 85" cycle. As expected, the carbonate electrolyte capacity
decreases significantly after 100 cycles (Figure 6.2a). Conversely, the DME electrolytes have a
notable increase in initial efficiency and in subsequent cycles. Figure 6.2b compares the state-of-
the-art 4AMLIiFSI-DME to our bisalt electrolyte formulation (4MLiFSI:2MLITFSI-DME). As
shown in the literature, the cell cycled with 4AMLIFSI-DME quickly reaches 98.5% and maintains

stably cycling for 200 cycles.'®® Although the bisalt DME electrolyte takes 20 cycles to reach
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98.2%, the cycling stability increases to compete with the state-of-the-art ether electrolyte.
AMLIFSI:2MLITFSI-DME electrolyte has the ability to cycle Li with efficiency between 98.5
and 98.7%. It is no surprise that carbonate electrolytes have poor cycling performance because of

their high reactivity to Li metal. "%
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Figure 6.2. Galvanostatic cycling of lithium versus Cu at 0.5mA/cm® comparison of the
conventional electrolyte to ether solvent electrolytes (a) and zoomed in image (b).
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Figure 6.3. Voltage profiles of Li versus Cu coin cells in Gen Il (grey), 4MLiFSI-DME
(red),AMLIFSI-DME (red), and 4MLIiFSI:2MLIiTFSI-DME (green), after (a) first cycle and (b)
100 cycles.
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Recent computation results demonstrate that ether solvents have a lower reactivity
towards Li metal and have shown to have slower dendrite formation.'***"® The most widely used
solvent mixture to examine the plating and stripping efficiency Li metal is DOL:DME (1:1)
mixture. The most widely used solvent mixture to examine the plating and stripping efficiency of
Li metal is DOL:DME (1:1) mixture. DOL is known to be a good passivation agent with low
viscosity (d:0.6 mPa/s) and has a good dielectric constant (U: 7.1), while DME improves the
solvation (donor number: 20) and solubility of the lithium salt with low viscosity (d:0.455
mPa/s).}”® Recently, Miao and coworkers proposed a new solvent combination that reduces the
dendrite formation and improves the cycling efficiency of Li metal.'”® However, the cycling
efficiency still lingers at 98% when cycled at 0.25 mA/cm?, which is problematic for commercial
applications that require higher efficiencies and rate capabilities. Although the electrochemical
efficiencies seem promising, ether electrolyte formulations can only cycle low voltage cathodes
for lithium-sulfur and Li-ion batteries. To date, there has not been an ether based electrolyte that

has been pushed to its limits.

6.3.2. Li Metal Morphology

Figure 6.4 shows the important role that the electrolyte plays on Li metal plating
morphology and packing density. As expected, Gen |l electrolyte produces needlelike dendrites
in the first plating state. These results are consistent with previous results, which cause
catastrophic cell failure.®**® Conversely, the Li metal morphology produced from 4MLiFSI-
DME follows similar morphology as presented previously by Qian et al.**®" Figure 6.4c shows
the large Li particle morphology when cycled with 4MLIFSI:2MLITFSI-DME. Both high
concentrated DME electrolytes have uniform, closely packed Li metal particle morphology

without dendrite formation. It is difficult to determine if the Li metal morphology is consistent
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from the top view SEM, therefore alternative techniques were applied in order to elucidate the Li

metal packing density.

To investigate the cross section of the Li metal morphology, previous reports rely heavily
on SEM. However, this requires either physically cutting the electrode with scissors or focusing
on the outer edge of the electrode to determine the area where the Li metal is deposited on the
copper (Cu) foil. There are several issues associated with these methods. First, when scissors are
used to cut the Li metal deposited on Cu foil, the sample will be damaged during preparation. As
a result, the SEM image is not a true representation of the Li metal deposition packing density, as
the Li metal will inevitably be compressed during the cutting process. Secondly, imaging the
outer edge of the Li deposited on Cu foil to determine film thickness and packing morphology
can lead to incorrect assumptions. This is due to the non-uniform current density distribution
during Li metal deposition which causes heterogamous Li metal film deposition.**'®? As a
result, the packing density can be different when comparing the outer edge morphology to that in
the center of the electrode due to the sharp increase in local current.*®® And third, tilting the SEM
stage to obtain a cross section image makes it difficult to focus on the Cu foil and deposited Li
metal interface. To further improve Li metal cycling efficiency, we need to understand how
electrolytes affect the nucleation growth and packing density at the Cu-Li metal interface. For

the first time, we utilize cryogenic-focused ion beam (cryo-FIB).

Cryo-FIB overcomes all the shortcomings of traditional SEM cross section images.
Cooling the samples below -180°C prevents local melting and re-deposition during cross-
sectional milling of the deposited Li metal, thereby obtaining a true representation of the cross
sectional image (see supporting information). Figure 6.4 d-f demonstrates the deposited Li metal

on Cu foil packing density. Additional images are shown in supporting information, which
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demonstrate consistent results. When Gen |l electrolyte is used, the cross section image
demonstrates a needlelike Li metal morphology, highlighted by the red arrows (Figure 6.4d). The
large void space between the Li metal and the Cu foil propagates throughout, generating a
thickness of ~5um. It is this large porosity in the Li deposition that causes parasitic side
reactions, eventually forming an unstable SEI. With 4AMLIiFSI-DME, the porosity in deposited Li
is reduced, with no observe dendritic Li; however, small pores are present closer to the Cu
interface, highlighted by the white arrow (Figure 6.4e). Nonetheless, the use of 4MLIFSI-DME
increases the Li metal packing density with an average thickness of ~4 pum. The use of
AMLIFSI:2MLITFSI-DME dramatically reduces the porosity of Li metal deposition and plating
thickness to ~2.5 um. This electrolyte plates dense Li metal, especially at the Li-Cu interface
(Figure 6.4f). This demonstrates that the synergy between LiFSI and LiTFSI helps generate a
SEI that promotes even Li nucleation and deposition. As a result, the trend persists until the

desired capacity is reached.
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Li metal
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Figure 6.4. Top view SEM images of the initial lithium plated morphology and their
corresponding Cryo-FIB cross sectional cuts when cycled in (a, d) Gen 11, (b, ) 4MLIiFSI- DME,
and (c,f) 4MLIiFSI:2MLiTFSI-DME.

6.3.3. SEI Investigation by XPS

The electrochemical cycling and plating pack density of Li metal in DME electrolytes
demonstrate that the initial SEI formation is critical for high efficiency Li metal cycling. The SEI
generated by the Gen Il electrolyte has been extensively studied by various spectroscopic
techniques, which clearly indicate that Gen Il is not a suitable electrolyte for lithium metal
batteries.”®'#*8 More importantly, the plated Li metal on Cu foil shows that the Li metal
porosity (demonstrated by cryo-FIB, Figure 6.4 d) allows for the Li metal to be continuously
exposed to the electrolyte; this inevitably results in an unstable SEI. In recent years, the SEI
generated by the decomposition of 4AMLIFSI-DME electrolyte has been studied by computation
and XPS. However, the addition of LiTFSI to 4MLIiFSI-DME requires further investigation.

Figure 6.5a shows the C1s spectra for all electrolytes, where the SEI generated by Gen Il

98



electrolyte is dominated by solvent (EC:EMC) decomposition forming ethers (CO, 286.6 eV),
esters (OCO, 288.6 eV), and carbonates (CO3, 289.9eV) functionalities. The SEI generated by
AMLIFSI-DME also has similar functionalities that are associated with the decomposition of the
DME solvent. The addition of LiTFSI demonstrates that the salt is actively participating in the
SEI formation where CF; and CF, are found at 293.2 eV and 291 eV, respectively. As a result,
the more electronegative environment causes a significant shift in CO peak (286.9eV) and OCO

(289.1 eV), which is demonstrated by the dashed line.

This is further validated by the fluorine 1s spectra in Figure 6.5b. There is a slight LiF peak
shift to higher binding energy when comparing Gen 1l (684.8 eV) and 4MLIiFSI-DME (684.9
eV) to 4MLIFSI:2MLIiTFSI-DME (685.3 eV). Peaks associated with the LiFSI and LiTFSI
decompositions are found at 688.8eV for CF3; and 687.8 eV for compounds containing S-F,
which is consistent with previous reports.*®*1®° The O1s region shows that Li,O is present in the
cells cycled with Gen Il and 4MLIiFI-DME. The Ol1s region for Gen Il cells also shows
correlation with the C1s region scan (CO: 531.4eV, OCO: 530.5 eV, COg3: 532.1 eV). The salt
decomposition products (LixO,PF,: 533.3eV) also correlate well with the F1s region scan. The
LiTFSI and LiFSI salt decomposition products, particularly S-O containing functionalities, are
present between approximately 532 eV to 533 eV. The high electronegative environment of the
SEI generated by 4MLIiFSI:2MLITFSI-DME is further demonstrated by the higher binding
energy peak shift of the S-O salt decomposition peak. The SEI generated by the bisalt electrolyte
promotes the formation of a more dense and uniform Li metal deposition that decreases the void
space between the Li metal and Cu. This allows for better contact of the Li to the Cu, which may

avoid Li metal disconnect during rigorous electrochemical cycling.
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Figure 6.5. Region scans of (a) carbon 1s, (b) fluorine 1s, (c) oxygen 1s on plated lithium metal
after the first cycles.
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6.3.4. Electrolyte Oxidative Potential

It is widely accepted that ether based electrolytes have low oxidation stability (approx.
4V).! When ether electrolytes are used in an actual cell, the oxidation potential is even lower as a
result of the catalytic surface of various cathode materials.*® Therefore, the applications for
ether based electrolytes are limited to lithium air*®’, lithium sulfur'®®, and low voltage lithium ion
cathodes such as lithium iron phosphate (LFP). New ether electrolyte formulations are typically
tested against LFP and sulfur battery cathodes.'®®*"® Although Qian and coworkers determined
that high concentrated ether (4MLiFSI-DME) electrolytes have a higher oxidation potential than
do low concentrated electrolytes (LMLiFSI-DME), they only tested the electrolyte using LFP in
half cell and anode free cell configurations.'®®*" The oxidative stability of our bisalt electrolyte
was examined using linear sweep voltammetry (LSV), shown in Figure 6.6. Consistent with Qian
and coworkers, we observe a 4.4V oxidation potential for 4MLiFSI-DME electrolyte.”® The
bisalt electrolyte has an oxidative potential of 5V which is greater than the Gen Il base line

189190 our bisalt electrolyte

(4.8V). Similar to the fAwater-in-salto and fiwater-in-bisalto,
experiences a similar effect in improving the oxidation potential as a result of higher Li ion
concentration compared to 4MLIiFSI-DME electrolyte. As a result, the solvent has less of an

100



effect on the oxidation potential. All of the electrolytes were tested using LFP as our cathode

(half cell configuration), shown in Figure 6.7a.
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Figure 6.6. Linear sweep voltammetry using a three electrode cell of Gen 11 (grey), 4AMLIFSI-
DME (red), and 4MLIiFSI:2MLIiTFSI-DME (green).

(a)
160 -
- L 0.9
140 4 1
5 108
=
S 1204 L
£ 0.7
2 1004
g
8 0.6
[
O 8o |
s AMLIFSI-DME 0.5
god ¢ AMLIFSI-2MLITFSI-DME
® Genl
. . . . 04
0 20 40 60 80 100

Cycle

—

Coulombic Efficiency (%

| » AMLIFSI-DME
» AMLIFSI:2MLiTFSI-DME

0

» Genll

20 40 60
Cycle
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Given the LSV results, all electrolytes were used to cycle lithium cobalt oxide (Figure
6.7b) at both 55°C and 30°C (at C/3). First, the cells are cycled at 55°C to 4.2V for 80 cycles.
The Gen Il electrolyte is unable to handle high temperature cycling. Conversely, both ether
electrolytes have negligible capacity fade. When the temperature decreases to 30°C, the Gen Il
electrolyte continues to lose capacity, which is likely due to the poor thermal stability of LiPFg
and CO; gas generation.”" The cell cycled in 4MLiFSI-DME has a large drop in capacity with
temperature change, ranging from 130 mAh/g at 86 cycles when cycled at 55°C to 111.5 mAh/g
at 30°C. On the other hand, the cell cycled with 4MLIiFSI:2MLIiTFSI-DME has a slight drop in
capacity from 134.2 mAh/g (86 cycles, 55°C) to 124.1 mAh/g for the remaining cycles at 30°C.
This demonstrates that our high concentrated bisalt electrolyte has good thermal stability,
leveraging the properties from both lithium salts. As a result, it can cycle lithium cobalt oxide to

4.2V without serious voltage decay both at high and room temperature.
6.3.5. Rigorous Half Cell and AAnode Freed Cell Tests of LiNigsMng2C0020;

Until now, researchers had not tried cycling LiNiggMng2C00,0, (NMC-622) with ether
electrolytes due to their low oxidation potential. Based on our LSV study, we know that our
bisalt electrolyte oxidizes at a much higher potential than 4.0V. All of the electrolytes were
further pushed to cycle the next generation high nickel content cathodes, NMC 622, to 4.4V at
C/3 in a half cell configuration. All of the cells have stable cycling until 100 cycles; however, the
Gen |1 electrolyte fades quickly afterwards. The cell cycled in 4AMLiFSI-DME failed after 100
cycles which is attributed to the oxidation potential of the electrolyte. Given that the oxidation
potential of 4AMLIFSITDME is at 4.4V, the electrolyte continues to oxidize at every cycle. This

prevents it from forming a stable passivation layer on the cathode. Remarkably, the bisalt
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electrolyte outperforms all of the electrolytes. Even after 200 cycles, the cell has a 70% capacity

retention with a CE of 99.8%.

Pioneered by Qian and coworkers, the AAnode Free (AF)o cell configuration consisted of
LFP vs. Cu.™® Here, the Li ions are directly plated on the Cu foil at negative potential, testing
the true performance of the electrolyte in the cell. Brown et al., demonstrated that the anode free
system is useful to study the effect of vinylene carbonate on the SEI formation.**? Inspired by the
abovementioned works, AF cells with NMC-622 were used to test all electrolytes (Figure 6.8b).
It is known that the performance of Li metal plating and striping in AF and half cell
configurations improve substantially with variable rate cycling, where the Li metal is plated at a
slow rate and stripped at a fast rate.}”>'*® Therefore, our AF cells were plated at C/10 and
delithiated at C/3 to obtain the highest efficiency cells. Consistent with the literature, the cell
cycled with Gen Il electrolyte quickly fades with no remaining capacity after 30 cycles.'” On the
other hand, the bisalt (4MLiFSI:2MLIiTFSI-DME) outperformed the state-of-the-art ether
electrolyte (4MLIFSI-DME) with initial CEs of 80.5% and 78%, respectively. After 55 cycles,
the cell cycled with 4AMLIiFSI-DME had a discharge capacity of 54.8 mAh/g and a CE of 97.3%
compared to 89.9 mAh/g and CE of 99.1% for the cell cycled in the bisalt electrolyte. We
acknowledge that we have not solved all of the issues with Li metal. Given that we still have
capacity fade in both cell configurations, additional work will be required in order to solve the

remaining issues.
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Figure 6.8. Cycling performance of (a) NMC-622 half cell cycled at C/3 and (b) fiAnode Freed Cu versus
NMC-622 cycled at C/10 for the charge state and C/3 in the discharge state.

6.4. Conclusion

High concentration ether bisalt  electrolytes (4MLIiFSI:1IMLIiTF-DME,
AMLIFSI:2MLITFSI-DME) were used to test the efficiency of lithium plating and deplating.
With plating efficiencies between 98.5-98.7% at 0.5mA/cm?, they prove to be comparable to the
state-of the-art 4MLiIFSI-DME. The increase in salt concentration increases the oxidation
potential from 4V to 4.7V for the 6M bisalt ether electrolyte. As a result, the electrolyte was
tested in a half cell and iAnode Freeo configuration with NMC-622. The 6M bisalt electrolyte
outperformed all of the electrolytes achieving stable CE above 99%. This was achieved by
forming an inorganic SEI composed of S-O functionalities, LiF, Li,O, and CF compounds which
act as a protective layer on the Li metal surface. Generating a uniform SEI dominated by salt
decomposition products forms uniform Li metal plating on the Cu surface. The fundamental
findings in this work yield a pathway to develop new electrolyte formulations for stable Li metal

batteries.
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Chapter 6, in full, is currently being prepared for submission for publication fiBridging
the Gap: Electrolytes for Efficient Coupling of Lithium Metal Anodes with Next Generation
Cathodeso Alvarado, J; Schroeder, M; Borodin, O; Lee, J-W; Wang, X; Wynn, T; Zhang, M; Xu,
K; Meng, Y.S. The dissertation author was the co-primary investigator and author of this paper.

All of the experiment parts were performed by the author except for the Cryo-FIB.
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Chapter 7. Solvent-Salt Synergy Offers Fresh Pathway to Unlock Next Generation Li-lon
Chemistries

7.1. Introduction

Since the initial commercialization of lithium ion batteries (LIBs) more than 25 years
ago, the energy demands of portable electronic devices have rapidly outpaced the deliverable
performance metrics of state-of-the-art battery systems. This already widening gap is further
strained by the recent surge in development and adoption of large-scale energy storage
applications including electric vehicles and smart electric grids. These systems bring
requirements for energy/power densities, cycle life, low cost, and improved safety to challenging
new levels. An assortment of energy dense, high voltage positive electrode materials including
LiNipsMn;504 (LNMO) spinel, LiCoPO, (LCP), and high Ni-content layered Li-Ni-Mn-Co
oxides (NMC) offer promising theoretical performance metrics as long as the challenges®
primarily arising from shortfalls of currently available electrolytes that are almost exclusively

based on carbonate esters®can be addressed.

The first of these challenges has troubled Li-ion battery development from the start:
achieving reversible lithium intercalation at extreme potentials (from 0V vs. Li/Li") while
preventing persistent decomposition of electrolyte solvents and anions. The key enabler of this
process in commercial Li-ion cells is the interphase at anode/electrolyte junction: the solid-
electrolyte-interphase  (SEI)*®*, which forms and functions as a result of self-limited
decomposition reactions of electrolyte components and ultimately dictates the reversibility and
kinetics of lithium intercalation.>® This process is extremely sensitive to the electrolyte
composition (solvent, salt and its concentration). Despite extensive investigation of many aprotic

solvents and additives, only ethylene carbonate (EC) and a few other fienablerso (vinylene
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carbonate (VC)'*°, fluoroethylene carbonate (FEC)", (4R,5S)-4,5-difluoro-1,3-dixolan-2-one
(DIFEC)'*®, methylene-ethylene carbonate (MEC)'’, prop-1-ene-1,3-sultone (PES)', and
succinic anhydride (SA))'*® have been reported to exhibit this behavior. Aside from this limited
group, most other electrolyte systems (particularly non-carbonate systems) demonstrate similar
electrochemical behaviors of varying degrees to systems based on propylene carbonate (PC),
undergoing extensive parasitic surface reduction processes and exfoliating the graphitic

structure.

The second major challenge has emerged more recently with the development of high
voltage cathode materials such as LNMO and LCP, which operate at >4.5 V vs. Li and offer
greater energy density at the cost of exposing electrolytes to more aggressive electrochemical
conditions. The performance of these electrodes in conventional carbonate-based electrolytes
suffers from extensive degradation at or above 4.4V due to continuous oxidation processes,
which evolve CO,, consume active material, and increase cell impedance’®&parasitic effects
that are all accelerated at higher temperatures.”*"?® Many electrolyte systems with superior
anodic stability such as those based on nitriles, sulfones, ionic liquids, and fluorinated carbonates
have been investigated for use with high-voltage cathodes, but often struggle to form a suitable
anode SEI, leading to excessive reductive decomposition and exfoliation of graphite anodes. The
few well known SEI-forming additives that can address this issue in carbonate systems are often
anodically unstable against those high voltage cathode surfaces, and as a result, are unable to

repair/reform SEI in a carbonate-free media.

Here, we report an electrolyte formulation that reconciles both of these challenges. High
purity tetramethylene sulfone (TMS), or sulfolane (SL), a highly polar aprotic solvent with wide

temperature and voltage stability windows was used as bulk electrolyte solvent without
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additives, and lithium bis(fluorosulfonyl)imide (LiFSI) serves as both the conducting salt and
SEI forming agent.®® This solvent-salt combination exhibits a unique synergy, establishing
stability at the anode-electrolyte interface with an SEI primarily formed by FSI™ anion and
providing high voltage stability at the cathode-electrolyte interface via intrinsic anodic stability

of the solvent and salt.

7.2. Experimental

7.2.1. Electrolyte Preparation

The electrolytes were prepared using LiFSI (Oakwood Products, Inc.-battery grade),
LiPF¢ (BASF-battery grade), propylene carbonate (PC, BASF-battery grade), ethylene carbonate
(EC, BASF-battery grade), ethylmethyl carbonate (EMC, BASF-battery grade), and
tetramethylene sulfone (SL, Sigma Aldrich-98% purity). Given the quality of the sulfolane (SL)
and its slightly yellow-brown color, it was purified.?” The resulting material is a sticky white
solid at room temperature that melts at 28.6°C to form a clear liquid. The carbonate solvents (PC,
EMC, EC) were dried using molecular sieves and the salts were dried under vacuum at 60C for
12 hours to remove any residual water. Six salt-solvent electrolyte compositions were used in
this work: 1.0m LiFSI-SL, 3.25m LiFSI-SL, 1.0m LiPF6-SL, 1.0m LiFSI-PC, 4.0m LiFSI-PC,

and 1.2m LiPF¢ EC: EMC (3:7 wt%) (all formulated in the glovebox).
7.2.2. Electrolyte Characterization

Electrolyte conductivity a of the electrolytes were measured with an Agilent E4980A
precision LCR meter at selected temperatures within a Tenney Jr. environmental chamber,
controlled and automated with an in-house computer program. The conductivity cells consist of a
pair of platinumTiridium electrodes and a Pyrex cell body that can be sealed with a ground-glass
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stopper. The cell constants of a nominal value of 0.1 cmT1 were calibrated with a standard KCI
solution of 111 mS cmT1 nominal value. The temperature measurements ranged from 85 to -
20°C in 5 K decrement, stopping at each for an hour of thermal equilibration before taking a
measurement. After the measurement at a set temperature, readings from five thermocouples
placed near the conductivity cells were recorded and averaged to give the actual temperature for
the conductivity values. Each conductivity measurement consisted of an impedance scan from 20
Hz to 2 MHz with an amplitude of 10 mV, from which a ZiZn plot was made and s was

evaluated from the impedance curve. This followed parameters from our previous publication.?®
7.2.3. Graphite Half Cell Experiments

The graphite electrodes contained 91.83% Gelon G15 MCMB with 2 wt% C45
conductive additive and 6 wt% Kureha 9300 binder, and were coated on 10 pm thick Cu foil.
These electrodes were provided by the CAMP Facility at Argonne National Laboratory. These
electrodes were punched to 9/160 diameter (1.6 cm? area) and assembled in 2032 coin cells
(Hohsen Corp.) with Celgard 3501 separators soaked in various electrolytes (1m, 3.25m LiFSI
SL, 1m LiPFg SL, and 1.2m LiFSI ethylene carbonate (EC): ethylmethyl carbonate (3:7 wt%))
and a 1.5 mm thick, 0.50 diameter Li metal counter-electrode (FMC Corp.). Cell assembly was
carried out in a dryroom (dew point < -75°C). After resting for 12 hours, the coin cells were
cycled in a 30° environmental chamber with a Maccor battery cycler. The galvanostatic cycling
protocol included upper and lower voltage limits of 2.0V and 0.05V, respectively, for a
formation cycle at C/20 followed by 4.5 cycles at C/5 until the end of the sixth discharge
(lithiated graphite). Cells that exhibited exfoliation/decomposition behavior without reaching the
lower limit (i.e. 1.0m PFg PC) were discharged at C/20 for 80 hours for consistency in the XPS

analysis. The cell configuration was also used for cyclic voltammetry experiments on Solartron
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potentiostat. Here the Li metal acts as the counter electrode and reference electrode, while
MCMB anode is the working electrode. The experimental parameters included sweeping the

voltage from OCV to 0.05V at 0.05mVs™, for a total of three CV cycles.
7.2.4. Full cell Experiments

The LiMn;5NigsO4 electrodes contained 84% Gelon G15 MCMB with 8 wt% C45
conductive additive and 8 wt% Kureha 1120 binder, and were coated on Al foil. These electrodes
were provided by the CAMP Facility at Argonne National Laboratory. These electrodes were
punched to 9/160 diameter (1.6 cm? area) with a areal loading of 14.7 mg cm"™ and assembled
versus MCMB anode with a mass loading of 6.44 mg cm" in 2032 coin cells (Hohsen Corp.)
with glass fiber (Whatman QMF) separators soaked in various electrolytes (3.25m LiFSI SL, and
1m LiPFg SL, 1.2m LiPFg EC: EMC (3:7 wt%). Cell assembly was carried out in a dryroom (dew
point < -75°C). After resting for 12 hours, the coin cells were cycled in a 30°C and 55°C
environmental chamber with a Maccor battery cycler. The galvanostatic cycling protocol
included upper and lower voltage limits of 4.85V and 3.5V, respectively, for a two formation

cycles at C/20 followed by 300 cycles at C/5.
7.2.5. Linear Sweep Voltammetry

A three electrode Swagelok cell containing Li metal as the counter and reference
electrode, with platinum metal disk (0.5 mm diameter) as the working electrode. The glass fiber
separator (Whatman QMF) to avoid the cell from shorting, with 300 uL of electrolyte. The
experiments were carried out on a single channel Gamry Potentiostat (Reference 3000),
sweeping from OCV to 6V at 2mVs™. Experiments were conducted three times for each
electrolyte to ensure reproducibility.
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7.2.6. Cyclic Voltammetry and Impedance Measurements

The experiment was conducted in a two electrode coin cell with the MCMB graphite
anode as the working electrode and the Li metal as the reference/counter electrode. The cell was
measured from OCV to 0.05V at 0.05mVs™ for three scans using Solartron 1287 potentiostat at

room temperature.

Impedance measurements were measured in the same coin cell using a Gamry
Potentiostat (Reference 3000). The MCMB half cells were first lithiated at C/20 until 0.05V and
left to rest for four hours until the cells reached OCV. The impedance was measured using 10mA
AC potential from 0.1 Hz to 1MHz versus open circuit potential. The cells were then delithiated
at the C/20 until 2V. The cell was allowed to reach OCV and the impedance measurement was
taken. After the impedance measurements were taken, an equivalent circuit model was fit to the
data to analyze the reactions that took place using Z view software (v. 3.4a, Scribner Associates,

Inc.).
7.2.7. XPS sample Preparation/Analysis:

Following cycling, all coin cells were disassembled in an argon-filled Vacuum
Atmospheres Nexus One glovebox (H,O < 1 ppm, O,<1ppm). The electrodes were rinsed with
anhydrous dimethyl carbonate and dried in vacuum at room temperature to evaporate any
residual solvent. The samples were transferred to a PHI Versaprobe Il XPS system using a
sealed vacuum transfer capsule enabling rigorous air/moisture exclusion, so the electrode surface
chemistry is believed to be unaltered. The XPS was operated using Al anode source at 15 kV
with a 100 em x 100 em spot size and charge compensation was provided by the PHI charge
neutralization system to eliminate differential charging. Survey scans were collected with a pass
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energy of 224 eV and a 1.0 eV step size followed by high-resolution scans with a pass energy of
26 eV and a step size of 0.05 eV. Peak fitting was performed using CasaXPS software (version
2.3.15, Casa Software Ltd.), using 70/30 Gaussian/Lorentzian line shapes on a linear
background. Quantification was performed using peak area corrections to account for the
photoionization cross section of each element and the instrument geometry. All spectra were
shifted relative to the binding energy of the carbon 1s sp® (assigned to 284.5 eV) to compensate

for any off-set during the measurement.
7.2.8. Infrared Spectroscopy

All FTIR spectra were collected in an attenuated total internal reflection (ATR) geometry
using a Nicolet 6700 (Thermo Scientific) spectrometer with a diamond ATR assembly (single
bounce, 45°, Specac Ltd.). All spectra were the average of 64 scans collected at a resolution of 2
cm™. LabSpec5 curve fitting software was used to fit spectra to mixed Gaussian-Lorentzian

functions.
7.2.9. Molecular Modeling

QC calculations were performed using the g09 Gaussian package including implicit
solvent SMD solvation model with SL parameters (0=42.5, U .=2.194) was employed in all
calculations. The composite methodology G4AMP2 was utilized for small complexes because it
was previously demonstrated to accurately predict ionization energies, electron and proton
affinities and enthalpies of formation with the mean absolute deviations of 0.73-1.29 kcal/mol.
Less expensive MO05-2X/6-31+G(d,p) density functional theory (DFT) calculations were
performed for examining the reactions in larger complexes. Oxidation and reduction potentials

were calculated according to Eq. 1and 2, in which the value of the potential vs. an electron at rest
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in vacuum was converted to the Li/Li* scale by subtraction of 1.4 V as previously discussed. The
shift factor of 1.4 V dependents on the nature of the solvent and salt concentration giving rise to

uncertainty of 0.1-0.3 V for predicted values.

E%xidation(M) = [0Ge + pG°s(M*) -pGs(M)]/F - 1.4 (7.1)

Eoreduction(M) = '[(pGe + CpGOS(M_) ‘mGOS(M)]/F -1.4 (7-2)

where @G, is the ionization free energy or electron affinity in gas-phase at 298.15 K; pGs(M™),
pGs(M") and pGs(M) are the free energies of solvation of the oxidized, reduced and initial

complexes, respectively, and F is the Faraday constant.
7.3. Results and Discussion
7.3.1. Electrolyte Characterization

Electrolytes with concentrations of 1.0m (mol kg™) and 3.25m LiFSI in SL were prepared
for temperature-dependent conductivity measurements. The data shown in Figure 7.1a, with
1.0m LiPFgin EC/EMC (3:7) (Gen Il) for comparison®®, indicates the LiFSI-SL system exhibits
approximate conductivities of 2-3 mS cm™ depending on the concentration, less than an order of
magnitude lower than the standard carbonate formulations despite viscosity penalties associated
with the solvent and increased salt concentration. Part of the conductivity penalty is compensated
by the higher apparent Li*-transference number (t) estimated from ion self-diffusion
coefficients. The pfg-NMR (and MD simulations) yield t*=0.48 (0.48 MD) for 1 m LiFSI-SL and

0.58 (0.65 MD) for 3.25 m LiFSI that are higher compared to the previously reported values for
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mixed carbonates t'=0.24-0.34 for LiPFe/(EC/DEC)*® and t'80.4 for LiPFg¢/(EC:DMC).2
Interestingly, at 3.25m MD simulations and pfg-NMR predict that the Li* diffusion is not only
faster than diffusion of the FSI™ anion but also is faster than diffusion of SL solvent, suggesting
that the Li* cation moves via solvent and anion exchange in 3.25m LiFSI-SL. More detailed
analysis of MD trajectories showed that during one Li*-SL residence time, a Li* moves 6.4 A
and 7.4 A for 1m and 3.25m LiFSI-SL, respectively. These distances are similar to the size of the
SL molecule and FSI™ anion. Thus, a Li* cation exchanges on average one solvent and anion
from its solvate shell as its moves their size, further confirming the importance of solvent and
anion exchange contributions to the Li* diffusion. In contrast, MD simulations predict that in
EC:DMC (1:3) doped with 1M LiPFs, the Li* cation moves much longer distance of 11.4 A
before it exchanges a DMC solvent in its solvating shell, showing a larger contribution of the Li*
vehicular transport with DMC. While enhancement of the exchange mechanism with increasing
salt concentration was previously discussed for concentrated electrolytes,?*?**** dominance of the
exchange contribution is clear even in the low concentration 1m LIiFSI-SL electrolyte.
Examination of the lower temperature behavior of the 1m LiFSI-SL shows that it becomes
supercooled 15 °C lower than 3.25m LiFSI-SL, but was slower to recover when reheated.
Otherwise, no hysteresis was observed over the measured temperature range, indicating

relatively fast kinetic processes.

These electrolytes were also characterized with differential scanning calorimetry (DSC)
to establish a suitable temperature window of operation. Shown in Figure 7.1b, the carbonate
baseline exhibited endothermic behavior until 175°C at which point the DSC cell ruptured due to

overpressure from gas generation. Conversely, the 3.25m LiFSI-SL persisted to >280°C before
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rupturing, suggesting less gas generation occurred over the majority of this extended temperature

range, though the exothermic peaks above 200°C do suggest some chemical reactivity.
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Figure 7.1. (a) Temperature-dependent conductivity data for 1.0m and 3.25m LiFSI in SL as
compared to 1.0m LiPFg in EC/EMC (3:7) (Gen IlI). Open triangles indicate MD calculated
values for the LiFSI-SL electrolytes (b) DSC heat flow measurement of LiFSI-SL electrolytes
with Gen Il for comparison.

FTIR measurements were conducted on SL-FSI at various salt concentrations to study the
Li*-solvation behavior. Due to large amounts of spectral overlap, the solvation behavior was
studied utilizing only two regions of the spectra containing features assigned primarily to the
structure of SL molecule. The first is the SO, twist in SL, located at ~445 cm™.2>#® This region
can be deconvoluted into two components (dashed lines, Figure 7.2a). The feature centered at
440 cm™ corresponds to the SO, twist of non-solvating SL molecules in the electrolyte, and was
confirmed by comparison to pure SL (Figure S1a). The broader feature at 450 cm™ corresponds
to the SO, twist of SL molecules coordinated with Li*. With this deconvolution, the fractional
area of both components can be tracked as a function of LiFSI concentration (Figure 7.2b). As

expected, when LiFSI concentration increases so does the fraction of SL molecules participating
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in the solvation of Li*. In Figure 7.2b (blue), the fraction of free SL from MD simulations is also
shown for comparison, and is in excellent agreement with the FTIR analysis. The average

solvation number (Ns) of Li* is typically determined from the relation®":

0O —, (7.3)

where Asi iy and Asi(rree) are the integrated area intensities of the bands for the SL coordinated
by Li* and free SL not coordinated by Li, respectively, c(Li) and c(SL) are the concentrations of
the lithium cations and SL. This relation assumes that only one Li* can participate in the SL
coordination forming contact ion pairs (CIP). Solvation numbers obtained from this CIP model
are shown in Figure 7.1b (green), indicating a drop from an average of 3.7 to 1.8 of SL per Li" as
salt concentration increases from 1m to 3.75 m. When this model (eq. 7.3) is applied to MD data,
quite similar solvation numbers are obtained. However, when the Li* solvation numbers are
calculated directly from MD simulations by analysis of the Li* solvation shell instead of using
eq. 7.3, significantly higher values were obtained. The discrepancy between direct calculation
and CIP model prediction (eq. 7.3) is attributed to formation of extended short-lived aggregates
where Li* bridges multiple SL molecules, as opposed to the single Li-SL CIP model. Therefore,
a standard technique for extracting solvation numbers should not be used for solvents with
multiple solvating groups, such as SL, that would allow multiple Li* coordinating a solvent. MD
simulations also predicted the extent of ion aggregation. The LiFSI-SL electrolyte at 1m is
largely dissociated (61% free SL) and 33% of contact ion pairs (CIPs), while the 3.25m LiFSI-
SL contains 47% of the FSI-Li CIPs and 43% of aggregates where FSI is coordinated by multiple

Li*. The FSI” aggregation state is important for LiF reduction and electron stabilization.?'®
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Figure 7.2. (a) FTIR spectra of sulfolane's SO, twist over a sweep of LiFSI concentrations. (b)
The fractional area of the free sulfolane (blue) and solvation number (green) as a function of
concentration according to FTIR measurements and MD simulations.

7.3.2. Cathodic Stability and Anode/Electrolyte Characterization

7.3.2.1. Electrochemical Testing

Sulfolane exhibits many attractive properties as an electrolyte solvent including excellent
oxidative and high temperature stability, high dielectric constant, and stability toward lithium
metal.2%” Unfortunately, selective separator wettability, electrolyte viscosity, and the inability to
independently for a suitable SEI on graphite have hindered its use as the primary electrolyte
solvent.?**??° Given the importance of the SEI on anode operation and ultimately the full cell
performance, we tested the proposed LiFSI-SL electrolytes in graphite-Li half cells with
propylene carbonate-based electrolytes for comparison, as shown in Figure 7.3. In contrast to
prior beliefs about SL-based electrolytes, the proposed LiFSI-SL electrolytes exhibit excellent
galvanostatic cycling performance in graphite half cells, with a first cycle coulombic efficiency
(CE) of 85.9% for 1m LiFSI-SL and 89.9% of 3.25m LiFSI-SL. Especially in the latter case, a

capacity of ~300 mAh/g is achieved for graphite, approaching the theoretical limit allowed by
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the stage | graphite intercalation (LiCg, 372 mAh/g). The CE quickly increases to 99.8% for both

high and low salt concentrations (Figure 7.3b).
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Figure 7.3. Galvanostatic cycling of MCMB half cells (a) and coulombic efficiency (b)
comparison for propylene carbonate and sulfolane electrolytes.

Conversely, 1m LiFSI-PC exhibits severe graphitic exfoliation due to sustained
electrolyte decomposition (Figure 7.4b). Interestingly, increasing the salt concentration to 4m
LiFSI in PC stabilizes the graphite anode with a new interphasial chemistry, and achieves an
initial CE of 90.7% (Figure 7.4b). This is consistent with the work reported by Nie et al,??!??
and this performance improvement is attributed to the participation of the salt anion in the
interphasial chemistry. Thus, graphite exfoliation is avoided in the LiFSI-SL system, regardless
of salt concentration, while the PC system only operates reversibly at high salt concentrations.
To further detail the effect of salt anion versus that of solvent, SL and PC electrolytes with 1m
LiPFs were tested under identical conditions. Consistent with the literature,?? the PC electrolyte
decomposes and exfoliates graphite, while SL-LiPFg system reversibly cycles half of the graphite
capacity, suggesting intrinsic differences in the behavior/properties of these two solvents, and

more specifically the resulting Li*-solvation structures.
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Figure 7.4. Galvanostatic cycling (a-c) and cyclic voltammetry (d-f) of MCMB graphite half
cells at (a, d) 1.0m and 3.25m LiFSI SL, (b, ) 1.0m and 4.0m LiFSI PC, and (c, f) 1.0m LiPFg
PC and 1.0m LiPFs SL. (g) Li-EC, Li-SL, and Li-PC co- intercalant structures with relative
dimensions.

While the precise mechanism of graphite exfoliation is still unsettled, the generally
established cause is the excess strain generated by co-intercalation of the electrolyte solvent with

2241226 ) ogically, larger co-

Li* before an SEI is completely formed to enable Li* desolvation.
intercalates generate greater strain and more extensive exfoliation, leading to significant
performance deterioration. This trend is supported by Figure 7.4g, which compares the
dimensions of EC-Li, SL-Li, and PC-Li co-intercalants structures. As an intermediate in size
between the EC-Li (1.8A) and PC-Li (3.08A), the SL-Li (2.43A) co-intercalate likely generates

less strain in the graphite compared to PC-Li, but more than EC-Li, suggesting the intermediate

interphasial behavior for SL between the two solvents, as reflected by the behavior observed in
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Figure 7.4f at low salt concentrations. Of course, this explanation does not adequately address
the reversible behavior observed for the 4m LiFSI-PC and both LiFSI-SL systems, because the
stability/instability of these intercalants against subsequent electrochemical reduction and the
consequent productsd adhesion to electrode surface would also determine whether the fate of a
graphitic structure being either exfoliated or protected. These reduction products will ultimately

define the chemistry, morphology and quality of the resulting SEI.

For the LiPFg-based systems, the kinetic onset?®’ for significant salt reduction and LiF
generation generally occurs within the same potential range as reduction of PC and SL molecules

(0.4-0.6V vs. Li/Li", see supporting information for more details), despite the fact that slow

22 22
d 8 9

LiPFs salt reduction was observed”~" and predicted by QC calculations* to take place at higher
potentials. This means Li-solvent co-intercalants have most likely entered and strained the
graphitic structure before the sufficient amount of PFg is reduced and can significantly
contribute to SEI formation. Conversely, LiFSI reduction is energetically favorable at higher
potentials, starting around 2.4 V vs. Li/Li* according to QC calculations (Figure 7.5), the
experiments in this work (Figure 7.6), and previous studies with other solvents.?*® This will
drive anion decomposition at higher potentials, potentially resulting in formation of an inorganic
SEI prior to Li cointercalation and the onset of exfoliation. While this effect enables the LiFSI-
SL system across all concentrations tested, higher concentrations appear to be a necessary
condition for reversible operation of the LiFSI-PC system. We attribute this high concentration
requirement for the PC system to two effects: 1) the highly concentrated LiFSI-PC electrolyte is

expected to further reduce the solubility of reduction products®*°

such as LiF, thus making an SEI
denser, and 2) raising concentration increases the populations of CIPs and aggregates needed to

promote FSI decomposition at higher potentials, thus reducing the fraction of co-intercalants and
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minimizing graphitic strain. It is worth noting that the effect of LiPFg concentration was not

further explored because of its room temperature solubility limit at 1.5 m. Notably, these

I 231,232

findings add a significant caveat to the works by Yamada et a , which suggest that

significant concentrations of LiFSI are necessary for universalization of the graphite electrode

reaction in solvents other than EC, including sulfones.
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Figure 7.5. Reduction pathway and associated stepwise energetics from G4MP2 QC calculations
for the formation of Li,O from LiFSI and SL using SMD(SL) implicit solvent model for (a-b)
and previous results® (c-g) using SMD(ether) model.

Figure 7.6. Magnified CV of Figure 7.4d which shows the decomposition peaks of LiFSI.
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