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Evans, Tyler (Ph.D., Material Science)
Room Temperature Ionic Liquid Electrolytes for Advanced Lithium-Ion Batteries

Thesis directed by Prof. Se-Hee Lee

This dissertation presents a series of studies aimed towards the development of a compelling
and commercially viable Li-ion battery containing a non-flammable room temperature ionic liquid
(RTIL) electrolyte. Each study builds upon the previous, culminating in the demonstration of a
high energy Li-ion system approaching the 700 Wh/L energy density benchmark. We begin by
tackling several major issues associated with RTIL compatibility with the battery’s passive, non-
electroactive components, engineering solutions to each and enabling the utilization of certain RTIL
materials in high voltage Li-ion systems. Since enabling the simple use of our RTIL electrolytes, we
have been able to explore RTIL compatibility with a number of attractive, next-generation electrode
chemistries including the high capacity silicon (Si) anode and high voltage, high capacity lithium-
manganese-rich (LMR) cathode. Each of these studies contributes to a deeper understanding of
the interfacial mechanisms occurring between the RTIL materials and various electrode surfaces,
in several cases resulting in unprecedented half- and full-cell performance. The accomplishments
presented herein represent important progress in working towards a safer, higher performance Li-ion

system.
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Chapter 1

Introduction

On April 18, 1977, U.S. President Jimmy Carter publicly declared the nation’s energy crisis.
Thermostats were turned down, sweaters were put on, research and development efforts increased,
and carpooling was applauded. The energy crisis of the 1970’s was a geopolitically driven battle
dominated by soaring oil prices, which topped out at about $78 per barrel in today’s dollars.

Almost 40 years after Carter’s energy crisis, the world population has far exceeded 7 billion.
It is time to evaluate our means. The modern energy landscape hosts a wider array of challenges,
now including the political, environmental, health, and economic consequences of a long and heavy
reliance on oil and gas, imploring a reconsideration of the industry’s mechanisms and the means
by which we obtain and use energy. How will the world sustain massive population growth and the
swift pace of an increasingly globalized world economy?

The U.S. burns 900 million tons of coal per year [215]. China is now burning 3.8 billion
tons of coal per year [215]. And yet this is only a fraction of the almost 8 billion tons of coal
burned every year. In 2011, the number of fuel burning cars on the world’s roads surpassed 1
billion, requiring the production of almost 90 million barrels of oil per day [209]. A particularly
unsustainable consequence of our energy use is the environmental burden of burning fossil fuels.
Since the industrial revolution, the atmospheric concentration of carbon dioxide has increased by
more than 30% [20]. In 2012 the World Health Organization reported that 7 million people died as
a result of air pollution exposure, calling pollution the world’s largest single environmental health

risk.



We are physically changing the environment in which we live, and the change is scientifically
and statistically significant. These statistics are intended to bring to light the pace and quality
of societal development and the means by which this growth is powered. Our species has enjoyed
impressive progress, but it is necessary to re-evaluate our energy means such that society is capable
of sustaining itself in the future.

The aforementioned numbers are simply stated as facts; the implications of these facts may
be subjective. Despite differing arguments from the left, right, the 1%, the 99%, left field, and
everywhere in between, it is apparent that the world is in transition. A dialogue is growing regarding
world energy use and how the world should proceed in providing people with the energy needed to
survive and participate in modern society. The changes discussed by all parties have environmental,
economic, political, personal health, and even national security repercussions. I argue that the

underlying question, regardless of one’s belief in the severity of a looming energy crisis, should be:

Is this really the best way?

Are humans capable of more cost efficient, cleaner, healthier, more sustainable means of
harnessing and using energy? Human society is innately progressive; we should be raising the bar.
Can we find ways to capture electrons with out having to burn something, can we do this cheaply,
and in such a way that provides everyone, regardless of location, the opportunity to use these
electrons? Science says yes. There are ways. And many nations, across the world, are starting to
adopt a higher standard.

Sweden, Norway, and Iceland generate over 80% of their energy free of carbon (note that
these are not the sunniest places in the world) [155]. Germany generates over 40% of its energy
renewably and exists as an economic leader in Europe [155]. Counting nuclear energy, the U.S.
generates over 30% of its power from clean or renewable sources [155]. At least in the developed
world, the revolution has begun. To some, the benefits of clean energy are obvious. One wind
turbine can generate enough power for 300 homes, with the main costs incurred during initial

capital investment and from miniscule operations and maintenance costs, resulting in the cheapest



levelized price per electron delivered in the energy industry.

Yet, growth in clean energy is far outpaced by the oil and gas industry. This is due largely to
the maturity of the respective industries and their markets. Figure 1.1 illustrates a sort of return
on investment (energy produced per dollar spent on equipment and research and development)
for shale gas rigs, leading energy storage technology, and leading renewable energy technologies.
Because the oil and gas industry is well-established and receives significantly more investment, it
is able to improve at an unprecedented pace. With the current pace of technological development
massively increasing the recoverable reserves of oil and gas in the world, British Petroleum estimates
that there are over 53 years of oil left in the tank and the U.S. alone has enough natural gas to last
well over 80 years [54]. In other words, this is not an acute resource problem. If one does not find
clean energy in its present form affordable and finds that the resource problem is a misnomer, there
is one fact left to consider: the environment is changing, and we will have to adapt. World carbon
emissions doubled from 1960 to 1990, and are expected to double again, to at least 35 billion tonnes
by the end of 2015 [162].

Regardless of the political climate or oil and gas economics, technological development offers

an answer to the world’s energy problem and the need for adaptation:

Energy storage.

Efficiently storing energy would pave the way for cost effective clean energy. As previously
mentioned, wind power provides the cheapest way to bring electricity generation to the grid, and
the cost of solar energy is dropping dramatically; but the intermittency and availability of such
resources makes them unattractive to many. Energy storage brings the potential to eliminate the
intermittency issues of solar and wind generation, make combustion engines a thing of the past,
and could address global energy poverty in a rapidly growing population. Energy storage, because
of its ability to enable renewables and revolutionize transportation, is the foundation of a better
energy future.

This ideal future is already being manifest by numerous companies, new and old, which are
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developing large scale storage projects. From new, booming companies like Tesla, Ambri, AES, and
OXIS Energy, to established behemoths the likes of Samsung, LG Chem, BYD, and GE, energy
storage is catching on. Today, the most energy dense and cost effective means of storing electrons
is the lithium-ion battery. With almost 95% of the batteries used in electronic devices based on
the lithium chemistry, the global market for Li-ion batteries is expected to cross $30B by 2020.
While rechargeable lithium-ion batteries have dominated the portable electronics market for nearly
a decade, they have failed to gain widespread commercial success in high power and high capacity
applications, including electric vehicles and grid-level storage. Those working on this problem have
been unable to develop a battery capable of meeting the growing societal and environmental demand
for safe, high-energy-density, long-lasting energy storage systems [12]. Such systems could serve
to expedite a smooth transition to an electrified transportation market and enable intermittent
renewable energy resources, both of which have been gaining attention in our increasingly carbon-
constrained world. Figure 1.2 illustrates the projected growth in lithium demand over the next
decade. The expected increase in demand creates a lucrative and highly meaningful opportunity
for those capable of designing better batteries.

While battery technology continues to progress, its advance is slow and incremental. Slight
improvements in materials processing and device manufacturing have allowed for an improvement in
energy density of approximately 5-6% each year [214, 205]. Despite such a slow rate of improvement,
demand for a battery providing 400 Wh/kg (almost double the specific energy of current state-
of-the-art lithium-ion batteries) at $200/Wh (half the price of today’s technology) is growing.
This milestone, set by the U.S. Department of Energy’s Vehicle Technology Office (DOE VTO)
in collaboration with the U.S. Advanced Battery Consortium (USABC) is expected to enable the
deep market penetration of Li-ion technology in the transportation and energy generation sectors.
Reaching the DOE VTO’s goal will require breakthroughs in next-generation electrode materials.

This graduate dissertation is an exercise in building higher energy battery technology at the
cross-roads of materials science, electrochemistry, and device engineering. The research presented

aims towards the development of next-generation Li-ion electrode chemistries through the utiliza-
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tion of novel electrolyte compositions. All of the work presented in this project initiated under the
premise that today’s best battery materials are just that: today’s materials. The world’s next Li-ion
battery will incorporate new, more energy dense materials, working together in a unique chemical
balance. The following research highlights an up-and-coming class of electrolyte materials, room
temperature ionic liquids, and their interactions with next-generation electrodes. Developing a
complete scientific understanding of new Li-ion materials and their interactions is imperative to
the successful development of the energy storage industry. I hope that this dissertation contributes
to such an understanding, and that the scientific principals elucidated herein are a productive step
in the battery community’s efforts in working together to build a brighter, more sustainable energy

future.



Chapter 2

Principals of Lithium-ion Batteries and State-of-the-Art

2.1 The Electrochemical Process

In general, a battery is a device that converts stored chemical energy into useful electrical
energy through an electrochemical redox (reduction-oxidation) reaction. Reduction is defined as
the addition of an electron while oxidation is the loss of an electron. In discussing electrochemical
cells, the terminal undergoing galvanic reduction is referred to as the cathode (positive electrode),
while the terminal undergoing oxidation is referred to as the anode (negative electrode). These
electrodes are separated by an electrically insulating but ionically conducting layer referred to as
the electrolyte separator. A state-of-the-art lithium-ion battery (LIB) is made up of a carbon-based
anode (i.e. graphite) and a transition-metal oxide cathode (i.e. LiCoOs) with a carbonate-based,
organic electrolyte (i.e. 1M LiPFg in ethylene carbonate:diethyl carbonate, EC/DEC) as shown in
Figure 2.1 [132].

The anode and cathode in conventional LIBs are composite structures engineered from a
mixture of active material particles (i.e. graphite, Si, LiCoOz2, LiNi;;3Mn;/3C0;/302, etc.), poly-
meric binder (i.e. polyvinylidene difluoride), and a conductive additive (i.e. acetylene black). The
porous nature of the composite structures allows for electrolyte permeation and ionic conduction
throughout the electrodes, and the conductive additive allows for electronic contact within all the
active material permitting good electronic conduction throughout the electrode network. A porous
polymer separator is included to prevent physical contact between the two electrodes while wetting

with electrolyte to be permeable only to Li*.
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Since the electrodes’ chemical reactions (and release of energy) require the transfer of both
lithium ions and electrons, the electronically insulating electrolyte allows effective storage of the
chemical energy within the couples. However, when an external circuit is attached to each terminal,
the couples become linked both ionically, through the electrolyte, and electronically, through the
external circuit, and the redox reaction occurs. The driving force for these reactions is the difference
in chemical potential of Li between the two electrodes, or the standard Gibbs free energy change
per mole of reaction. In simple terms, the chemical potential measures the escaping tendency of
a species. The greater the chemical potential of a species, the more likely that species is to move
away from the system. When placed in a potential gradient, the species will spontaneously move
from high to low chemical potential.

In the charged state, Li sits in the negative electrode, where its chemical potential is high.
During discharge, the Li* flows from the negative (high chemical potential) to the positive electrode,
where the chemical potential is lower. Throughout this discharge process, oxidation occurs at the
negative electrode, while reduction occurs at the positive electrode. Concurrently, electrons released
from the oxidation of the negative electrode travel through the external circuit, performing work
before engaging in the reduction reaction at the positive electrode. The voltage of the battery is
related to the difference in chemical potential of the two couples in the system,

Wy —pi")  =AGren

F=_ _ ’ (2.1)
nkF nkF

where F is the voltage of the cell, uP°® is the chemical potential of Li in the positive electrode, u™ is
the chemical potential of Li in the negative electrode, n is the number of moles of electrons consumed
in the electrochemical reaction, F' is Faraday’s constant (96,500 Coulombs per equivalent), and
A Gy is the Gibbs free energy of the reaction. The chemical potential of Li in each electrode is

given by [92, 149]

pr; = ug; + RTInar;, (2.2)
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Figure 2.2: Schematic diagram showing the relative working potential of typical electrode materials
for lithium-ion batteries [43].

where pr; is the chemical potential of Li in the electrode, u°r; is the chemical potential of Li in its
standard state, R is the ideal gas constant (8.315 J/mol K), T is absolute temperature, and ar;
is the activity of Li. Since activity is a measure of effective concentration, Equation 2.2 suggests
that as Li is inserted or extracted from an electrode, the chemical potential of Li in the electrode
changes, which also causes a change in the voltage of the cell (Equation 2.1). Generally, the voltage
of the cell decreases during discharge (when you are acquiring energy from the cell) and increases
during charge (when you are adding energy back to the cell), though the change in voltage can
depend on the details of phase transformations at each couple, as discussed in the following section

(92, 149].

2.2 Gibbs Phase Rule

As described in 2.1, the quantity that determines the voltage of a cell is the Gibbs free energy
change associated with the cell’s chemical reaction (chemical potentials of Li at the two coupled
electrodes) [92] In practice, however, each electrode’s voltage is also studied singly with respect
to a common reference electrode (electrode with constant makeup or fixed potential) allowing to
ascribe any potential changes to the working electrode. In LIBs, the reference electrode utilized is
Li metal, which uses the reference value of the electrochemical potential of Li*/Li redox reaction,
-3.04 V ws. the standard hydrogen electrode (SHE). Common negative electrode materials for LIBs
have potentials that are close to this value (0.01-0.4 V vs. Li* /Li), while common positive electrode
materials have higher potentials (3-5 V vs. Li*/Li) as shown in Figure 2.2 [43].

The charge/discharge process of an electrochemical cell is always accompanied by the trans-

port of matter (ions and electrons). When the amount of the transported matter exceeds a certain
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threshold, a phase transition may happen either in the cathode or in the anode material. Such
crystallographic changes can be observed by monitoring the voltage across an electrochemical cell,
because variables in this thermodynamic system are governed by the Gibbs phase rule. Gibbs phase
rule states that the relation among the number of degrees of freedom (the number of intensive ther-
modynamic parameters to define the system) F, the number of separate phases P, and the number

of independent components C, in a closed system at equilibrium is given by Equation 2.3 [92].

F=C-P+2 (2.3)

In a LIB, the electrode can be treated as a binary system (C = 2) consisting of Li and the

corresponding delithiated/lithiated phase, which reduces the degrees of freedom to Equation 2.4.

F=4-P (2.4)

In the case of a single-phase solid solution system (P=1), the Gibbs phase rule yields 3
degrees of freedom. If temperature and pressure are constant (as they often are in electrochemical
experiments), then there is still a residual degree of freedom that must be specified to fully define
the system. In this case, the concentration of Li species varies during the reaction and therefore
serves as the final thermodynamic parameter necessary to define the system. Thus, the potential
of the electrode will vary with temperature, pressure, and concentration. In a voltage-composition
plot, this would result in a decreasing potential as concentration of Li* increases in the working
electrode. This behavior can also be justified by considering Equation 2.1 and 2.2. In the single-
phase system, the activity of Li* in the working electrode varies with concentration, so the chemical
potential of Li (pr;) in the working electrode and the electrode potential (E) also vary [149].

Now consider a two-phase system where phase separation occurs and the electrode contains
two components (P=2). In this case, there are two components and two phases in coexistence.
According to the Gibbs phase rule, this means that there are no residual degrees of freedom if the

temperature and pressure are specified, which indicates that the potential of the electrode as this
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electrochemical reaction initiates (and concentration begins to increase) will be constant. In other
words, the activity of Li with both reacting phases in the working electrode is constant, so the
chemical potential and the electrical potential are also constant according to Equations 2.1 and 2.2
[149].

Overall, Gibbs phase rule is a powerful tool that associates electrochemical measurements
with physical material transformations during reactions. In an electrochemical test performed at
near-equilibrium conditions, the contour of the measured voltage-capacity curve can be utilized
to project the details of the phase diagram at a fixed temperature. This voltage-phase relation
is illustrated in Figure 2.3 [149], where the potential of the electrode decreases in single-phase
regions, whereas it is constant in two-phase regions. In LIBs, the implementation of both single-

and two-phase reaction materials is commonly found.

2.3 Lithium-ion Batteries

Compared to other rechargeable battery systems such as lead-acid, nickel-cadmium and
nickel-metal hydride batteries, LIBs provide higher volumetric and gravimetric energy density.
The choice of Li* as the charge-carrying ion is advantageous for a number of reasons: 1) Li is the
lightest of all metals, 2) Li has the greatest electrochemical potential (-3.04 vs. SHE), 3) Li is a
relatively small atom easing the diffusion into electrode materials, and 4) Li provides the largest
specific energy. The specific energy of a battery is calculated by multiplying the total charge capac-
ity of the two electrodes (in mAh g™!) by the voltage of the couple. Thus, the favorable properties of
Li and Li-containing materials can result in high theoretical specific energies of Li battery systems.

Lithium’s aforementioned advantages drove research to study Li-containing materials as bat-
tery electrodes. The first attempt to build a rechargeable Li battery was demonstrated by Whit-
tingham in 1976 [224]. His work was groundbreaking because of the discovery of reversible insertion
of Li in the TiSy crystal structure. For the first time Whittingham showed the electrochemical inter-
calation and de-intercalation of Li in the interstitial sites between the layers of the TiSs structure.

The rechargeable cell demonstrated by Whittingham used TiSs as the cathode, metallic lithium as
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Figure 2.3: M is the species that Li reacts with to form Li,M. In an electrochemical experiment in
which Li is added under near-equilibrium conditions to an electrode material M, the phase diagram
is traversed across the constant temperature dotted line in the phase diagram. The measured
potential at each point in the phase diagram is schematically shown in the bottom panel. In
single-phase regions, the potential decreases, while in two-phase regions, the potential is constant
[149].
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the anode and a non-aqueous electrolyte. And even though this initial work marked the beginning
of a massive wave of research over the following decades to find other suitable intercalation mate-
rials for lithium-based batteries, soon after, it became apparent that there were critical issues with
using Li metal as the negative electrode in the lithium-based battery systems.

The electrodeposition of Li at the Li metal negative electrode during charging is highly prone
to the growth of dendrites and surface instabilities [92, 93] that lead to safety problems in the battery
systems; short circuiting, thermal runaway and ignition of the flammable organic liquid electrolyte
are some of the major safety concerns when dendrites grow and reach the positive terminal of the
cell. Moreover, Li metal is highly reactive, especially at lower voltages, and since its potential lies
below the thermodynamic stability of most organic electrolytes, reductive decomposition of the
electrolyte occurs at the Li metal surface, forming a solid film referred to as the solid-electrolyte
interphase (SEI). Although the formation of an SEI is not necessarily a problem without a solution,
the dendritic deposition of high surface area Li increases the occurrence of this side reaction, which
lowers the Coulombic efficiency of the battery and consumes not only Li but also electrolyte. Due
to the aforementioned issues with Li metal, the search kicked in for safe and more efficient negative
electrodes.

Not too long after, graphite was chosen as a commercially superior anode, replacing Li metal
[234]. It was found that graphite’s electrochemical reaction with Li was very similar to that of
TiSy positive electrode. Li intercalates into the layered graphite structure at potentials very close
to that of Li metal (0.01 - 0.3 V vs. Li*/Li) but above the equilibrium Li*/Li potential so that
the deposition and growth of Li dendrites is prevented, intuitively making graphite material a
great candidate for the negative electrode. The discovery and development of graphite negative
electrodes eventually led to the commercialization of the first Li-ion battery by Sony in 1991 [157].

The reaction that takes place during Li intercalation is

Li* +e” +6C — LiCg, (2.5)
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providing a maximum theoretical specific capacity of 372 mAh g~!; unfortunately having to sac-
rifice energy density (3860 mAh g™! for Li metal) for safety. These layered materials are favored
because intercalation/deintercalation of Li does not significantly alter the host lattice dimensions
or structure and allows for a good cycle life. However, the specific capacity of these materials is
limited due to the relatively low Li concentration possible in the host lattice. And even though
most commercial LIBs today use graphite negative electrodes, a promising rout to higher specific
energy LIBs is the development of electrode materials that react with Li via different mechanisms.
The energy density limitation with commercially available LIBs and the rapidly growing demand
for higher power and energy systems have led to widespread research on a low working potential
and high theoretical specific capacity material such as silicon. Recently, silicon has been identified
as one of the most attractive high-energy anode materials for LIBs and the development of a viable
Si electrode composite is what this dissertation has been intended to realize. The following chapter
will review the promises and challenges that come along with the utilization of Si as an active anode

material.

2.4 Today’s State-of-the-Art Lithium-Ion Battery and Future Research Di-

rections

Li-ion batteries are comprised of three components: the anode, cathode, and electrolyte.
Ultimately, the performance of the battery is determined by the individual electrochemical capa-
bility of each component and the electrochemical compatibility of the three components together.
Early-generation Li-ion batteries were designed using metal and metal-oxide electrode materials
and carbonate-based liquid-ion electrolyte solutions.

Graphite intercalation anodes and transition metal oxide intercalation cathodes are com-
monly used in commercially available Li-ion batteries. Graphite-based anodes are practical given
graphite’s relatively high theoretical capacity (372 mAh/g) and low potential versus lithium metal.
Transition metal oxide cathodes pair well with the graphite anode given their high redox potential

(about 4 V vs. Li*/Li). Amongst the transition metal oxides, LiCoOz, Li(Ni;;3Mn;/3Co0/3)O02
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(a.k.a. L333), and LiNipgCoq.15Al.0502 (a.k.a. NCA) are the most popular for commercial appli-
cations. Recently, incremental improvements in packaging efficiency and materials processing have
allowed the lithium-ion battery to approach the 250 Wh/kg benchmark. A comparison of energy
provided by today’s best batteries, including comparisons to Li-ion battery packs currently utilized
in leading EV products, is shown in Figure 2.4. While the progress made to-date has revolutionized
the consumer electronics industry and led to the development of compelling EV technology, this plot
highlights the major improvements that would be made possible by enabling the next-generation
of anode and cathode materials (including the Si anode and LMR cathode).

As previously mentioned, today’s state-of-the-art is not sufficient for applications such as
EVs; batteries are still too expensive and do not provide adequate drive range for deep market
penetration. Figure 2.5 presents a radar plot showing state-of-the-art Li-ion battery performance
specifications (red line) compared to those goals set by the DOE VTO (plot edge). Enabling
next-generation electrode materials with higher energy- and power-densities in a safe, cost-effective

manner is the key to EV market success.

2.4.1 The Silicon Anode

Recently, silicon has been identified as one of the most attractive high-energy anode materi-
als for LIBs. Silicon’s low working voltage and high theoretical specific capacity of 3579 mAh g1,
nearly ten times higher than that of state-of-the-art graphite anodes, have encouraged widespread
research efforts aimed at developing a viable Si based electrode [243]. Despite the advantages
of the Si electrode, a number of challenges, mainly associated with the material’s severe volume
expansion, impede its commercialization. While the commercialized graphite electrode expands
roughly 10-13% during lithium intercalation [109], Si’s expansion amounts to nearly 300%, gener-
ating structural degradation and instability of the all-important solid-electrolyte interphase (SEI)
[109]. Such instabilities ultimately shorten the battery life to inadequate levels, as shown in Figure
2.6. Degradation of the active material can be mitigated by incorporating materials smaller than

150 nm or through the nanostructural design of electrode architectures capable of reducing expan-
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Figure 2.6: Failure of a conventional silicon anode system due to volume expansion and SEI insta-
bilities.

sion [137]. Unfortunately, the electrode architectures presented in previous works [137, 227] lack
sufficiently high coulombic efficiencies (CEs) largely because the volume change during Si alloying
and de-alloying renders the SEI at the Si-electrolyte interface mechanically unstable. Chapter 8 of
this dissertation will discuss the compatibility between new ionic liquid electrolyte materials and
the silicon anode, highlighting the impressive ability of certain ionic liquid compositions to enable

the previously elusive silicon materials long-term electrochemical stability.

2.4.2 Lithium-Manganese-Rich Oxide Cathodes

The cathode electroactive material currently accounts for greater than 30% of the total cost
of a state-of-the-art Li-ion cell [230], over double that of the anode active material cost, yet it most
significantly determines the overall working voltage and specific energy of the battery. Moreover,
as research and development of new anode materials edges closer to a commercially viable product,
the need for a more highly energy-dense cathode to match that of the anode is becoming more
apparent.

Lithium-rich high capacity cathode materials have generated a great deal of interest within the
battery research community. Chemistries containing high nickel- and manganese-content show the
most promise for replacing the first generation of Li-ion cathodes. Because of their high capacities

(greater than 250 mAh/g) and high operating voltages (4.5 V vs. Li*/Li), composite materials



21

comprised of layered Li[Li;;3Mny/3]O2 (also designated as LiaMnO3) and LiMOg (M = Ni, Mn,
Co) have come into the spotlight in recent years [211]. Such lithium-manganese-rich (LMR) oxides
can be formulated as xLisMnOs3(1-x)LiMOy electrodes. These materials were first developed at
Argonne National Laboratory, when a team of researchers aimed to stabilize and improve the
properties of solid electrodes using structural units rather than cation or anion substituents. In
addition to their high capacities and high working voltages, these materials reduce the need for the
most expensive and toxic component of conventional cathode materials: cobalt. The electrochemical
benefits of enabling such materials are illustrated in Figure 2.4, which compares the specific energies
and energy densities of a number of Li-ion systems and two of the most popular commercialized
EV battery systems.

While in theory, the LMR cathode is the best choice for a drop-in substitute to today’s
layered oxide materials, a number of serious problems hinder the chemistry from practical use.
LMR materials suffer from voltage-fade, transition-metal dissolution, and structural changes during
cycling that rapidly degrade the material’s electrochemical performance [211]. These drawbacks
have their roots in the change of the initially layered LiaMnO3 and LiMOs components to a spinel
phase. This phase change lowers the average open-circuit potential, and hence the working voltage,
of the cell, causing its energy to steadily decrease with cycling [88]. To date, none of the efforts
designed to mitigate LMR phase change and capacity fade have resulted in a commercially viable
solution. Chapter 9 of the present dissertation will discuss the ability of certain ionic liquid based
electrolyte systems to mitigate voltage and capacity fade in the LMR material through favorable

interfacial chemical interactions.

2.5 Note

Significant portions of this Chapter were copied from the graduate dissertation of Dr. Daniela

Molina Piper.



Chapter 3

Room Temperature Ionic Liquids and Lithium-ion Batteries

Conventional organic electrolytes are composed of small, flammable, and toxic organic species.
Typical electrolyte compositions include mixtures of ethylene carbonate (EC) and diethyl carbonate
(DEC) or dimethyl carbonate (DMC), with EC providing solvation capabilities for charge carrying
salts such as lithium hexafluorophosphate (LiPFg) and DEC or DMC providing a low viscosity
media for fast ion transport. Much of the concern regarding lithium-ion batteries focuses on safety
issues associated with their organic electrolyte membranes. In 2012 alone, at the time of the
commencement of the work presented herein, a number of highly publicized incidents of battery
failure contributed to a rise in this sentiment. Examples of such events include the destruction
of 16 Fisker Karmas when cars being stored at a New Jersey port caught fire due to battery
shorts caused by sea water flooding and the grounding of Boeing’s new Dreamliner fleet following
malfunctioning batteries and battery management systems. Developing an electrolyte membrane
based on a room temperature ionic liquid (RTIL) rather than conventional organic solvents would
completely eliminate this major concern regarding lithium-ion battery safety.

Tonic liquids are an inherently unique and interesting class of materials. Simply put, ionic
liquids are salts with melting points below 100 C. In addition to this distinctive property, these
liquids have very high thermal stabilities and negligible vapor pressures [15]. Such properties make
ionic liquids attractive when compared to more volatile organic solvents or catalysts. For this rea-
son, ionic liquids have become a popular tool in the advent of green chemistry. Given the adequate

specific conductivities of a number of ionic liquids, these materials have also become an attractive
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alternative to organic electrolytes and solvents in electrochemical applications. While such devel-
opments are relatively recent, room temperature ionic liquids (RTILs) are under investigation as
solvents for technological applications such as metal surface finishing, batteries, capacitors, fuel
cells, electrosynthesis, and nuclear waste treatment [212].

Tonic liquids are attractive to battery research because they are non-flammable and have
much lower vapor pressures and higher electrochemical stability windows than currently employed
organic liquid electrolytes. As shown in Figure 3.1 [212], mixtures of RTIL and conventional or-
ganic electrolytes containing 40-60% volume RTIL are non-flammable. This holds true for the
majority of RTIL materials. The ionic liquids considered for battery applications are composed of
imidazolium- or sulfonium-based cations, as shown in Figure 3.2 [76], and complex halide anions.
Their low melting points are related to lattice energy, the energy required to break the ionic bonds
holding the species together. Given their large sizes and low electrical charges, ionic liquids com-
prised of quaternary ammonium cations have low melting points [92]. Quaternary ammonium ions
are permanently charged, regardless of pH, and stable across a wide temperature range, allowing
stability even as their environment changes chemically and physically [92, 76]. These materials con-
duct charge by the transport of one or both of their ions. Ionic conductivity of RTILs is typically on
the order of mS em™!, highly dependent upon the size of the ions and the chain length of the alkyl
cation component, and their lithium-ion conductivities are significantly lower than conventional
carbonate electrolytes [92]. The goal of much early RTIL battery research focused on combining
the favorable properties of organic electrolytes with those of ionic liquids [212].

The conductivity of RTILs used in electrochemical applications is significantly lower (typically
about half) than electrolytes used in commercialized battery technology. The large size of the ions
in RTILs causes them to be more viscous than organic electrolytes, and this hinders ion transport
through the electrolyte membrane, as discussed later in Chapter 5. Recent work has shown that the
addition of ionic liquids to conventional polymer electrolytes provides satisfactory ionic conductivity
with out affecting their stability [191, 190, 192].

Given the number of RTILs capable of battery application, an extensive range of cation-anion
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Figure 3.1: Utilization of RTIL solvents as a non-flammable additive to conventional Li-ion battery
electrolytes [212].
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Figure 3.2: Common cation constituents of RTILs used in electrochemical applications [76].
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pairs has been researched, with the most attractive cation-anion combinations shown in Figure 3.3
[76]. Each individual cation and ion, as well as each pair of ions, interacts differently with various
battery components. Of primary interest is the compatibility between the electrolyte membrane,
a graphite anode, various cathode materials, and the current collector substrates holding each
electrode. Graphite is a commercially popular anode material, while popular cathode materials
include layered intercalation materials such as LiCoOg and Li(Ni;;3Mn;/3Co0;/3)Os.

Graphite is not compatible with most RTILs due to the irreversible electrochemical reduction
of imidazolium cations on graphite or the cointercalation of the cation species between graphene
layers leading to an unstable SEI (solid-electrolyte-interphase) layer or the exfoliation of graphene
layers, respectively [176, 247, 203, 145]. This effect is most pronounced at higher potentials. Use
of the bis(fluorosulfonyl)imide (FSI™) anion has been shown to mitigate this issue [8, 141]. This is
attributed to the ability of the FSI™ anion, especially when paired with the PYR13" cation, to form
a protective, lithium-ion conducting SEI layer that avoids solvent molecules and stops the cations
from penetrating the graphene lattice [8]. Addition of organic additives known to form stable SEI
layers, such as vinylene carbonate (VC) and lithium bis(oxalato) borate (LiBOB), to the RTIL
based electrolyte has also proven effective [203, 127].

As previously mentioned, the PYR;3 cation aids in the formation of a stable SEI layer on
a graphite anode. PYR 3FSI also interacts relatively favorably with positive electrode materials,
namely those with a layered structure. It has been shown that between a range of FSI™ based
RTILs, PYR3FSI shows the lowest reactivity and best stability towards LiCoOs, making it a good
candidate for use in conjunction with layered cathode materials [222]. Furthermore, PYR;3" is
smaller in size than other imidazolium cations suitable for use in battery electrolytes, and this
leads to lower viscosity and higher conductivities.

Another component of the electrolyte, the lithium salt required for conduction of lithium
ions through the membrane, must be addressed. LiPFg is conventionally utilized as the salt in
organic electrolytes; however, LiPFg shows low solubility in RTILs. LiPFg also decomposes to form

parasitic HF acid during battery charging and at high temperatures, which can attack electrode



NN

I
p— ﬁ—N'—s p— ¥
o
(a) EMI-FSI

L/

N
7\

H;C CSH?

I

FiC—S3—N—8—CF, gc—s— N~ Ss—CF,

(b) EMI-TFSI (¢) BMMI-TFSI
CH,
CHy—— N'— CH,
e\
C C,
Hy ; o,

[ .

F—ﬁ—N-—s—F CF’— ﬁ_N—s_CFa CFS—ﬁ'—N_ '_CF’
| [

(8]
(d) Pyl13-FsSl

Figure 3.3: Most common cation-anion RTIL pairs used in electrochemical applications [76].

!

(€)Ppl4-TFSI (N TMBA-TFSI

26



27

surfaces and lead to transition metal migration and leaching. LiTFSI and LiFSI are commonly used
as lithium salts in RTIL solutions for battery electrolytes. FSI™ based RTILs have a slightly lower
electrochemical stability window than the TFSI analogues [8], and they are more costly to produce.
However, early trials of carbonaceous anode materials with imidazolium TFSI™ ionic liquids show
rapid loss of performance [87], and improved performance has been found when replacing TFSI™
with FSI™ [8, 77]. Given the FSI™ anion’s higher conductivity and compatibility with electrode
materials, it is often utilized as the negative ion in lithium salts for RTIL electrolytes.

A number of companies are working to lower the cost and increase the performance of RTIL
materials. For example, Boulder Ionics Corporation has developed a dependable, high-throughput
synthesis method capable of producing a number RTILs. The development of ionic liquids for
lithium-ion battery electrolyte membranes is a relatively new field. Much work remains to be done
in order to enable RTILs as commercially attractive alternatives to organic electrolytes. The po-
tential to completely eliminate flammability, arguably the most important concern holding back
commercialization of lithium-ion battery technology in the large-scale energy storage market, rep-
resents a paradigm shift for the battery industry. However, if using non-flammable electrolyte is
coupled with poor performance, RTILs will have a severely limited role. It is critical to develop
RTIL electrolytes capable of performing just as well as their organic counterparts.

The research presented herein explores the utilization of today’s best performing RTIL elec-
trolytes in Li-ion batteries containing up-and-coming electrode materials. By replacing the conven-
tional carbonate electrolyte with new sets of solvents and salts, new electrolyte-electrode chemical
phenomena are induced which can lead to the increased performance of highly attractive elec-
trodes. Chapters 4-6 will discuss tackling the major compatibility issues between RTIL materials
and the passive components of Li-ion batteries (those not involved in the electrodes’ faradaic redox
chemistry), while Chapter 7-9 will discuss exciting opportunities to exploit these novel chemical

interactions in enabling highly energy dense electrodes.



Chapter 4

Corrosion of Stainless Steel Battery Components by Bis(fluorosulfonyl)imide

Based Ionic Liquid Electrolytes

Summary

During our first trial experiments attempting to utilize RTILs in Li-ion cells with high voltage
cathode materials, we came across a number of issues. While the anodic behavior of aluminum
foil current collectors in imide-based room temperature ionic liquids (RTILs) is relatively well
understood, interactions between such RTILs and other passive battery components have been
largely disregarded. This study presents the solvent and potential dependent oxidation of SS316
coin-cell components in the N-methyl-N-propyl-pyrrolidinium bis(fluorosulfonyl)imide (PYR3FSI)
RTIL. While this phenomenon prohibits high-voltage cycling of Li(Ni;;3Mn;/3Co;/3)O2 cathodes
in SS316 coin-type cells, Al-clad cell components or alternative cell configurations can be utilized

to avoid SS316 oxidation-induced cell failure.

4.1 Introduction

Room temperature ionic liquid (RTIL) based electrolyte solutions represent an attractive al-
ternative to conventional carbonate electrolytes for lithium-ion batteries (LIBs) due to their poten-
tial to mitigate safety concerns related to the volatility and flammability of commercialized organic
electrolytes. Much work has been dedicated to developing RTIL electrolytes that are compatible
with commercially attractive electrode materials and capable of high electrochemical performance

[127, 158]. Due to constraints associated with solution viscosity, which dictates ionic conductivity



29

in RTILs via the Walden Rule, and compatibility with low voltage negative electrode materials such
as graphite, the most widely studied RTILs are those which contain pyrrolidinium cations and sul-
fonyl imide anions, namely bis(trifluoromethanesulfonyl)imide (TFSI) and bis(fluorosulfonyl)imide
(FSI) [39]. In addition to understanding the electrochemical performance and interactions between
RTIL-based electrolytes and electrode materials, it is imperative to develop an understanding of
the compatibility of RTILs with a battery’s structural components.

Unfortunately, the sulfonyl imide anion has been found to induce severe corrosion of the
aluminum current collector used on the positive electrode of LIBs. This oxidation process is depen-
dent on solvent content and electrolyte composition and has been documented in electrochemical
cells containing the TFSI anion [112, 153, 117, 111] and the FSI anion [39, 56]. The oxidative
dissolution of aluminum occurs through a mechanism initiated by sulfonyl imide anion attack of
the native oxide layer on the surface of the aluminum current collector (AloO3) at high potentials
(greater than 4.2 V vs. Li/Li*). The ions subsequently form Al-imide complexes, e.g. Al(TFSI)3,
which are solvated by the electrolyte solution, thereby leaving large pits in the aluminum sheet and
introducing metal ions into the electrolyte [39, 117, 111]. While this mechanism is well understood,
the possibility of an interaction between the RTIL and other battery components has largely been
disregarded.

In this study, we demonstrate the voltage and solvent dependent oxidation of Grade 316
stainless steel (SS316) in electrochemical cells containing the N-methyl-N-propyl-pyrrolidinium
bis(fluorosulfonyl)imide (PYR13FSI) RTIL with 1.2M dissolved LiFSI salt. While steel corrosion
and electropolishing by RTILs are not new phenomena [10, 213, 1, 2], this is, to our knowledge,
the first study describing RTIL-induced steel oxidation in LIBs. SS316 coin-type cells are com-
monly used to test electrode and electrolyte materials for LIBs, thus it is essential to generate an
awareness of the interactions between RTIL electrolytes and SS316 during electrochemical cycling.
As a counter measure to eliminate such interactions, alternative testing apparatus such as Al-clad

cathode casings can be utilized.
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4.2 Discussion of SS Corrosion in High Voltage Conditions

Stainless steel casing oxidation was originally observed during a set of experiments designed
to investigate the solvent dependent aluminum corrosion in PYR3FSI + LiFSI based electrolytes.
High-grade aluminum foil discs were loaded into SS316 2032 coin-type cells with mixtures of
PYR3FSI + 1.2M LiFSI and various volumetric amounts of organic solvent as electrolyte so-
lutions. Figure 4.1 presents initial CV cycles and chronoamperometric data for all corrosion cells
tested in this study. The solvent dependent oxidative current densities exhibited in aluminum
corrosion cells increased with higher volumes of organic content in accordance with data from pre-
vious studies [112, 153, 117, 111]. However, the current densities observed in CV and extended
charging at both 4.2 V vs. Li/Li* and 4.6 V vs. Li/Li" were higher than expected, with initial
CV scans showing irreversible oxidative current densities approaching 1.5 mA c¢cm™2 and current
densities of approximately 1 mA cm™2 observed during chronoamperometry in cells containing 50%
vol. organic solvent. Corrosion cells containing pure RTIL electrolyte showed irreversible oxidative
current densities approaching 500 pA cm™2 during the initial CV scan and current densities of
about 250 pA cm™? during chronoamperometry. A study by Cho et al. demonstrates that pure
FSI-based RTILs show initial scan current density amplitudes of 50 pA cm™2 during CV between
3.0-5.5 Vvs. Li/Li" [39]. Because of the PYR 3FSI RTIL’s large electrochemical stability window
(7.31 V), current densities were not attributed to electrolyte decomposition.

CV and chronoamperometry were performed on corrosion cells containing SS316 foil working
electrodes in order to investigate the possible oxidation of the stainless steel cell components (Figure
le,d). CV results were similar to those obtained during the same tests using pure aluminum foil
working electrodes, while the oxidative currents observed during extended charging at both 4.2 V
vs. Li/Li* and 4.6 V vs. Li/Li* were about twice as high as those in the aluminum corrosion cell
experiments. Chronoamperometry of SS316 foil in the FSI-based electrolyte containing 50% vol.
organic solvent showed an oxidative current density that continually increased over 12 hrs during

exposure to 4.6 V vs. Li/Li*. The data obtained from corrosion cells made in SS316 coin-type cells
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Figure 4.1: Cyclic voltammograms and chronoamperograms of pure aluminum foil (a, b) and SS316
foil (¢, d) in SS316 2032 coin-type cells containing PYR3FSI + 1.2M LiFSI and various volumetric
amounts of organic co-solvent.
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show obvious contrast to data obtained under the same experimental conditions in Al-clad 2032
casings with pure aluminum foil working electrodes [56]. This result leads us to believe that the
oxidative current densities observed in the aluminum corrosion cell experiments were significantly
influenced by a parasitic interaction between the RTIL and SS316.

LVSEM imaging of SS316 working electrodes was performed subsequent to the chronoam-
perometry experiments to analyze morphological effects associated with the observed oxidative
currents. High-resolution SEM micrographs, provided in Figure 4.2, reveal pitting corrosion on
each sample, with the size and density of the pits increasing with organic co-solvent content in the
corrosion cells. The corrosion cell with 50% vol. organic solvent shows a network of pits covering
the entire surface of the SS316 foil.

The stainless steel corrosion phenomenon was substantiated by attempts to cycle L333 half-
cells in SS316 2032 coin-type cells containing pure PYR3FSI + 1.2M LiFSI electrolyte. The
Li(Ni;/3Mn/3Co/3)O2 electrochemical cycling voltage profile is shown in Figure 4.3. During initial

galvanostatic charge at a current density of 50 pA cm™2

, corresponding to a rate of C/10, cells were
unable to charge to the target voltage of 4.2 V vs. Li/Li". The potential peaked at about 4.05
V vs. Li/Li*, which corresponds to the onset of SS316 oxidation observed during CV. The cell
potential remained below 4.05 V vs. Li/Li*, suggesting that the 50 A cm™2 current density was
drawn from the oxidation of species present in the SS316 cell casing and possibly the aluminum
current collector rather than delithiation of the Li(Ni;;3Mn;/3C0;/3)Oz2 electrode.

IR spectroscopy was performed on the FSI-based electrolyte before and after extended charg-
ing of an SS316 sample in a cell containing PYR13FSI + 1.2M LiFSI solution, and results are pre-
sented in Figure 3b. The IR spectra reveal that the corrosion process does not affect the bonding
chemistry of the PYR 3FSI RTIL. While an -OH stretch at about 3500 cm™! and a -C=0 stretch
at about1600 cm™! are attributed to moisture and CO, impurities introduced by the flow IR sys-
tem in the post-corrosion sample, respectively, the electrolyte’s IR fingerprint (500-1500 cm_l)

remains unchanged, suggesting that the RTTL maintains the same chemical structure and bonding

environment while solvating cations pulled from the stainless steel.



33

100 pm -'J‘cv'“’

Figure 4.2: SEM micrographs of pristine SS316 foil (a) and SS316 foil after extended charging at
4.6 V vs. Li/Li* in PYR;3FSI + 1.2M LiFSI solutions containing 0% vol. organic solvent (b), 10%
organic solvent (c), and 50% organic solvent (d).
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of pristine SS316 and a pit formed by exposure of SS316 to extended charging at 4.6 V vs. Li/Li*
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Using EDX analysis, the elemental composition of the SS316 surface was observed before
oxidation and compared to the surface composition of a pit formed during extended charging in
PYR3FSI + 1.2M LiFSI solution. Figure 3c provides EDX analysis of pristine and corroded
SS316. The corroded sample shows significantly lower iron and nickel content, suggesting the
selective oxidation and solvation of iron and nickel by the RTIL electrolyte during exposure to high

potentials.

4.3 Mitigating SS Corrosion and Conclusions

The combination of CV, chronoamperometry, SEM, IR, and EDX data leads us to believe
that the solvent and potential dependent corrosion of SS316 in electrochemical cells containing
PYR3FSI + 1.2M LiFSI occurs by a mechanism similar to the aluminum oxidative dissolution
previously observed in RTIL electrolytes [39, 117, 111, 56]. It is suggested that oxidized ions
in the SS316 casing are solvated by the electrolyte solution, leaving pits in the metal surface
and limiting battery performance. While SS316 corrosion prohibits electrochemical cycling under
high voltage conditions, steel corrosion can be avoided by utilizing aluminum-clad cell components.
Li(Ni; 3Mny/3Co4/3)O2 half-cells containing the PYR13FSI 4 1.2M LiFSI electrolyte are capable of
extended cycling between 3.0 - 4.2 V vs. Li/Li* in Al-clad 2032 coin-type cells [56]. It is imperative
that future study of RTILs for application in lithium-ion batteries considers the stainless steel
oxidation phenomenon.

This work demonstrates the voltage and solvent dependent oxidation of SS316 coin-cell com-
ponents during electrochemical cycling of high-voltage electrode materials in PYR3FSI + 1.2M
LiFSI electrolytes. SS316 oxidation likely occurs via a mechanism similar to the well-documented
aluminum oxidative dissolution previously described in imide-based RTILs. While steel corrosion
causes cell failure, the effect can be avoided by removing SS316 components from the cell by using

materials such Al-clad cathode cups.



Chapter 5

Effect of Organic Solvent Addition to PYR3FSI + LiFSI Electrolytes on
Aluminum Oxidation and Rate Performance of Li(INi;;3Mn;/3Co0;/3)O, Cathodes

Summary

Corrosion of the positive electrode’s aluminum current collector in Li-ion cells at high voltages
is regarded as one of the most serious problems facing the commercialization of RTIL electrolytes for
electrochemical applications. The superior suppression of aluminum current collector oxidation by
a 1.2M LiFSI in PYR;3FSI ionic liquid electrolyte is demonstrated. Addition of EC:EMC (1:2 wt.)
is shown to significantly increase the severity of parasitic aluminum oxidation. Despite leading to
increased aluminum oxidation at high voltages (greater than 4.2 V vs. Li/Li*), adding organic sol-
vent to PYR13FSI based ionic liquids greatly enhances important electrochemical properties. The
ionic conductivity and lithium ion transference number of the PYR3FSI + 1.2M LiFSI electrolyte
increase with increasing volumetric content of organic co-solvent (EC:EMC), resulting in significant
improvements to high rate performance. The electrochemical benefits of organic co-solvent addi-
tion and the compatibility of the PYR13FSI + 1.2M LiFSI electrolyte with Li(Ni;3Mn/3Co4/3)O2
demonstrated in this study substantiate the need to develop strategies to suppress aluminum oxi-

dation during high voltage cycling of lithium-ion batteries in ionic liquid electrolytes.

5.1 Introduction

While lithium-ion batteries (LIBs) offer a potentially game-changing energy storage technol-

ogy, safety concerns have hindered their widespread penetration into the electric vehicle market
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and have discouraged their consideration in grid level applications. Many of these safety concerns
stem from the utilization of volatile organic electrolytes. Currently commercialized LIB technology
is based on electrolytes comprised of mixtures of organic carbonate solvents containing lithium
hexafluorophosphate (LiPFg) as a salt. These electrolytes are preferred due to their high ionic
conductivities and compatibility with commercialized electrode materials, but their flammability
and high volatility must be addressed [167, 231].

In order to mitigate electrolyte related safety risks without realizing a loss in performance, a
new class of non-aqueous electrolyte should be developed. Due to their non-flammability, negligible
vapor pressures, thermal stabilities, high voltage stability windows, and sufficient ionic conductivi-
ties, room temperature ionic liquids (RTILs or ILs) represent promising options as additives or drop-
in replacements for organic electrolytes in LIBs [15, 152, 186, 63, 11, 187]. Extensive efforts are being
made to develop high performance RTIL based electrolytes that are compatible with state of the art
electrode materials [80, 128, 176, 182, 72, 86, 181, 148, 53, 188, 44|, with a number of studies demon-
strating the favorable electrochemical properties of pyrrolidinium-based ionic liquids [141, 156] and
ionic liquids containing the bis(trifluoromethanesylfonyl)imide (TFSI7) [8, 117, 61, 94, 116] or
bis(fluorosulfonyl)imide (FSI™) anion [187, 80, 128, 141, 8, 77, 202, 22, 238, 115, 24, 222, 164, 3|.
Recent research has shown that pyrrolidinium and imidazolium FSI-based ionic liquids have higher
conductivities compared to their corresponding TFSI-based analogs due to lower solution viscosi-
ties [80, 148, 22, 248] as well as adequate compatibility with electrode materials such as graphite,
LiCoOg, and Li(Ni;/3sMn;/3Co;/3)O2 [80, 176]. Despite these efforts to develop high performance
electrolytes based on the FSI chemistry, improvements in ionic conductivity must be made in order
to compete with commercialized organic electrolytes.

Various strategies can be employed to enhance the electrochemical performance of IL based
electrolytes. By lowering the viscosity of ionic liquids using organic solvents, significant increases
in ionic conductivity and lithium ion mobility can be achieved [152, 76, 119, 72]. Addition of an
organic solvent has also been shown to improve solid-electrolyte interphase (SEI) formation and

stability on low voltage anode materials such as lithium metal or graphite [164, 87, 86, 183, 7,
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37, 140]. Unfortunately, the addition of organic solvent to certain FSI and TFSI based ILs leads
to a severe parasitic side reaction involving oxidation of the aluminum metal conventionally used
as a current collector substrate on the cathode of LIBs [117, 39, 72]. While work has been done
to characterize the solvent dependent oxidative dissolution mechanism for aluminum corrosion
in TFSI-based electrolytes, relatively little work has been done to characterize similar effects in
FSI-based electrolytes and the influence of such electrolyte solutions on electrochemical cycling
performance.

This study examines the electrochemical properties of PYR 3FSI ILs, developing a deeper
understanding of the effect of increasing co-solvent content in PYR3FSI-based electrolytes on alu-
minum oxidation behavior. Most notably, this research substantiates the electrochemical benefits of
adding organic solvents to ILs by demonstrating increased ionic conductivities, increased Li* trans-
ference numbers, and the improved high rate performance of Li(Ni;/3Mn;/3Co;/3)O2 in mixtures
of PYR3FSI and carbonate solvent. Chronoamperometry, cyclic voltammetry (CV), and scanning
electron microscopy (SEM) were used to identify parasitic aluminum corrosion via the oxidative
dissolution mechanism, and potentio-galvanostatic cycling was utilized to characterize the effect of
aluminum oxidative dissolution on battery cycling and rate performance of Li(Ni; 3Mn;/3Co0;/3)O2

half-cells with PYR13FSI + 1.2M LiFSI based electrolytes.

5.2 Oxidation Behavior of the Aluminum Current Collector

Preliminarily, an experimental matrix was designed to systematically characterize the com-
patibility of PYR13FSI + 1.2M LiFSI electrolytes with the aluminum current collector substrate
during cycling of high voltage cathode materials. These results were compared with a similar study
of 1.2M LiTFSI in PYR13FSI in order to gain further insight into the electrochemical performance
of PYR13FSI when coupled with different lithium salts. Previous work suggests that electrolyte
solutions comprised of LiFSI salt in organic solvent are capable of suppressing aluminum oxidation
more effectively than combinations of the same solvent with LiTFSI salt [80]. Our results prove

that the same is true in PYR;3FSI-based electrolytes.
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Inspection of the initial CV cycle of corrosion cells containing TFSI™ based salt reveal irre-
versible anodic currents indicative of aluminum oxidation on the surface of the metal. This effect
increases in magnitude with the addition of organic solvent. Figure 5.1 presents initial CV cycles and
chronoamperometric data for electrolytes containing TFSI™. The most severe oxidative behavior
occurs in the solution containing 50% vol. organic solvent (Figure 1la), with the initial CV shape
representing that of typical aluminum corrosion CV curves [71, 30]. Chronoamperometric data
supports this finding. During prolonged charging at 4.6 V vs. Li/Li", oxidative current densities
exceeded 70 A cm™2 in the solution containing 50% vol. organic solvent and remained under 5 pA
cm™2 and 2 A cm™? in corrosion cells containing 10% vol. organic solvent and pure IL, respectively
(Figure 1b). As currents are observed to increase during chronoamperometry of cells containing or-
ganic solvent, it is determined that TFSI™ is unable to successfully passivate the aluminum current
collector surface. The solvent dependent current amplitudes shown in CV and chronoamperometry
are in agreement with a previous study conducted by Ref. [117] on PYR4TFSI-solution induced
aluminum corrosion, but the significantly lower current amplitudes found in our work lead us to
believe that the FSI anion in the ionic liquid is itself capable of suppressing aluminum oxidation to
some degree.

Inspection of the initial CV cycle of aluminum foil discs in PYR3FSI + 1.2M LiFSI so-
lutions reveal much lower irreversible oxidative current densities than those seen with PYR;3FSI
+ 1.2M LiTFSI solutions. Figure 5.2 presents initial CV cycles and chronoamperometric data for
electrolytes containing FSI™. Oxidative current densities observed during CV of corrosion cells with
FSI-based ILs are also dependent on volumetric content of organic solvent, reaching 1.44 puA cm™2
in solutions containing 50% vol. organic solvent (Figure 2a). Chronoamperograms of aluminum
corrosion cells in the same solutions reveal significant aluminum oxidation only in cells containing
organic solvent (Figure 2b). During a 24 h constant voltage period at 4.6 V vs. Li/Li*, oxidative

2 in cells containing 50% vol. organic solvent and remain below 4

currents reach about 8 pA cm™
pA cm™2 and 1 pA cm™2 for cells containing 10% vol. organic solvent and pure IL, respectively. As

the oxidative current densities for cells containing pure ionic liquid and 10% vol. organic solvent
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Figure 5.1: Cyclic voltammograms (a) showing the first voltage scans and chronoamperograms (b)
of aluminum corrosion cells with electrolyte solutions comprised of mixtures of PYR3FSI + 1.2M
LiTFSI and various volumetric amounts of EC:EMC (1:2 wt.).
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do not continually increase over prolonged charging, it is determined that the FSI™ anion is able to
passivate the aluminum surface to a higher degree than TFSI™. This demonstrates that the LiFSI
salt is strongly favored for protection against aluminum oxidation in PYR13FSI based electrolytes.

High-resolution SEM micrographs provided in Figure 5.3 show that the oxidative current den-
sities observed in CV and chronoamperometry resulted in significant changes to the Al foil’s surface
morphology. Figure 3a-c indicates visible corrosion by solutions containing LiTFSI salt, with sur-
face corrosion becoming most severe in the solution containing 50% vol. organic solvent. Large pits
were formed on the Al sample charged in the solution containing 50% vol. organic solvent, with pit
diameters approaching 300 gm. Non-uniform coloring in the SEM images is also indicative of cor-
rosion, as gradients in shading represent changes in the sample’s surface roughness. The Al samples
charged in pure RTIL solution and solution containing 10% vol. organic solvent show non-uniform
coloring, with the sample charged in solution containing 10% vol. organic solvent showing severe
shading gradients indicative of the formation of surface pits. The SEM micrographs corroborate
the CV and chronoamperometry results, showing more severe corrosion in cells containing LiTFSI
salt.

While the observed aluminum oxidation was less severe in cells containing the LiFSI salt,
SEM micrographs provided in Figure 3d-f prove that the oxidative current in PYR3FSI + 1.2M
LiFSI solution containing 50% vol. organic solvent was sufficient to form large pits on the surface
of the aluminum metal. Pits on this sample were observed with diameters exceeding 150 pm. The
Al charged in pure IL shows uniform coloring while the image of the Al charged in a solution of
10% vol. organic solvent shows a non-uniform distribution of regions of lighter or darker coloring.
This spotting is most apparent on the Al sample that was charged in a solution of 50% vol. organic
solvent, with corrosion sites evolving into surface pitting. The combination of CV, chronoamper-
ometry, and microscopy data suggests that pitting corrosion results from the oxidative dissolution
mechanism characterized in TFSI™ based electrolytes [117]. The suggested oxidative dissolution of
aluminum occurs through a mechanism initiated by sulfonyl imide anion attack of the native oxide

layer on the surface of the aluminum current collector (AloOg3) at high potentials (greater than 4.2
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Figure 5.2: Cyclic voltammograms (a) showing the first voltage scans and chronoamperograms (b)
of aluminum corrosion cells with electrolyte solutions comprised of mixtures of PYR3FSI + 1.2M
LiFSI and various volumetric amounts of EC:EMC (1:2 wt.).
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Figure 5.3: SEM micrographs taken subsequent to extended charging of Al corrosion cells at 4.6V
vs. Li/Li* in electrolyte solutions comprised of pure PYR;3FSI + 1.2M LiTFSI (a), 1.2M LiTFSI
in PYR3FSI + 10% vol. EC:EMC (b), 1.2M LiTFSI in PYR3FSI 4+ 50% vol. EC:EMC (c), pure
PYR3FSI + 1.2M LiFSI (d), 1.2M LiFSI in PYR3FSI + 10% vol. EC:EMC (e), and 1.2M LiFSI
in PYR3FSI 4+ 50% vol. EC:EMC (f).
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V vs. Li/Li"). The ions subsequently form Al-imide complexes, e.g. Al(FSI)3, which are solvated
by organic carbonates in the electrolyte solution, thereby leaving large pits in the aluminum sheet
and introducing metal ions into the electrolyte. Furthermore, this study shows that PYR3FSI +
1.2M LiFSI based electrolytes containing 10% vol. or less of organic solvent suppress aluminum

corrosion to a significant degree, especially when exposed to voltages higher than 4.2 V vs. Li/Li*.

5.3 Organic Solvent Addition and Rate Performance of Li(Nil/gMnl/gcol/g)OQ

Despite finding significant aluminum corrosion in mixtures of PYR13FSI + 1.2M LiFSI and
organic solvent, we demonstrate the ability of organic solvent to greatly increase the electrochemical
performance of such electrolytes. It is widely accepted that solution viscosity is the most important
factor determining an IL’s ionic conductivity. Therefore, ILs containing smaller ions, which lead to
lower viscosities, are preferred. The relationship between viscosity and conductivity is defined by
the Walden Rule, which states that the product of the limiting molar conductivity, A,,,, and the
solvent’s viscosity, 7, is constant [185]. ILs have been found to obey this relationship [84, 185], and
the addition of organic solvent to ILs is one strategy for lowering solution viscosity [152, 76].

This work supports the claim that adding organic solvent to ILs can increase lithium ion con-
ductivity and mobility by showing that addition of a carbonate-based co-solvent to PYR13FSI +
1.2M LiFSI leads to significantly increased ionic conductivities. Ionic conductivities for PYR3FSI-
based solutions are provided in Table 1. The benefits of organic solvent addition to ILs are sub-
stantiated by a rate study of Li(Nij;3Mn;/3Coy/3)O2 half-cells in mixtures of PYR13FSI + 1.2M
LiFSI and EC:EMC (1:2 wt.). Rate study results are presented in Figure 5.4. Cells were cycled at
rates from C/10 to 8C between 3 - 4.2V vs. Li/Li*. Half-cells containing 50% vol. organic solvent
show significantly increased capacities at all rates tested, maintaining specific discharge capacities
above 90 mAh g~! at the rate of 8C. This contrasts the rate performance of cells containing pure
IL, which show capacities of approximately 56 mAh g~! at the 8C rate.

Furthermore, Li(Ni;/3Mn; ;3Co;/3)O2 half-cells show highly stable cycling behavior for at least

25 cycles at the rate of 1C subsequent to the rate test, with cells containing 50% vol. organic solvent
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Figure 5.4: Rate study of Li(Nij;3Mn;/3Co;/3)O2 half-cells containing electrolyte solutions com-
prised of mixtures of PYR3FSI + 1.2M LiFSI and various volumetric amounts of EC:EMC (1:2
wt.). Electrochemical cycling was performed at room temperature between 3 - 4.2V vs. Li/Li*.
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and 10% vol. organic solvent maintaining greater than 98% discharge capacity and cells containing
pure IL maintaining greater than 99% discharge capacity. Because the specific capacities during
rate increase steps (increasing rates in steps from 1C to 8C) are equal to the corresponding specific
capacities during decreasing rate steps, it is suggested that the IL based electrolytes do not induce
degradation of the Li(Nil/gMH1/3001/3)OQ structure under high current densities.

In order to further investigate the effect of organic solvent addition to ILs on electrochemical
performance, lithium ion transference numbers (¢, r;) were determined for each solution utilized in
the rate study. ¢, r;, which is defined as the fraction of the total current passed through the cell by
Li* ions, has implications for rate performance and cycling stability [236]. While ionic conductivity
describes the electrolyte solution’s contribution to ohmic overpotential losses during electrochemical
cycling, t, 1; describes contributions to concentration overpotential losses. It follows that a low ¢, 1,
limits power output and leads to poor performance at high rates, whereas a high ¢, r; reduces the
effects of concentration polarization while allowing for high power output.

t+,1i was determined through the PP method developed by Bruce and Vincent et al., in
which the cation transference number is determined by dividing the steady-state cationic current
by the initial current passing through the cell just after applying a small polarizing voltage [30, 29].
For small polarizations, t, 1; is found using equation 5.1, where I, is the steady-state current, Ip
the initial current, AV the applied potential (10 mV), and Rss and Rp the electrode-electrolyte

interfacial resistances after and before polarization, respectively [249].

I;s(AV - IyRy)
t+,L’L’ = )
Io(AV — I Rys)

(5.1)

In order to ensure accuracy of our experiments, the PP method was verified using 1.5M LiPFg
propylene carbonate (PC) solution and the results were found to agree with literature values [69].
The PP method data for the pure ionic liquid sample is shown in Figure 5.5 and is representative
of PP method data for all samples. t, r; values for the PYR3FSI-based solutions are provided in

Figure 5.6. The t, r; value determined for the pure IL electrolyte was 0.14769 +/— 0.0328, which
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correlates with literature ¢, 1; values for PYR3FSI based electrolytes [236]. It was found that ¢, 1,
of PYR13FSI + 1.2M LiFSI electrolytes increases significantly with the addition of organic solvent.
As organic solvent is added to the IL solutions, the relative concentrations of PYR13" and FSI™
decrease while Li* concentration remains fixed at 1.2M. It is suggested that the effects of two-cation
competition decrease as the relative concentration of PYR13" decreases, allowing Li* to carry a
larger portion of faradic current during cycling. Consequently, it is expected that the concentration
gradients which develop during charge and discharge of electrochemical cells containing 1.2 M LiFSI
in PYR13FSI 4+ 50% vol. EC:EMC are significantly less severe than those which develop in the
pure IL electrolyte. The higher values of ¢, r; in IL based electrolytes containing organic solvent
contribute to their higher rate performance in our Li(Ni;3Mn;/3Co0;/3)O2 half-cells. In addition
to providing high-rate cycling stability, the significantly higher ¢, ;; value for the PYR3FSI elec-
trolyte containing 50% vol. organic solvent allows for remarkably less overpotential loss during
charge-discharge cycling. Overpotential effects are illustrated by comparing cycling voltage pro-
files provided in Figure 5.7. This phenomenon is particularly evident as the rates are increased,
demonstrating the value of high ¢, 1; and its relationship to electrochemical cycling behavior.

In order to fully realize the advantages in energy and power density of high-voltage cathode
materials such as Li(Ni;/3Mn;/3Co;/3)Oz, electrochemical cells containing such materials should be
cycled to voltages higher than 4.2 V vs. Li/Li*. Figure 5.8 provides specific discharge capacities
for Li(Ni; ;3Mn; /3Co4/3)O2 half-cells containing each electrolyte solution under high voltage cycling
conditions. Li(Ni;;3Mn;/3Co0;/3)O2 cells show very poor cycling stability when cycled between 3
- 4.5 V vs. Li/Li*. While half-cells containing pure IL maintain greater than 95% capacity after
20 cycles at a rate of C/10 during cycling between 3 - 4.5 V vs. Li/Li*, cells containing 10%
vol. organic solvent and 50% vol. organic solvent maintain only greater than 85% capacity and
greater than 75% capacity, respectively, under the same cycling conditions (Figure 7a). The poor
cycling stability is exacerbated at higher rates and is shown to be irreversible, as the capacity lost
during high voltage cycling is not recovered when the cycling voltage range is lowered to 3 - 4.2 'V

vs. Li/Li* (Figure 5.88). The poor cycling stability is attributed to the introduction of aluminum
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Electrolyte t+, Li ionic
Composition (mS em™)
PC (1.5M LiPFe) 0.37125 = ==
0.0493
PYR3FSI 0.14769 = 3.9735 = 0.3413
(1.2M LiFSI) 0.0328
PYR3FSI + 0.19785 = 5.0322 = 0.1501
10% vol. EC:EMC 0.0405
(1.2M LiFSI)
PYRi3FSI + 0.40968 + 7.8639 = 1.254
50% vol. EC:EMC 0.0584
(1.2M LiFSI)
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Figure 5.6: Lithium transference numbers and specific ionic conductivities for electrolyte solutions
comprised of mixtures of PYR13FSI + 1.2M LiFSI and various volumetric amounts of EC:EMC
(1:2 wt.). All measurements were conducted at room temperature.
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Figure 5.7: Charge-discharge voltage profiles of Li(Ni;/;3Mn;/3Co;/3)O2 half-cells containing elec-
trolyte solutions comprised of mixtures of PYR3FSI + 1.2M LiFSI and various volumetric amounts
of EC:EMC (1:2 wt.) at rates of 1C (a), 2C (b), 4C (c), and 8C (d).
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into the electrolyte following the oxidative dissolution process, most likely leading to increased
resistance through the bulk of the cell and possibly leading to performance-limiting interactions

with the layered cathode material.

5.4 Conclusions Regarding RTIL-induced Al Corrosion

While the addition of organic solvent to PYR3FSI + 1.2M LiFSI is shown to lead to a
parasitic oxidation reaction with the aluminum current collector conventionally used in lithium-ion
batteries, the enhancements in conductivity, lithium transference number, and rate performance
are significant. It is therefore of great interest to suppress the aluminum oxidation process in order
to enable high performance ionic liquid based electrolytes for application in lithium-ion batteries.

In this study we demonstrated that PYR;3FSI + 1.2M LiFSI shows higher compatibility
with aluminum current collectors than PYR3FSI 4+ 1.2M LiTFSI electrolytes. The oxidation
of aluminum in such IL solutions increases with addition of organic solvent, and the oxidative
dissolution mechanism was characterized in corrosion cells containing LiFSI salt in PYR3FSI.
Furthermore, we demonstrated that the addition of organic solvent to the PYRy3FSI + 1.2M
LiFSI electrolyte leads to higher ionic conductivities and higher lithium transference numbers,
and these enhanced electrochemical properties allow for significantly increased rate performance in
Li(Nij3Mn; 3Coy3)O2 half-cells when cycled at room temperature between 3 - 4.2V vs. Li/Li".
The use of organic solvents in combination with ILs was substantiated as a convenient and effective
strategy for the realization of high performance, non-flammable electrolyte solutions for lithium-ion

batteries.
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Figure 5.8: High voltage potentio-galvanostatic cycling of Li(Ni;3Mn;/3Co, /3)02 half-cells contain-
ing electrolyte solutions comprised of mixtures of PYR3FSI + 1.2M LiFSI and various volumetric
amounts of EC:EMC (1:2 wt.). Charge/discharge rates were held constant at C/10 (a) and 1C (b).



Chapter 6

Electrospun Polyacrylonitrile Microfiber Separators for Ionic Liquid

Electrolytes in Li-ion Batteries

Summary

After characterizing and developing a cycling protocol to avoid high-potential aluminum
corrosion, we turned to another issue hindering widespread utilization of RTIL electrolytes. Most
RTIL research for Li-ion battery applications uses glass fiber separator materials. These materials
are not compatible with commercial battery manufacturing processes, and a new separator must
be developed if RTILs are to be commercialized for Li-ion technology.

Despite much recent progress in the development of room temperature ionic liquid (RTIL)
electrolytes for lithium-ion batteries (LIBs), relatively little work has been done in terms of investi-
gating commercially applicable separator materials capable of accommodating RTILs. In this work,
we demonstrate an electrospun polyacrylonitrile (PAN) microfiber separator. The PAN microfiber
separators show high degrees of porosity (83%), wettability, and mechanical strength (oy7s = 16.98
MPa and E = 5.95 MPa). The physical properties of our electrospun separators lead to impressive
electrochemical performance, showing an apparent MacMullin number (NM) of less than 5 when
combined with the PYR3FSI (1.2M LiFSI) electrolyte. These results are validated by superior rate
performance and the exhibition of a high capacity full-cell utilizing a PAN microfiber separator in
combination with the PYR13FSI (1.2M LiFSI) RTIL electrolyte. Such work represents significant
progress in the advancement of RTIL electrolytes for LIBs, indicating that nonwoven separators

are a commercially viable solution to the previous lack of separator materials for RTIL electrolytes.
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6.1 Introduction

While commercialized lithium-ion batteries (LIBs) are capable of achieving energy-densities
of up to 800 Wh L~! in the 18650-type cell configuration, the advent of electrified transportation
and renewable energy technologies demands safer and higher performance energy storage. In the
search for the next generation LIB, researchers are developing new materials, modifying existing
materials, and investigating unique combinations of materials. One such approach towards a safer,
higher energy-density battery involves replacing the conventional carbonate-based electrolyte with a
room temperature ionic liquid (RTIL) electrolyte system. RTIL materials have attracted attention
in electrochemical applications because of their non-flammability, negligible vapor pressures, high
thermal and electrochemical stabilities, and adequate ionic conductivities [15, 186]. Utilizing a RTIL
electrolyte induces new surface and reaction chemistries, recently showing success in demonstrating
high performance Li-ion cells.

RTIL electrolytes based on the bis(fluorosulfonyl)imide (FSI™) or bis(trifluoromethanesulfonyl)imide
(TFSI™) anion show particularly advantageous properties in Li-ion cells [187, 80, 128, 141, §8]. For
example, TFSI™ has been shown to mitigate sulfur dissolution and polysulfide redox shuttle in
sulfur-based electrodes [58, 165], FSI” shows strong compatibility with Li(Ni;;3Mn;;3C0;/3)O2
cathodes [57] and graphite anodes [80, 176], and both anions allow good reversibility of the Li
metal electrode [164, 89]. While much progress has been made in regards to developing high
energy-density electrode-RTIL systems, research has overlooked one major hurdle for the commer-
cialization of RTILs as LIB electrolytes: the separator material. Most reports on RTIL electrolytes
for LIBs use thick (ca. 300 pum) glass fiber separators that are too brittle for incorporation in the
conventional jelly-roll configuration.

In short, commercial separator materials are incompatible with RTIL electrolytes. Commer-
cially produced batteries utilize thin polyolefin separators, such as Celgard’s polypropylene (PP)
membranes. Such separators have small pore sizes (less than 1 ym pore diameter); due to their high

viscosities, RTIL electrolytes are unable to sufficiently wet these separators. In order to develop an
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RTIL electrolyte membrane that is compatible with both commercially attractive electrode mate-
rials and the winding processes in the existing LIB manufacturing infrastructure, a new separator
material should be developed. One recent study by M. Kirchhofer et al. studied different RTIL elec-
trolytes in combination with various separator materials and their compatibilities with the Li metal
electrode [107]. While this study provides insight into alternative separator materials specifically
for RTIL electrolytes, a separator must be developed that can accommodate the electrochemistry
of RTILs while maintaining adequate mechanical properties for employment in the jelly-roll cell
configuration (ie; 18650-type cells).

To this end, we turn to electrospun polyacrylonitrile (PAN) microfiber mats. PAN based
separators have been studied as alternatives to conventional microporous polymer materials [242,
13, 42, 41, 233, 175, 32, 45], but all previous work related to PAN nonwoven separators was tailored
to the utilization of conventional organic electrolyte. A separator material must be electronically
insulating, allow for minimal ionic resistance, possess high mechanical and dimensional stability,
have sufficient physical strength to allow for easy handling, possess chemical resistance to degra-
dation by electrolyte impurities, allow for easy wetting by the electrolyte, and be inert against the
electrode materials [13]. Based on previous demonstration of nonwoven separators’ superior ionic
transport properties and the ability to tune the separators’ physical properties via the electrospin-
ning fabrication process, we identified PAN fiber mats as a candidate separator material for RTIL
electrolytes.

In this study, we have developed an electrospun PAN microfiber separator that is highly
compatible with RTIL electrolytes and well-suited to the winding processes in commercial battery
manufacturing. We report the major physical, mechanical, and electrochemical properties of the

separator and ultimately demonstrate the separator in a high capacity Li-ion full-cell.
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6.2 PAN Microfiber Separator Morphology, Electrolyte Compatibility, and

Mechanical Properties

Building on the previous studies of PAN nonwoven separators for utilization in electrochem-
ical cells with conventional organic electrolytes, this work proves that PAN separators are a strong
candidate for RTIL based membranes. While the literature suggests a fiber diameter of approxi-
mately 500 nm or less, as controlled by electrospinning solution flow rate and electric field strength
[49], allows for optimal performance with conventional organic electrolyte materials, it is proposed
that a different microstructure is necessary to accommodate an RTIL electrolyte. For this reason,
we aimed to develop a separator with a larger average pore size in order to allow for high wettability
with a more viscous electrolyte solution.

Figure 6.1 shows a high-resolution scanning electron microscope (SEM) image of our PAN
fiber mat as made, showing a relatively uniform fiber diameter of approximately 1 pm. The
morphology of this mat is significantly different than those previously demonstrated, with much
thicker fiber diameters. It was proposed that the larger fiber diameter, which leads to higher
porosity, should allow for adequate wettability by a RTIL electrolyte.

The porosity of the nonwoven PAN separator designed in this work was determined both
experimentally and theoretically. The porosity of a wide variety of materials is determined by the
Archimedes Technique, also known as the Immersion Technique, using Equation 6.1:

Mgat — Mdry

Peyp = (6.1)

Msat = Mary

where mg,,, is the mass of the dry material, my,; is the mass of the material after becoming
saturated with the liquid, and mg,s is the mass of the material when suspended in the liquid.
De-ionized water was chosen as a suitable immersion medium for the PAN separators. Using
this method, the porosity of the nonwoven PAN separator mat was determined to be 83%. The
porosity of the PAN separator was also calculated using the known density of electrospun PAN

(1.12 g cm™3) and the mass and volume of a punched and dried PAN separator sheet (Pipeoretical =



Figure 6.1: SEM micrograph of the as-made electrospun PAN microfiber mat.
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VAN /Vseparator)- Using this method, the porosity of the nonwoven PAN separator was determined
to be 84.66%, thereby substantiating the experimentally determined value. This is much higher
than the Celgard PP separator porosity of 39% and meets the known requirement for battery
separator porosity of at least 35%. This data also conforms to the trend found in previously
studied nonwoven separators in which larger fiber diameters result in a higher degree of porosity
[41]. PAN separators with fiber diameters of <500 nm have been shown to possess porosities of
up to 76% [41]. This data suggests that the PAN separators fabricated in this work may be better
suited to wetting with an RTIL electrolyte.

The wettability of our PAN separator was estimated using high-speed photography and com-
pared to the wettability of a PP separator and glass fiber separator by two RTIL electrolytes and
a conventional organic electrolyte. Electrolytes used include PYR3FSI (1.2M LiFSI), the more
viscous RTIL PYR;3TFSI (0.6 M LiTFSI), and the conventional organic electrolyte EC/DEC (1M
LiPFg). The results of our wettability study are shown in Figure 6.2. A lower contact angle is
indicative of a higher degree of wettability, and a faster change in contact angle suggests a higher
rate of wetting. In all cases, the nonwoven PAN separators showed the highest wettability, with the
Celgard PP membrane proving to be the least wettable. Good wettability proves the separator’s
ability to effectively wick electrolyte, thereby facilitating smooth diffusion of the electrolyte during
assembly of an electrochemical cell. Thus, these results further suggest that the PAN nonwoven
separators are a strong candidate for utilization with an RTIL electrolyte.

In addition to the physical properties of the electrospun PAN nonwoven separators, it is
important to study their mechanical properties. The separators used in spiral wound cells (con-
ventional design) require high tensile strength because the separator is wound together with the
electrodes under tension; the separator must not elongate significantly under tension in order to
avoid contraction in the direction perpendicular to winding [13]. Commercial separators require a
tensile strength corresponding to 2% stretch (strain) at 1000 psi, or 6.89 MPa [13]. To this end, the
tensile strength of our PAN separator mats was determined and compared to that of Celgard PP

and Whatman GF/F separators. The results of the tensile tests are reported in Figure 6.3. The
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tensile strength of the PP separator coincides well with previous academic reports of the tensile
strength of similar materials [41]. While the PAN separator’s ultimate tensile strength (oyrs) and
yield strength (oyieq) are lower than that of the PP separator, they are much higher than the oyrg
and o4 of the glass fiber separator and meet the aforementioned requirements for a commercial
separator. Our PAN microfiber separators show a oypg of approximately 16.39 MPa. Moreover,
the PAN separators showed the highest elastic modulus (E), with E = 5.95 MPa, of the separator
materials tested, suggesting a lower degree of stretch in the elastic region for a given stress. This
compares to £ = 4.01 MPa for the PP separator, and £ = 0.319 for the glass fiber separator. The
combination of physical and mechanical characterization demonstrated in this study substantiates
our claim that electrospun PAN fiber separators are a feasible choice for employment in Li-ion cells

containing RTIL electrolyte.

6.3 Electrochemical Performance of Li-ion Cells Using PAN Microfiber

Separators

Nonwoven separators have exhibited excellent battery performance with carbonate-based
electrolytes in terms of cycling life and high rate capability. Because of their high degrees of
porosity and wettabilities, nonwoven separators provide a less tortuous path for Li* transport
and therefore show lower ionic resistances than polyolefin separator materials [41]. In order to
demonstrate the adequate ionic conductivity of the RTIL-PAN separator system developed in this
work, the system’s apparent MacMullin number (NM) was calculated and compared to that of a
conventional system. The NM is defined as the ratio of the conductivity of the pure electrolyte
(00) to that of the immersed separator (ocyy).

A lower apparent NM infers higher rate and power capability. Commercial separator systems
possess apparent NM values of <12 [13, 41]. The PAN microfiber separator immersed in RTIL
electrolyte shows a relatively low NM of 4.96, well with in the bounds of the commercial standard.
It is therefore expected that our electrospun PAN separators should allow for high rate performance

in Li-ion cells.
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A rate study of a Li(Ni; ;3Mn; 3Co;/3)O2 half-cell was carried out in order to examine the rate
performance using a PAN separator with RTIL electrolyte, and the results of this experiment were
compared to the same rate study using a Whatman GF/F separator. The rate study and cycling
stability results are presented in Figure 6.4. The nonwoven PAN separator allows for high capacities
at all rates tested as well as high cycling stability. These results corroborate similar studies of
nonwoven separators used in combination with organic electrolytes in which the better cycling
performances shown when using nonwoven separators are attributed to their higher porosities and
the subsequent enhancements in ionic conductivity and uptake of liquid electrolyte [42, 41]; as
shown in Figure 6.1, the PAN microfiber mat possesses a very open microstructure that facilitates
better uptake of electrolyte. The high cycling stability suggests that the PAN microfiber mat is
electrochemically stable against the electrode materials utilized and the electrolyte, as side reactions
that might occur with in the cycling voltage range would induce capacity instabilities. A post-
cycling morphological analysis was conducted on a separate but identical half-cell allowed to cycle
100 times at a rate of 1C. SEM imaging of the PAN separator after cycling, presented in Figure 6.5,
reveals physical change in the separator after cycling. It is proposed that the tighter packing of the
fibers, as compared to the as-made PAN microfiber mat, is due to compaction during fabrication
and cycling of the cell in a coin-type configuration. Swelling due to absorption of electrolyte may
have also occurred. It is noted that such changes have no detrimental effects on performance as
proven in the cycling experiments.

Finally, Figure 6.6 demonstrates our electrospun PAN microfiber separator in a high-capacity
nSi-cPAN /Li(Ni; 3Mn; ;3Co1/3)O2 full-cell developed in a recent report [58]. The cycling stability
observed in this experiment validates our claim that a nonwoven separator is an adequate re-
placement for conventional polyolefin materials in RTIL-based LIBs. Demonstration of the PAN
microfiber separator in a full-cell is the ultimate test of its electrochemical and physical stability,
proving the chemical stability of the separator and its compatibility with commercially attractive
electrode materials. While a full safety and thermal stability analysis should be completed for the

RTIL-PAN separator system, this combination of data provides strong evidence for the compatibil-
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Figure 6.5: SEM micrograph of the electrospun PAN microfiber separator after 100 cycles in a
Li(Ni1/3Mn1/3C01/3)02 half-cell.
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ity of PAN microfiber separators with a RTIL-based battery. Thus, this work represents important

progress in the field of RTIL electrolytes and demonstrates their potential for commercialization.

6.4 Conclusions Regarding PAN Microfiber Separators

In this project, we have developed a separator material compatible with both RTIL elec-
trolytes and the commercial LIB manufacturing infrastructure for 18650 cells. Based on the estab-
lished commercial electrospinning process, PAN microfiber separators present a viable alternative to
polyolefin materials. Most importantly, electrospun PAN microfiber separators show superior phys-

ical, mechanical, and electrochemical properties when used in combination with RTIL electrolytes.
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Figure 6.6: High-capacity nSi-cPAN/Li(Ni;;3Mn;/3Co01/3)O2 full-cell containing an electrospun

PAN microfiber separator. Capacities normalized to total active material mass (L333 + Si).



Chapter 7

Ionic Liquid Enabled FeS, for High Energy-Density Lithium-Ion Batteries

Summary

With the energy density of conventional Li-ion batteries (LIBs) approaching a practical upper
limit, next generation electrode materials must be developed in order to satisfy the demand for an
inexpensive, highly energy dense battery for future energy storage applications. Significant progress
has been made on high-capacity tin and silicon-based anodes, but new cathode chemistries must
be developed in order to accommodate such materials [36, 103]. While the stable cycling of a Si
anode has been demonstrated with capacities above 1500 mAh g~* [173], work in this field has been
unable to demonstrate the long-term cycling of a cathode material with capacities higher than 250
mAh g™ [36]. Because of their ability to accommodate more than one Li atom per transition-
metal cation, materials that undergo a conversion reaction with lithium have gained attention
as promising candidates for high-capacity cathodes [217]. Among such conversion chemistries,
FeSs represents a promising alternative to replace the conventional LiMOg (M = transition metal)
intercalation mechanism because FeSs is inexpensive, highly energy dense, naturally abundant,
and environmentally benign [198, 135, 235, 201, 60, 70, 216, 5]. The four electron reduction of
cubic-FeSy (pyrite) exhibits a theoretical specific capacity of 894 mAh g™!, as compared to the best

LiMO, intercalation electrodes which only provide approximately 200 mAh g [225, 74, 66, 47].
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7.1 Introduction

Despite the FeSy/Li system’s advantages and recent commercialization by Energizer as a
primary battery, its conversion chemistry suffers from a series of obstacles that has hindered its
further advancement. In addition to the safety issues associated with lithium metal anodes [14],
unfavorable interactions between the electroactive species of the FeSy electrode and conventional
organic electrolyte solvents leads to rapid capacity fade. While the mechanism for the reduction
of cubic-FeSy remains the subject of debate, it was recently proposed that the charge products
of the FeSy system include a multiphase mixture of orthorhombic FeSy (marcasite), FeS,, and S
[198, 235]. Given that sulfur is one of the charge products of the FeSy conversion reaction, the most
important factor determining the FeSs electrode’s efficiency and reversibility lies in the dissolution
of highly mobile polysulfide species (S,,2”) produced during the reduction of sulfur. The dissolution
of such polysulfides into organic liquid electrolytes results in a parasitic redox shuttle, introducing
unfavorable side reactions with a lithium metal negative electrode, reducing charging efficiency and
quickly degrading cell performance [198, 165, 168, 150, 96, 189, 55].

Recently, research has focused on fabrication of novel FeSy/carbon matrices capable of con-
fining electroactive species and preventing active material loss [198, 135, 239]. Unfortunately, such
electrode architectures require complex fabrication methods and utilize high weight percentages of
non-electrochemically active auxiliary materials that significantly limit the energy density of the
cathode composite. In this study, we take advantage of the limited polysulfide solubility in an ionic
liquid electrolyte, for the first time demonstrating the reversible cycling of a highly energy dense,
conventionally prepared FeS, electrode.

The design of a liquid electrolyte with a lower solubilizing power for S,2~ species is the sim-
plest approach for suppressing polysulfide dissolution and the subsequent redox shuttle mechanism.
Such an electrolyte system should show low solvation of the redox-active species of the cathode while
maintaining the ability to conduct Li*. While much work has been done to tailor the polysulfide

solubility properties of ILs for sulfur-based electrodes [106, 204, 218, 143], a recent study by J.-W.
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Park et al. suggests the electron donor ability of the anion constituent of an IL solvent to be the
most crucial factor in designing an electrolyte for utilization with a sulfur-based electrode [165].
Because of the weak Lewis basicity of the charge-delocalized bis(trifluoromethanesulfonyl)imide
(TFSI™) anion, room temperature ionic liquids (RTILs or ILs) containing TFSI™ show a low degree
of polysulfide solvation. In this work, we exploit the suppression of polysulfide dissolution by TFSI™
and the favorable electrochemical properties of the relatively small N-methyl-N-propylpyrrolidinium
(PYR13+) cation in order to enable a FeSs cathode with minimal use of auxiliary electrode com-
ponents. We demonstrate the highly reversible cycling of a FeSs/Li cell using a PYR13TFSI (0.6 M
LiTFSI) electrolyte and confirm the TFSI™ anion’s ability to suppress active material loss, along

the way elucidating sulfur’s role in the FeSy/Li system’s complex conversion mechanism.

7.2 Preliminary Electrochemical Study

The IL anion donor effect was initially substantiated through a cycling stability test utilizing
FeS, electrodes combined with various IL cation-anion pairs. Figure 7.1 depicts the results of this
study, proving the impressive stability and reversibility of the FeSs cell in a TFSI™-based IL as
compared to conventional organic electrolytes and ILs comprised of the bis(fluorosulfonyl)imide
(FSI") anion. In the PYR j3TFSI (0.6M LiTFSI) solution, the FeSy electrode maintains greater
than 80% of its initial capacity after 50 cycles (Figure la). This compares to the cycling of FeSy
in a EC/DEC (1/1 vol.) (1M LiPFg) electrolyte, which maintains only about 20% of its initial
capacity after 50 cycles, and the rapid capacity fade exhibited by FeSy electrodes cycled in ILs
composed of the FSI™ anion (Figure 1b). As proposed by J.-W. Park et al. [165], our data suggests
that the TFSI™ anion (Figure 1c) significantly mitigates cell degradation induced by polysulfide
dissolution. Several possible side reactions offer explanations for the poor performance of the FSI™-
based ILs (Figure 1d), and the mechanisms of such interactions are detailed in the Supplementary
Information.

Based on the cycling data provided in Figure 1, the PYR13TFSI (0.6 M LiTFSI) electrolyte

enables a conventionally prepared FeS, electrode with an energy density of 542 Wh kg™, based
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Figure 7.1: Cyclic stability of the FeSy electrodes in a) TFSI -based IL and conventional organic
electrolyte and b) FSI"-based ILs, proving the impressive stability and reversibility of the FeSy cell
in a TFSI -based IL as compared to conventional organic electrolytes and ILs comprised of the
FSI™ anion. Molecular structures of the ¢) TFSI™ and d) FSI™ anions utilized.
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on the total composite electrode mass. This system allows for a much higher energy density than
previously reported FeSs /carbon electrode matrices, with a FeSs /polyacrylonitrile (PAN) composite
showing the highest previously reported energy density of 428 Wh kg™! [198]. While our cycling
stability data upholds the proposed mechanism for the suppression of polysulfide dissolution by
ILs containing TFSI™, a closer look at the electrochemical data is required to fully understand the
advantages of our PYR3TFSI (0.6M LiTFSI) electrolyte.

Reductive d@Q/dV analysis and the evolution of the voltage plateaus in the FeSs electrode’s
electrochemical cycling profile highlight the sulfur dissolution’s effect on capacity fade. As sulfur
is a product formed on reduction of the FeSs electrode, this analysis will focus primarily on the
discharge processes observed during cycling. As previously mentioned, the redox mechanism of
FeS, is highly convoluted, and is therefore subject to debate. The literature provides a general
mechanism for the initial discharge of cubic-FeSs at ambient temperatures, provided below in
Equation (1) and Equation (2) [235, 66, 28].

FeSy Initial Discharge Mechanism

FeSs + 2Li* + 2e~ — LisFeSs (1)

LigFeSy + 2Li* + 2e” — Fe¥ + 2LisS (2)

Figure 7.2 provides voltage profiles (Figure 2a and 2b) and dQ/dV profiles (Figure 2¢ and
2d) for the FeSs electrodes cycled in the PYR3TFSI (0.6 M LiTFSI) and EC/DEC (1/1 vol.) (1M
LiPFg) electrolytes. In agreement with literature, we observe the FeSy electrodes’ initial discharge
profile to have one plateau and subsequent discharges to have two voltage plateaus, labeled 1 and
2 in Figure 2a and 2b, occurring at approximately 2.1 V and 1.5 V vs. Li/Li*. Due to the low
diffusivity of Li* into cubic-FeSs, Equations (1) and (2) proceed simultaneously and share one
voltage plateau at 1.5 V during initial discharge.

Subsequent discharges are expected to follow a slightly different mechanism, as ortho-FeSq
and FeS, are proposed as charge products in FeSy electrodes [198, 235]. This study will provide
further evidence of the formation of such charge products, and this mechanism will be discussed

later. Literature provides a likely charging mechanism for the FeSs electrode, which is shown below
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in order to provide a basis for discussion of sulfur loss during discharge [198, 235].

FeSy Charge Mechanism

Fe 4 2LipS — LigFeSy +2Li* + 2e~ (3)
LigFeSy — Lis-xFeSs + xIi™ 4+ xe™ (x= 0.5 to 0.8) (4)
Lig-xFeSs — 0.8ortho-FeSs + 0.2FeSg/7 + 0.175S + (2-x)Li" + (2-x)e” (5)

According to this reaction cascade, charge products available for reduction during subsequent
discharges include ortho-FeSs, FeS,, and S. This charging mechanism is substantiated by the evolu-
tion of three distinct discharging steps illustrated in the d@/dV profiles provided in Figure 2¢ and
2d. Peak 1, corresponding to the discharge plateau at 2.1 V vs. Li/Li*, represents the reduction
steps associated with the charge products proposed in Equation (5). Peak 1 is de-convoluted by
taking a closer look at the reductive d@/dV profiles between 1.8 - 2.8 V vs. Li/Li* (insets in
Figure 2¢ and 2d), showing three defined reduction peaks coinciding with the reduction of S and
ortho-FeSs, consistent with previous work [198]. As shown in Figure 2d, the capacities obtained
by reduction of S in an organic electrolyte fade rapidly between the 2nd cycle and subsequent
discharges. This is attributed to the loss of electroactive sulfur during dissolution of S,?~ into the
organic solvent. Figure 2c shows that the reductive d@/dV profiles of FeSy in TFSI -based IL
remain largely unchanged over cycling, owed to the retention of S in the composite. This provides
strong evidence for the inhibition of S,,2~ dissolution in TFSI -based electrolytes.

As sulfur is lost from the electrode matrix over cycling in the organic electrolyte, the voltage
profiles change drastically (Figure 2b), developing large overpotentials and showing diminishing
charge and discharge plateaus associated with the sulfur redox chemistry. Such changes in voltage
profile behavior are much less severe over cycling in the TFSI™-based electrolyte. Because the effects
of polysulfide dissolution in the TFSI™-based IL are minimal, variations in the voltage profiles of
FeSs over cycling in this electrolyte are attributed to other degradation processes and are described
later. Voltage traces for the FeSg electrodes cycled in the PYR3FSI (1.2M LiFSI) electrolyte
and l-ethyl-3-methylimidazolium (EMIM) FSI (1.2M LiFSI) electrolyte are provided in Figure 7.3,

showing clear evidence of severe overpotential growth during the first five cycles leading to rapid
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cell failure.

To further probe the proposed polysulfide dissolution’s effect on the FeSo electrodes’ degra-
dation, electrochemical impedance spectroscopy (EIS) was performed on FeSy half-cells at various
stages of cycle life. The EIS spectra for FeSy electrodes cycling in conventional organic electrolyte
and TFSI -based IL are provided in Figure 7.4, respectively. Both impedance spectra consist of
an intercept on the real 7’ axis and a semicircle in the high frequency region, a semicircle in the
medium frequency region, and a 45° slash in the low frequency region. The spectra can be analyzed
using the equivalent circuit model provided in Figure 3b, which was fit to each curve in order to
quantify the impedance contributions of each circuit element. These modeling fit quantifications
are provided in Figure 7.5, showing the evolution of the impedances caused by each element.

The major difference between the EIS spectra of the cells containing IL and organic electrolyte
lies in the growth of the large semicircle in the medium frequency range. This semicircle is attributed
to the charge transfer resistances (R.) [108]. While R.; in the cell containing TFSI™-based IL expe-
riences growth during the first five cycles and then stabilizes, R in the cell containing conventional
organic electrolyte grows throughout cycling. The evolution of the R.; impedance component is at-
tributed to the presence of soluble S,,?~ species in the cell. Interactions between polysulfide species
and the electrode interfaces, especially that of the lithium metal counter electrode, greatly increase
charge transfer impedance due to the insulating nature of elemental sulfur and poor electrical con-
tacts leading to poor electrochemical accessibility [229]. The TFSI™ anion has also been shown to
form a stable passivation layer on the surface of lithium electrodes during electrochemical cycling
[229], protecting the surface from interaction with any polysulfides that may be present and allow-
ing for a more stable R.; circuit element. The relatively slow capacity fade observed during cycling
in the TFSI -based IL electrolyte is therefore attributed mainly to the innate material degradation
associated with continuous formation and deformation of charge-discharge products. Contrastingly,
the effects of polysulfide dissolution continue to increase throughout cycling in conventional organic

electrolyte, leading to continuous and rapid capacity fade.
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7.3 Morphological and Crystallographic Analysis

Up to this point in the study, we have worked under the assumption that the success of the
TFSI -based IL in enabling the FeSs chemistry lies in its ability to mitigate polysulfide dissolu-
tion. This assumption is based upon recent literature and the well-known polysulfide redox shuttle
mechanism which occurs in traditional organic electrolytes. To this end, we use high-resolution
transmission electron microscopy (HRTEM) and energy-dispersive X-ray spectroscopy (EDS) to
provide concrete evidence of the sulfur retention in the FeSs electrodes during cycling in the TFSI™-
based IL. We use the same analysis to show the disappearance of sulfur from the electrode matrix
when cycled in organic electrolyte. TEM and EDS were performed on an uncycled FeSy cathode
composite as well as on electrodes after 20 cycles in both TFSI™-based IL and conventional organic
electrolyte. Figure 7.6 presents TEM images and locations of representative EDS point locations
(red markings) for each sample. The compositional integrity of the FeSy composite can be analyzed
in terms of the ratio of atomic percentages of S to Fe (at.% S/ at.% Fe). If the active material
exists in a FeSy phase, this ratio should be equal to about 2 based on stoichiometry. EDS at a point
on the pristine, uncycled electrode yields a ratio of 1.99 (Figure 4a). EDS at a point on the sample
cycled 20 times in PYR3TFSI (0.6 M LiTFSI) electrolyte yields a ratio of 1.90 (Figure 4b). This
provides concrete evidence that the TFSI™-based IL prevents polysulfide dissolution, allowing the
active material particles and composite to retain their sulfur composition. EDS linescans were also
performed on particles in the uncycled electrode and particles cycled in TFSI™- based IL, showing
constant S and Fe content through out the entire cross-section of the active material particles (Fig-
ure 7.7. The retention of S in the sample cycled in TFSI™-based IL allows for excellent preservation
of the composite microstructure and particle morphology, as observed in the TEM images.

In contrast, the FeSs electrode cycled in EC/DEC (1/1 vol.) (1M LiPF¢) shows very poor
retention of S content. Taking EDS at various points on the sample cycled 20 times in organic
electrolyte yields a ratio of at.% S to at.% Fe well below 1. Point 2 in Figure 4c, representative of

the entire sample, shows a ratio of at,% S to at.% Fe of 0.37. Atomic percentages for all points are
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Figure 7.6: TEM micrographs of a particle in an (a) uncycled FeSs electrode, (b) a 20th cycled
particle in TFSI-based IL, and (c) 20th cycled particles in conventional organic electrolyte. Red
markings depicted represent EDS point-and-shoot analysis at each electrode particle. (d-f) HRTEM
micrographs along with FFT analysis were performed for each particle observed.
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Figure 7.7: EDS linescans were also performed on particles in the a) uncycled electrode and particles
cycled in b) TFSI™- based IL, showing constant S and Fe content through out the entire cross-
section of the active material particle. The retention of sulfur in the sample cycled in TFSI™- based
IL allows for excellent preservation of the composite microstructure and particle morphology, as

observed in the TEM images.
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provided in Figure 7.8, showing sulfur deficiencies throughout the composite. The absence of S in
this sample is clear evidence of sulfur dissolution into the electrolyte during cycling. This deficiency
leads to severe degradation of the composite microstructure and particle morphology, as observed
in the TEM image.

HRTEM images and fast Fourier transform (FFT) analysis of the same particles shown in
Figure 4a-c are provided in Figure 7.6. As expected, the active material in the uncycled elec-
trode (Figure 4d) was found to be phase pure cubic-FeSy (pyrite). FFT analysis of the HRTEM
image of the sample cycled in TFSI -based IL (Figure 4e) matches with ortho-FeSy (marcasite).
This provides further evidence that ortho-FeSs is produced electrochemically on charge, validating
the charge-discharge mechanism discussed earlier and coinciding with previous findings [198, 235].
Analysis of the FFT pattern obtained from HRTEM image of the sample cycled in organic elec-
trolyte (Figure 4f) shows no evidence of FeSq, suggesting that the polysulfide dissolution-induced
sulfur deficiency hinders the electrochemical stability of the cathode. However, evidence of the hex-
aganol FeS phase was found in the sample cycled in organic electrolyte. Details on the indexing of
the FF'T pattern in Figure 4f are provided in Figure 7.9. Existence of the FeS phase provides reason
for the capacities delivered by the electrode cycled in organic electrolyte. Our EDS and HRTEM
analysis contribute greatly to the understanding of the complex FeSs conversion mechanism. The
loss of sulfur in the electrode cycled in organic electrolyte can now be more accurately correlated
to the loss of reduction peaks in the electrode’s d@Q/dV profiles (Figure 2d). Furthermore, the find-
ing of a FeS, phase in the same sample demonstrates the plausibility of the charging mechanism
described by Equation 3-5. Such correlations provide clarity for a previously convoluted conversion

mechanism.

7.4 Conclusions Regarding RTIL Enabled FeS,

In summary, this work demonstrates the ability of a TFSI™-based IL electrolyte to enable a
conventionally prepared FeSs cathode. The TFSI -based IL significantly inhibits polysulfide dis-

solution, and therefore the parasitic redox shuttle mechanism that plagues sulfur based electrode
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Point C (at%) S (at%) Fe (at%)

1 25.47 18.21 56.32
2 21.57 21.29 57.14
3 44.66 13.89 41.45
4 0 17.86 82.14
5 26.92 12.65 60.43

Figure 7.8: Atomic percentages for all the point-and-shoot (red markings) executed on the TEM
micrograph of the composite electrode cycled in conventional organic electrolyte, showing sulfur
deficiencies throughout. The absence of S in this sample is clear evidence of sulfur dissolution
into the electrolyte during cycling. This deficiency leads to severe degradation of the composite
microstructure and particle morphology, as observed in the TEM image.
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Figure 7.9: a) HRTEM image of the sample cycled in organic electrolyte along with b) FFT
pattern analysis showing no evidence of FeSs, suggesting that the polysulfide dissolution-induced
sulfur deficiency hinders the electrochemical stability of the cathode. Evidence of the hexaganol FeS
phase was found though. c¢) Details on the indexing of the FFT pattern show existence of the FeS
phase providing reasons for the capacities delivered by the electrode cycled in organic electrolyte.
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chemistries. Most importantly, by eliminating the need for complex auxiliary electrode components
previously necessary for confinement of electroactive species, we provide highly stable cycling and
an exceptional energy density of 542 Wh kg™! of electrode composite. Such research substantiates
the ability of RTIL electrolytes to enable high capacity electrode materials. While the sulfur-RTIL
system described by J.-W. Park et al. [165] reports an average cycling capacity of about 435 mAh
g~! (normalized to total electrode mass) over 50 cycles, as compared to our system’s 330 mAh g™,
the Li-S is yet to be commercialized do to a number of serious drawbacks, mainly the need for com-
plex composite architectures and high quantities of conductive additives. Our study demonstrates
a significant improvement to a commercially available Li-ion system. When viewed in the context
of the search for high energy density cathode materials and recent developments in advanced anode

systems, this work represents important progress towards a safer, higher performance secondary

Li-ion battery.

7.5 Supplementary Characterization of RTIL Enabled FeS,

7.5.1 Mechanism of Cell Fuailure for FSI”-based RTILs

While the anion donor effect can explain the high performance of FeSs in the TFSI™-based
IL, a different mechanism must explain why the FSI™-based ILs perform so poorly compared to the
organic electrolyte solvent. It has been suggested that the FSI™ anion decomposes in the presence
of nucleophilic polysulfide species due to the instability of its -SOsF group in the presence of LisS,,,
leading to an irreversible side reaction during discharge likely forming LisS and LisSO,4 on the
cathode surface [184, 79]. Such a mechanism is possible given that sulfonylfluorides containing
the -SO2F group have been utilized as precursors in a reaction with nucleophilic species in the
preparation of fluorinated sulfonylamide compounds [184, 241].

The 1-ethyl-3-methylimidazolium (EMIM™*) FSI electrolyte shows very poor performance
with the FeSs chemistry. Because previous research has demonstrated low polysulfide dissolution
in EMIMTFSI electrolytes, our results using the EMIMFSI composition confirm that the anion

donor effect dominates an IL electrolyte’s compatibility with sulfur-based electrodes. Based on the
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proposed mechanism, anions with stronger Lewis basicity are susceptible to interactions with the
LioSn species present in the fully discharged state of sulfur-based electrodes, leaving behind highly
soluble and mobile S,>~ species. Given the relatively high Lewis acidity of imidazolium cations,
especially EMIM™, we suggest the possibility of an irreversible side reaction between EMIM™ and
S,,2~. Such reactions seem plausible since EMIM-based ILs have recently attracted great attention
as fuel purifiers because of their ability to selectively remove sulfur and sulfur-containing compounds
from organic liquids at room temperature [241, 26]. This interaction would explain the severe
capacity degradation of the FeSs electrode observed in the EMIMFSI electrolyte solvent. It is
proposed that EMIM*-based ILs are incompatible with sulfur chemistries when paired with an

anion that shows a weak ability to suppress S,%~ solvation.



Chapter 8

Stable Silicon-Ionic Liquid Interface for Next Generation Lithium-ion Batteries

8.1 Introduction

While rechargeable lithium-ion batteries (LIBs) have dominated the portable electronic mar-
ket for nearly a decade, they have failed to gain widespread commercial success in high power and
high capacity applications. Industry and academia alike have been unable to develop a battery
capable of meeting the growing societal and environmental demand for safe, high-energy-density,
long-lasting energy storage systems [75, 101, 226, 12]. Such systems could serve to expedite a
smooth transition to an electrified transportation market and enable intermittent renewable energy
resources, both of which have been gaining attention in our increasingly carbon-constrained world.
The search is on for the next generation of electrode materials that will meet such guidelines in a
cost effective and efficient manner [121, 207].

Recently, silicon has been identified as one of the most attractive high-energy anode materials
for LIBs. Silicon’s low working voltage and high theoretical specific capacity of 3579 mAh g~!,
nearly ten times higher than that of state-of-the-art graphite anodes, have encouraged widespread
research efforts aimed at developing a viable Si based electrode [21, 243]. The substantial gains in
specific and volumetric capacity simply through the implementation of an active material such as
Si offer a glimpse into the future of lighter and smaller batteries.

Despite the advantages of the Si electrode, a number of challenges impede its commercializa-
tion. Many of these challenges are associated with the Si material’s severe volume expansion during

lithiation. While the commercialized graphite electrode expands roughly 10-13% during lithium
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intercalation [109, 120], Si’s expansion amounts to nearly 300%, generating structural degradation
and instability of the all-important solid-electrolyte interphase (SEI) [243, 227]. Such instabili-
ties ultimately shorten the battery life to inadequate levels. Degradation of the active material
can be mitigated by incorporating materials smaller than 150 nm [139]; however, research is yet
to develop a practical solution to the expansion-induced breaking of conduction channels, active
material isolation, and continuous SEI reformation [91, 240].

Pioneering works have found some success in addressing material instability through the
nanostructural design of electrode architectures capable of reducing expansion and its consequences
[227, 174, 134, 172, 34, 166, 171, 142, 138]. The ultimate goal of such research is to incorporate a
Si-based negative electrode into a lithium-ion full-cell, requiring the Si electrode to maintain a half-
cell coulombic efficiency (CE) of >99.994% for 5,000 cycles [227]. These values, although somewhat
unrealistic for current applications needs, truly emphasize the importance of half-cell CEs in order
to achieve a long-lasting LIB. Unfortunately, the electrode architectures presented in previous
works [227, 174, 134, 172, 34, 166, 171, 142, 138], despite providing significant improvements to Si
electrode performance, lack the needed CEs largely because the volume change during Si alloying
and de-alloying renders the SEI at the Si-electrolyte interface mechanically unstable.

The SEI layer forms on the anode surface through reductive decomposition of the electrolyte
during charging of the battery. Si anodes suffer extensively from a dynamic SEI that must reform
each cycle as expansion during lithiation causes the layer to break [21]. Formation of the SEI
consumes Li* and depletes electrolyte during every cycle [35]. In contrast to half-cells, which utilize
a Li metal counter electrode with an effectively unlimited supply of Li*, full-cells have a limited
supply of Li* provided by the cathode. It follows that the continuous breaking and reforming of
the SEI layer quickly destroys the cell’s cycling performance.

Alternative electrolyte compositions [161, 199, 160, 17] and active material surface treatments
[136] have been studied in the effort to enhance SEI formation on high-capacity anode materials and
improve half-cell CEs. In spite of these efforts, the CEs achieved throughout cycling are still insuf-

ficient for a long-lasting Si-based full-cell [17, 122, 25, 95] or the methods employed to manufacture
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the full-cells introduce large excesses of Li* (>200%) into the system that affects its true performance
[81, 82, 33]. In the effort to design next generation electrolyte materials, room temperature ionic lig-
uids (RTILs or ILs) are of particular interest due to their low volatilities, negligible vapor pressures,
thermal stabilities, high voltage stability windows, and sufficient ionic conductivities [15]. Previous
work has reported that RTILs, particularly those consisting of the pyrrolidinium (PYR;,") or 1-
ethyl-3-methyl-imidazolium (EMIM™) cation and the bis(trifluoromethanesulfonyl)imide (TFSI™)
or bis(fluorosulfonyl)imide (FSI™) anion, are cathodically stable with popular negative electrode
materials [81, 61, 146, 123] including Si [199, 160, 17]. While the compatibility of ILs with such
materials has been proven, a clear understanding of their electrochemical properties and interfacial
chemistries has not yet been developed. Moreover, relatively little work has been dedicated to the
study of the compatibility between RTIL electrolytes and Si-based nanocomposite electrodes, with
all published work in this field, to date, investigating Si-RTIL systems in thin film type electrodes
[199, 160, 17].

A combinatorial approach, one involving a mechanically resilient electrode architecture merged
with an electrolyte capable of forming a favorable SEI, is the most promising option to integrate
structural integrity with stable interfacial chemistry in a bulk type Si anode. To this end, we have
designed a Si-RTIL system that exhibits a highly stable and resilient SEI, providing a solution to
the drawbacks of the Si-anode and enabling the long-term operation of a lithium-ion full-cell with a
bulk type Si-based anode. Through a systematic and comprehensive experimental matrix, we have
studied the composition and structure of the SEI formed by an FSI™-based IL on our previously
reported cyclized-polyacrylonitrile (cPAN)-based Si nanocomposite architecture (nSi-cPAN) [174].
Using experimental and theoretical data, we propose a mechanism for the formation of the SEI at
the Si-RTIL interface and discuss the importance of CE in half-cell configurations. Most notably,
this study is highlighted by the groundbreaking demonstration of the highly reversible cycling of a

nSi-cPAN/Li(Ni; 3Mn; 3Co01/3)O2-(L333) full-cell using a PYR13FSI (1.2M LiFSI) electrolyte.
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8.2 Electrochemical Characterization of Half-cells in Various Electrolyte

Systems

The simple fabrication, scalability, low volume expansion, and structural robustness of our
previously reported nSi-cPAN architecture [174] make it an ideal candidate to merge with a suitable
electrolyte system. In pursuit of a stable Si-electrolyte interface, the nSi-cPAN composite was
cycled under galvanostatic conditions in RTILs comprised of cation-anion combinations known for
their cathodic stabilities against various negative electrode materials [199, 160, 17, 81, 61, 146,
123]. The cycling performances of the Si-based electrode in RTIL solutions, including PYR;3FSI
(1.2M LiFSI), PYR3TFSI (0.6 M LiTFSI), and EMIMFSI (1.2M LiFSI), were directly compared
to the electrode’s performance in the commercial EC/DEC (1M LiPFg) electrolyte. The results of
the preliminary cycling study are presented in Figure 8.1, demonstrating the exceptional cycling
stability of the nSi-cPAN anodes in FSI™-based ILs and their unprecedented CE in the PYR3FSI
system. The high CE manifested in the PYR3FSI (1.2M LiFSI) electrolyte stabilizes after 8 cycles,
with an average stable CE of 99.945% and a charge capacity retention of 76.7% after 100 cycles (blue
profiles, Figure 8.1a). While exhibiting stable half-cell cycling, the lower average CE (98.451%)
observed using EMIMFSI (1.2M LiFSI) electrolyte (orange profiles, Figure 8.1b) is ascribed to the
instability of the EMIM™* cation below 1.5 V (vs. Li"/Li) [146]. Such impressive data contrasts
that of the cycling behavior of our nSi-cPAN electrode in a conventional organic electrolyte, which
maintains only 45.2% of its initial charge capacity after 100 cycles with an average stable CE of
97.824% (red profiles, Figure 8.1a), and the rapid capacity fade and low active material utilization
in a TFSI -based IL (green profiles, Figure 8.1b). The results obtained with organic electrolyte
differ from our previous work [174] due to the absence of a voltage hold step during cycling, typically
required to add stability and increase CE, and a higher active material mass loading in this study
(over double that of our previous work). The charge-discharge profiles generated by cycling the
nSi-cPAN in each electrolyte solution are depicted in Figure 8.2.

The unparalleled CEs of the Si-PYR3FSI system are attributed to the formation of a highly
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Figure 8.1: (a) Specific capacities and coulombic efficiencies of nSi-cPAN electrode in PYR;3FSI
(1.2M LiFSI) and EC/DEC (1M LiPFg). (b) Specific capacities and coulombic efficiencies of nSi-
cPAN electrode in PYR 3 TFSI (0.6M LiTFSI) and EMIMFSI (1.2M LiFSI) electrolyte systems.
Cycling was carried out at room temperature in 2032 coin-type half-cells operated between 0.05-1
V (ws. Li*/Li).
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stable SEI. We suggest that the breakdown of the ions present in the electrolyte solutions leads to
varying SEI compositions dependent on the ionic make-up of the RTILs. We postulate that the
interface formed by the decomposition products of the FSI™-based IL mitigates the continuous SEI
formation experienced in organic electrolyte, and this proposal is substantiated by the longer cycling
life of the Si-PYR;3F ST half-cell (Figure 8.1a, blue profile), achieving an average CE of 99.97% in 200
cycles. Given the distinct incongruity of the nSi-cPAN electrode with the TFSI™-based electrolyte,
the decomposition mechanisms and SEI compositions resulting from ILs comprised of TFSI™ and

FSI™ were explored using density functional theory (DFT) electronic structure methods.

8.3 Density Functional Theory Electronic Structure Analysis

Mechanisms for the reductive decomposition of the FSI™ and TFSI™ anions on Li metal
surfaces and in bulk solution have been examined in the literature [146, 31]. Through a parallel
modeling treatment in two different environments, we are able to compare potential SEI formation
pathways in ILs containing both anions. The first type of theoretical study consists of cluster-
based, localized basis calculations on isolated FSI™ (Figure 8.3a) and TFSI™ (Figure 8.3c) anions,
mimicking one-electron reduction pathways in environments that do not react rapidly with the
reduced species, including those inside the bulk liquid electrolyte or at cPAN interfaces. The second
study consists of periodic boundary condition simulations of PYR43* /FSI™ and PYR3* /TFSI™ ion
pairs on a Lij3Sis slab (010) surface and mimics RTIL components that may have diffused into the
more reactive electrode environments. Similar initial bond-breaking pathways are obtained by
both modeling treatments, thus we will focus the following analysis on the study of ion pairs on a
lithiated silicon surface. A detailed description of the localized basis calculations (first modeling
study) is provided in the Supplementary Information section 8.9 and depicted in Figure 8.13. In
order to model our electrolyte molecules in direct contact with a pristine anode surface [31, 124], we
first optimize PYR13" /FSI™ and PYR;3" /TFSI™ ion pairs on the Li;3Siy surface (Figures 8.3e and
8.3g, respectively). The same model surface was previously studied in the context of fluoroethylene

carbonate (FEC) decomposition [125] and represents a low-potential anode surface with Si directly
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exposed to the liquid electrolyte, serving as an electron source that can readily reduce electrolyte
molecules in its vicinity.

After the geometric optimizations, which do not lead to chemical reaction, ab initio molecular
dynamics (AIMD) simulations were initiated at 350 K. The FSI™ anion rapidly decomposes within
1.2 ps (Figure 8.3f). The S-F bond breaks first, releasing F~ as shown in Figure 8.3b, followed by
detachment of the SO2 group which is expected to undergo further reaction with the anode surface
and absorb a second electron. This rapid reaction cascade is reminiscent of the FSI™ reactions
predicted on Li metal surfaces [31].

TFSI™ proves to be much less reactive than FSI™, staying intact on the Lij3Siy surface for
21 ps at which point it decomposes (Figure 8.3d). Neither of the two resulting fragments have a
net magnetic moment, indicating that a two-electron reduction has occurred and formed SOsCF3™~
and NSO,CF3%~ on the electrode surface (Figure 8.3h). This prediction correlates with the initial
majority product proposed by Markevich et al. [146]. PYR;3" remains inert throughout all of the
aforementioned simulations.

To summarize our modeling study, we find that FSI” and TFSI™ undergo quite different
decomposition mechanisms upon electrochemical reduction. FSI™ rapidly releases F~, most likely
forming LiF in the SEI, in combination with the release of SO, suggesting the formation of an SEI
composed of relatively small inorganic compounds. Contrastingly, TFSI™ forms different products,
including -SO2CF3 groups, at much slower timescales. While some of the latter reduced fragments
may eventually yield F~ according to mechanisms proposed by Markevich et al. [146], slower F~
release, similar to the slow PFg™ decomposition by organic electrolyte [124], is expected by TFSI™.
We speculate that the fast release of F~ and SO2 may be correlated to the high cycling performance
exhibited by the Si-PYR;3FSI system. This argument dovetails with earlier modeling studies of
FEC decomposition, which show that FEC also rapidly releases F~ to form LiF, as well as empirical
data showing favorable Si half-cell cycling behavior when using FEC as an electrolyte additive in
organic carbonate-based electrolyte [125].

It should be noted that FEC decomposition also releases large organic fragments [125] not
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Figure 8.3: Ball and stick models of the (a) FSI™ anion (b) decomposed FSI™ radical di-anion, (c)
TFSI™ anion, and (d) decomposed TFSI™ di-anion. DFT simulations of the (e) intact PYR;3* /FSI~
pair on Lij3Siy, (f) decomposed PYR43* /FSI™ pair on Lij3Sis, (g) intact PYR3*/TFSI™ pair on
Liy3Si4, and (h) decomposed PYR13*/TFSI™ pair on Lij3Sis. In (e-h) excess electrons on FSI™ or
TFSI™ are not added explicitly but come from Li;3Si4. Li, Si, C, O, N, S, and F atoms are depicted
as silver, green, grey, red, blue, yellow, and purple spheres, respectively. The PYR13" cation is
shown as a grey line diagram in the background. All panels are optimized geometries except (f)

and (h) which are AIMD snapshots at T=350 K.
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Figure 8.4: Specific capacities and coulombic efficiencies of a nSi-cPAN electrode in EC/DEC/FEC
(5:70:25 vol.) (1.5M LiPFg) electrolyte showing average stable coulombic efficiencies of 99.216%
in 100 cycles. Although the FEC additive in a carbonate-base electrolyte does allow for further
stability and higher coulombic efficiency values, these do not compare with those values obtained
with the PYR;3FSI electrolyte system. Cycling was carried out at room temperature in 2032
coin-type half-cells operated between 0.005 - 1 V (vs. Li*/Li).

found in the RTIL reduction pathway. Therefore, FEC and FSI™ are not expected to yield identical
SEI chemical compositions. To fully understand the unique role of the PYR13FSI as an electrolyte
system and SEI former, we have investigated an EC/DEC/FEC (1.5M LiPFg) electrolyte system
with our nSi-cPAN electrode architecture (Figure 8.4). Despite the significant improvement in
half-cell CEs (average stable CE of 99.216% in the first 100 cycles) compared to the EC/DEC (1M
LiPFg) electrolyte, the CEs are still much lower than the PYR;3FSI electrolyte system. These
results illustrate the importance of the fast release of F~ for the formation of LiF in combination
with the formation of oxygen and sulfur-based compounds in the proposed SEI. PYR3FSI (1.2M
LiFSI) becomes, to the best of our knowledge, the first electrolyte system to enable such high

half-cell CE values with a high capacity anode material such as Si.

8.4 Characterization of Solid-electrolyte Interphase via Electron Energy

Loss Spectroscopy and X-ray Photoelectron Spectroscopy

By using electron energy loss spectroscopy (EELS) to study the elemental composition of the
surface of nSi-cPAN particles during cycling (16th delithiation), we further confirm our DFT predic-
tions and gain insight into the potential elemental constitution of the proposed SEI. Figure 8.5 dis-
plays high-resolution transmission electron microscopy (HRTEM) images of the cycled/delithiated

nSi-cPAN cross-section (Figure 8.5a) with EELS mapping of silicon (Figure 8.5b), carbon (Figure
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8.5¢), sulfur (Figure 8.5d), fluorine (Figure 8.5¢), lithium (Figure 8.5f), and oxygen (Figure 8.5g).
The well-defined silhouette of F coating the surface of the Si particles, in combination with the
presence of Li, provides further evidence on an SEI composition containing LiF [25, 125] as pro-
posed in literature [31] and found in our DFT simulations. Moreover, the clear mapping of O over
the cPAN surface coating and evidence of S correlates with the proposed reaction of previously
determined FSI™ breakdown-products, such as SO5 and LiO [31]. Similar analysis of a conventional
Si-based electrode cycled in conventional, organic electrolyte shows no specific adherence of elec-
trolyte decomposition products around the cycled Si particles (Figure 8.6). To elucidate the precise
chemical composition of the proposed SEI, X-ray photoelectron spectroscopy (XPS) is utilized to
verify the chemical bonding environments of the species observed physically with EELS and sim-
ulated through DFT. Alongside our EELS characterization, Fig. 8.5 displays the deconvolution of
the C 1s, S 2p, F 1s, Li 1s, and O 1s XPS spectra. Deconvolution of the C 1s spectrum shows
a chemical environment consistent with that of the cyclized-PAN coating, showing the formation
of ladder-like structures of thermally stable pyridine rings and conjugation of the backbone. De-
convolution of the F 1s and Li 1s spectra provide direct chemical evidence of the formation of
an SEI composition containing LiF and lithium-oxygen containing species (that is, LiO, LiOH),
consistent with previous studies of SEIs formed by (fluorosulfonyl)imide-based RTILs. Moreover,
the deconvolution of the S 2p and O 1s spectra reveals evidence of the detachment and reaction
of the SOy group from FSI breakdown, confirming our DFT simulation and our EELS elemental
mapping, in which the presence of sulfur- and oxygen-containing species was observed. The S 2p
spectrum clearly shows the presence of SO9 and its reaction on the surface of the particles to form
sulfates, sulfites and sulfides, consistent with other works. In addition to revealing the formation of
sulfates, such as Li»SOy4, and lithium-oxygen species, the deconvolution of the O 1s spectra affirms
the formation of carbon-oxygen components assigned to the reaction of O with the cPAN coating,

suggesting the interaction of the SEI components with the coated electrode surface.
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Figure 8.5: (a) TEM micrograph of cycled nSi-cPAN electrode at the 16" delithiation along with
EELS elemental mapping and XPS spectra of (b) silicon, (c¢) carbon, (d) sulfur, (e) fluorine, (f)
lithium, and (g) oxygen, defining the elemental constitution and favored nucleation sites of the SEI

formed.
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100" nm
—

Figure 8.6: Cross-section of an electrode composed of active material (Si, 50 nm Alfa Aesar),
conductive additive (acetylene black, AB), and binder (polyvinylidene difluoride, PVDF') in 60:20:20
ratio, respectively, and cycled from 0.05-1 V (wvs. Li*/Li) with EC/DEC (1M LiPFg) electrolytes.
(a) TEM micrograph of 20" delithiated cycled conventional Si-based electrode section along with
EELS elemental mapping of (b) silicon, (¢) phosphorous, (d) fluorine, and (e) lithium, defining the
probable elemental constitution of the SEI formed and showing no preferential adherence onto the
Si particles.
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8.5 Characterization of Solid-electrolyte Interphase via Electrochemical

Quartz Crystal Microbalance

In order to investigate the formation mechanism of the proposed SEI on the nSi-cPAN elec-
trode, we turn to an examination of the mass changes on this interface during the first charge-
discharge cycle using in situ electrochemical quartz crystal microbalance (EQCM). By monitoring
mass increases and decreases on the electrode in real time during the first cycle, at which time the
SEI forms its foundational structure, we gain an appreciation for the fragility of this interface in
the conventional, organic electrolyte based system while further proving the mechanical resilience
of the Si-RTIL interface.

Figure 8.7 conveys EQCM massograms for the nSi-cPAN initial formation cycle in both
organic electrolyte (Figure 8.7a) and FSI™-based IL (Figure 8.7b). Both systems reveal two very
distinct behaviors during lithiation, as alluded to in our modeling study. The gradual rise in mass
of about 43 pg cm™2 during the initial 20% of lithiation in both systems corresponds to the uptake
of lithium by ¢PAN [172], other non-faradaic processes, and initial alloying of Li with Si.

Subsequently, the electrodes undergo rapid mass changes, attributed mainly to the decompo-
sition of electrolyte and deposition of decomposition products on the electrode-electrolyte interface.
The onset of these rapid mass changes are visible in the voltage trace of each system through the
“potential overshoot” phenomenon, a known artifact of electrolyte decomposition in EQCM ex-
periments (further explained in the Supplementary Information section 8.9) [180]. The onset of
this rapid mass change occurs earlier (20.5% lithiation) and at a significantly higher rate (reaching
78 g mol™lof e at 57.8% lithiation) in conventional organic electrolyte. Mass change per mol of
electrons (m.p.e., g mol~tof e~ ) values were extracted from data in Figure 8.8 and a more detailed
analysis is provided in the Supplementary Information. This is owed to the lower electrochemical
stability of the conventional organic electrolyte as compared to the PYR 3FSI system, which has a
voltage stability window of 7.31 V (vs. Li*/Li) [57]. The higher average m.p.e. in the conventional

electrolyte system, along with the very slow F~ release during EC/DEC (1M LiPFg) decomposition
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Figure 8.7: EQCM massograms obtained during the initial SEI formation cycle for the nSi-cPAN
electrodes cycled in (a) conventional organic electrolyte and (b) PYR3FSI (1.2M LiFSI) electrolyte,
along with the voltage traces corresponding to each system.
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as proposed in literature [124], suggests the formation of an SEI composed primarily of broken-
down organic molecules. Conversely, the controlled mass gains, lower average m.p.e. (reaching 25
g mol~tof e~ after 56% lithiation and raising to 33 g mol !of e~ toward the end of lithiation), and
fast release of F~ and SOaq, as demonstrated earlier in this work, of the PYR;3FSI (1.2M LiFSI)
electrolyte throughout lithiation substantiates our prediction of the formation of an SEI comprised
of relatively small inorganic compounds such as LiF and other sulfur and oxygen-containing species.

After reaching a critical mass of 282 ug cm™2, the mass of the Si-conventional organic elec-
trolyte system crashes. The crash in mass could be caused by a number of factors, including the
severe volume expansion known to occur in this system causing breakage of the electrode matrix,
and the build-up and rupturing of an unstable interfacial layer. During delithiation, contraction of
the nSi-cPAN composite leads to further breakage of the electrode matrix and material loss. The
inability of this system to exhibit stable mass changes corresponds to the incompatibility of Si with
conventional electrolyte. Contrastingly, the Si-RTIL system massogram exhibits more gradual mass
growth and loss, with approximately 73% of the mass gained during initial lithiation remaining af-
ter delithiation. We attribute this behavior to the irreversible formation of a stable interfacial layer

on the Si electrode, manifesting stable cycling and high CEs throughout an impressive cycling life.

8.6 Material Microstructure and Electrode Morphology Characterization

While the theoretical and experimental data described provide insight into the formation
mechanism and composition of the proposed SEI, we turn to a more comprehensive imaging exam-
ination to develop a direct understanding of the morphological effects of the PYR13FSI electrolyte
on our Si-based electrode. Consistent with our previous work [174], EELS and TEM reveal a thin,
conformal coating of PAN on the nano-Si particles throughout the uncycled composite (Figure 8.9a
and 8.9b). Our previous work verified the mechanical advantages of the cPAN coating by analyz-
ing electrode cross-sections at different stages of cycle life, finding an overall electrode volumetric
expansion of only 40% after full initial lithiation with an EC/DEC (1M LiPFg) electrolyte [174].

Through the same treatment of electrode cross-section samples taken before (Figure 8.9¢) and after
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Figure 8.8: EQCM m.p.e. data obtained during the initial SEI formation cycle for the nSi-cPAN
electrodes cycled in (a) conventional organic electrolyte and (b) PYR3FSI (1.2M LiFSI) electrolyte,
along with the voltage traces corresponding to each system. The m.p.e. data has been segmented
(grey dotted lines) between points of onset of different rates of mass change and these average
values are depicted within each system’s plot. Initial average m.p.e. values observed for both
conventional electrolyte and FSI-based IL, 13 g mol™! of e, is attributed to Li* uptake by cPAN,
other non-faradaic processes, and initial alloying of Li and Si. After this initial state the difference
in m.p.e. values between both systems are true to each system’s ability to lithiate-delithiate the
nSi-cPAN electrodes and form a stable interfacial layer. Of note is the average 25 g mol™ of e~
m.p.e. found in the lower voltage region of the discharge trace in RTIL electrolyte, corresponding
well with the formation of LiF compounds, and the raise to 33 ¢ mol™" of e~ m.p.e. toward the end
of lithiation, corresponding well with the incorporation of S-containing decomposition fragments.
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(Figure 8.9d) initial lithiation in a PYR3FSI (1.2M LiFSI) electrolyte, we find the volumetric ex-
pansion of the nSi-cPAN composite to be just 17%. To further investigate this remarkable volume
control, TEM micrographs were taken upon initial lithiation (Figure 8.9e and 8.9f) and after the
16" delithiation (Figure 8.9g and 8.9h). The TEM images of both the fully lithiated and cycled
electrodes show no mechanical deficiencies or morphological changes within the Si particles or the
composite structure. Most notably, after the 16" delithiation the Si-PYR;3FSI system exhibits no
severance of connection between the Si particles and cPAN network with striking preservation of the
nano-Si’s spherical shape, contrasting the relatively poor nano-structural preservation of the same
electrode in conventional electrolyte [174]. The impressive structural integrity of the Si-PYR;3FSI
system is undoubtedly linked to the system’s cycling stability, suggesting that the Si-RTIL interface

concurrently promotes favorable electrochemistry and structural resilience.

8.7 Electrochemical Characterization of Full-cells

As previously mentioned, the ultimate goal of much electrochemical materials research is to
incorporate high capacity electrodes into a lithium-ion full-cell. Up to this point in our study, we
have provided in-depth characterization of the Si-PYR3FSI system and proposed a mechanism for
the system’s stability through a remarkably robust SEI. The most dependable means of substantiat-
ing our claim of a stable SEI is to demonstrate the long-term cycling of a full-cell incorporating the
Si-PYR13FSI system. Combining this work and our previous study of the compatibility between
PYR3FSI electrolytes and the L333 cathode chemistry [57], we have built nSi-cPAN/PYR;3FSI
(1.2M LiFSI)/L333 LIBs capable of maintaining high energy-densities for an exceptionally long
cycling life (see Appendix for details on full-cell fabrication).

Figure 8.10a compares the performance of nSi-cPAN/L333 full-cells assembled with conven-
tional EC/DEC (1M LiPFg) and PYR3FSI (1.2M LiFSI) electrolytes. Both cells presented in
Figure 8.10a contain the same electrode mass loading on both cathode and anode (within 10%)
and were operated and controlled under the same parameters for fair comparison. All of the full-

cells presented in this work were preconditioned to accurately control the amounts of Li in the cell
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Figure 8.9: (a) EELS elemental mapping of carbon (cyan) and silicon (red) and (b) TEM micrograph
of the pristine nSi-cPAN electrode reveal a thin, conformal coating of PAN on the nano-Si particles
throughout the uncycled composite. (c, d) FESEM images of electrode cross-sections before (c)
and after (d) initial lithiation showing an electrode volume expansion of only 17%. (e-h) TEM
micrographs of fully lithiated (e, f) and 16" delithiated (g, h) nSi-cPAN electrodes showing no
mechanical deficiencies or significant morphological changes.
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Figure 8.10: (a) Specific charge capacities and coulombic efficiencies of nSi-PAN/L333 full-cells
assembled with PYR3FSI (1.2M LiFSI) and conventional EC/DEC (1M LiPFg) electrolytes. (b)
nSi-cPAN/PYR;3FSI/L333 full-cell rate study and long term cycling. (¢) Mock-up of a commercial
18650 cell showing the possibility of incorporating more electro-active material due to the relatively
thin nSi-cPAN electrode. Cycling was carried out at room temperature in 2032 coin-type half-cells
operated between 2.0-4.15 V (ws. Li*/Li).
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and state of charge of the electrodes (see Appendiz A for details on full-cell fabrication), allowing
for accurate comparison between cells. Initial charge capacities of 143.21 mAh g=! and 127.10
mAh g=! (all full-cell specific capacities are normalized with respect to total active material mass)
were observed at the C/5 rate for the EC/DEC (1M LiPFg) and PYR;3FSI (1.2M LiFSI) LIBs,
respectively. The difference in initial capacity is attributed to the higher resistance of the RTIL
electrolyte, though this limitation is countered by unparalleled cycling stability. After 35 cycles,
the cell cycled in carbon-based electrolyte degrades rapidly. The degradation, ascribed to low
half-cell CEs with an average irreversible charge loss of 2.31% per cycle (Figure 8.1a, red profile),
occurs as the system exhausts its supply of Li through continuous SEI breaking and reformation.
Contrastingly, the cell cycled in PYR 3FSI (1.2M LiFSI) electrolyte shows remarkable stability,
attributed to the high half-cell CEs, with an average irreversible charge loss of just 0.076% for
the first 100 cycles (Figure 8.1a, blue profile) followed by negligible Li consumption, providing an
average charge capacity of 110.98 mAh g~! at a rate of C'/2 (Figure 8.10a, blue profile). To further
investigate the SEI stability of the Si-PYR3FSI system, a full-cell was cycled for longevity with
a brief rate study. Figure 8.10b depicts the nSi-cPAN/PYR;3FSI (1.2M LiFSI)/L333 cell run for
1000 cycles delivering 107.33, 74.70, and 58.26 mAh g™! at rates of 1C, 4C, and 6C, respectively

(1C rate capacity value pertains to the average of the first 40 cycles at this rate).

8.8 Summary and Conclusions Regarding RTIL Enabled Si

It is noted that the PYR;3FSI RTIL strengthens the performance of a range of previously
developed Si-based anode architectures, not just those containing PAN (Figure 8.11). Moreover,
preliminary study of the high-temperature performance of the Si-RTIL system has also yielded
promising results (Figure 8.12), suggesting that the SEI formed by PYR;3FSI is stable even at
elevated temperature. It is understood that the overall energy-density of LIBs is limited by the
capacity of the positive electrode. While this study demonstrates a significant advancement in
the study of LIB anode materials, a high-capacity cathode compatible with the Si-PYR;3FSI pair

should be developed to truly realize the benefits of the system. In spite of limitations introduced
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by the battery’s cathode capacity, we propose that introducing the Si-PYR3FSI system into a
commercial 18650 cell configuration, as shown in Figure 8.10c, would allow for incorporation of
more electro-active material due to the relatively thin nSi-cPAN electrode. Based on a commercial
battery with a 2 mAh cm™2 areal capacity and nominal voltage of 3.6 V, utilizing the nSi-cPAN
electrode, which is less than 1/4 the thickness of a conventional graphite electrode and needs less
than 1/5 electro-active material to achieve similar battery capacities, would allow for at least a 35%
increase in battery capacity and thus the production of a higher energy-density LIB. Validated by
impressive cycling data and a combination of theoretical and experimental results, our approach
to developing a stable high energy-density anode-electrolyte system represents important progress

towards a safer, higher-performance secondary LIB.

8.9 Supplementary Characterization of the Si-RTIL Interface

Modeling Study 1: Single-FElectron Reductions of FSI™ and TFSI™ in Bulk Liquid Electrolyte

The first type of theoretical study consists of cluster-based, localized basis calculations on
isolated FSI™ (Figure 8.13a) and TSFI™ (Figure 8.13b) anions coordinated to Li* and “solvated” in
a dielectric continuum which approximates the effect of the ionic liquid around them. These mimic
one-electron reduction pathway(s) in bulk liquid electrolyte, which should occur when the electron
transfer rate is slowed by the initial SEI formation.

Adding an excess electron to the dielectrically solvated Li*(FSI7)y cluster spontaneously
leads to the loss of F~ from the resulting FSI?*~ radical di-anion in geometry optimization cal-
culations (Figure 8.13c), in agreement with the first reaction step in Ref. [31]. Injecting an e~
into Li*(TFSI™)y and performing geometry optimization decomposes the resulting TFSI?~, yield-
ing the two fragments shown in Figure 8.13d: SO2CF3~ and NSOoCF3~. The latter is a radical
anion. Our predictions for TFSI™ agree with the first reaction step proposed in Ref. [146], where
the calculations were performed on an isolated TFSI™ without Li". The predictions are similar
when the hybrid PBEO functional is used. Two FSI™ or TFSI™ are used in these calculations to

give 4-coordinated Li*. Adding one excess electron to Li*FSI™ or Li*TFSI™ clusters leads to the
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Figure 8.11: An electrode composed of active material (Si, 50 nm Alfa Aesar), conductive additive
(acetylene black, AB), and binder (polyvinylidene difluoride, PVDF) in 60:20:20 ratio, respectively,
is heat treated at 300°C (for improved performance of PVDF binder) [129] and cycled from 0.05-1
V (vs. Li*/Li) with EC/DEC (1M LiPFg), black profile, and PYR;3FSI (1.2M LiFSI), orange
profile electrolytes. Consistent with the results found with the nSi-cPAN/PYR;3FSI system, a
faster capacity stability is observed, with an average stable charge capacity of 2065.77 mAh g~! for
160 cycles along with an average CE of 99.377% for the conventional Si-based electrodes ran with
PYR13FSI electrolyte. This compares with an average stable specific capacity of 1092.19 mAh g™
along with an average CE of 96.553% for the conventional Si anodes ran with EC/DEC electrolyte.
The performance improvement and high CE achieved with PYR3FSI IL system is attributed to
the highly stable SEI formed, which again shows to maintain high capacities suggesting electrode
mechanical conservation throughout cycling.
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Figure 8.12: Specific charge capacities of a nSi-PAN/L333 full-cell assembled with PYR3FSI (1.2M
LiFSI) and cycled at 60°C. The cell was cycled preconditioned for 9 cycles at room temperature
(RT) and then taken up to 60°C for subsequent cycles. This preliminary cycling data suggests SEI
formed by PYR3FSI is stable even at elevated temperature.
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unphysical reduction of the under-coordinated Li* to LiY.

Note: The above are single-excess-electron based, static calculations that are agnostic about
reaction kinetics or electron transfer rates.

Electrochemical Quartz Crystal Microbalance (EQCM): Potential Overshoot and Mass per
Mole of Electron (m.p.e.) Analysis

The mentioned “potential overshoot” phenomenon has been observed in previous studies
using both organic and IL based electrolytes in coin-cell and EQCM flooded cell set-ups. It has
been seen on vapor deposited SiO, films as well as on amorphous SiO slurries imbedded within a
polymer matrix [199, 180, 159]. The overshoot is generally attributed to nucleation of LisO and
other decomposition products as the native oxide on the silicon film is reduced as in Equation 8.1

[180).

SiO, +2xLi* + 2xe” —>xLisO + Si (8.1)

As alluded to in the main text, m.p.e. values can be used to infer reaction products being
adsorbed on the electrode. While the following analysis offers a tentative explanation of the mech-
anistic aspects of our EQCM experiments and the m.p.e. data, future work will focus on an in
depth and thorough study of the reactions and molecular interactions on the Si-RTIL interface,
as observed in this paper. The m.p.e. values are calculated by dividing the mass increase by the
passed charge and multiplying by Faraday’s constant. The m.p.e. values plotted in Figure 8.8 are
averages taken periodically over the course of the SEI formation steps. In the case of an already
oxidized Si surface, reduction by Li would give a m.p.e. of 6.9 g mol™' of e~ (that of pure Li
deposition or insertion). If the oxygen is pulled from the solvent, the overall m.p.e. would be 14.9 g
mol™! of e~ (molecular weight of Li;O divided by 2 moles of electrons). For the organic electrolyte
the overshoot at 20% lithiation, observed as a significant increase in potential in the voltage trace,
gives rise to an even more rapid spike in m.p.e. until certain stresses in the system cause a sudden

drop in mass around 58% lithiation. The m.p.e. values for the organic run suggest that as the
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potential is driven more negative the decomposition pathways move from LioO formation to ethy-
lene carbonate adsorption and decomposition (perhaps as described by Martinez et al.) [147], and
finally to decomposition of phosphorous and fluoride species from LiPFg (as described by Ryu et
al.) [180]. Further work would be required to validate these claims, but the initial data is promising
in terms of understanding what components are producing the organic derived SEI layer and why
it is inherently unstable with the Si based electrode.

The potential overshoot that correlated with LioO formation for the RTIL electrolyte was a
much smaller overshoot, if indeed an overshoot is present at around 0.12 V, than that observed
when the potential reached 0.06 V. At this point, a significant rise in the potential also saw a rise
in the mass gain slope (i.e., m.p.e. values). Just prior to the rise, m.p.e. values hovered around
or below 9 g mol™' of e~. Subsequently, the m.p.e. values rose toward, and leveled off around,
25 g mol™' of e~ suggesting, nucleation of LiF. This supports the EELS measurements as well
as the computational simulations which suggest the S-F bond is the first to be cleaved as FSI™
undergoes decomposition. It also supports our modeling study and previous findings by Budi et
al., with regards to the reactivity of FSI™ in the presence of Li metal [31]. A small dip down to
about 20 g mol™! of e~ likely indicates a weighted average of LiF as well as lighter products like
LiO, and perhaps more Li2O. Finally, toward the end of the SEI formation step, m.p.e. values
climbed no higher than 33 g mol™' of e~ possibly indicating the incorporation of S containing
decomposition fragments. This would make sense, considering these fragments are thought to be

the final decomposition products remaining when FSI™ reacts with Li [31].

8.10 Notes

Daniela Molina Piper and Tyler Evans contributed equally to the work presented in this

chapter.



Chapter 9

Optimized Silicon Electrode-architecture, -interface, and -micro-geometry for

Next-generation Lithium-ion Batteries

Summary

Our previous work demonstrated the success in simultaneously addressing the two afore-
mentioned issues by pairing a robust, yet simple, electrode-architecture with a room temperature
ionic liquid electrolyte (RTIL or IL) to create a highly favorable Si-electrolyte interface [170]. The
study highlighted the groundbreaking demonstration of the cycling of a full-cell incorporating a
Si anode by using a PYR3FSI (1.2M LiFSI) electrolyte with an unprecedented cycling life. A
combinatorial approach involving a mechanically resilient electrode-architecture [173] merged with
an electrolyte capable of forming a favorable SEI was the solution to incorporate structural in-
tegrity with stable interfacial chemistry in a bulk-type Si anode [170]. While this study validated
an unconventional approach to enabling the Si anode, one issue remains to be solved: optimization

of the Si electrode-micro-geometry.

9.1 Introduction

In this study, we aim to optimize the performance of the Si-RTIL system through the imple-
mentation of a new electrode-micro-geometry. The incorporation of 1D silicon nanowires (SINW)
into the cyclized-polyacrylonitrile (cPAN) based electrode-architecture allows for greatly improved
active material utilization, higher rate capabilities, and reduced interfacial reactions. Both nanopar-

ticles and nanowires allow for better accommodation of large volumetric changes [139] while also
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shortening lithium-ion diffusion pathways. However, only the utilization of the micro-geometry
created through incorporation of Si nanowires allows for the unique properties such as high aspect
ratios, direct 1D electronic and ionic pathways along the materials axial direction, and improved

inter-particle (wire) contact area [104, 221, 220].

9.2 Morphological Characterization

The SINW micro-geometry suits the necessary physical parameters required to improve active
material utilization, rate capability, and enhance secondary surface reactions at initial cycling. Fo-
cused ion beam (FIB) cross-sectioning and transmission electron microscopy (TEM) were utilized to
characterize the morphology of SINW-cPAN electrode-architecture and -micro-geometry. Figure 9.1
shows a comprehensive imaging examination of the uncycled SINW-cPAN electrodes. Field emis-
sion scanning electron microscopy (FESEM) images of FIB cross-sections (Figure la-c) and TEM
analysis (Figure le and 1f) reveal the characteristic properties of a Si-cPAN electrode-architecture.
The active SINW material, is randomly dispersed and well coated by a thin, robust and conductive
cPAN film [173]. However, the electrode-micro-geometry here differs drastically from our previous
works utilizing nano-spherical Si (nSi) [170, 173]. FIB cross-sections show honeycomb-like clusters
(Figure 1c and 1d) of SINW-cPAN. There are clear contacts between the SINWs along their axial
direction, which is not possible with the Si nanoparticle micro-geometry, as spherical materials
are limited to inter-particle point contacts. The highly enhanced levels of material interconnectiv-
ity, bound and protected with a robust and conductive cPAN coating, create an intimately linked
framework that not only connects all of the SINWs throughout the electrode, but also allows for
deep and fast penetration of the relatively viscous PYR13FSI (1.2M LiFSI) electrolyte through the
highly porous electrode framework. The micron- and nano-sized pores allow effective electrolyte
access to all of the SINWs in the electrode, and the enhanced interconnectivity provided by the

SiNW geometry allows for the full electrochemical utilization of the Si material.



114

Figure 9.1: a-d) FESEM images of electrode cross-sections showing the unique electrode-micro-
geometry and honeycomb-like clusters of SINW-cPAN. (e), (f) TEM micrographs of an uncycled
SiNW-cPAN electrode revealing the characteristic properties of a Si-cPAN electrode-architecture.
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9.3 Electrochemical Characterization

Electrochemical characterization was utilized to study the ability of the SINW-cPAN electrode-
micro-geometry to improve the cycling performance of the high capacity Si material. Figure 9.2
presents the half-cell cycling stability and CEs of the SINW-cPAN electrodes cycled under gal-
vanostatic conditions in both PYR;3FSI (1.2M LiFSI) and commercial EC/DEC (1M LiPFg)
electrolytes. The results demonstrate the exceptional cycling stability, retaining capacities over
1700 mAh g! over 700 cycles, and high CEs of the SINW-cPAN anode (green profiles) cycled
in PYR3FSI (1.2M LiFSI). The high CEs manifested in the PYR 3FSI (1.2M LiFSI) electrolyte
stabilize after only 2 cycles, with a first cycle CE of 85.03%. Such outstanding cycling data contrast
that of the cycling behavior of the SINW-cPAN in conventional EC/DEC (1M LiPFg) electrolyte,
which reveals fast initial degradation between cycle 1 and cycle 100, low CEs that dont stabilize
until nearly 200 cycles, and capacities of only 837.4 mAh g~! after 500 cycles (brown profiles).

The unparalleled cycling performance and high CEs of the SINW-cPAN/PYR3FSI system
are attributed to the pairing of a superior electrode-micro-geometry and the formation of a highly
stable SEI, further validating our previous work [170]. However, with this works improved electrode-
micro-geometry we achieve incredibly fast CE stabilization and higher capacities. The SINW-cPAN
micro-geometry allows for reduced surface reactions around SiNW clusters, resulting in the creation
of a favorable SEI within just 2 cycles, while the interconnectivity within the clusters leads to a
high degree of active material utilization. The porous architectural framework observed in the
SiNW-cPAN electrodes (Figure 1) permits maximum electrolyte penetration, reaching all active
material sites of the electrode for average capacities of over 2800 mAh g~! in 200 cycles compared
to only 2048 mAh g™! in our previous work [170].

Moreover, the SINW-cPAN micro-geometry shows to be robust enough to allow for reversible
expansion and contraction without mechanical deficiencies. This is impressive given the full pen-
etration of the electrolyte and high levels of active material utilization. Figure 2b and 2c¢ show

an FESEM image of FIB cross-section and TEM micrograph after the 16th delithiation, respec-
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Figure 9.2: (a) Half-cell cycling stability and coulombic efficiencies of the SINW-cPAN electrodes
cycled under galvanostatic conditions in both PYR3FSI (1.2M LiFSI) and commercial EC/DEC
(1M LiPFg) electrolytes. (b) and (c) TEM micrograph of 16th delithiated SINW-cPAN electrode
showing mechanical reversibility and maintenance of the electrode-micro-geometry.
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tively, demonstrating electrochemical and mechanical reversibility of the electrode-micro-geometry
as it maintains its porous structure upon delithiation and still shows its original scaffolding-like
micro-geometry (Figure 9.3). This Si electrode-architecture, -interface, and -micro-geometry is the
optimal combination to achieve stability, reversibility, and high capacities.

Another predictable advantage of the SINW micro-geometry is enhanced electrochemical
rate performance given the ability of 1D nanowires to efficiently conduct charge and the axial
interconnectivity within the SINW-cPAN clusters. In order to explore the rate performance of
the SINW-cPAN micro-geometry, an asymmetric rate study was conducted to focus on the high
lithiation rate capability of the electrode at room temperature. This study is particularly relevant
considering the commercial demand for supercharging batteries or achieving full charge of a battery
in very short times. Figure 9.4 shows the rate testing results of our SINW-cPAN electrode (green
circles) as compared to our previous nSi-cPAN electrode (blue squares) cycled in the PYR;3FSI
(1.2M LiFSI) electrolyte. The charging (delithiation) rates of both electrode micro-geometries
begin at C/20 for 3 cycles and continue at C/10 for subsequent cycles. The discharging (lithiation)
rates, simulating charging in a full-cell, run in sets of 3 cycles from rates of C/20 to 1C. The data
exhibits higher capacities for the SINW-cPAN electrode at every rate set except for 1C, which
will be discussed later. The SINW-cPAN framework permits higher degrees of material utilization
and faster charge and mass transport, which are manifested in the higher capacities at each rate.
The ability of the SINW-cPAN framework to allow high material utilization and full electrode
reversibility is remarkable.

At the 1C rate, both the SINW-cPAN and nSi-cPAN structures show the same capacities.
This behavior is due to the inherent viscosity limitation of the electrolyte to conduct lithium-ions
at such high rates (beyond 750 pA cm™2). Due to the higher viscosity of the PYR3FSI (1.2M
LiFSI) electrolyte, there is a current threshold at which the lithium-ion concentration gradient
becomes a limiting factor. To push beyond this barrier and to test the ability of the SINW micro-
geometry to allow for faster electrode lithiation, we have conducted a supercharging rate study at

elevated temperatures of 60 degrees C to enhance electrolyte conductivity, electrode kinetics, and
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Figure 9.3: TEM micrograph of 16th delithiated SINW-cPAN electrode with respective EDS point
analysis clearly showing the presence of cPAN (point 3) intimately adhered to the SINWs (point 1
and point 2), preserving the original electrode-architecture, and -micro-geometry even after 16 full
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Figure 9.4: (a) Asymmetric rate study conducted to focus on the high lithiation rate capability
of SINW-cPAN and nSi-cPAN electrodes at room temperature. (b) Supercharging rate study of
the SINW-cPAN electrodes at elevated temperatures of 60C showing enhanced ion conduction and
alloying kinetics.
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the battery system as a whole. With commercialized organic solvent-based electrolytes, elevated
temperatures instigate drastic electrolyte and SEI decomposition, leading to thermal runaway [64,
179]. Leveraging the thermal stability of the RTIL material, this study demonstrates the impressive
performance of the PYR13FSI (1.2M LiFSI) electrolyte at high temperatures and the stability of the
Si-PYR43FSI (1.2M LiFSI) interface. Figure 3 shows the improved performance of the PYR3FSI
(1.2M LiFSI) solution at elevated temperatures, demonstrating improved ion conduction and rate
performance while maintaining interfacial stability. Impressively, this experiment indicates the
ability of the new electrode-micro-geometry to enable a 95% battery charge in just 30 minutes
(equivalent to a 2C charging rate). The SINW-cPAN/PYR3FSI (1.2M LiFSI) system is robust
enough to facilitate rapid lithiation kinetics which result in high capacities in very short periods
of time. The SINW-cPAN electrodes can deliver a charge capacity of 3749.8 mAh g~! in 8 hours
(equivalent to C/8 charging rates), which is higher than the charge capacity achieved in 20 hours
(equivalent to C/20 charging rates) at room temperature, 3666.5 mAh g=*. Moreover, the SINW-
cPAN system can achieve a 60% state-of-charge, which translates to over 1800 mAh g=! of capacity,
in just 12 minutes (equivalent to 5C charging rates). This study truly validates the remarkable
combinatorial benefits of an optimized electrode-architecture, -interface, and -micro-geometry.
The high percentage of active material utilization observed is directly translated to the un-
precedented full-cell performance shown in Figure 9.5. The plot compares the performance of
SiNW-cPAN/L333 full-cells assembled with PYR;3FSI (1.2M LiFSI) and conventional EC/DEC
(1M LiPFg) electrolytes. Both cells contain the same electrode mass loadings on both the cathode
and anode (within 10%) and were operated and controlled under the same parameters for fair com-
parison (see Appendix A for details on full-cell fabrication). Initial charge capacities of 127.24 and
140.23 mAh g~! (all full-cell specific capacities are normalized with respect to total active material
mass) were observed at the C/5 rate for the PYR;3FSI (1.2M LiFSI) and EC/DEC (1M LiPFg)
LIBs, respectively. The difference in initial capacity is attributed to the higher ohmic resistance of
the RTIL electrolyte, though this limitation is countered by unparalleled cycling stability. After

25 cycles, the cell cycled in carbonate-based (EC/DEC) electrolyte degrades rapidly. The degrada-
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Figure 9.5: Specific charge capacities and coulombic efficiencies of SINW-cPAN /L33 full-cells as-
sembled with PYR3FSI (1.2M LiFSI) and conventional EC/DEC (1M LiPFg) electrolytes.

tion, ascribed to low half-cell CEs with an average irreversible charge loss of 1.02% per cycle for the
first 100 cycles (Figure 2a, brown squares), occurs as the system exhausts its supply of Li through
continuous SEI breaking and reformation. In contrast, the cell cycled in PYR;3FSI (1.2M LiFSI)
electrolyte shows remarkable stability, attributed to the high half-cell CEs, stabilizing immediately
after cycle 2 and followed by negligible Li consumption (Figure 2a, green squares), providing an
average full-cell charge capacity of 126.73 mAh g~' and a capacity retention of 99.62% at a rate of

C/2 (Figure 4, green circles).

9.4 Summary and Conclusions Regarding SINW-cPAN Micro-geometry

In summary, this work demonstrates the importance of simultaneously addressing the con-
cerns of volumetric change, interfacial stability, and the need for an electrode-micro-geometry de-
signed to optimize the performance of the active material-electrolyte combination. When working
with high capacity materials with complex mechanical and electrochemical challenges such as Si,
it is imperative to engineer the entire system rather than focusing only on either material or in-
terfacial solutions. Taking on these issues in tandem allows for more effective solutions to each
individual problem; for example, building a porous network of SINW-cPAN clusters allows for bet-
ter electrolyte penetration and interfacial stabilization while also maintaining high electrochemical
reversibility. By optimizing the Si-cPAN-RTIL system utilizing a SINW micro-geometry, we en-

able the high reversibility of a Si anode capable of stabilizing after just 2 cycles and providing
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over 2800 mAh g~! of Si. This multifaceted approach, and the resulting performance benefits, are
substantiated by the SINW-cPAN electrodes implementation in a Si/L333 full-cell which retains
99.62% of its original capacity after 350 cycles at a rate of C/2. In addition, this system opens
the door for rapid silicon anode lithiation through the implementation of elevated temperatures,
achieving nearly full charge capacities, 95% battery charge, in only 30 minutes. When viewed in
the context of the race to develop commercially viable high energy density anode materials and
recent advances in next-generation cathode systems, this work embodies important progress and a

successful developmental approach towards safer, higher performance Li-ion technology.



Chapter 10

In Situ Engineering of the Electrode-Electrolyte Interface for Stabilized
High-Energy Cathodes

10.1 Introduction

At the turn of the 21st century, a team of scientists at Argonne National Laboratory (ANL)
was working hard to develop a lithium-ion (Li-ion) cathode technology that would change the
way people viewed energy storage. In fact, their new cathode had the potential to revolutionize
the transportation industry. The material was proposed to truly enable the electric vehicle (EV),
driving down battery costs to less than $200/kWh while supplying double the drive range of state-
of-the-art Li-ion technology. This material, formulated as zLioaMnOs.(1-2)LiMOy (M = Ni, Mn,
Co), is known as the lithium-manganese-rich (LMR) oxide.

While the true theoretical capacities of layered intercalation cathode materials lie at about 270
mAh g~!, surface reactivity and instabilities at low states of charge limit the practical capacities of
traditional layered cathode materials such as LiCoOs (about 140 mAh g™!) and LiNi, /3Mmny/3C0;/302
(about 180 mAh g1). The beauty of the LMR material lies in the stabilization of the LiMOs crystal
lattice using a structural constituent. Leading up to the development of this strategy, the primary
tactic for lattice stabilization comprised cation or anion substitution. For example, Al3* ions were
used to provide greater binding energy to oxygen sheets in layered insertion materials upon delithi-
ation, and fluorine ion substitution for oxygen in layered electrodes provided enhanced cycling
stability [6, 46, 102]. Guided by early work in stabilizing MnOs compounds using LisO struc-

tural units, Thackeray et al. [210] set out to integrate a structurally compatible component into
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the LiMOs layered electrode. The compatibility of close-packed layers in LioMnQOj3 allowed for its
smooth atomic scale integration with LiMOy, thereby creating the layered-layered zLioMnOs.(1-
x)LiMO9 material [178]. While previously thought to be electrochemically inert, Kalyani et al.
made the discovery that monoclinic LisMnOj3 could be activated by charging to high voltages
(greater than 4.4 V vs. Li/Li*) [100]. Thus, the LioMnO3 component of the LMR material is both
structurally advantageous and functional, as significant amounts of Li from these structural units
can be reversibly extracted and re-intercalated following its electrochemical activation upon first
charge [50]. With an unprecedentedly high operating voltage and capacities of about 260 mAh
gt the 2LisMnO3.(1-2)LiMO, cathode material gained the world’s attention with the potential
to double the energy density of the world’s best Li-ion systems.

Despite these advantages and the potential for massive technological impact, worldwide re-
search has struggled to enable the LMR material. The scientists at ANL impressively laid the
foundation for widespread efforts targeting this material and its signature drawback: the gradual
lowering of the cell operating voltage over cycling life as the originally layered crystal structure
transforms to a spinel phase, accompanied by oxygen evolution during activation of the LioMnOs3
component and transition metal dissolution. The practical issue arising from this voltage fade is
the continuous alteration of cell capacity associated with a given state of charge over the cycle life
of the LMR material, leading to a failure to satisfy the performance requirements of any application
requiring constant power and energy throughout operation.

The pristine zLiosMnOg.(1-2)LiMO; oxide structure has previously been described as a com-
posite of O3 oxygen stacked layered rhombohedral or trigonal LiMOgy (R-3m space group) and
monoclinic LisMnO3 (C2/m space group) phases [151]. As both structures contain a transition
metal (TM) layer consisting of periodic sequences of Li and two TM atoms, they can be consid-
ered a-NaFeOs-type rock-salt structures, with all octahedral sites occupied [237]. During initial
cycling of the LMR material, the LipMnO3 component, initially holding Li* and Mn** ions in the
octahedral sites of its cubic close-packed oxygen lattice, undergoes transformation (activation) by

which LioO is de-intercalated from the layered lattice, accompanied by the generation of oxygen
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vacancies and the migration of Mn ions into the newly formed vacancies. Throughout cycling, the
LMR material further exhibits a transformation from a layered structure to a defect spinel, initially
forming a surface reconstruction layer (SRL) which progressively grows inwards from particle edge
to bulk during cycling [27, 232]. The severe structural changes of the LMR material can generally
be understood as 1) an initial activation of the LisMnO3 component with concurrent oxygen loss
from the initially layered lattice followed by the parallel effects of 2) TM cations filling Li sites upon
discharge with simultaneous dissolution of TM ions (most significantly Mn?*) and 3) reduction of
TM cations to lower valence states. The result of these structural changes is the loss of Li inter-
calation sites and the formation of a spinel phase (Fd-3m space group) with a significantly lower
operating voltage compared to that of the initial layered material, with the changes becoming more
severe with cycling. In an attempt to alleviate oxygen evolution and mitigate phase transformation
in the LMR material, myriad efforts have focused on surface modification, ion substitution or dop-
ing, and morphological control of particles and grains, all with limited success in enhancing long

term cell energy retention.

10.2 Preliminary Findings

With the pressure mounting for the development of the next-generation Li-ion cathode sys-
tem, the LMR material remains the subject of intensified research efforts. As the Li-ion industry
is already commercializing Si materials in various anode composite structures while making major
strides to enable pure Si nano-structures, the heat is on to perfect a high energy cathode capable
of matching these new high capacity anode systems. In this work, we focus our efforts on the
electrode-electrolyte interactions known to affect phase change in the LMR system. Leveraging
the understandings of LMR interfacial behavior built by decades of research, we employ a unique
electrolyte composition to form a cathode-electrolyte interface (CEI) that allows for the long-term
voltage stability of the LMR cathode. Our novel CEI is formed in situ through the oxidative
decomposition of a room temperature ionic liquid (RTIL) electrolyte doped with a sacrificial salt

additive. For the first time, we demonstrate an LMR system capable of 1000 high capacity cycles
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with minimal voltage decay, shedding light on the importance of the LMR CEI and elucidating
the complex interplay between the electrolyte and the atomic scale transformations of a previously
unstable crystal lattice.

Unfortunately, given timing conflicts with the date of this dissertation, intellectual property
concerns, and publication of the results and mechanisms behind the LMR-RTIL system, the re-
mainder of the LMR work completed during the course of this graduate project cannot be disclosed
in this thesis. Figure 10.1 shows the half-cell cycling performance of an LMR cathode resulting from
this project. This is, to our knowledge, the best LMR cycling data demonstrated academically,
to-date. Please keep an eye out for the publication listed below, which will be submitted to the

journal, Nature Materials, in early 2016.

In Situ Engineering of the Electrode-Electrolyte Interface for Stabilized Over-lithiated Cath-
odes

Tyler Evans, Daniela Molina Piper, Huaxing Sun, Timothy Porcelli, Seul Cham Kim, Sang
Sub Han, Yong Suk Kim, Chunmei Ban, Feng Lin, Sung-Jin Cho, Kevin Leung, Kyu Hwan Oh,

and Se-Hee Lee*

10.3 Applying Modified-RTILs to Nickel-Rich Cathode Compositions

The high cost and toxicity of cobalt pose major obstacles that limit cathode applications
in large-format battery applications such as EVs. Thus, the nickel-rich transition metal oxide
chemistries (LiNizM;_,09; M = Mn, Co, and Al; x greater than 0.5) are considered as promising
candidates to meet the performance and cost requirements of EVs; also of note are the specific
capacities of such materials (>160 mAh g™!) [105, 9, 131]. Unfortunately, the nickel-rich chemistries
exhibit structural degradation and thermal instabilities; these problems worsen with higher nickel
content, higher temperature, and higher cutoff voltages (greater than 4.4 V vs. Li/Li") [98]. In
general, Ni-rich cathode materials with a layered structure undergo structural degradation from

the layered R-3m phase to the spinel-like Fd-3m phase and the rock-salt Fm-3m phase) [105, 9].
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Figure 10.1: Half-cell performance of LMR, active material in a modified-RTIL electrolyte, showing
high levels of energy retention and the best maintenance of voltage trace shape demonstrated
to-date (two-step voltage profile maintained for 1000 cycles).
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This structural change is caused by the migration of the transition metal ions into the lithium
layer during charge/discharge cycling. The metal ion migration leads to the layered-to-spinel phase
transformation, and this transformation is exacerbated by cycling conditions such as high voltage
and high temperature due to the increasing number of vacant Li sites during full delithiation and the
diffusion of transition metal ions. This structural change leads to capacity fade (decreasing number
of Li vacancies for intercalation and active material loss due to metal dissolution). Moreover, the
decomposition of organic electrolytes at high voltages leads to higher interfacial resistances and
increased rates of structural degradation.

Most efforts aimed at solving the aforementioned problems with the LiNi,M;_,O9 material
attempt to passivate the electrode-electrolyte interface using complex surface modifications, often
with a conductive polymer) [9, 97, 40, 38]. Despite resulting in significant improvements in cycling
stability, such advances are not sufficient for commercial application, which requires high stability
for over 1000 cycles.

The hypothesis behind the work presented in herein was formulated by observing the ori-
gins of the phase change and metal dissolution which plague the nickel-rich material. This phase
change is intimately linked to the dissolution of Mn?* and Ni%* ions, which are formed during the
disproportionation of Mn?* and Ni** also known to lead to the Mn and Ni migration associated
with layered-to-spinel phase change. These mechanisms are closely related to the decomposition
of organic electrolytes most typically used to study high-voltage materials. Carbonate electrolytes,
including those containing LiPFg, undergo oxidative decomposition during battery charging above
4.4 V vs. Li/Li*, forming acidic H* and HF species [38]. Subsequently, these protons promote
disproportionation of Mn?* and Ni**, accelerating the dissolution/ migration of Mn and Ni and
leading to the capacity fade that stigmatizes the nickel-rich chemistry [38]. Also of note is the fact
that the spinel phase of oxide materials is more thermodynamically stable in acidic environments.
Moreover, the accumulation of a thick solid electrolyte interphase layer on the cathode and attack
by acidic species readily damage the electrode/electrolyte interface, inducing large charge transfer

resistances (R.) that reduce capacity and rate performance.
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In this work, we piggy-back on our LMR-RTIL work by hypothesizing that the phase change
and capacity degradation of the nickel-rich material can be mitigated by utilizing an unconventional
electrolyte, one with a high electrochemical stability window which does not decompose to form
acidic species. Impressively, cycling between 2.5 - 4.5 V vs. Li/Li* in certain RTIL electrolytes
allows for 100% capacity retention at the rate of 1C over 100 cycles. This is the first time that 100%
capacity retention of the nickel-rich oxide material has been demonstrated over long-term cycling.
Again, given timing conflicts with the date of this dissertation, intellectual property concerns, and
publication of the results and mechanisms behind various cathode-RTIL systems, the remainder of
the Ni-rich cathode work completed during the course of this graduate project cannot be disclosed
in this thesis. Figure 10.2 shows the half-cell cycling performance of a Li(NiggMng2Cog.2)O2
cathode resulting from this project. This is, to our knowledge, the best Ni-rich cathode cycling

data demonstrated academically, to-date.
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Chapter 11

Thesis Summary and a CU Spin-Out

11.1 Introduction

This graduate dissertation aimed to contribute to the science and body of knowledge relating
to building higher energy battery technology at the cross-roads of materials science, electrochem-
istry, and device engineering. Specifically, the research presented works towards the development
of next-generation Li-ion electrode chemistries through the utilization of novel electrolyte composi-
tions. The world’s next Li-ion battery will incorporate new, more energy dense materials, working
together in a unique chemical balance. This dissertation highlighted an up-and-coming class of
electrolyte materials, room temperature ionic liquids, and their interactions with next-generation
electrodes. The research presented herein explores the utilization of today’s best performing RTIL
electrolytes in Li-ion batteries containing next-generation electrode materials. By replacing the
conventional carbonate electrolyte with new sets of solvents and salts, new electrolyte-electrode
chemical phenomena are induced which can lead to the increased performance of highly attractive
electrodes. Chapters 4-6 discussed strategies related to tackling the major compatibility issues
between RTIL materials and the passive components of Li-ion batteries (those not involved in the
electrodes’ faradaic redox chemistry), while Chapter 7-9 discussed exciting opportunities to exploit

these novel chemical interactions in enabling highly energy dense electrodes.
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11.2 Corrosion of Stainless Steel Battery Components by Bis(fluorosulfonyl)imide
Based Ionic Liquid Electrolytes

During our first trial experiments attempting to utilize RTILs in Li-ion cells with high voltage
cathode materials, we came across a number of issues. While the anodic behavior of aluminum
foil current collectors in imide-based room temperature ionic liquids (RTILs) is relatively well
understood, interactions between such RTILs and other passive battery components have been
largely disregarded. This study presents the solvent and potential dependent oxidation of SS316
coin-cell components in the N-methyl-N-propyl-pyrrolidinium bis(fluorosulfonyl)imide (PYR13FST)
RTIL. While this phenomenon prohibits high-voltage cycling of Li(Ni;;3Mn;/3Co0;/3)O2 cathodes
in SS316 coin-type cells, Al-clad cell components or alternative cell configurations can be utilized

to avoid SS316 oxidation-induced cell failure.

11.3 Effect of Organic Solvent Addition to PYR3FSI + LiFSI Electrolytes
on Aluminum Oxidation and Rate Performance of Li(Ni;/;3Mn;;3Co4/3)O,

Cathodes

Corrosion of the positive electrode’s aluminum current collector in Li-ion cells at high volt-
ages is regarded as the most serious problems facing the commercialization of RTIL electrolytes
for electrochemical applications. The superior suppression of aluminum current collector oxidation
by a 1.2M LiFSI in PYR3FSI ionic liquid electrolyte is demonstrated. Addition of EC:EMC (1:2
wt.) is shown to significantly increase the severity of parasitic aluminum oxidation. Despite leading
to increased aluminum oxidation at high voltages (>4.2V vs. Li/Li"), adding organic solvent to
PYR13FSI based ionic liquids greatly enhances important electrochemical properties. The ionic
conductivity and lithium ion transference number of the PYR3FSI + 1.2M LiFSI electrolyte in-
crease with increasing volumetric content of organic co-solvent (EC:EMC), resulting in significant
improvements to high rate performance. The electrochemical benefits of organic co-solvent addi-
tion and the compatibility of the PYR13FSI 4 1.2M LiFSI electrolyte with Li(Ni;3Mn/3Coy/3)O2

demonstrated in this study substantiate the need to develop strategies to suppress aluminum oxi-
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dation during high voltage cycling of lithium-ion batteries in ionic liquid electrolytes.

11.4 Electrospun Polyacrylonitrile Microfiber Separators for Ionic Liquid

Electrolytes in Li-ion Batteries

After characterizing and developing a cycling protocol to avoid high-potential aluminum
corrosion, we turned to another issue hindering widespread utilization of RTIL electrolytes. Most
RTIL research for Li-ion battery applications uses glass fiber separator materials. These materials
are not compatible with commercial battery manufacturing processes, and a new separator must
be developed if RTILs are to be commercialized for Li-ion technology.

Despite much recent progress in the development of room temperature ionic liquid (RTIL)
electrolytes for lithium-ion batteries (LIBs), relatively little work has been done in terms of investi-
gating commercially applicable separator materials capable of accommodating RTILs. In this work,
we demonstrate an electrospun polyacrylonitrile (PAN) microfiber separator. The PAN microfiber
separators show high degrees of porosity (about 83%), wettability, and mechanical strength (UTS
= 16.98 MPa and E = 5.95 MPa). The physical properties of our electrospun separators lead
to impressive electrochemical performance, showing an apparent MacMullin number (NM) of less
than 5 when combined with the PYR3FSI (1.2M LiFSI) electrolyte. These results are validated by
superior rate performance and the exhibition of a high capacity full-cell utilizing a PAN microfiber
separator in combination with the PYR3FSI (1.2M LiFSI) RTIL electrolyte. Such work represents
significant progress in the advancement of RTIL electrolytes for LIBs, indicating that nonwoven
separators are a commercially viable solution to the previous lack of separator materials for RTIL

electrolytes.

11.5 Ionic Liquid Enabled FeS, for High Energy-Density Lithium-Ion Bat-

teries

With the energy density of conventional Li-ion batteries (LIBs) approaching a practical upper

limit, next generation electrode materials must be developed in order to satisfy the demand for an
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inexpensive, highly energy dense battery for future energy storage applications. Significant progress
has been made on high-capacity tin and silicon-based anodes, but new cathode chemistries must be
developed in order to accommodate such materials. While the stable cycling of a Si anode has been
demonstrated with capacities above 1500 mAh g~!, work in this field has been unable to demonstrate
the long-term cycling of a cathode material with capacities higher than 250 mAh g~'. Because of
their ability to accommodate more than one Li atom per transition-metal cation, materials that
undergo a conversion reaction with lithium have gained attention as promising candidates for high-
capacity cathodes. Among such conversion chemistries, FeSs represents a promising alternative
to replace the conventional LiMO2 (M = transition metal) intercalation mechanism because FeSsy
is inexpensive, highly energy dense, naturally abundant, and environmentally benign. The four
electron reduction of cubic-FeSy (pyrite) exhibits a theoretical specific capacity of 894 mAh g™, as
compared to the best LiMOs intercalation electrodes which only provide approximately 200 mAh

gt

11.6 Stable Silicon-Ionic Liquid Interface for Next Generation Lithium-ion

Batteries

Recently, silicon has been identified as one of the most attractive high-energy anode materi-
als for LIBs. Silicon’s low working voltage and high theoretical specific capacity of 3579 mAh g~!,
nearly ten times higher than that of state-of-the-art graphite anodes, have encouraged widespread
research efforts aimed at developing a viable Si based electrode. The substantial gains in specific
and volumetric capacity simply through the implementation of an active material such as Si of-
fer a glimpse into the future of lighter and smaller batteries. Despite the advantages of the Si
electrode, a number of challenges impede its commercialization. Many of these challenges are asso-
ciated with the Si material’s severe volume expansion during lithiation. While the commercialized
graphite electrode expands roughly 10-13% during lithium intercalation, Si’s expansion amounts to
nearly 300%, generating structural degradation and instability of the all-important solid-electrolyte

interphase (SEI).
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By combining a high performance Si electrode architecture with a room temperature ionic
liquid electrolyte, here we demonstrate a highly energy-dense lithium-ion cell with an impressively
long cycling life, maintaining over 75% capacity after 500 cycles. Such high performance is enabled
by a stable half-cell coulombic efficiency of 99.97%, averaged over the first 200 cycles. Equally as
significant, our detailed characterization elucidates the previously convoluted mechanisms of the
solid-electrolyte interphase on Si electrodes. We provide a theoretical simulation to model the
interface and microstructural-compositional analyses that confirm our theoretical predictions and
allow us to visualize the precise location and constitution of various interfacial components. This
work provides new science related to the interfacial stability of Si-based materials while granting

positive exposure to ionic liquid electrochemistry.

11.7 Optimized Silicon Electrode-architecture, -interface, and -micro-geometry

for Next-generation Lithium-ion Batteries

Our previous work demonstrated the success in simultaneously addressing the two afore-
mentioned issues by pairing a robust, yet simple, electrode-architecture with a room temperature
ionic liquid electrolyte (RTIL or IL) to create a highly favorable Si-electrolyte interface. The
study highlighted the groundbreaking demonstration of the cycling of a full-cell incorporating a
Si anode by using a PYR3FSI (1.2M LiFSI) electrolyte with an unprecedented cycling life. A
combinatorial approach involving a mechanically resilient electrode-architecture merged with an
electrolyte capable of forming a favorable SEI was the solution to incorporate structural integrity
with stable interfacial chemistry in a bulk-type Si anode. While this study validated an unconven-
tional approach to enabling the Si anode, one issue remains to be solved: optimization of the Si

electrode-micro-geometry.
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11.8 In Situ Engineering of the Electrode-Electrolyte Interface for Stabilized
High-Energy Cathodes

At the turn of the 21st century, a team of scientists at Argonne National Laboratory (ANL)
was working hard to develop a lithium-ion (Li-ion) cathode technology that would change the
way people viewed energy storage. In fact, their new cathode had the potential to revolutionize
the transportation industry. The material was proposed to truly enable the electric vehicle (EV),
driving down battery costs to less than $200/kWh while supplying double the drive range of state-of-
the-art Li-ion technology. This material, formulated as xLisMnQOj3.(1-x)LiMOy (M = Ni, Mn, Co),
is known as the lithium-manganese-rich (LMR) oxide. With an unprecedentedly high operating
voltage and capacities of about 260 mAh g!, the xLioMnO3.(1-x)LiMOs cathode material gained
the world’s attention with the potential to double the energy density of the world’s best Li-ion
systems. Despite these advantages and the potential for massive technological impact, worldwide
research has struggled to enable the LMR material. The scientists at ANL impressively laid the
foundation for widespread efforts targeting this material and its signature drawback: the gradual
lowering of the cell operating voltage over cycling life as the originally layered crystal structure
transforms to a spinel phase, accompanied by oxygen evolution during activation of the LioMnOs3
component and transition metal dissolution. The practical issue arising from this voltage fade is
the continuous alteration of cell capacity associated with a given state of charge over the cycle life
of the LMR material, leading to a failure to satisfy the performance requirements of any application
requiring constant power and energy throughout operation.

In this work, we focus our efforts on the electrode-electrolyte interactions known to affect
phase change in the LMR system. Leveraging the understandings of LMR interfacial behavior built
by decades of research, we employ a unique electrolyte composition to form a cathode-electrolyte
interface (CEI) that allows for the long-term voltage stability of the LMR cathode. Our novel CEI
is formed in situ through the oxidative decomposition of a room temperature ionic liquid (RTIL)

electrolyte doped with a sacrificial additive. For the first time, we demonstrate an LMR system



136

capable of 1000 high capacity cycles with minimal voltage decay, shedding light on the importance
of the LMR CEI and elucidating the complex interplay between the electrolyte and the atomic
scale transformations of a previously unstable crystal lattice.

We then applied our understanding of the LMR-RTIL system to other high energy inter-
calation cathode materials with similar problems. Such materials include the nickel-rich layered
oxides (LiNizMj_;O2). We hypothesized that the phase change and capacity degradation of the
nickel-rich material can be mitigated by utilizing an unconventional electrolyte, one with a high
electrochemical stability window which does not decompose to form acidic species. Impressively,
cycling between 2.5 - 4.5 V vs. Li/Li* in certain RTIL electrolytes allows for 100% capacity reten-
tion at the rate of 1C over 100 cycles. This is the first time that 100% capacity retention of the

nickel-rich oxide material has been demonstrated over long-term cycling.

11.9 SilLion, Inc.

The work highlighted in this dissertation presents an interesting commercial opportunity.
Given the high energy and the potential cost savings and safety of the LMR/RTIL/Si battery, Dr.
Se-Hee Lee, Dr. Daniela Molina Piper, and Tyler Evans have joined together to commercialize the
technology, spearheading SilLion, Inc. in an effort to bring safer, more affordable, higher energy

battery technology to the EV market. See below for a brief description of the company:

Rechargeable lithium-ion batteries (LIBs) have dominated the portable electronics market for
nearly a decade, but better batteries are needed as consumer electronics get smaller and emerging
markets such as electric vehicles demand more power and range at a lower cost. The growing elec-
tric vehicle market in particular offers a compelling opportunity for advanced battery companies,
as evidenced by the Tesla battery gigafactory currently under construction that will single-handedly
double worldwide battery cell production once complete. Tesla and other automotive companies still
use conventional Li-ion electrode materials that have changed little in the last 25 years. Improve-

ments in materials processing and device manufacturing have allowed for a modest improvement
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in battery energy density and cost of approximately 5-6% each year, and electric vehicle costs have
remained high compared to conventional vehicles.

In order for electric vehicles to gain true market traction with middle class consumers, bat-
teries with lower cost and energy density as high as 400 Wh/kg (nearly 2X improvement) are in
high demand. The Li-ion battery chemistry that currently holds the world record for energy density
and appears most likely to reach these targets is one based on a silicon anode (negative electrode)
and a lithium and manganese-rich (LMR) cathode (positive electrode). This combination delivers
unprecedented energy per mass and volume as well as low cost, but it also has a notorious problem
of rapid energy loss during cycling. Hundreds of millions of dollars have been invested in silicon
anodes and LMR cathodes to date, and the company that successfully addresses the challenges of
this system will have a strong foothold in the advanced battery market.

SilLion, Inc. is uniquely positioned to be a leader in the battery space because it has already
demonstrated better performance with a silicon anode and LMR cathode than any other company or
academic institution at the laboratory scale. While its competitors attempt to achieve long cycle life
using complex nanostructured electrodes and material treatments, SilLion achieves its transforma-
tive results using materials that are drop-in replacements for conventional Li-ion materials without
the need for expensive and impractical nanomaterials.

SilLion’s technology platform leverages breakthroughs at the University of Colorado at Boul-
der (CU-Boulder) for which SilLion is working to obtain exclusive rights to the resulting patent
applications (currently holds an ’Exclusive Option,” negotiations under way for Exclusive License).
SilLion and CU-Boulder have demonstrated long cycle life for a nanostructured silicon anode as
published recently in Nature Communications, and they are to their knowledge the only entity to also
achieve long full-cell cycle life with inexpensive micron-sized silicon. Several battery startups have
been founded around the less promising nano-silicon anode alone, but SilLion combines its best-in-
class silicon performance with LMR cathodes that show marked improvement in energy retention
during cycling compared with any other published result. All of the materials needed for the cells

are available in quantities appropriate for mass production, and SilLion’s cells can be produced on
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conventional Li-ion manufacturing lines to leverage the industry’s decades of experience in driving
down costs while maintaining high quality.

To ensure its technical and commercial success, SilLion has established a premier team of
researchers and advisors to assist in developing and positioning the technology for market insertion.
To-date, the SilLion team has filed provisional patents through CU-Boulder on its key anode tech-
nology (U.S. 62/110,286) and its key cathode technologies (U.S. 62/110,286 and U.S. 62/151,918)
and has engaged the highly regarded firm, Perkins Coie, for conversion of its provisional applica-
tions to utility patents in late 2015 and early 2016. SilLion has secured angel investment to help
enable these conversions with plans to file both domestic and foreign patents for its inventions once
reduced to practice and once an Ezxclusive License agreement is reached with the CU TTO. SilLion
has extensively reviewed the existing patent literature and is confident that its approach, enabling
next-generation electrode materials through interfacial chemistry with RTIL materials, is both novel
and transformative.

SilLion has been awarded an SBIR Phase I grant from the Department of Energy and has
successfully committed angel investors for a seed investment round; SilLion’s angel investors have
allowed the company to earmark funds for patent filings and conversion of the company’s provi-
stonal patent applications to utility patents following the procurement of an Exclusive License to all
SilLion/CU-Boulder inventions, and SilLion’s DOE SBIR Phase I project will help advance and

refine the company’s key technologies.

If successful, it is anticipated that the proposed technology will result in a full-
cell having a specific energy approaching 400 Wh/kg with the added benefit of a non-

flammable RTIL electrolyte.

To-date, SilLion has demonstrated high performance long-term cycling of LMR and NMC622/uSi
full-cells in coin-type configurations and has demonstrated high performance short-term cycling of
a 200 mAh pouch-type cell (currently cycling). The SilLion team is now working to scale its tech-

nology to a commercially attractive prototype.
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Appendix A

Materials and Methods

Al Test cell (coin-type) fabrication

A.1.0.1 Conventional electrode fabrication

Conventional composite electrodes are made from the following mixture of ingredients: 1) an
active material which acts as the storage site for Li, 2) a conductive agent, typically acetylene black
(AB), which is added to promote the electronic conductivity throughout the composite network,
and 3) a non-reactive binder, typically polyvinylidene difluoride (PVDF), which adheres all of the
electrode components together. First, the active material and the AB are uniformly mixed in a
mortar and pestle. After the PVDF is fully dissolved in n-methylpyrrolidone (NMP) solvent the
active material/AB powder mixture is added along with some excess NMP until a desired viscosity
is achieved. This solvent-solute mixture is all placed in a glass vial and on a magnetic stirrer
overnight (12-15 hours) to produce a homogeneously mixed slurry. The slurry is then bladed with
a notch bar onto a thin Cu (anode) or aluminum (cathode) foil current collector. Before the slurry
is bladed onto the foil, both sides of the foil are cleaned with acetone and free from any noticeable
bends, wrinkles, or blemishes. Once the slurry is spread, the electrodes are dried for 3 hours at
60-80°C in air. The dried electrode is then roll pressed to about 75% of its initial thickness and
cut with a 0.5” punch. Before assembling the cells, the punched electrodes are dried overnight at

120°C in a vacuum oven.



159

A.1.0.2 Polyacrylonitrile-based electrode fabrication

The polyacrylonitrile (PAN)-based composite electrode architecture was developed following
the same concept behind conventional electrode fabrication, except this architecture utilizes PAN
(Mw = 150,000 g mol_) as both binder and conductive additive. The preparation of this architec-
ture requires the mixing of PAN and nano-Si particles in a mortar and pestle and then mixing of
the powders into N,N-dimethylformamide (DMF') solvent via magnetic stirring, producing a viscous
slurry. Again, the slurry is directly bladed onto a Cu foil and dried for 3 hours at 60-80°C in air.
The dried electrode is then calendared and cut with a 0.5” punch. Before assembling the cells,
each punch went through a heat treatment under argon in a tube furnace at 300°C for 12 hours to

cyclize PAN, turning it into a conductive and resilient conjugated polymer binder.

A.l1.1 Electrospinning

FElectrospinning was utilized to synthesize the PAN microfiber separators in Chapter 6. Elec-
trospinning has been recognized as an efficient technique for the fabrication of polymer nanofibers.
Since the 1980s and especially in recent years, the electrospinning process has gained more interest
and attention due to its versatility and potential for applications in diverse fields, especially that
of nanotechnology (since ultrafine fibers or fibrous structures of various polymers with diameters
down to submicrons or nanometers can be easily fabricated with this process).

A schematic diagram to interpret electrospinning of polymer nanofibers is shown in Figure
A.1. There are basically three components involved in the process: a high voltage supply, a syringe
with a needle of small diameter, and a metal collecting target. In the electrospinning process a
high voltage is used to create an electrically charged jet of polymer solution out of the needle.
The voltage supply is directly connected to the needle where the solution/melt is ejected and the
collector is grounded as indicated in Figure A.1. An electric field is induced at the needle tip where
the solution fluid is held by its surface tension. This creates a charge on the surface of the liquid.

Mutual charge repulsion and the attraction of the surface charges to the grounded target cause a
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Figure A.1: Simple schematic of electrospinning set-up.

force directly opposed to the surface tension [59]. As the intensity of the electric field is increased,
the hemispherical surface of the fluid at the tip of the capillary tube elongates to form a conical
shape known as the Taylor cone [208]. By further increasing the electric field, a critical value is
attained with which the repulsive electrostatic force overcomes the surface tension and the charged
jet of the fluid is ejected from the tip of the Taylor cone. The discharged polymer (or nano-Si/PAN)
solution jet undergoes an instability and elongation process, which allows the jet to become long
and thin. Before reaching the collecting screen, the solution jet evaporates or solidifies, and is
collected as an interconnected web of small fibers [51, 65].

Many parameters can influence the transformation of polymer solutions into nanofibers
through electrospinning. These parameters include 1) the solution properties such as viscosity,
elasticity, conductivity, molecular weight, and surface tension, 2) process variables such as applied
electric field, tip to collector distance and feeding or flow rate, and 3) ambient parameters such as
solution temperature, humidity, and air velocity in the electrospinning chamber [52]. Each of these
parameters significantly affect the fibers morphology obtained as a result of electrospinning, and by
proper manipulation of these parameters one can get nanofibers of desired morphology and diame-

ters [48]. For further information on the effect each of these parameters has on the morphology of
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the grown fibers and for more details on the electrospinning technique we refer the reader to Refs.

23, 90, 65].

A.1.2 Coin cell fabrication

All the electrodes in this dissertation were tested in a CR2032 stainless steel coin cell archi-
tecture, unless otherwise stated. Electrodes are punched to 0.5” diameter and then vacuum dried
at 120°C before entering an argon filled glove box. Lithium metal foil, 0.5625” diameter punch,
is used as a counter electrode for half-cell tests. Both electrodes are physically isolated by a glass
microfiber disk separator and a liquid organic electrolyte of 1 M LiPFg in 1:1 EC:DEC (volume
ratio) is used for the fast ion transport through the separator, unless stated otherwise. A schematic

illustrating the coin cell architecture can be found in Figure A.2.

A2 Material characterization methods

Characterization techniques used in this dissertation include X-ray photoelectron spectroscopy
(XPS), Raman spectroscopy, field emission scanning electron microscopy (FESEM), low vacuum
SEM (LVSEM), electrochemical quartz crystal microscopy (EQCM), transmission electron mi-
croscopy (TEM), fast Fourier transform of high resolution TEM micrographs, electron energy loss
spectroscopy (EELS), energy-dispersive x-ray spectrometry (EDX or EDS), infrared spectroscopy
(IR), and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM).
The purpose of this dissertation was not to advance the state-of-the-art of microscopy or spectro-
scopic techniques. For this reason, the reader is referred to introductory texts by Anthony West

[223] and others [67, 193, 163, 85, 154] for descriptions of the theory behind each technique.

A.3 Electrochemical methods

The purpose of this section is to provide the reader with basic fundamentals of battery
science and electrochemistry in order to gain an operational knowledge of the work addressed in

this dissertation and work that is performed in a battery research laboratory. For a more thorough
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treatment in electrochemical theory the reader is referred to a book on applied electrochemistry
by Allen J. Bard and Larry R. Faulkner [18], the Handbook of batteries [132], a book on the
thermodynamics of materials by David R. Gaskell [73], and an introductory text on basic chemistry

by Steven S. Zumdahl [250].

A.3.1 Electrochemical terminology

This excellent section is excerpted from Leah Autumn Riley’s dissertation [177] and amended
in places.

There exists no standardized method for reporting electrochemical capacities. For example,
storage capacity can be normalized to mass (mAh g!), electrode area (mAh cm™2), or electrode
volume (mAh cm™3). Commercial, large scale results on the other hand tend to report the absolute
capacity (Ah) while others will only publish x7;, making values difficult for comparison. As an
additional variable, batteries are also comprised of an array of inactive, supporting materials, such
as binder, conductive agents, battery housing, etc. Reported capacities may include or exclude
the non-active material. For uniformity, this dissertation will report specific capacity as a function
of mass (mAh g™!) normalized to the active material mass, unless otherwise stated. While the
exclusion of supporting agents and other cell components yields an inaccurate measurement of the
actual capacity of the battery, the purpose of this research is to focus on the fundamental science
to analyze and improve materials for energy storage, not for the commercial production and sale
of lithium batteries.

The fundamental electrochemical processes are oxidation and reduction which occur at oppos-
ing electrodes during cycling of a battery. However, since the oxidation at one electrode infers the
reduction at the counter electrode, it becomes convenient to refer to the electrochemical reactions
relative to a counter electrode. While the commonly used terms in the field of electrochemistry are
charge and discharge, few consistencies within the literature can be found as to their proper use.
Electrochemists may assign the labels anode and cathode to electrodes based on desired use, rather

than the electrochemical reactions taking place there at a given time. This becomes particularly
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confusing since a single electrode will, by definition, undergo both cathodic reaction when lithium
is inserted and an anodic reaction when lithium is extracted. The two categories of test cells are
separated into half-cells and full-cells. In a half-cell, the counter electrode is lithium metal and the
electrode under study can either be a cathode or an anode. In a full-cell, a cathode is paired with
a counter electrode that is an anode other than lithium metal.

In order to lessen any confusion, the following definitions will be used:

(1) Lithiation - Electrochemical intercalation (insertion) of lithium into a crystal structure or

reaction of lithium with a chemical compound

(2) Delithiation - Electrochemical de-intercalation (extraction) of lithium from a crystal struc-

ture of reaction of a chemical compound to remove lithium
(3) Anode - Electrode at which oxidation occurs spontaneously in a full-cell
(4) Cathode - Electrode at which reduction occurs spontaneously in a full-cell
(5) Discharge - Spontaneous electrochemical processes (AG < 0)

(6) Charge - Nonspontaneous electrochemical processes (AG > 0)

A commercially popular, and regularly misused, electrochemical terminology is the current
rate of C-rate. Broadly, C-rate is defined as the current necessary to charge (or discharge) an
electrode to its theoretical capacity within a given time. For example, a C-rate of C'/10 indicates
that, theoretically, the complete electrochemical process will take 10 hours, while 10C indicates 6
minutes. C-rate is not a measure of the actual time for the cell to charge and discharge, though
it can be. For a given material with a capacity, Qqz, determination of C-rate is based only upon
the desired charge/discharge time. C-rate cannot account for the solid-state diffusion of lithium
and other species, the charge-transfer resistance, or the possible alteration of the electrode surface.
To clarify any confusion with the utilization of C-rate in this dissertation, we have provided a

range of active material mass per electrode in each of the studies, which was used to calculate the
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current applied in the system at a specific C-rate by multiplying active mass of Si by its theoretical
capacity at room temperature and by the desired charge/discharge time. The slow initial charging
rate (C/20 is used to allow the electrode to undergo surface structural changes, which normally

occur during the first 3-5 cycles.

A.3.2 Electrochemical testing

Coin cells are electrochemically cycled using an Arbin BT2000. All cells undergo at least 6
hours of rest prior to testing in order to allow for the liquid electrolyte to fully permeate the porous
electrodes. After resting, cells are cycled either with a constant current (CC) or constant current,
constant voltage (CCCV) protocol as specified in each study.

The application of a constant current implies measuring the changing voltage, just like the
application of a constant voltage implies the measuring of the changing current. Applying a con-
stant current is also known as galvanostatic, while applying a constant voltage is also known as
potentiostatic. The specific testing protocol for most cells in this dissertation is depicted in Figure
A.3. In this figure voltage (left y-axis, blue) and current (right y-axis, red) are plotted with respect
to time. The vertical dotted lines (grey) separate the regimes of galvanostatic and potentiostatic
cycling. Initially, the cell is cycled with a constant current until it reaches a voltage cutoff at 0.05 V
(vs. Li*/Li), unless otherwise stated. After this voltage cutoff the cell is then cycled with a constant
current until it reaches a voltage cutoff at 1 V (vs. Li*/Li). Subsequently, after 1 V (vs. Li"/Li)
has been reached, the cycling protocol transitions to a regime of constant voltage operation for a
period of 30 minutes. During this time, the current of the cell decays according to Fick’s 2"¢ law
as the ionic concentration gradients developed in the electrode during constant current operation
are smoothed. Commonly, constant voltage operation of a cell is known as a voltage hold. The
constant voltage regime is continued until either a fixed time is reached (as is the case for the work
presented in this dissertation) or the current drops below a certain value. The completion of the
voltage hold regime corresponds with the completion of one full cycle. Figure A.3 shows one and a

half cycles with this testing protocol.
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The sign of the applied current frequently causes much confusion. The convention used here
is opposite of that used in the introductory text on electrochemical methods by Bard and Faulkner
[18]. Here, positive current refers to the charging of a cell (synonymous with the progression of a
non-spontaneous chemical reaction, electrolytic cell). A negative current refers to the discharging

of a cell (synonymous with the progression of a spontaneous chemical reaction, galvanic cell).

A.3.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful technique for understanding
electrochemical systems. This technique involves a determination of cell impedance, in response to
a small (5-10 mV amplitude) alternating current (AC) signal at any constant direct current (DC)
potential (at the open circuit voltage of the cell or at different states of charge), over a span of
frequencies ranging typically from 5 MHz to 10 mHz. From the measured cell impedance in the
form of real (Re) and imaginary (Im) components and phase angle, it is possible to examine and
qualitatively determine several processes such as the electronic/ionic conduction in the electrode and
electrolytes, interfacial charging at the surface films or the double-layer, charge transfer processes
and mass transfer effects (if any). With each of these processes having different time constants,
features in the EIS spectra will show up at different frequencies, making it possible to analyze them
independently. In other words, EIS is an in situ technique that further distinguishes the electron
and ion transport properties of multi-layered structures.

Coin cells can be thought of in terms of a linear combination of layers: a current collector,
a composite electrode film, a surface interfacial layer, a liquid electrolyte, and a lithium metal
counter electrode. When subjected to a constant, direct current (DC), the multi-layered materials
act as a single resistor and the measured resistance is the sum of the individual resistances of each
component. However, when DC is replaced with AC, time constants from each cell component
change according to frequency showing quite different effects, as discussed below [177].

The impedance of the entire cell is determined for different frequencies (w) and is a function

of the resistance (R) and the capacitance (C), Z(w) = ZRge - jZm, where [18],
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and

Zim = 1JwC (A.2)

Equation A.1 and A.2 reveal that a purely resistive-like behavior will only yield a real
impedance component while purely capacitor-like behavior will only produce an imaginary impedance.

A Nyquist plot (Z,, vs. ZRge) can then be used in order to determine the equivalent resistor
and capacitor values based upon the real and imaginary impedance. Each material’s frequency
response is governed by a unique time constant, 7 = RC. The peak for each semicircle occurs when

[19]

wr =1 (A.3)

which can also be written as,

ZRe=Zim (A.4)

Each layer, with unique values of R and C, will require a different frequency, w, to satisfy
Equation A.3. Therefore, each semicircle corresponds to the impedance of a single time constant
(material /charge-transfer process) within the composite. The proper identification of each feature
strongly depends on the conductive properties of the individual materials.

The final common Nyquist feature normally occurs at low frequencies and is called the War-
burg impedance, Z,,. The Warburg impedance describes the impedance due to mass transfer
derived from Fick’s Law for a concentration gradient at low frequencies. At high frequencies,
the value of Z,, is small. Only at low, near-DC frequencies, is the impedance of mass transfer

measurable with EIS.
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Figure A .4 illustrates an example of a Nyquist plot along with its respective equivalent circuit.
As the frequency is increased, the materials begin to act as capacitors when the rate of change in
the current becomes faster than the motion of charges. In this medium frequency region the finite
impedance of the capacitance (Cy, the imaginary component of the impedance) manifests itself as
a significant impedance, and is usually attributed to processes such as charge-transfer. At very high
frequencies, the capacitance contribution usually falls to zero offering no impedance. All the current
at high frequencies becomes charging current, and the only impedance seen is the ohmic resistance
(Rq). At very low frequencies, Cy offers high impedance resulting in the passing of current flow
mostly through charge-transfer resistance (R.) and Rgq. Thus, at this very low frequency region
the imaginary impedance component falls off again. In general, the departure of the Warburg
impedance, Z,,, at this point is expected to become significant. Take note that the semicircle is
a characteristic of a single time constant and real electrochemical systems show impedance plots

often containing several time constants.

A.34 Differential capacity analysis

The differential capacity curve (d@/d V') is obtained by differentiating the capacity (Q) versus

the voltage (E), defined by

4@ _ 1Q: - Qi
dE E,-E’

(A.5)

where @ and E; are capacity and voltage values measured at a given time (t), respectively. And
Q:-1 and E;_; are capacity and voltage values measured at a previous time (¢-1), respectively.
The d@/dV as a function of potential gives information about the structural transformations
during charge/discharge process. The advantage of the d@Q/dV curve is that voltage transitions
and /or plateaus observed in the voltage versus capacity plots appear as clear identifiable peaks in the
d@/dV curve. These peaks are usually associated to phase transitions and/or chemical reactions
taking place in the electrode material. Note that polarizations due to rate, temperature, or electrode

composition can cause d@/dV peaks to ‘float’ so care must be taken to control experimental
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parameters when comparing the d@/dV profiles of different samples.

In this discussion, we will use the silicon-lithium alloying redox to describe d@Q/dV electro-
chemical analysis. The first-cycle alloying curves exhibit a moderately sloping single plateau at
around 0.1 V (ws. Li"/Li), indicating a quasi-two-phase addition reaction instead of the multi-
phase reactions predicted by the equilibrium Li-Si phase diagram [130]. Moreover, the subsequent
alloying curves are round-shaped with no potential plateaus in accordance with a solid-solution
reaction.

For those sloping voltage curves, two broad peaks are often observed on the corresponding
d@/dV plots in both the alloying and dealloying regimes. The peak potentials of most Si-alloys
distribute at ~0.06 V and ~0.25 V (vs. Li"/Li) for alloying, and ~0.3V and ~0.5V (ws. Li*/Li) for
dealloying. The structural changes responsible for these peaks are not clearly understood yet. It
may be a result of short-range ordering in the amorphous Li,Si-alloys [242]. Figure A.5 compares
the charge and discharge profile of a conventional Si-based electrode versus lithium metal (Figure
A.5a) with the corresponding d@Q)/dV profiles of the same charge and discharge (Figure A.5b).
The d@/dV plot is rotated and reflected in order to make it clear that a d@/dV profile peak

corresponds to a voltage plateau.
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A4 Experimental - Corrosion of stainless steel battery components by

bis(fluorosulfonyl)imide based ionic liquid electrolytes

PYR13FSI was the ionic liquid selected for this study. Ionic liquid solutions were provided by
Boulder Ionics Corporation (U.S.A.) and contained less than 20 ppm (w/w) of moisture and less
than 10 ppm (w/w) of halide and metal-ion impurities. A 1:2 weight ratio of ethylene carbonate
and ethyl methyl carbonate (EC:EMC; BASF) was utilized as organic solvent and added to the
PYR3FSI electrolytes in 10 vol.% EC:EMC and 50 vol.% EC:EMC mixtures. LiFSI (1.2M),
provided by Boulder Ionics Corp., was added as the lithium salt subsequent to mixing the electrolyte
solvents.

To evaluate the corrosion behavior, high-grade aluminum foil (ESPI Metals; 25um thick;
greater than 99.5% purity) and SS316 foil (MTI Corp.; 0.1 mm thick) were punched into 1.27 cm
diameter disks, rinsed in dimethyl carbonate (DMC) and dried at 120 °C in a vacuum oven for
12 hours before testing. Corrosion cells contained an aluminum or SS316 disc working electrode
and lithium foil counter electrode and were assembled in 2032 coin-type cells (Hohsen). Cyclic
voltammetry (CV; Solartron 1280C), chronoamperometry (Arbin BT2000), and low vacuum scan-
ning electron microscopy (LVSEM; JEOL SEM 6480LV) were utilized to characterize oxidative
currents and morphological changes associated with the corrosion process. Cyclic voltammetry was
performed on corrosion cells by cycling potential between 3.0 V and 4.6 V vs. Li/Li* at a scan rate
of 1 mV s7'. During chronoamperometry, the working electrode potential was ramped from open
circuit voltage (OCV) to 4.2 V vs. Li/Li* at a sweep rate of 100 mV s~ and held for 12 h; the
potential was then ramped from 4.2 V to 4.6 V vs. Li/Li" at a sweep rate of 100 mV s~! and held
for 24 h. Infrared (IR) spectroscopy was used to characterize possible changes in solution chemistry
induced by SS316 oxidation. Energy-dispersive X-ray spectroscopy (EDX; JEOL SEM 6480LV) was
used to characterize changes in SS316 elemental composition after corrosion by PYR;3FSI-based
electrolyte.

Composite electrodes were fabricated using Li(Ni;/3Mn;/3Co;/3)O2 powder active material
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(Johnson Controls), acetylene black (AB; Afla Aesar) as a conductive additive, and polyvinyldene
fluoride (PVDF; Kynar) binder in a weight ratio of (85:7.5:7.5). The composite was mechanically
cast onto a clean, high-grade aluminum foil current collector, dried, and calendared to 75% of
its initial thickness to ensure adequate electrical contact. Potentio-galvanostatic cycling (Arbin
BT2000) experiments utilized Li(Ni;;3Mn;/3C0/3)O2 positive electrodes and lithium foil negative
electrodes assembled in 2032 coin-type cells (Hohsen). All cells used in this study contained glass
microfibre filters (Whatman; grade GF/F) wetted with the IL-EC:EMC solutions as the electrolyte

separator layer.

A5 Experimental - Effect of organic solvent addition to PYR3FSI 4+ LiFSI

electrolytes on aluminum oxidation and rate performance of LL333 cathodes

A.5.1 Electrolyte preparation

PYR13FSI was the ionic liquid selected for this study. Ionic liquid solutions were provided
by Boulder Ionics Corporation (U.S.A.) and scanned for halide impurities. Impurities (F~, Cl7,
Br~, SO47) were quantified using a Dionex ICS-1100 ion chromatograph, calibrated for sensitivities
as low as 1 ppm. All ionic liquids and lithium salts used in this study were subjected to ion
chromatography, and the total impurity content of every solution prepared was calculated based
off the mass percentage of electrolyte component in the total mass of the electrolyte. The solutions
contained less than 20 ppm (w/w) of moisture and less than 10 ppm (w/w) of halide and metal-
ion impurities. Ethylene carbonate (EC):ethyl methyl carbonate (EMC) (BASF) mixed in a 1:2
weight ratio was utilized as organic co-solvent and added to the PYR3FSI electrolytes in 10 vol.%
and 50 vol.% mixtures. LiFSI or LiTFSI, provided by Boulder Ionics Corp., was added in a 1.2M

concentration subsequent to mixing of the electrolyte solvents.

A.5.2 Electrode/ electrochemical cell fabrication

To evaluate the aluminum corrosion behavior, high-grade aluminum foil (ESPI Metals; 25um

thick; greater than 99.5% purity) was punched into 1.27 cm diameter disks, rinsed in dimethyl
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carbonate (DMC) and dried at 120 °C in a vacuum oven for 12 hours before testing. Composite
electrodes were fabricated using Li(Ni;;3Mn;/3Co;/3)O2 powder material (Johnson Controls), acety-
lene black (Afla Aesar, AB) as a conductive additive, and polyvinyldene fluoride (Kynar, PVDF)
binder in a weight ratio of (85:7.5:7.5). The composite was cast onto clean, high-grade aluminum
foil current collector using a 5 mil doctor blade to achieve an active material mass loading of ap-
proximately 3 mg cm™2. The electrodes were dried for 12 h at 80 °C. In order to ensure adequate
electrical contact and to improve overall energy density, the electrodes were calendared to 75% of
their initial thickness. Electrode disks of 1.27 cm diameter were punched and then dried at 120 °C
in a vacuum oven for 12 hours before testing.

Corrosion cells contained a high-grade aluminum foil disk working electrode and lithium foil
counter electrode. Electrochemical cycling tests utilized Li(Ni;;3Mn;;3Co;,3)O2 positive electrodes
and lithium foil negative electrodes. Both configurations were assembled in aluminum clad 2032
coin-type cells (Pred/Hohsen). Glass microfibre filters (Whatman; grade GF/F) were wetted with

the IL-EC:EMC solutions and used as the electrolyte separator.

A.5.3 Electrochemical characterization

Cyclic voltammetry was performed on corrosion cells by cycling potential between 3.0 V
and 4.6 V vs. Li/Li* at a scan rate of 1 mV s™! (Solartron 1280C). Chronoamperometry was
performed on aluminum corrosion cells containing each electrolyte solution. Assembled corrosion
cells containing each electrolyte composition were allowed to rest for 5 min. The working electrode
potential was ramped from open circuit voltage (OCV) to 4.2 V vs. Li/Li" at a sweep rate of 1 mV
s~! and held for 12 h; the potential was then ramped from 4.2 V to 4.6 V vs. Li/Li* at a sweep rate
of 1 mV s7! and held for 24 h (Arbin BT2000). The current was continuously monitored during
voltage ramps and holds. Subsequent to chronoamperometry, corrosion cells were disassembled
and the aluminum foil working electrode was washed in DMC. Low-vacuum scanning electron
microscopy (JEOL SEM 6480LV) was performed on the surface of the Al electrode.

Lithium transference number, t, r;, was determined for electrolytes containing LiF'SI salt
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using the potentiostatic polarization (PP) method devised by Bruce and Vincent et al. [30, 29]and
adapted for liquid electrolytes, including IL based electrolytes [249, 84, 236]. EIS and potentio-
static polarization (Solartron 1280C) were performed on cells containing lithium foil electrodes,
which were scraped clean to ensure minimal charge transfer resistance, in coin-type cells. EIS was
performed between a frequency range of 20 kHz - 10 mHz with an a.c. amplitude of 10 mV. gionic
was determined for electrolytes containing LiFSI using the standard complex impedance method
on a Solartron 1280C for a frequency range of 20 kHz - 10 mHz. Constant current-constant voltage
(CC-CV) cycling of Li(Ni; ;3Mn; 3Co4/3)O2 half-cells was carried out between 3.0 - 4.2 V vs. Li/Li*
and 3.0 - 4.5 V vs. Li/Li* at room temperature in Al clad coin-type cells (Arbin BT2000). Rate
studies were carried out with discharge/charge rates increasing to 8C before extended cycling at a

rate of 1C, with the 1C rate corresponding to a current density of about 380 A cm™2.

A.6 Experimental - Electrospun polyacrylonitrile microfiber Separators for

ionic liquid Electrolytes in Li-ion batteries

A.6.1 Fabrication of PAN microfiber separators

PAN microfiber-based nonwoven separators were prepared via electrospinning of a PAN /N ,N-
dimethylformamide (DMF) solution. A 10 wt.% solution was prepared by dissolving polyacryloni-
trile (PAN, Sigma Aldrich) in DMF. This solution was ejected through a voltage applied (27 kV)
nozzle to the grounded target plate with a feeding rate of 1.5 mL h™!. The distance between the
nozzle and the grounded target was 32 cm. Electrospinning for 2 h resulted in circular fiber mats

with a thickness of approximately 200 ym and a diameter of approximately 13 cm.

A.6.2 Physical/ mechanical characterization of PAN microfiber separators

Morphological analysis of the as-made and post-test (100 charge-discharge cycles in a 1.333
half-cell) electrospun PAN fiber separators was carried out using low-vacuum scanning electron
microscopy (JEOL SEM 6840LV). The wettabilities of the PAN separators, a conventional polyolefin

microporous separator (PP, Celgard), and a glass fiber separator (GF/F, Whatman) by both ionic
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liquid electrolytes and organic electrolyte were estimated by monitoring the variation of contact
angle between the liquid electrolyte and the membranes at every 0.01 s using a high shutter speed
camera. Porosity of the PAN fiber separators was determined using the Archimedes Technique, also
known as the Immersion Technique. PAN microfiber mats were punched into the planar dog-bone
configuration (20 mm length) for tensile testing (Shimadzu MMT-500 N, Japan) at a strain rate of

2.5 x 107 s71, with a 100% strain corresponding to 20 mm.

A.6.3 Electrochemical characterization PAN microfiber separators

RTIL electrolytes consisted of the N-methyl-N-propyl-pyrrolidinium (PYR;3*) cation and
either the FSI™ or TFSI™ anion. The RTIL electrolytes studied were PYR 3FSI (1.2M LiFSI),
PYR;3TFSI (0.6 M LiTFSI), and 1M LiPF¢ in ethylene carbonate, diethyl carbonate (50:50, Soul-
brain) was used as a conventional organic electrolyte. Ionic liquid solutions were provided by
Boulder Ionics Corporation (U.S.A.) and scanned for halide impurities. Impurities (F~, CI”, Br™,
SO47) were quantified using a Dionex ICS-1100 ion chromatograph, calibrated for sensitivities as
low as 1 ppm. All ionic liquids and lithium salts used in this study were subjected to ion chro-
matography, and the total impurity content of every solution prepared was calculated based off
the mass percentage of electrolyte component in the total mass of the electrolyte. The solutions
contained less than 20 ppm (w/w) of moisture and less than 10 ppm (w/w) of halide and metal-
ion impurities. cionic was determined for the electrolytes using the standard complex impedance
method on a Solartron 1280C for a frequency range of 20 kHz - 10 mHz.

A symmetric rate study (charge rate=discharge rate) was carried out using L333 positive
electrodes and lithium foil negative electrodes with the cycling protocol outlined in a previous
study, in which three cycles were performed at each rate (C/10, C/5, 1C, 2C, 4C, and 8C) to
study cycling stability at higher rates and capacity recovery upon lowering rate [57].Composite
electrodes were fabricated using slurry coating of Li(Ni; 3Mn;3Co;/3)O2 powder material (Johnson
Controls), acetylene black (Alfa Aesar, AB) as a conductive additive, and polyvinyldene fluoride

(Kynar, PVDF) binder in a weight ratio of (85:7.5:7.5). The composite was cast onto clean, high-
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grade aluminum foil current collector using a 5 mil doctor blade to achieve an active material mass
loading of approximately 3 mg cm™2. The electrodes were dried for 12 h at 80 °C. In order to ensure
adequate electrical contact and to improve overall energy density, the electrodes were calendared
to 75% of their initial thickness. Electrode disks of 1.27 cm diameter were punched and then dried
at 120 °C in a vacuum oven for 12 hours before testing. PAN separators were soaked in RTIL
electrolyte for 12 hours prior to fabrication of full-cells. Full-cells were built and tested according
to the procedure outlined in our previous work, in which each electrode were electrochemically
pre-conditioned prior to placing in the full-cell to allow precise control of the amount of lithium in
the system [106]. Calculated from the active material mass, nSi-cPAN anodes were fabricated and
matched with L333 cathodes such that the total anode capacity was 160% of that of the cathode
capacity. Both electrodes were then pre-conditioned: the anodes were allowed to run for 10 charge-
discharge cycles in a half-cell configuration and were stopped after full lithiation, while the cathodes
were allowed to run for 3 charge-discharge cycles in a half-cell configuration and were stopped after
full delithiation. The half-cells were then disassembled and the electrodes were used to fabricate
2032 coin-cell (Al-clad cathode cup) type full-cells. This method of pre-conditioning allows for full

control of the amount of lithium in the system.

A.7T Experimental - Ionic liquid enabled FeS, for high energy-density Lithium-

Jon batteries

Naturally occurring pyrite (FeSy, Alfa Aesar) was mechanically milled at 400 rotations per
minute (rpm) for 1 h using a planetary ball mill (MTI Corporation) in order to reduce the average
particle size. For details on the ball-milling process, including post-milling material characteriza-
tion, see Son et al. 2013 [198]. Composite electrodes were fabricated by mixing the ball milled FeS,,
acetylene black (AB, Alfa Aesar) as a conductive additive, and poly(vinylidene fluoride) (PVDF,
Alfa Aesar) binder in a 60:20:20 weight ratio respectively, in a 1-methyl-2-pyrrolidinone (NMP, Alfa
Aesar) solvent. The slurry was cast onto a clean, high-grade aluminum foil current collector using

a 5 mil doctor blade to achieve an average FeS, active material mass loading of 1.2 mg cm™2. The
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electrodes were dried for 12 h at 80 °C and calendared to 75% of their initial thickness. Electrode
disks of 1.27 cm diameter were punched and then dried at 120 °C in a vacuum oven for 12 h before
testing.

Coin-type cells (2032, Pred Materials) were assembled using the prepared FeSs working elec-
trode, a lithium metal foil counter electrode (Alfa Aesar), a glass fiber separator (GF/F, Whatman),
and various electrolyte solutions. 1M LiPFg in ethylene carbonate, diethyl carbonate (50:50, Soul-
brain) was used as a control electrolyte. IL solutions were provided by Boulder Ionics Corporation
(U.S.A.) and scanned for halide impurities. Impurities (F~, CI7, Br™, SO47) were quantified us-
ing a Dionex ICS-1100 ion chromatograph, calibrated for sensitivities as low as 1 ppm. All ILs
and lithium salts used in this study were subjected to ion chromatography, and the total impu-
rity content of every solution prepared was calculated based off the mass percentage of electrolyte
component in the total mass of the electrolyte. The solutions contained less than 20 ppm (w/w)
of moisture and less than 10 ppm (w/w) of halide and metal-ion impurities.

Test cells were cycled using a constant current, constant voltage (CCCV) testing protocol
between the voltage range of 1 V and 3 V vs. Li*/Li at a constant rate of 0.1C, corresponding to a
current density of about 100 gA cm™2 (Arbin BT2000). The voltage is held constant at 3 V for 30
min at the end of each charging cycle. EIS was performed on cells every 5th cycle at 2.25V during
charge (Solartron 1280C) between a frequency range of 20 kHz - 10 mHz with an a.c. amplitude of
10 mV.

Microstructure of the FeSy composite cathode was investigated by analytical TEM (TEC-
NAI F20 equipped with EDS) operating at 200 keV. As previously described, the TEM samples
were prepared by sectioning electrodes, both cycled and uncycled, using a FIB’s Ga* beam (FEI,

NOVA200 dual beam system).
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A.8 Experimental - Stable silicon-ionic liquid interface for next generation

Lithium-ion batteries

A.8.1 Electrode and electrolyte preparation

nSi-cPAN and Li(Ni; ;3Mn; ;3Co;/3)O2 electrodes were fabricated according to our procedures
described in Ref. [173] and Ref. [58], respectively. Active material mass loading on both cathode
and anode is at least double that of the referenced works. Ionic liquid electrolytes were provided
by Boulder Ionics Corporation (U.S.A.) and scanned for halide impurities. Impurities (F~, Cl7,
Br™, SO47) were quantified using a Dionex ICS-1100 chromatograph, calibrated for sensitivities
as low as 1 ppm. Ion chromatography was performed on all ionic liquids and lithium salts used
in this work, and the total impurity content of every solution was calculated based off the mass
percentage of electrolyte component in the total mass of electrolyte. The solutions contained less
than 20 ppm (w/w) of moisture and less than 10 ppm (w/w) of halide and metal-ion impurities.
1M LiPFg¢ in ethylene carbonate:diethyl carbonate (50:50, Soulbrain) was used as a conventional

organic electrolyte.

A.8.2 Electrochemical characterization

Electrochemical measurements were carried out using an ArbinTM BT2000 battery test sta-
tion. All half-cells were assembled using our prepared nSi-cPAN electrodes as the working electrode
and lithium metal foil as the counter electrode. The separator was a glass micro-fiber disk (What-
manTM GF/F) and the shell was a stainless steel CR2032 coin cell (Pred Materials). The elec-
trolyte systems utilized were EC/DEC (1M LiPFg), PYR3FSI (1.2M LiFSI), PYR13TFSI (0.6M
LiTFSI), and EMIMFSI (1.2M LiFSI). We used a constant current (CC) testing scheme to cycle
our half-cells. No voltage holds were utilized during cycling (lithiation or delithiation), preventing
the currents applied to relax and supply /remove extra Li*, to highlight the true values of the cells’
coulombic efficiencies for each respective current. The half-cells were discharged (lithiated) and

charged (delithiated) with various cycling currents (where a C/10 rate is equivalent to 353.6 A



181

cm~2) between 0.05 and 1V (vs. Li/Li*). Electrochemical measurements of half-cells were all nor-
malized based on the mass of Si active material in each electrode (typically 1.1-1.3 mg). We used a
constant current constant voltage (CCCV) testing scheme to cycle our full-cells. The full-cells were
discharged and charged with various cycling currents (where a C/2 rate is equivalent to 502.9 pA
cm™~2 for the full-cells in Fig. 6a and 197.3 A cm™2 for the full-cell in Chaper 8, Fig. 6b) between
2 and 4.15V (vs. Li/Li*). Electrochemical measurements of full-cells were all normalized with

respect to total mass of electro-active material in both cathode and anode electrodes (typically 7-9

mg).

A.8.3 Electronic structure calculations

Two types of calculations were conducted as mentioned in the main text. A detailed de-
scription of both the static cluster-based calculation and ab initio molecular dynamics (AIMD)
simulations with a bare or ¢cPAN-coated Lij3Ss slab, and further discussions of the theoretical
literature, can be found in the Supplementary Information. ¢cPAN is modeled as graphene strips
terminated with CN=C bonds, with a gap between the terminal sp2~hybridized N atoms to allow
for the intercalation of lithium, necessary for the Li* transport (Chapter 8, Fig. 2i).

Two types of calculations were conducted. Static cluster-based calculations, with a Li* and
two FSI™ or TFSI™ anions, were performed using the Gaussian suite of programs, both the PBE
and PBEQ functionals, a basis 6-31+G(d,p) for optimization, and the SMD dielectric continuum
approximation with the dielectric constant, €, set to 40. One excess electron is added in these
calculations, so that the clusters exhibit a net charge of -2e and a net spin. Note that, if we
had used a Li*/FSI” or a Li*/TFSI™ pair only, adding an excess electron would have led to the
unphysical reduction of Li* instead. The inclusion of two anions in the model was necessary to
yield a physical solvation environment for Li*.

Ab initio molecular dyamics (AIMD) simulations with a Li;3Si4 slab and an anion were con-
ducted using the VASP code version 4.6, PAW pseudopotentials, and are based on spin-polarized

DFT/PBE calculations. The dimensions of the simulation cell are 15.84 x 34.00 x 13.32 with the
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(010) surface exposed; 2 x 1 x 2 Monkhorst-Pack Brillouin sampling, 400 eV cutoff for wavefunc-
tions, 1-fs time steps, and a 1076 eV energy convergence criterion per time step. The protons are
given tritium masses and a Nose thermostat maintains the simulation temperature at T=350 K.
As such, the timescales reported are approximate and not directly comparable to measurements.
Ion pairs of PYR;3*/FSI™ and PYR;3%/TFSI™ are first optimized on the Lij3Sis (010) surface.
While the potential (voltage) associated with such calculations are not transparently deduced, the

decomposition mechanism is general invariant over large voltage windows.

A.8.4 Morphological characterization

FIB (FEI, NOVA200 dual beam system) equipped with a mobile air-lock chamber was used
for TEM sample preparation. TEM and EELS analysis were performed with a FEI Tecnai F20
operated at 200 keV. A detailed description of our TEM and EELS characterization procedures

can be found in Ref. [196].

A.8.5 X-ray photoelectron spectroscopy

XPS spectra were obtained on an AXIS His 165 and ULTRA spectrometer (Kratos) to deter-
mine the bonding configurations and chemical state of the elements present on the surface of the

cycled nSi-cPAN particles. Argon milling was utilized for depth profiling (20 nm of depth).

A.8.6 Electrochemical quartz crystal microbalance

Similar to the electrode preparation for the coin-cell testing, nSi-cPAN films were coated
on 1 in. diameter Pt 5MHz resonating quartz crystals (Stanford Research Systems; SRS). The
electrochemically active area in the cell was determined to be 1.359 cm?, based on the Pt pattern
on the crystal. In order to mitigate error associated with frequency measurements using thick films
on quartz crystals, all nSi-cPAN films were prepared with thicknesses under 10 ym. The crystals
were placed in a SRS QCM200 crystal holder. The holder was modified with PEEK insulation so

that a standalone cell, with a volume of 2.5 mL, could be enclosed with a lid. The ceiling of the cell
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was lined with a Li foil counter electrode and connected to a copper wire. All current and potential

parameters were consistent with the electrochemical characterizations of the coin-cells.

A.8.7 Full-cell fabrication

Full-cells were fabricated from pre-conditioned electrodes selected based on deliverable ca-
pacity. Calculated from the active material mass, nSi-cPAN anodes were fabricated and matched
with L333 cathodes such that the total anode capacity was approximately 160% of that of the
cathode capacity. Both electrodes were then pre-conditioned: the anodes were allowed to run for
10 charge-discharge cycles in a half-cell configuration and were stopped after full lithiation, while
the cathodes were allowed to run for 3 charge-discharge cycles in a half-cell configuration and were
stopped after full delithiation. The half-cells were then disassembled and the electrodes were used
to fabricate 2032 coin-cell (Al-clad cathode cup) type full-cells. This method of pre-conditioning

allows for full control of the amount of lithium in the system.

A.9 Experimental - Optimized silicon electrode-architecture, -interface, and

-micro-geometry for next-generation Li-ion batteries

A.9.1 Material, electrode and electrolyte preparation

The SiNWs were fabricated using porous anodized alumina templates according to procedures
described in Ref. [219]. The nSi-cPAN and Li(Ni;3Mn;/3Co;/3)O2 electrodes were fabricated ac-
cording to our procedures described in Ref. [173] and Ref. [58], respectively. Ionic liquid electrolytes
were purchased from Boulder Tonics Corporation (U.S.A.) and scanned for halide impurities. Impu-
rities (F~, C17, Br~, SO47) were quantified using a Dionex ICS-1100 chromatograph, calibrated for
sensitivities as low as 1 ppm. Ion chromatography was performed on all ionic liquids and lithium
salts used in this work, and the total impurity content of every solution was calculated based off the
mass percentage of electrolyte component in the total mass of electrolyte. The solutions contained
less than 20 ppm (w/w) of moisture and less than 10 ppm (w/w) of halide and metal-ion impurities.

1M LiPFg in ethylene carbonate:diethyl carbonate (50:50, Soulbrain) was used as a conventional
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organic electrolyte.

A.9.2 Electrochemical characterization

Electrochemical measurements were carried out using an ArbinTM BT2000 battery test sta-
tion.  All half-cells were assembled using our prepared SINW-cPAN electrodes as the working
electrode and lithium metal foil as the counter electrode. The separator was a glass micro-fiber
disk (WhatmanTM GF/F) and the shell was a stainless steel CR2032 coin cell (Pred Materials).
The electrolyte systems utilized were EC/DEC (1M LiPFg), PYR3FSI (1.2M LiFSI). We used a
constant current (CC) testing scheme to cycle our half-cells. No voltage holds were utilized during
cycling (lithiation or delithiation), preventing the currents applied to relax and supply/remove extra
Li*, to highlight the true values of the cells’ coulombic efficiencies for each respective current. The
half-cells were discharged (lithiated) and charged (delithiated) with various cycling currents (where
a C/10 rate is equivalent to 157.5 uA cm™2) between 0.05 and 1V (vs. Li/Li*). Electrochemical
measurements of half-cells were all normalized based on the mass of Si active material in each elec-
trode (typically 0.5-0.7 mg). We used a constant current constant voltage (CCCV) testing scheme to
cycle our full-cells. The full-cells were discharged and charged with various cycling currents (where
a C/2 rate is equivalent to 405.5 uA cm™2) between 2 and 4.15 V (vs. Li/Li*). Electrochemical
measurements of full-cells were all normalized with respect to total mass of electro-active material
in both cathode and anode electrodes (typically 6-8 mg). The conducted supercharging rate study
(Chapter 9, Figure 3b) was carried out with discharging (lithiation) rates ranging from C/20 to
5C with all the rates after C/10 and including C/10 done at 60C. The charge (delithiation) rates
were started at C/20, increased to C/10 and maintained at this rate for subsequent cycling and all
done at room temperature. The conducted rate study (Chapter 9, Figure 3a) followed the same
procedure described above, with the only difference being that all the charging and discharging

rates were done at room temperature and ranged from C/20-1C.
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A.9.3 Material characterization

FIB (FEI, NOVA200 dual beam system) equipped with a mobile air-lock chamber was used
for TEM sample preparation [194]. TEM and EELS analysis were performed with a FEI Tecnai
F20 operated at 200 keV. A detailed description of our TEM characterization procedures can be

found in Ref. [196].

A.94 Full-cell fabrication

Full-cells were fabricated from pre-conditioned electrodes selected based on deliverable capac-
ity. Calculated from the active material mass, SINW-cPAN anodes were fabricated and matched
with L333 cathodes such that the total anode capacity was approximately 130% of that of the
cathode capacity. Both electrodes were then pre-conditioned: the anodes were allowed to run for
6 charge-discharge cycles in a half-cell configuration and were stopped after full lithiation, while
the cathodes were allowed to run for 3 charge-discharge cycles in a half-cell configuration and were
stopped after full delithiation. The half-cells were then disassembled and the electrodes were used
to fabricate 2032 coin-cell (Al-clad cathode cup) type full-cells. This method of pre-conditioning

allows for full control of the amount of lithium in the system.
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