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Abstract
Lithium-ion batteries are the electrochemical energy storage medium which has come to

dominate applications ranging from personal electronics to electric transportation. As these
devices are increasingly employed in applications which demand greater power and energy
density, however, battery scientists are required to adopt electrode materials which can deliver
greater performance. These high-performance materials, however, are often more chemically and
electrochemically reactive, hastening the decomposition reactions which already threaten cell
performance, sometimes to the point that they may even compromise the cell’s safety. To counter
these decomposition reactions, the battery community has long utilized electrolyte additives,
small molecules incorporated into the solvent in limited concentrations which improve cell
performance. These molecules are commonly structural relatives of the existing alkyl carbonates
which comprise most of the solvent. These kinds of additives, including fluoroethylene carbonate
for instance, are often intended to be used as sacrificial additives which decompose prior to the
bulk of the solvent and attempt to passivate reactive electrode surfaces before they pose a risk to
the rest of the material. Such strategies have been successful when used in cells which contain
conventional electrode materials, however as meeting demands for increasing capacity require
the use of next generation electrode materials, these same strategies are proving less effective. A
critical limiting factor to the design of new additive strategies that better suit the needs of next
generation electrode materials, however, is a poor fundamental understanding of the chemical

and electrochemical processes which drive solvent decomposition.



This thesis seeks to provide fundamental insights by presenting two studies which
develop new methodologies for the investigation of lithium-ion battery additives. The first study
presented here adapts simultaneous, in operando electrochemical quartz crystal microbalance and
electrochemical impedance spectroscopy to the study of interfacial layer formation on Si anode
surfaces, and then demonstrates the usefulness of the technique by determining the interfacial
effects of a novel organosilicon lithium-ion battery additive which had previously been shown to
suppress solvent decomposition on Si anodes via an unknown mechanism. The second study
presents a method for assembling a superoxide radical scavenging activity series among
structurally related additive molecules and then goes on the determine a mechanism of action by

which these additives perform the scavenging reaction.
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Chapter 1: Background and Introduction

1.1 Introduction to Lithium-ion Batteries

Since their introduction by Sony in 1991, lithium-ion batteries (LIBs) have become the
preeminent energy storage medium for applications ranging from personal electronics to electrified
vehicles.! This market dominance can be attributed to the large energy density (measured in
mAh/g) of LIB systems which in turn arises from a few intrinsic properties of Li itself.*> Li is the
lightest of all metals, with a molecular weight of about 7 g/mol. With a single electron in its 2s
valence orbital, Li also has a stable 1+ oxidation state, meaning the Li/Li" redox couple can store
electrons at a remarkable gravimetric efficiency of 7 g/mol of electrons.™ ® This mass efficiency is
compounded upon Li/Li" having a very negative standard reduction potential of -3.04 V Li/Li"
redox couple, meaning electrons stored in the reduction of Li" to Li metal also store quite a bit of
free energy.” These two intrinsic properties allow Li to store electrons of very high energy with
superb mass efficiency, lending battery systems based on this redox couple their great energy
density. As with most systems which endeavor to store as much energy into as little space or mass
as possible, however, stability and chemical reactivity of the system are core concerns in LIBs.%*
10" Commercial LIB systems utilize organic solvents which are prone to electrochemical and
chemical decomposition at both the positive and negative electrodes, and the lithium salts used as
electrolytes are incredibly sensitive to water contamination.® * 16 If left unchecked, these
decomposition processes will not only lead to the loss of cell functionality, but may also cause the
generation of large quantities of flammable gases and heat, making thermal runaway and explosion
real possibilities.!”!” These risks create an acute need to control these deleterious side reactions,
however efforts to do so are often frustrated by an incomplete understanding of the fundamental

chemical processes taking place within operational LIBs which drive these side reactions.?>? To



help overcome these obstacles, this work will detail two different studies, each focused on
decomposition processes native to either the cathode or anode and the ways in which solvent

molecules are decomposed at or near the electrode/electrolyte interface.

In the first study, presented in chapter two, a novel adaptation of simultaneous, in operando
electrochemical quartz crystal microbalance (EQCM) measurements together with
electrochemical impedance spectroscopy (EILS) is made to study the interfacial layers generated by
solvent decomposition at the surfaces of Si anodes in LIBs. This study endeavors to uncover novel
insights into the dynamics of this layer formation process and the ways in which the so-called solid
electrolyte interface (SEI) forms and develops its core functional properties in operando. A proof-
of-concept study is then undertaken to demonstrate the ways in which this combined in operando
method can unveil the mechanisms of action for additive molecules that suppress solvent
decomposition, in this case using an organosilicon (OS) additive. In chapter 3, the second study in
this work moves from the anode-related decomposition processes to the cathode, and to the
evolution of gaseous products from solvent decomposition rather than the accumulation of solids.
This study is dedicated to understanding the mechanism of action by which OS additives work to
suppress gassing in batteries, particularly when those cells use nickel manganese cobalt oxide
(NMC) cathodes. In pursuit of this molecular perspective, the study details a method of approach
that can be used to understand the reactivities of novel additive molecules to hopefully enable the

rational design of next generation additive chemistries.

The following sections of this introductory chapter will serve as additional background
and motivation for the two chapters to follow, mostly to assist readers who are not already

intimately familiar with the LIB literature. If you are comfortable doing so, I invite you to skip



these sections and move on to the research chapters. If you are not, I hope these sections give a

bit of helpful context to the rest of this work and enable you to engage with it more readily.

1.2 Solvent Decomposition at LIB Anodes and the Solid Electrolyte Interface (SEI)

As mentioned previously, the standard reduction potential of Li is unusually negative (-
3.04V vs SHE). While this is a boon in the case of energy density, it places extreme demands on
the stability of the surrounding materials in the cell. In a conventional graphite LIB anode, Li"
ions are intercalated (stored between the sheets of graphite rather than plated as a metal) during
charging at potentials as low as 0.1V vs Li/Li".% > ¢ At these potentials, several components of
the electrolyte are prone to decomposition, but the solvent molecules are at particular risk as they
are in direct contact with the anode. 31624 2% The organic solvents typically used in LIBs are a
blend of ethylene carbonate (a cyclic carbonate ester) with some linear carbonates such as either
diethyl carbonate, dimethyl carbonate, or ethyl methyl carbonate. LiPF¢ is conventionally
included as both the supporting electrolyte and Li" source at concentrations around 1 molar.
Ethylene carbonate is prone to decomposition at the anode during charging at potentials as
positive as 0.7 V vs Li/Li" and forms a variety of decomposition products including insoluble
materials that precipitate onto the anode surface. These solids comprise the initial SEI layer.>*2
As the cell is biased to even more negative potentials during charging, it will begin accumulating
inorganic decomposition products including Li2COs, Li20, and importantly LiF from secondary
decomposition of the organic material and from the decomposition of the PF¢ anion.?®3® Over
the initial cycles in a battery’s life (called formation by battery scientists) these inorganic
products form a dense layer of electrically insulating (but Li" conductive) material on the

surface. Ideally, this inorganic layer will eventually coat the anode surface thoroughly enough

that solvent molecules stop reacting with the graphite anode, but Li" are still allowed access to



the surface for intercalation and deintercalation. At this point, the SEI is complete, and the cell is
ready to be cycled stably. Because graphite anodes store Li" by intercalating, rather than plating
it as a metal, graphite electrodes do not experience large changes in electrode volume or surface
area during charge and discharge. This relative stationarity allows SEI layer formation to self-
terminating on graphite anodes.'®?% 3% The downside of the increased cycling stability offered
by this intercalation mode, however, is that it is both volume and mass inefficient. The bulk of
the anode active material is essentially taken up by the host crystal lattice, and very little space is

taken up by the intercalated Li.

In the case of Si anodes, however, Li is stored via the formation of a lithiated alloy phase
rather than intercalating, and Si therefore has a specific capacity almost ten-times larger than that
of graphite.®! The alloying process, however efficient in storing Li, leads to massive volume
expansion in the anode active material, which in turn causes the surface area of the electrode to
grow during charging®!-*, This means that at the same time as the SEI is working to passivate
the electrode surface during lithiation, the surface is changing, cracking, and generating more
surface area that needs to be covered, prolonging the formation process.*'** Upon discharge, the
alloy is delithiated and shrinks, often causing the SEI to collapse and break from the anode
surface, exposing the active material beneath and forcing the SEI formation process to start over.
This breakdown in the anode passivation process means that Si anode cells undergo far more
deleterious solvent decomposition than their graphite counterparts, and eventually cause a
premature cell failure.?!** Eliminating or at least limiting this behavior will require us to more
fully understand the underlying chemical processes that drive it. Deriving that insight is much
more easily said than done, however, as even studying the SEI layer itself is fraught with

technical challenges. **3® The SEI layer is a passivating layer formed in situ from decomposition



products which are themselves extremely sensitive to further decomposition. The inorganic Li
salts found in the SEI are generally extremely sensitive to moisture and oxygen, the primary
organic deposits are only loosely adhered to the surface and even gentle washing steps can
change their composition and morphology. In general, simply disassembling the cell can
introduce periods in which the electrochemical potential of the surface is disrupted.>*¢ All this
means that studying the SEI using conventional ex situ methods cannot provide robust and
accurate information about the SEI as it forms, nor necessarily as it exists in a functional cell.>*3¢
Novel, in operando techniques must be developed which can provide as much information as
possible about the status and functional properties of an active anode/electrolyte interface while
in the process of cycling and formation. To this end, Chapter 2 presents the development and
validation of a simultaneous, in operando EQCM-EIS approach to better study the dynamics of
SEI layer formation on a model Si anode. We then go on to demonstrate the power of this
method by studying the impact of incorporating 5 vol% of an OS additive, showing the ways in
which the additive effects the interfacial and electrochemical dynamics of the anode surface and
how it suppresses the formation of organic decomposition products. EQCM is an unusual
technique, and for that reason I provide a brief description of the operational principle of the

technique below.

1.3 The Electrochemical Quartz Crystal Microbalance as a Method for Studying LIB
Interfaces

The operational principles of the quartz crystal microbalance (QCM) were originally
described by Giinter Saurbrey in 1959.37 In essence, when a specifically prepared cross section of

a quartz crystal is exposed to DC voltage, it will exhibit a piezoelectric behavior in which it



vibrates at a very stable and well-defined frequency. The frequency of this oscillation also varies
linearly with small changes to the mass of the crystal described by the Saurbrey equation:

Af = 2fo

= Am
A\ Pqlq

where Af and Am are the change in oscillation frequency and change in mass respectively, fo is
the fundamental frequency of the crystal, A is the piezoelectric area of the crystal, and pq and pgq
are the density and sheer modulus of quartz respectively. The constants within the fraction on the
right-hand side of the Saurbrey equation are often collected into a single proportionality constant
for a given oscillator and reported as a Saurbrey constant. Modern digital electronics make it
relatively easy to measure the frequency of a MHz oscillator like those used in most QCM
applications to the single Hz or even 0.1 Hz level, meaning the QCM can reliably sense mass
changes at the level of tens of nanograms. The EQCM system presented in Chapter 2, for
instance, is a relatively mundane instrument but features noise levels as low as 1 Hz and an
oscillator with a Saurbrey constant of -17.7 Hz/(cm’ng), enabling the reliable sensation of
changes in mass on the order of 1 ng. From here, the jump to the electrochemical quartz crystal
microbalance involves attaching or lithographically printing a working electrode onto a quartz
crystal oscillator and monitoring the changes in the crystal oscillator frequency as a function of
electrochemical reaction progress on the working electrode. One of the very first adaptations of
EQCM to the study of film formation in LIB systems was presented by Doran Aurbach in 1995
using noble metal electrodes.*® This approach has since then has been expanded to include
EQCM systems with dissipation monitoring (EQCM-D), model working electrode materials, and
has also been combined with other in operando techniques to provide critical insights into the

behaviors of these complex and non-stationary systems.®”*



1.4 Reactive Oxygen Species and Gas Formation at the Cathode

As discussed in the previous section, the reductive decomposition of solvent compounds
during SEI formation can lead to the accumulation of gaseous byproducts in LIB cells, however
the anode is not the only electrode interface at which gas evolution can occur. The transition
metal oxides typically used as cathodes in LIBs, including LiCoO; (LCO) and the more reactive
next generation LiNixMnyCo,02 (NMC) materials, are strongly alkaline and will rapidly react
with any trace moisture or oxygen to form Li salts such as LioCO3.*** These inorganic salts
sequester Li", reducing cell capacity, but Li»CO3 in particular is implicated in a number of
solvent decomposition pathways localized to the cathode.***’ The work detailed in chapter 3
focuses on a decomposition pathway by which Li2CO3 has been shown to undergo secondary
oxidation and release superoxide, a radical anion with the formula O>". Superoxide is a very
strongly nucleophilic reactive oxygen species (ROS), and in the LIB context has been shown to
decompose the cyclic carbonate solvents, such as ethylene carbonate, generating gaseous
byproduct upon high temperature storage.**>° Previous studies have shown that fluorinated
organosilicon additives incorporated at 3 vol% can reduce gassing during the high-temperature
storage of NMC cathode LIBs by as much as 50%.!” The study in chapter 3 combines these two
insights--that superoxide generation at NMC cathode interfaces is a key trigger for gas
generation upon storage, and that OS additives massively abate gas accumulation under those
same conditions--and hypothesizes that the additives may suppress this gassing mechanism by
scavenging the superoxide radical before it could attack the carbonate solvent. To demonstrate
this, we undertook first a reactivity series study, demonstrating that the degree of fluorination in
OS additives drives the radical scavenging ability of the additives, and then a structural

determination study on the product of the scavenging reaction. Together, the insights provided by



these studies are then used propose a mechanism of action by which the additives successfully

scavenge the radical anion.
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Chapter 2: Adapting Simultaneous in Operando Electrochemical Quartz Crystal
Microbalance (EQCM) and Electrochemical Impedance Spectroscopy (EIS) to Studies of
SEI Layer Formation on Amorphous Silicon Anodes
These materials presented in this chapter were previously published as a research article under
the same title, and can be found in that format using the citation:

L. V. Morris et al 2023 J. Electrochem. Soc. 170 050503
DOI 10.1149/1945-7111/accf3d
2.1 Abstract

Lithium-ion Batteries (LIBs) are the electrochemical energy storage technology of choice
for an incredible range of technologies. The application of these batteries has, however, been
limited by poor energy density, which is due to the low theoretical energy density of the graphite
anodes that are standard in the field. Si has long been targeted as a higher energy density anode
material, however uncontrolled electrolyte decomposition on its surface has caused poor cycle
life and low columbic efficiencies in Si-containing cells. In this work, a new class of
organosilicon (OS) additives were introduced to the Si anode literature and their effect on the
first-cycle electrochemistry of model anode surfaces was explored using in operando
electrochemical quartz crystal microbalance (EQCM) and electrochemical impedance
spectroscopy (EIS). X-ray photoelectron spectroscopy (XPS) was also used to investigate the
differences in composition of solid electrolyte interface (SEI) layers formed in the presence and
absence of additive. EQCM-EIS experiments demonstrated an increase in OS-treated cell
impedance early in the cycle, which lead to the suppression of early electrolyte decomposition on
the model anode surface. XPS revealed that OS-treated cells create thinner SEI layers that were

richer in LiF and contained less organic material than cells without OS.

2.2 Introduction
To meet the increasing demands on the energy density of lithium-ion batteries (LIBs)

batteries, the energy storage community has identified silicon as a next generation anode
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material, possessing a theoretical energy density an order of magnitude greater than the graphite
anodes that are traditionally employed'. A major concern barring the deployment of Si anodes,
however, is the stability of the passivating solid electrolyte interface layer (SEI) that forms on

LIB anodes'".

The SEI layer formed on LIB anodes has been studied extensively, primarily using ex-situ
techniques such as XPS, SEM, and FTIR to elucidate the chemical structure and function of the
deposited material*®. Due to the ex-situ nature of these techniques, especially in the case of
electron emission techniques that require high vacuum, samples must undergo substantial
preparation. Preparatory washing, drying, sample transfer between instruments can introduce
significant changes to the SEI layer morphology and composition, and make elucidation of the
functional structure and composition of the layer in operational batteries much more difficult’ 2.
Therefore, in situ techniques are necessary to determine how the SEI layer is formed and how it

functions during battery cycling.

In this work, we have adapted a pair of in operando techniques, electrochemical quartz
crystal microbalance (EQCM) and electrical impedance spectroscopy (EIS), to work in concert
during the initial electrochemical cycling of a model Si anode. These complementary techniques
offer a unique perspective on SEI layer formation. EQCM allows the accumulation of material
on the anode surface to be tracked gravimetrically, showing the progression of SEI layer

development and anode lithiation!*-'®

while EIS provides insight into the electrochemical
qualities of the layer at each stage of its development!®-?2. We further apply these combined in

operando methods to study the impact of an organosilicon electrolyte (OS) additive on the initial

electrochemical cycling and SEI layer formation and the roots of its observed benefits to Si
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anode cycling stability. This combination provides new insight into the electrochemical

processes that drive SEI layer formation.

2.3 Experimental

Electrolyte Formulation

The electrolyte blends used in this study were 1:1:1 blends (by volume) of ethylene carbonate,
dimethyl carbonate, and diethyl carbonate, with a 1M concentration of LiPFe. The OS additive-
treated electrolyte blend was identical except for the addition of 5 volume percent of the additive

compound.

EQCM-EIS Electrode Fabrication

EQCM quartz crystal oscillators, 1 inch diameter, were obtained from Inficon with a Au/Cr
electrode surface (product number QM1001). These oscillators were then coated on their
working side first in 100nm of Ti metal and then in 100nm of amorphous Si (both obtained from
Kurt J. Lesker) using electron-beam metal evaporation. SEM images of the finished surface of
prepared electrode are included in Figure S1 in the supplementary information at the end of this

chapter.

EQCM-EIS Cell Construction

EQCM-EIS experiments were conducted using a custom machined cell cap developed to enable
air-free cycling of the model electrodes which interfacing with the SRSQCM200 quartz crystal
microbalance instrument. This cell cap was constructed of PEEK with a stainless-steel plug
press-fitted into it to create an air-tight electrical contact into the cell interior, into which Li foil

was pressed to create Li counter/reference electrode to facilitate electrochemical cycling and
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analysis in a two-electrode geometry. A schematic representation of the cell cap with additional

information about cell geometry is provided in Figure S2 of the supplementary information.

Cycling of Model Cells

Coated oscillators were installed into the sensor head of a Stanford Research Systems QCM200
quartz crystal microbalance. Inside of an Ar filled glovebox (LC Technology Solutions,
O2<1ppm H>,O<Ippm), the sensor head was then fitted with a custom-built electrochemical cell
assembly constructed by the authors, which created an air-tight thin layer electrochemical cell
volume directly on top of the sensor head such that a Li metal counter/reference electrode was
suspended <Imm above the Si working electrode surface. This electrochemical cell was then
filled with electrolyte solution, and the sensor head and counter reference electrodes were
attached to the appropriate leads of a potentiostat (Gamry Instruments Interface 1010E) that was
co-located within the glovebox. To characterize the electrochemical properties, we used a cyclic
potential sweep that was divided into 8 segments: 1.5-1.0, 1.0-0.7, 0.7-0.5, 0.5-0.25, 0.25-0.05,
0.0-0.4, 0.4-0.8, and 0.8-1.5 V vs Li/Li". Within in each segment the potential was swept at a rate
of 0.1mV/s. At the end of each segment, we performed a potentiostatic EIS measurement with
the potential fixed at the last value from the just-completed segment. EIS measurements utilized
a+£10 mV AC oscillation with 5 frequency points per decade between 1 MHz and 0.1 Hz.
Throughout the electrochemical cycling, the oscillating frequency of the modified quartz crystal
was measured by the SRS QCM200 module and recorded using custom LabView software. The
change in the mass of the electrode was calculated utilizing the Saurbrey constant for the quartz
crystal oscillators, which for the crystals used here was -56.6 Hz*cm?/ug as supplied by the

manufacturer.

EIS Data Processing
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EIS data was collected during the potentiostatic cycling of the EQCM electrodes and processed
using the Impedance.py Python package?’. Nyquist plots displaying both the raw impedance data

and the fitting results produced by Impedancy.py are provided in Figure S3 and S4.

X-ray Photoelectron Spectroscopy

Samples for XPS were fabricated by depositing 100nm of amorphous Si onto Ti substrates (0.5
mm thick) using electron-beam evaporation; these samples were then cut into 1cm square
electrodes. These electrodes were then assembled into half-cells using 2032 Li-ion battery coin
cell casings (MTI) using a glass fiber separator (Millipore Sigma Grade AP40 Glass Filter) and a
Li metal counter-electrode. These half cells were then flooded with 200uL of electrolyte and the
casings were crimped closed using a Hohsen coin cell crimper (Hohsen Scientific). Samples
were then cycled via cyclic voltammetry from 1.5-0.05 V vs Li/Li" at 0.1 mV/s. Coin cells were
then disassembled in an argon-filled glovebox, and Si electrodes were washed in 100 pL of
diethyl carbonate two times before being dried under vacuum at room temperature. After drying,
electrodes were placed in a vacuum-transfer module (Thermo Scientific) and transported to the
XPS instrument under vacuum. The vacuum-transfer module was only opened within the
evacuated antechamber of the XPS instrument, ensuring that the surface of the Si anodes was not

disturbed by atmospheric water or oxygen.

XPS spectra were collected on a Thermo Scientific K-Alpha XPS instrument using a
monochromatic Al K, X-ray source and a 200 pm spot size. Emitted photoelectrons were
analyzed using a 180° hemispherical analyzer with a 128-channel detector and an analyzer pass
energy of 280 eV in survey spectra and 50 eV in multiplex spectra. All XPS data were processed

using CasaXPS?*. XPS data analysis in this work utilized a Shirley background and a GL(30)



18

mixed Gaussian-Lorentzian peak shape was used to model the contributions of unique chemical

states.

Percent relative elemental abundances were calculated from XPS survey spectra with appropriate
backgrounds fitted to the major emission features of the key elements in question. First, the areas
enclosed between the collected signal curve and its background 4; were tabulated for each
element i, and then each individual area was divided by a sensitivity factor SFi, normalizing its
electron yield in counts to another element (in this case carbon). The sensitivity factor adjusted
areas are then each divided by the sum of all adjusted areas and multiplied by 100 to yield a

percent relative abundance, as summarized in equation 1:

% Rel Abundance = L_ 4100

2.4 Results and Discussion

In our experiments, we simultaneously track the current and the change in mass as the cell is
cycled, in addition to the single EIS measurement at the end of each segment. Figure 1a shows
an 8-segment voltammogram cycle starting at a potential of 1.5 V vs Li/Li" and scanning down
to 0.05V vs Li/Li", and then returning to 1.5 V while Figure 1b shows the corresponding EQCM
data measured during this voltametric cycle. Each of linear sweeps comprising the complete
potentiostatic cycle is color-coded in Figure 1a and Figure 1b to distinguish them from one
another and to facilitate correlating each segment of the voltammogram (1a) to its corresponding
section of the massogram (1b). The color coding is reinforced by sequentially assigning the first
eight letters of the Greek alphabet to the corresponding segment. Figure 1a exhibits a peak at

0.65V vs Li/Li" during the cathodic scan, which spans both segments b and g. A comparison of
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Figure 1a and Figure 1b shows that the peak at 0.65 V in Figure 1a corresponds to a large
increase in electrode mass. At more negative potentials we observe two reductive (and thus
downward pointing) peaks at 0.25V and 0.05V vs Li/Li" in Figure la (segments & and ¢ again
correlating to an increase in the electrode mass in Figure 1b before the negative sweep ends. The
reverse scan shows the current reversing sign near 0.4V (segment ) and reaching a local
maximum near 0.55.V (segment n). Figure 1b shows that the anodic current in segments { and
is correlated with a decrease in mass. As noted earlier, the breaks in both the voltammogram and
mass accumulation curve correspond to the potentials at which in operando EIS measurements
were performed. The discontinuities in the observed current are generated because the applied
voltage at the end of each sweep is maintained during the impedance measurement, during which

time the observed current decayed slightly.

In order to validate the methods we use here, we first investigated the use of these correlated
approaches to study the behavior of Si anodes in a conventional electrolyte blend using 1:1:1
ethylene carbonate, dimethyl carbonate, and diethyl carbonate and 1M LiPFs. Figure 1 shows the
correlation between electrochemical activity and electrode mass throughout the first
potentiostatic charge and discharge cycle of a model Si anode. The first cycle of any LIB anode
is expected to include both reversible lithiation/delithiation and irreversible electrolyte
decomposition resulting in SEI layer formation. The principal advantage of potentiostatic cycling
is that, within reason, these processes can be resolved from one another in time. This temporal
resolution allows us to study the effects of the OS additive on both SEI layer formation processes
(i.e., electrolyte decomposition) and anode lithiation and delithiation separately. When this
electrochemical information is combined with the gravimetric information provided in the

massogram in Figure 1b, it is possible to tell which processes that we have resolved and
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observed in the voltammetry are responsible for the formation of surface layers on the electrode

surface or the addition or removal of lithium from the anode.

For Si anodes, lithiation of vacuum-deposited films is not expected at potentials above
0.1-0.3V vs Li/Li*?*?°. Consequently, we attribute all features in segments a, B, v, and & to
reductive decomposition of the electrolyte in accordance with previous studies®’. In these
regions, the most apparent feature is the large reduction event that peaks near 0.65V and the
associated mass accumulation events in segments 3 and y. The large current and associated mass

change below ~0.3 V are due primarily to lithium intercalation.

Prior studies have shown that delithiation of Si anodes typically occurs at 0.4-0.5V vs
Li/Li*12,26:27-2% byt due to lithium trapping and dynamics unique to the film construction it can
continue to much higher potentials®!*°. In Figure 1a and 1b, we attribute the oxidative current

and mass loss at 0.4 -0.8 V in segments 1 and 0 to the delithiation of the silicon anode.

The experiments above demonstrate that the correlated methods used here can identify the
major chemical and physical processes occurring at Si anodes in a simple carbonate-based
electrolyte. With these methodologies validated, we proceeded to probe the influence of a model
organosilicon-based additive that has been shown to be effective in improving cell
performance’®. For these studies, we used an organosilicon electrolyte additive whose structure is
presented in Figure 3 below. We will refer to this compound as “OS” or “OS additive”, and in all
studies will have added 5% by volume of this additive to the carbonate electrolyte blend used for

the control studies in Figure 1.

Figure 2 shows EQCM plots similar to those in Figure 1 for a cell containing 5% by volume OS

additive in green and without OS additive in black overlaid. The data for the control electrolyte
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in black is identical to that shown in Figure 1, but Fig. 2 overlays the results from cells prepared
with the addition of OS electrolyte (in green) to facilitate a direct comparison between treated
and untreated electrolyte. The Greek letters assigned to each segment are carried forward from
Figure 1 to assist in correlating sections of the CV and massogram in time. In Figure 2a, the
additive treated cell (green) passes less current in segments 3 and y compared to the control
sample (black) without additive. This reduced electrochemical activity in the presence of OS is
correlated with a smaller accumulation of mass on the model anode surface than was experienced

by the control cell as seen in Figure 2b.

While the OS additive decreases the observed current and associated mass changes during
early stages of the initial charge cycle, this trend is reversed in segments o and &, where the cell
with OS shows more reductive current and greater mass changes than the control cell. During the
return (anodic) sweep, in segment ( the cell with OS additive shows a reversal of current to
positive (cathodic) values at a potential of 0.2V, while current reversal in the control cell requires
a more positive potential. This increased electrochemical activity are reflected in the earlier and
more intense onset of mass loss observed in the additive treated sample in Figure 2b. In segment
n, the cell with OS additive displays substantially more oxidative current than the control cell,

correlated again with greater and faster mass loss in segment 1 of the massogram.

To understand the chemical origins of the above observations, we note that electrochemical
activity in segments B and y, between 1.0 and 0.4V vs Li/Li" in the initial (cathodic) sweep, is
primarily due to the reductive decomposition of the electrolyte, and the associated mass increase
due to the associated formation of insoluble reaction products that form on the Si anode. The
reduced electrochemical activity and mass accumulation in the additive-treated cell at these

potentials show that the OS additive suppresses reductive electrolyte decomposition and SEI
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layer formation. As lithiation of the Si anode begins in segment 9d, the higher current and greater
mass change observed in the OS-containing cell demonstrate that the thinner SEI layer formed in
the prior segments leads to more facile lithium intercalation. Correspondingly, during the
cathodic sweep the reversal of current at more negative potentials and the greater current and
mass change associated with delithiation in the cells containing OS all point to more facile

lithiation and delithiation of the model anode.

Figure 4 shows the XPS elemental abundances of several key elements at electrodes
cycled with and without OS additive. The first differences of note are that introduction of OS
decreases the relative abundance of carbon and oxygen, with nominal decreases in nitrogen and
phosphorus as well. Conversely, introduction of the OS additive increases the abundance of Li
and F. The decreased abundance of C and O suggests that the electrode cycled in the presence of
additive accumulated less organic material from the decomposition of solvent molecules. This
interpretation is consistent with the EQCM data shown in Figure 2, which also suggests that the
decomposition of organic solvent species has been suppressed. The increased relative
abundances of lithium and fluorine indicate that the surface layer formed in the presence of the
additive could be richer in inorganic SEI layer components. To better understand the identity of
the additional fluorine containing material, we performed high-resolution scans in the F1s region
and used peak fitting analysis to divide the F1s signal into contributions made by LiF and those
made by other F-containing species. This analysis showed that the increase in F signal was
principally due to an increase in fractional abundance of LiF at the OS-treated electrode surface,
while the fractional abundance of species other than LiF was constant between the experimental
additive containing cell and the control. LiF has been identified previously as a very beneficial

37,38

component to the SEI layer’’~°° and LiF-enriched surface layers have been reported in studies of
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other additives known to benefit Si anode LIB chemistries such as fluoroethylene carbonate
(FEC).*" * 3. Although LiF is electrically insulating, it allows relatively easy passage of Li* ions,
passivating the anode surface without impeding cycling, and the increased LiF abundance we
observe on the OS-treated anode surface suggests that the OS could be providing a similar
benefit to FEC. We further note that a previous investigation using this same OS additive showed
that it persists through extended cycling in active cells*®; while FEC, in contrast, acts as a
sacrificial additive®®3”-38, The persistence of the OS additive throughout cycling coupled with
the above observation that its inclusion in the battery electrolyte results in effects similar to those
attributed to sacrificial additives like FEC could mean that the organosilicon additive contributes
to the formation of an effective SEI layer on Si anodes by a mechanism that is distinct from that

observed with other common additives.

In order to enable the comparison of charge-transfer resistance of the cell at each point in
the cycle, we used equivalent-circuit modeling to analyze the impedance spectra collected during
the EQCM-EIS measuremens. This analysis initially used a more complicated equivalent-citcuit
model circuit containing two RC elements?* *-*2. However, when that model was applied to the
vast majority of the EIS spectra, the resulting fits contained values whose uncertainties were
larger than the projected values themselves. This indicated that the fits could assign a value of
zero to those parameters within statistical certainty, and that those parameters were not necessary
to fit the data set. Taking this into consideration, we removed one RC element from the model
circuit to create the model circuit shown in 5a. This model succesfully fit all EIS spectra except
those collected at the end of segment . In the case of those specta, the equivalent circuit shown

in Figure 5b was used.
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During potentiostatic cycling, major electron transfer processes can be resolved from one
another as a function of potential'>2%2° For the purposes of the present analysis, electron
transfer from the reductive decomposition of solvent components and electron transfer from
lithium alloying are resolved in all impedance spectra except those taken at the end of segment .
As a result, for all spectra except those the single-RC element model circuit in (5a) provided high
quality data fitting with a minimum number of parameters. For the spectra recorded at the end of

segment vy, the two RC element model circuit in (5b) was necessary to achieve suitable fits.

Figure 6 plots the charge-transfer resistance values calculated using equivalent-circuit
modeling of the impedance spectra collected during the EQCM-EIS cycling shown in Figure 2.
At the end of each linear sweep segment of the voltammogram, the potential sweep was paused
and a potentiostatic EIS spectrum was collected of the cell at the applied potential. Those EIS
spectra were then fit to an equivalent model circuit from Figure 5. The spectra collected during
segment y was analyzed using the two electron-transfer model circuit (5b), produced two

different charge-transfer resistances, which are labelled y R1 and y R2.

The observed resistance values followed a clear trend through the potentiostatic cycle. At
the beginning of the cycle, resistance values from the relatively pristine surface were high and
decreased throughout the charging sweep until they reached a minimum at the end of the
charging sweep. As the cells began to discharge, impedance values rose again through the
remainder of the sweep. In the presence of the OS additive, charge-transfer resistances were
higher at the end of segments o and B. The cell moved through a transitional period in segment y
as two electron transfer processes appeared in the impedance spectra collected at the end of
segment y. One of the observed parameters, y R2, followed the trend established in segments o

and B, yielding a larger value in presence of OS electrolyte. In contrast, y R1 was lower in the
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presence of OS additive. In segments 0 and €, anode lithiation became the dominant electron
transfer process on the anode surface and charge-transfer resistances are lower in the presence of
the additive at the end of those segments. The trend of smaller charge-transfer resistance in the

presence of OS held for the entirety of the discharging sweep through segments , 1, and 6.

The combination of real-time gravimetric and electrochemical analysis techniques, as
shown in in this work, provide a uniquely powerful level of insight into the SEI-layer formation
process. The SEI layer formation process is notoriously difficult to interrogate using traditional
ex-situ techniques due to the nanometer-scale depth of the layer and its components instability
even within the cell context, let alone after disassembly. For these reasons, surface sensitive, in-
operando methodologies are essential tool to further develop our understanding of the SEI layer
formation process and of the chemical and electrochemical mechanisms underpinning its
behavior. Simultaneous EQCM-EIS is a perfectly suited technique to this purpose, and this work
demonstrates the illuminating power that it can bring to explorations of not only specific anode

chemistries but also to the effects of small molecule electrolyte additives.

Our data point to a more detailed understanding of how the presence of this model OS
additive impacts the electrochemical performance during charging. During the initial phases (o,
B, and y), the dominant charge-transfer process is expected to be electrolyte decomposition % 12
25 In these segments, EIS analysis shows that the presence of the OS species substantially
increases the charge-transfer resistance at the electrode-electrolyte interface. This increase has
beneficial effects by decreasing the cathodic current and decreasing the accumulation of mass
associated with SEI layer formation in the OS-containing cells those times. As the cell advances

toward more cathodic potentials and begins to lithiate (segments o and ¢€), the additive-treated

cell exhibits less interfacial resistance compared with cells not containing OS. We attribute



26

improved conductivity to the fact that the SEI layer formed in the presence of the additive
contains less organic material and is enriched in LiF, leading to higher ionic conductivity. After
reversing the scan direction, the model anode in OS-containing electrolyte experiences less
resistance to delithiation and achieves greater cathodic currents in regions { and n compared to a
control electrolyte for the same reasons. Overall, the incorporation of the OS additive into the
electrolyte mixture has the net effect of forming an SEI layer that is thinner, enriched in LiF, and

exhibits improved electrical properties compared to electrolytes without the OS additive.

2.5 Conclusions

The use of electrochemical measurements combined with simultaneous QCM
measurements provide new insights into the formation and electrical properties of SEI layers and
the impact of additives on SEI layer properties. The presence of a model organosilicon-based
additive suppressed organic solvent reduction early (>0.5V vs Li/Li") in the first potentiostatic
charge of amorphous silicon model anodes as indicated by EQCM cycling. Later in the first
potentiostatic cycle, the model anodes cycled in the presence of OS lithiated and delithiated more
readily than those cycled without additive. After cycling, XPS analysis showed that in addition to
having less mass, SEI layers formed in the presence of additive contain less organic material and
more LiF than those formed in the control blend, corroborating the observed suppression of
solvent molecule decomposition suggested by EQCM. EIS analysis confirmed that charge
transfer resistances related to solvent decomposition were higher and that charge transfer
resistances related to lithiation and delithiation were lower in the presence of the additive. Taken
as a whole, these observations suggest that the organosilicon additive improved the first
potentiostatic cycling performance of model Si anodes by suppressing the deleterious reductive

decomposition of organic solvent species early in the charging sweep, leading to the formation of
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a thinner, more ion conductive SEI layer. These changes to the SEI layer formation process
suggest that addition of the organosilicon compound to Si-containing anode cell formulations
may improve first cycle columbic efficiency and improve cell lifetime in next-generation

lithium-ion devices.
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Figure 1. Complete potentiostatic cycle of model Si anode in the in operando EQCM-EIS cell
(A) and recorded mass accumulation curve of the model anode as a function of time (B). The
plots are color coded to show which segments were recorded simultaneously. The color coding is
reinforced by Greek letters assigned to each segment. Arrows are included to indicate the initial
scan direction (black) as well as the observed reduction events at 0.25V (blue) and 0.05V (teal)
vs Li/Li" in the cathodic sweep.
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Figure 2. Overlaid EQCM voltammetry (A) and mass accumulation (B) curves for electrodes
cycled with (green) and without (black) 5% by volume OS additive. The color coding from
Figure 1 has been replaced, however the Greek letters assigned to each segment remain.
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Figure 3. General molecular structure of organosilicon electrolyte additives. In this study, the
organosilicon species used had the following structural features: X=fluorine, Y=CH3, Z=CH3,
and n=3.

30



31

Em Control ]
ZJ Control LiF Contribution
@ 40— = os
g P4 OS LiF Contribution
o
g 30 —
2
Q
E 20 —
<
=
@
© 10—
Q
& D
C N (0] Si P Li F

Figure 4. Percent atomic abundances on the surfaces of a-Si electrodes after one potentiostatic
cycle. These electrodes were cycled in a coin cell geometry from 1.5 to 0.05V vs Li/Li" with a
lithium counter/reference electrode. For the abundances of F in both the control and OS treated
samples, the fraction of the F signal which is attributable to LiF is represented as a patterned bar,
and the F signal from all other sources is represented with a solid bar. The overall height of the F
bars still represents the total relative atomic abundance of F in the samples. High resolution scans
of the F1S region are provided in Figure S5.
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Figure 5. Equivalent model circuits used to analyze the impedance spectrscopy collected during
the EQCM-EIS experiments. Ry represents the uncompensated resistance in the cell, Rcr in 5a is

the charge-transfer resistance of the single electron transfer process. In Figure 5b, R1 and R»
represent charge-transfer resistances for the high and low frequency impedance responses
respectively. The double chevrons in Figures 5a and 5b represent a constant phase element
(CPE), and finally element Rw in 5a represents a Warburg impedance element. The single RC

element model circuit (A) was used for all of the impedance spectra except for those collected at

the end of segment y. For the spectra collected at the end of segment vy, the two RC element
model circuit (B) was used. Nyquist plots showing both raw impedance data and the equivalent

circuit modelling results are provided in Figures S3 and S4.
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Figure 6. Charge-transfer resistance values calculated by equivalent circuit modeling of
impedance data using the equivalent model circuits in Figure 5. Resistance values between the
cell with OS additive (green) and without additive (grey) are compared for each impedance
measurement. Note that in the case of the impedance measurement at the end of segment vy, there
were two observed charge-transfer events in the Nyquist plot and thus two charge transfer
resistance values are reported. The bars labelled y R1 report values for the higher frequency
event, and those labelled y R2 the lower frequency event.
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2.8 Supplementary Information

Figure S1. SEM Image of Finished Model electrode surface. This image shows that the prepared
model electrodes are both non-porous and relatively flat.

Film density was also investigated by measuring the oscillation frequency of a 5 MHz
Au/Cr crystal before and after test depositions of Si thin films. The recorded frequency change of
these crystals was -1493, which when combined with the -56.6 Hzecm?/ug mass sensitivity of
these crystals gives a film mass of 133.7 ug. Using a nominal thickness of 100 nm as provided by
the calibrated crystal monitors in the metal evaporation tool used to generate the film and the
area of 1 inch diameter coated surface of the oscillator, this gives a film density of 2.33 g/mL,
which is in excellent agreement with commonly reported values for the density of silicon. This
suggests that the films contain very little void volume and are likely non-porous, and this is

corroborated by an SEM image of the prepared surface.
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Figure S2. Cut-away schematic of the custom machined EQCM cell cap made to interface with
the SRSQCM200 instrument utilized in this work. This cell was constructed in a 2-electrode
setup with a Li metal counter/reference electrode with an electrode separation between the Si
coated EQCM crystal working electrode and the Li foil of 0.53mm.

The internal electrolyte capacity of the PEEK cell cap was calculated to be 533 pL, which
when filled completely with electrolyte solution would result in a solution loading of about 640
mg assuming a solution density of 1.2 g/mL. This yields a solution mass to electrode mass ratio
of about 4800, which is comparable to the flooding factors of EQCM cell designs previously

reported in the literature '°,'°,
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Figure S3. Nyquist plots of EIS data collected during in operando EQCMEIS experiments
performed using the control electrolyte. Both the IRC and 2RC element equivalent model circuit
fitting results are shown for the data collected at the end of segment vy.
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Figure S4. Nyquist plots of EIS data collected during in operando EQCMEIS experiments
performed using OS-containing electrolyte. Both the IRC and 2RC element equivalent model
circuit fitting results are shown for the data collected at the end of segment .
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All data in both the additive treated and control sets, except the ones collected at the end
of segment v, are fit very well by the 1 RC element equivalent model circuit featured in Figure
5a. The segment y data is shown with both the 1 RC element model fit as well as the 2 RC
element fit shown in Figure 5b, demonstrating the inability of the 1RC element model to
appropriately fit those data sets and thus the necessity of the 2RC element model circuit that was

used in this work.
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Figure S5. F1s region high resolution scans (black traces) of an A) OS-treated cell and B) a
control cell. Each scan required three component peaks to fit appropriately, two of which are
minority components (red and yellow traces) and one which is the LiF component peak (blue)
centered at 685 eV.

The F high resolution scan shows that the increase in F abundance discussed in Figure 4
is entirely due to the increase in peak area from a component peak centered at 685eV, which is
strong evidence of it being LiF. Peak areas of the two minor components between the additive-

treated and control cells are also largely consistent, which is also echoed in Figure 4.

Regarding the flooding factor of coin cell assemblies used this this study, the same 100
nm Si thin films as in the EQCM-EIS sample preparations were deposited on to 1 cm? squares of
Ti shim, giving a Si loading of 42 pg. Our coin cells were heavily flooded, using 200 pL of
electrolyte solution to facilitate better comparison to the comparatively large free volume of the
EQCM cell, which gives a flooding factor in the coin cells of 5600. This is of course an
exceptionally large flooding factor for a coin cell; however, it was chosen to make comparisons
in surface chemistry between the coin cells used to generate XPS data and the EQCM cells used

for gravimetric and impedance studies more reliable.
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Chapter 3: Uncovering the Mechanism of O2" Scavenging by Organosilicon LIB
Electrolyte Additives

This work is part of a manuscript currently in preparation. It is not the final version and will
likely undergo further revision prior to submission and then again during peer review before
publication.

3.1 Abstract

Reactive oxygen species, among them radical anions, have been a subject of numerous
investigations within the lithium-ion battery and lithium-air battery communities because of their
capacity for destructive side reactions with both solvent and electrolyte components of their
chemistries. Electrolyte additive components which can control these destructive species
represent an opportunity for technical innovation. Such innovation, however, is hampered by a
lack of fundamental understanding of the reactive pathways that these compounds might take in
systems as complex as battery electrolyte. With this in mind, we have explored a family of
structurally related reactive oxygen species scavenging electrolyte additive molecules and
quantified their fundamental reactivity with the superoxide radical anion. These experiments
have also allowed us to determine the mechanism of action by which these additives scavenge
radical anions, thereby supporting the rational design of future additives aimed at reactive

oxygen species suppression in battery contexts.

3.2 Introduction

Gaseous byproducts generated during the cycling of pouch cell lithium-ion batteries
(LIBs) are an issue of prominent concern in the battery community. Gas generation causes pouch
swelling which not only decreases cell performance but also presents a considerable safety risk.!"

3 To address this problem, the battery community has produced consistent research into
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electrolyte additives designed to limit gas production, however none have been completely
successful.*!%2 Recently, a new family of organosilicon electrolyte additives has been introduced
which features multiple functional avenues for suppression of electrolyte decomposition.® 1314
These organosilicon additives have further been demonstrated through post-mortem gassing
analysis to be predominantly reducing gassing by preventing the decomposition of ethylene
carbonate during high temperature storage and they have also been shown to provide
increasingly potent gassing reduction with increasing degrees of fluorination. However, neither
the mechanism by which this cyclic carbonate protection nor the source of the observed

structure/function relationship between fluorination and gassing reduction potency are achieved

are understood.?

Previous investigations into the mechanism of gas formation in LIB cells, particularly
those employing high-energy cathode materials, have implicated reactive oxygen species release
from cathode lattices or via the decomposition of adsorbed Li2COs as the trigger for carbonate
decomposition and thus gas evolution.!>! The superoxide anion has been shown in related
explorations to be especially reactive toward the cyclic carbonates in a nucleophilic attack
pathway.!%16:22.23 Research efforts to limit the destructive potential of these nucleophilic oxygen
species have produced several scavenging additive molecules with specific activity toward the
superoxide anion in the past, these studies have identified several functional moieties to be

beneficial to scavenger functionality, including silanes.'? 243

This study seeks to demonstrate that linear, fluorinated organosilicons represent a new
and especially promising platform for development of multifunctional gas-suppressant additives.
We will first demonstrate that these molecules have specific and rapid scavenging activity toward

the superoxide radial, and thus likely perform the gas suppressing behavior identified by Guillot
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et al by scavenging reactive oxygen species generated under their experimental conditions. We

will further explore the structure-function relationship displayed by these additives between the
degree of fluorination at the silane position and the species’ superoxide scavenging activity and
explain the root of this behavior by proposing a reaction mechanism for the scavenging reaction

by these additives.

3.3 Materials and Methods

Cyclic Voltammetry Studies

Cyclic voltammetry experiments were conducted using a three-electrode cell, utilizing a
planar glassy carbon working electrode, a platinum mesh counter electrode, and a Ag wire
reference electrode. Electrolyte solutions for CV studies were prepared using dry acetonitrile
(Millipore Sigma) dried over 4 A molecular sieves (Alpha Aesar) and stored in an Argon
atmosphere glovebox (LC Technology Solutions) (<1 ppm H>0, <1 ppm O2) and 0.1 M
tetrabutylammonium perchlorate (TBAP) supporting electrolyte (Sigma Aldrich). Where
indicated, solutions were sparged with oxygen gas for at least 15 minutes to saturate those
solutions with dissolved oxygen. Electrolytes containing organosilicon additives were made by
adding 2 vol% of the nonfluorinated and monofluorinated additive molecules or 0.25 vol% of the
difluorinated additive molecule to the base electrolyte solution. Voltammograms were taken
using a Biologic VSP-300 potentiostat with an installed Analog Ramp Generator to enable fast
scan operation. Voltammograms were analyzed using the CVFit utility of the EC Lab software

suite distributed by Biologic.

NMR Structural Determination
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All NMR samples were prepared inside an Ar glovebox. Samples were prepared using a
saturated solution of KO; (Acros Organics) in anhydrous deuterated acetonitrile (Sigma Aldrich),
while control samples consisted of neat deuterated acetonitrile. Samples containing organosilicon
additive were prepared by placing 12 uL of the neat monofluorinated organosilicon in an NMR
tube and then a volume of KO2/acetonitrile sufficient to yield 0.01 M solutions of the
organosilicon. Air free tubes were allowed to react for 10 minutes in the glovebox to help ensure
reactions were complete before measurement, then capped and removed from the glovebox.
Sealed samples were measured on a Bruker Neo-500 MHz spectrometer with a Prodigy BBO

cryoprobe.

Gas Chromatography — Mass Spectroscopy

Samples for GC/MS analysis were prepared inside the glovebox using anhydrous
acetonitrile either neat or saturated with KO> much like the NMR samples described above. GC-
MS samples were prepared in GC vials by combining the dry acetonitrile with 12 pL of the neat
monofluorinated organosilicon. Samples were again allowed to react in the glovebox for 10
minutes before being sealed and removed from the glovebox for analysis. GCMS samples were
analyzed using a Shimadzu GCMS- QP2010 Ultra instrument. Analysis was performed using an
injection volume of 1 uLL and a split ratio of 150 onto a Select Silanes column (Agilent), running
at 90 °C with a linear flow velocity of 46.6 cm/sec. MS analysis flowing the GC separation

utilized a 3-minute solvent cut time and scanned from 10 to 200 m/z for 23 minutes.

3.4 Results and Discussion
A previous study performed by Guillot et al. presented two fluorinated organosilicon
molecules as uniquely potent additives for gas suppression in lithium-ion batteries under high

temperature storage conditions.® In the present study, we demonstrate the effect of increasing
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degrees of fluorination on the superoxide scavenging ability of these additives as an indication of
a possible mechanism by which these additives suppress gassing in Lithium-ion batteries. For the
purposes of this work, we will focus on the 0-F additive (Figure 1A) the 1-F additive (Figure

1B), and the 2-F additive (Figure 1C).

The present study explores the structure-function relationship between the degree of
fluorination in a set of model organosilicon additives via cyclic voltammetry. In dry, aprotic
solvent, dissolved oxygen gas can be reduced to generate the superoxide radical anion. Previous

studies have shown superoxide is generated in a one-electron transfer process as shown in Eq. 1.

02+ e = 02._ Eq 1
and that this reaction can be characterized using classical theory for a heterogeneous

electrochemical reaction under diffusion-controlled conditions.?!-3

Figure 2 shows representative cyclic voltammograms measured at different scan rates for
the base electrolyte (O; saturated, 1 M TBAP acetonitrile) and for the base electrolyte with the
indicated amounts of the three different organosilicon (OS) additives. In the base electrolyte (Fig
2A), sweeping the potential to -1.0 V vs. Ag wire leads to a cathodic peak due to reduction of O
to O27; as the potential is brought more positive there is an anodic peak near -0.4 V of nearly
equal size due to re-oxidation of O™ to O». The presence of the -0.4 V O,™ oxidation peak even

at scan rates as slow as 200 mV/s shows that O;™ is highly stable in the base electrolyte.

Fig. 2B-2D show the impact of organosilicon additives on cyclic voltammograms. Fig.
2B shows data for the base electrolyte treated with a small amount of the non-fluorinated (0-F)
OS additive. In this case the -0.4-eV peak is again nearly the same size as the -1.0 peak,

indicating that the 0-F additive has no appreciable reactivity toward the superoxide radical anion.
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When the 1F additive is used (Fib. 1C), superoxide is still formed but the anodic peak due to re-
oxidation of O™ back to O is smaller than in the control and is nearly absent at the slowest scan
rates. This behavior arises because the monofluorinated (1-F) organosilicon additives react with
the generated superoxide radical, depleting the O>™ concentration before it can be oxidized back
to O2. This resulting electrochemical system comprised of an electron transfer process followed
by a coupled homogeneous chemical reaction can be described in a 2-step reaction as described

by Eq. 2 and Eq. 3:3":3

0,+ e = 0,7 Eq. 2

0,)"+ 0S - X Eq. 3
in which the organosilicon is represented as OS and the product generated by that chemical
reaction is simply X. Notably, the absence of the O>™ peak at slow scan rates implies that the
product “X” is electrochemically inactive. Consequently, when the electrode potential is swept
back up to more positive potentials on the reverse scan of the voltammogram, less O>™ remains
in solution to be converted back into O; and less anodic current is observed in the presence of the
organosilicon. This observed suppression of the anodic peak is even more apparent in figure 2D,
in the difluorinated additive 2-F was used. Here, even at a lower concentration (only 0.25%) the
anodic peak is strongly reduced, indicating that the 2-F additive is even more reactive toward
0O;" than 1-F additive is. Visual observation of the voltammograms provides a qualitative sense

of the speed of the scavenging reaction, but to gain quantitative insight into this reaction,

numerical modelling is required.

We performed modeling to extract kinetic parameters from voltametric data from a
following reaction that was performed in two steps. First, a single cycle of the voltammetry of
the electrochemical step alone, without the O>™ re-oxidation reaction, was modelled using the

CVFit modelling software. CVFit uses a finite-element approach to fit experimental data to a
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kinetics model based on the Butler-Vollmer equation and diffusion reactions, yielding values for
the standard reduction potential (E®), rate constant of the electron transfer step (k°), transfer
coefficient (), and diffusion coefficients for O, and O>". Fig. 3A shows a representative fit to
experimental data, and Table S1 of the Supplementary Information shows the fit parameters for

the optimized fit.

To abstract rates for O2™ scavenging reaction, similar fitting was performed using an
extended model with an added irreversible. O>™ scavenging reaction (Eq.3). For a reaction of the

form:

0, +0S > X

the kinetic reaction rate is given by>*:

410+~
Rate = —% = kpn[0S][0,"7]

where kgyris a bimolecular rate constant. If the concentration of OS is constant, this can be

simplified into a pseudo-first-order reaction as: Rate = — d[izt - k1[0, "] and rearranged to

=k, where k; = kg [0S] is a pseudo-first-order rate constant with units of sec™!,

which represents the effective lifetime of superoxide under the experimental conditions. Fitting
in CVFit yields values of ki. However, because ki depends on the concentration of OS the
bimolecular rate constant kgwm is a better parameter for gauging the effectiveness of

measurements performed at different concentrations.

We performed both constrained and relaxed fits. In the constrained fits, all parameters
except the single rate constant ki were fixed at the values obtained from the initial fit to the
starting (non-OS-containing) electrolyte. In the relaxed fits, values for the fitting parameters

obtained from the starting electrolyte (with no OS, Fig. 2A) were used as initial values, but all fit
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parameters were then allowed to relax to optimal values during the fit optimization. To get the
most robust fit, we chose input data acquired at a scan rate where the OS reduces the amplitude
of the O,™ re-oxidation peak to approximately half its initial value, so that the electrochemical re-
oxidation and the O>"™ scavenging occur at similar rates. Figure 3B shows results using the

2V/cycle data (from Fig. 2C).

Figure 3 shows the experimental CV and fit data for the baseline solution as well as the
solution with all three additives, and the fitting results are summarized in Table 1 below.
Comparing the voltammetry and fitting results between systems treated with each additive
reveals a clear trend. The nonfluorinated additive (Figure 3B) displays no reactivity at all with
the superoxide radical, even at a modest additive concentration of 2 vol%. The monofluorinated
additive, (Figure 3C) has a rapid scavenging reaction with the superoxide radical, with an
effective rate constant of 2.13 s at 2 vol%. Finally, the difluorinated additive displays rapid
scavenging activity, giving an effective rate constant of nearly 8 s! at 0.25 vol% in solution.
These figures can be made directly comparable by converting from the effective rate constant to
the bimolecular rate constant, achieved by dividing the effective rate constants by the molar
concentration of the additives (0.14 M for O-F and 1-F, and 0.02 M for 2-F) These results, as
well as the collection of effective rate constants, molar concentrations of additives, and

calculated bimolecular rate constants are collected in Table 1.

It should be noted that the physical constants produced by this approach are not
necessarily consistent with those presented by other authors investigating the O2/ O2™ couple in
the past.>!: 32 In particular, the rate constant of the electron transfer process, k, produced by this
method is about 10-times faster than Laoire et al. measured using the more traditional Tafel line

method.>? Determinations of k are, however, known to be very sensitive to the status and
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preparation of the electrode surface, and discrepancies as large as an order of magnitude are not

uncommon.>’

Regardless, the data within this study are internally consistent and reveal several
interesting trends. First, the inactivity of the nonfluorinated 0-F additive suggests that the
scavenging activity of the organosilicons is directly tied to the presence of that fluorine
substituent. The fluorinated versions 1-F and 2F show a remarkable ability to react with and O>™.
The bimolecular rate constants for the additives’ reaction with superoxide increase from about 15
M-!s'! in the singly fluorinated 1-F to 398 M!s™! in the doubly fluorinated 2-F, a 26-fold increase
with addition of one more F atom. The above observations demonstrate that the scavenging
activity of OS additives is highly dependent on the degree of fluorination at the silane position of
the organosilicon additive. To further contextualize this finding, along with previous
observations of the gassing suppressant qualities of the OS additives, it is possible to compare
the rates of reaction with O, with that of ethylene carbonate (EC). To facilitate this comparison,
the same process of measuring O»/ O2™ and generating fitting results was repeated in an
acetonitrile solution which contained 0.1 M TBAP with 50 vol% dissolved EC, and the data is

presented in Figure 4, as well as in Table 1.

Figure 4 shows the experimental CV and fit data for the reduction of O> in an acetonitrile
solution like the one used in the experiments detailed in Figure 3 but with a substantial fraction
of 50 vol% EC and at much slower scan rates to those used for the OS compounds. This higher
concentration and slower scan rate were necessary to accommodate the much slower reaction
between EC and O>™ than was observed between the fluorinated OS compounds and O>". When
compared to EC, the 1-F additive reacts with O™ 5 times faster than EC and in the case of the 2-

F additive that ratio increases to more than 130 times. This large disparity in reactivities suggests
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that the OS additives, even when present in low concentrations, could be preventing cell gassing
in LIB systems by reacting with O,™ before the surrounding carbonate solvent can, thereby

shielding them from decomposition.

To further the understanding of the superoxide scavenging performed by OS, we
performed experiments aimed at identifying the reaction products using several NMR-based
techniques including 'H, '3C, F 1D NMR spectroscopy, and more advanced methods including
'H-13C Heteronuclear Single Quantum Coherence (HSQC) spectroscopy and Heteronuclear
Multiple Bond Coherence (HMBC) measurements. Due to the complexity of the NMR
experiments and data analysis, we focused these analyses on the monofluorinated additive (1-F)
as a model system and summarize some of the main experimental observations in Fig. 5 and Fig.
6. More detailed procedures and analysis of the data from these experiments can be found in the
Supplementary Information. In order to generate enough product for analysis by NMR, we
introduced O, directly by adding potassium superoxide to deuterated acetonitrile and then

adding 10 mM of the 1-F additive.

Fig. 5 shows ?°Si spectra of the two reactant solutions (acetonitrile and acetonitrile with
added 1-F) after KO2 was added to both. In the control sample (i.e., with no OS compound
added), the lone silicon chemical environment produces a doublet peak with a chemical shift (d)
of 6=32.6 ppm. The splitting of this peak is caused by a hyperfine interaction between the *Si
and the directly bonded fluorine atom. In the sample with included 1F (top, teal), a single new
product peak appears as a singlet at =8.0 ppm. The presence of only one new peak strongly
suggests that reaction between 1-F and the O,™ yields only one product. Further, the fact that this
lone product produces a singlet peak in the 2°Si NMR spectrum indicates that the fluorine atom

in the 1-F structure has been removed in the product. Together, these observations suggest that
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the principal chemical change in the product structure involves removal of the F atom

substituent.

To probe the integrity of the remaining bonds in the molecule, we performed HMBC
spectroscopy on the reaction mixture. This technique selectively probes the presence of 'H nuclei
at different separations (numbers of intervening chemical bonds) from the '3C atoms by
identifying correlations between their respective atomic nuclei. Figure 6 presents the results of
this experiment. Here, the '3C NMR spectrum is shown along the left axis, and the 'H NMR
spectrum is shown along the top axis. The main body of the figures reveals the strength of any
correlations between the '*C and 'H nuclei. Labels on individual peaks indicate whether the
peaks are associated with the original reactant (“R”) or with a reaction product (“P”), with an
additional arbitrary number to enable specifying individual reactant and product peak (e.g., 'H-

P1, 'H-P2, etc.).

In Figure 6, the HMBC spectrum of the reaction mixture is shown in two different scan
windows, representing the same data plotted on two different regions of the chemical shifts The
data in Fig. 6 show three important correlations between 'H and '3C resonances that are key to
identifying the product structure. (1) In Figure 6A, two correlations are circled, one in blue
between 'H signal "H-P2 and '*C-P4 (0.91 'H ppm, 122.6 '*C ppm) and one in purple between
'H signal '"H-P3 and the same carbon signal *C-P4 (2.38 'H ppm, 122.6 '*C ppm). These
correlations are also represented on the structure of the product molecule drawn in the main
figure area using colored arrows that point from each H atom on the molecule to the carbons it is
correlated with. The presence of these correlations between the H atoms on the methylene
carbons of the product structure and the carbon atom in the nitrile functional group indicate that

the nitrile tail remains connected to the rest of the molecule in the product structure, as pictured
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in Figure 6. (2) The enlarged region in 6B shows correlations between the H atoms on the
methylene carbons (signals '"H-P2 and 'H-P3) and their neighboring carbons (signals '*C-P2 and
13C-P3) circled in orange and green respectively. These correlations are also represented using
orange and green arrows on the structure in Figure 6B. The presence of these correlations, as
well as those noted above in 6A, indicate that the carbon-carbon bond between the two
methylene carbons in the product molecule structure remains intact after the scavenging reaction.
Finally, (3) a correlation exists between the H atoms on the methyl groups attached to the Si
atom, signal '"H-P1, and the carbon atom of the methylene carbon nearest to the Si atom, signal
13C-P3, circled in red. This correlation is represented with a red arrow connecting the H atoms on
the methyl groups to the carbon on the other side of the Si atom. This last correlation
demonstrates that the methyl groups on the silicon head group are attached, and that the silicon

itself is still bound to the rest of the molecule in the product structure.

Taken together, the three correlations described immediately above indicate that no
carbon-carbon, carbon-silicon, carbon-nitrogen, or carbon-hydrogen bonds were broken by the
scavenging reaction, while the 2°Si spectrum shows that there is only one product and that his
product involves loss of the F atom on the silicon head group. While the NMR analysis does not
identify what replaced the F, we presume that since we introduced O>" into the reactant mixture,
the product structure likely incorporated an oxygen atom. Unfortunately, '’O NMR is challenging
due to the nature of the quadrupolar nucleus, so we turn to gas chromatography-mass
spectroscopy to determine what substituent the product molecule has incorporated in place of the

removed fluorine atom.

To further identify the reaction product structure, we conducted gas chromatography-

mass spectrometry (GC-MS) analysis of the reaction mixture. These GC-MS studies showed
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masses and fragmentation patterns consistent with the incorporation of a hydroxyl group as
shown in Fig. 7 below. Further details of the GC-MS analysis and analysis of fragmentation

patterns are provided in the supplementary information.

From these experiments, a few salient observations become quite evident. First, the
fluorinated organosilicon additives presented in Figure 1 are capable of scavenging O>™ from
solution at concentrations of several percent or less (typical of other additives commonly used in
battery electrolytes), while the non-fluorinated structural relative has little or no reactivity. Our
data show that the rate of the scavenging reaction increases dramatically when the degree of
fluorination at the silicon position is raised from one to two. Taken together, these key
observations from the voltammetry experiments presented here indicate that fluorination plays a
critical role in endowing these additives with the ability to scavenge superoxide. Further
exploration into the nature of the scavenging process revealed that the O™ scavenging reaction
performed by the 1-F additive generated only one product. This product maintains the internal
structure of the original 1-F molecule with the substitution of a hydroxyl group in place of the F
atom, as pictured in Figure 7. An earlier study on the reaction mechanism between O™ and alkyl
halides demonstrated that the radical anion dehalogenates such compounds in an Sn2
mechanism??, and it is fully possible that the 1-F additive reacts with the radical in a similar way.
This stands in great contrast to the cyclic carbonate solvents conventionally employed in LIB
systems, such as ethylene carbonate or fluoroethylene carbonate, which upon nucleophilic attack
are subject to complex decomposition pathways involving reactive intermediates as well as the
generation of gaseous byproducts.®® It is therefore suggested that the observed effectiveness of
the fluorinated organosilicons as gassing suppressant additives in high-nickel NMC cells

previously reported may be due to this underlying chemical reactivity, The organosilicons
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scavenge the O>™ generated by the high energy cathodes before the reactive oxygen species can
attack the bulk carbonate electrolyte, and sequester the oxygen into a relatively stable product,
thereby preventing the decomposition of the carbonate solvents and the eventual generation of

gas typically observed during high temperature storage of the cells.

The studies presented in this work were all conducted in acetonitrile as it provides a
stable solvent with which the superoxide anion will not react. This allowed for the establishment
of reaction conditions in which the reactivities of the individual additives could be isolated and
studied. Though these observations are not made directly in a battery system, we believe this
work provides important insights into the mechanisms of action by which fluorinated OS
additives may suppress gassing in actual batteries, and that these insights would have been

inaccessible if we had limited our investigation to explicitly applied contexts.

3.5 Conclusion

In this study, we combined the use of fundamental kinetic insights as well as chemical
structure elucidation to suggest a potential mechanism by which fluorinated organosilicon
additives may achieve their observed effectiveness as gas suppressing additives in lithium-ion
batteries. CV analysis, coupled with finite element simulation, demonstrated that not only is the
singly fluorinated 1-F many times more reactive toward O>" than ethylene carbonate, but that the
already impressive reactivity can be magnified by the inclusion of a second F atom in the 2-F
additive. The drastic difference between the reactivity of the OS molecules and EC regarding
their reactivity toward O>" also helps to explain how these additives can successfully protect the
carbonate solvent from attack by O>™ even at very low volume percentages. Finally, analysis of
the product generated by the reaction between the 1-F additive and O>™ showed that the additive

can sequester the radical into a single, nonreactive product. Further, this product appears to be
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the result of a nucleophilic substitution reaction at the silicon position of the molecule, in which

the F atom in 1-F is replaced by a hydroxyl group in the product.
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3.7 Figures and Tables

0-F 1-F 2-F

Figure 1. Molecular Structures of the three organosilicon molecules included in this
study, exploring the structure across three degrees of fluorination at the silane
position, zero (A), one (B), and two (C) with abbreviations 0-F, 1-F, and 2-F
respectively.
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electrolyte on a glassy carbon working electrode. (A) No Additive, (B) 2 vol% 0-F, (C) 2 vol% 1-

F, and (D) 0.25 vol% 2-F across several scan rates.
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Figure 3. Cyclic voltammogram of reduction of O, in acetonitrile with 0.1 M TBAP on a glassy

carbon electrode. All voltammograms are measured at 2 V/s scan rate. A) No additive, B) 2 vol%

0-F, C) 2 vol% 1-F, D) 0.25 vol% 2-F. Experimental data (solid line) and simulation (symbol).
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No . . .
Additive 0-F additive 1-F additive 2-F additive Ethylene Carbonate
E step EandC | EandC | EandC J EandC | EandC JEandC| EandC JEandC
alone Steps Steps Steps Steps Steps Steps Steps Steps
N/A Constrain Relaxed Constrain Relaxed Constrain | Relaxe | Constrain | Relaxe
ed ed ed d ed d
-0.71+ | -0686+ | -0690+ | -0.785+ § -0.791+ ] -0.689+ | -0.713 | -0.719+ | -0.69 £
E° (V) 0.16 0.009 0.003 0.014 0.018 0.014 + 0.056 0.064 0.02
2.43x10
S+ (2.97 + (2.49 + 3.7+ (9.7 +
K° 5.39x10 | 2.43x10" | 0.03)x10 | 2.43x10 0.07) 2.43x10° 0.3) 2.43%x10 0.4)
(cm*s?) o 3 3 8 x103 8 x1073 8 x10™
(241« (1.87
0.19) 1.79)x10 |} 213+ 2.002 £ 80z 0.063x+ | 0.077 £
ki (s N/A x10* 4 0.09 0.008 ] 8.0+0.3 0.4 0.006 0.003
Conc.
(M) N/A 0.14 0.14 0.14 0.14 0.02 0.02 6.0 6.0
kem (M
=) N/A 0.0017 0.0013 15 15 398 398 0.010 0.013

predicted effective rate constants (ki) and calculated bimolecular rate constants (kgm).

Table 1. Summary of additive concentrations used in voltametric analysis, as well as model-
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Figure 4. Cyclic voltammogram of reduction of O, in acetonitrile with 0.1 M TBAP and 50
wt% EC on a glassy carbon electrode at a scan rate of 50 mV/s.

-1.2

L) I L) I T I L]
-0.8 -0.4 0.0
Potential vs Ag Wire (V)

63



64

Doublet

32.6 ppm .
R Singlet
8.0 ppm

Reaction Mixture

1-F

70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5 -10 -15 -20
1H Chemical Shift (ppm)

Figure 5. 2Si spectra of the monofluorinated additive starting material (red) and the reaction
mixture (teal) generated by adding 10 mM monofluorinated additive to a saturated solution of
KO in deuterated acetonitrile.
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Figure 6. 'H-">C HMBC spectrum of reaction mixture in acetonitrile-d3. The 'H spectrum of the
reaction mixture is shown along the horizontal axis of the plot, the *C spectrum is shown along
the vertical axis, and HMBC correlations between peaks are shown in the main plot area. 6a
shows and expanded sweep width which demonstrates structural connectivity to the nitrile region
of the spectra, and 6b shows a more detailed view of the remaining signals. Peak assignments
are detailed in the supplementary information. Signals belonging to the solvent are marked with
asterisks.



Figure 7. Reaction scheme for the scavenging of superoxide radical anion by the
monofluorinated organosilicon additive.
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No Additive 1-F additive 2-F additive
E step alone E Params E Params E Params
P Fixed E Params Floating Fixed Floating
-0.785 +
Eo (V) -0.715 £ 0.158 0.011 -0.791 £ 0.018 -0.689 +0.014 -0.713 £ 0.056
ko (cm*s?1) | 2.43*10° + 5.39*10° 2.43*%103 (2.49 + 0.07)*10°2 2.43*%1073 (3.66 + 0.33)*10°
a 0.45 + 0.0001 0.45 0.45 0.45 0.45
Co, (M) 0.008 0.008 0.008 0.008 0.008
Co,*- (M) 0 0 0 0 0
Do, (cm??) (8.25 + 0.11)*10° 8.25*%10° (7.35 + 0.03)*10° 8.25*10° (6.83 + 0.47)*10°
Do, - (cm?s
D) (4.3 +0.1)*107 4.3*1077 (4.3+ 0.3)*10” 4.3*1077 (4.4 +0.2)*107
Ru (Q) 1715+6.9 2735+9.2 275.7+6.7 260.4 + 8.5 272.3+10.7
2.125 +
ki (s?) N/A 0.0945 2.002 +0.0085 7.953 +0.263 7.977 +0.413

Table S1. Modelling parameters generated and used within the CVFit software to generate

effective rate constants (K) for the scavenging reaction between the superoxide radical and the 1-

F and 2-F organosilicon additives.

Table S1 above shows the modelling parameters generated by the CVFit software, and

ultimately the effective rate constants produced by the modelling approach in this study. In the

right most column, a parameter list is provided for the initial model shown in Figure 3A where

the parameters related to the kinetics of the electron transfer step are generated in the initial

modelling of the O2/ O2" redox couple without the coupled homogenous chemical reaction. The

next parameter list shows the results of the fit shown in Figure 3B, where the parameters related

to the kinetics of the electrochemical step are fixed and only the uncompensated resistance and

the effective rate constant of the electrochemical step are allowed to be changed the

minimization routine. In the next column, labelled “E params floating” the previously frozen

parameters are allowed to move, and the minimization routine is again called to attempt to
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improve the quality of the fit. Interestingly, this second, more relaxed fit does not meaningfully
change the model’s predicted effective rate constant for the scavenging process, indicating that
the more constrained modelling approach used in this study produces relatively robust fits of the
data. This process is repeated in the case of the 2-F additive, and again the constrained and
relaxed models report nearly identical effective rate constants for the scavenging reaction for the

2-F additive.
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Figure S1. "H NMR spectra of the 1-F organosilicon (red, lower) and the reaction mixture
produced by combining the 1-F organosilicon with KO- in solution (teal, upper). Each peak is
assigned to either the original 1-F structure, marked with an “R”, or a newly formed product
species, marked with a “P”, and then is numbered from right to left in order of appearance within
those two groups. Peaks corresponding to the residual acetonitrile solvent are marked with an
asterisk (*). A detailed structure of the 1-F additive is provided as well with the signals in the 1-F
'H spectrum assigned to its corresponding H atom in the molecule, along with the product
structure analogue assignments provided in parentheses.

Figure S1 shows a direct comparison between the "H NMR spectra of the 1-F
organosilicon dissolved in deuterated acetonitrile in red and the "TH NMR spectrum of the
reaction mixture generated by combining the 1-F organosilicon with KO in solution. KO»

dissolves to produce K" and superoxide radical anion (O2") in solution, allowing us to study the
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products formed as the organosilicon scavenges the radical. In the 'H spectra above, we see that
all the peaks corresponding to the original organosilicon structure are still present in the reaction
mixture including 1H-R1 at 0.27 ppm, 1H-R2 at 1.08 ppm, 1H-R3 at 2.46 ppm. In addition to
these peaks, the reaction mixture spectrum also shows 3 new peaks, 1H-P1 at 0.13 ppm, 1H-P2
at 0.91 ppm, and 1H-P3 at 2.38 ppm. Based solely on the chemical shifts of these peaks, it
appears that one or more product species are formed with functional groups that resemble the
original 1-F organosilicon, with some additional shielding in the noted proton environments
causing them to appear at less positive chemical shifts. Peak 1H-P1, based on chemical shift,
likely corresponds to the methyl protons bound to the silicon atom in the product, have also
collapsed from a doublet in the original molecule to a singlet in the product. The peak splitting in
the original molecule is due to a two-bond coupling between the F atom on the 1-F structure, so
the collapse of this doublet likely indicates that the Si atom in the product is no longer bound to
F. Taking this assignment of peaks in the product spectrum to likely analogous functional groups
in the product structure, the 'H-P2 peak appears as a triplet while its analogue signal in the
original structure appears as a pseudo-quartet, likely also a symptom of the loss of the spin /2 F
atom from the product structure. Based on the appearance of long-range F coupling at this
position that is not present in the 'H-R3 or 'H-P3 signals, it is likely that the 'H-P2 signal
corresponds to the methylene (CHz) environment which is nearest to the Si atom in the 1-F and
product structures. Finally, the "H-P3 signal likely corresponds to the methylene carbon in the
product structure which is analogous to the methylene carbon directly bound to the nitrile

functional group at the tail end of the original 1-F structure.
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Figure S2. 3*C NMR spectra of the 1-F organosilicon (red, lower) and the reaction mixture

produced by combining the 1-F organosilicon with KO in solution (teal, upper). Each peak is
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13C.R4
(3C-P4)

assigned to either the as-received organosilicon, marked with an “R”, or a newly formed product
species, marked with a “P”, and then is numbered from right to left in order of appearance within

those two groups. Peaks corresponding to the residual acetonitrile solvent are marked with an

asterisk (*). A detailed structure of the 1-F additive is provided as well with the signals in the 1-

F B3C spectrum assigned to its corresponding C atom in the molecule, along with the product

structure analogue assignments provided in parentheses.

Figure S2 shows a direct comparison between the *C NMR spectra of the 1-F

organosilicon in red and the reaction mixture of the organosilicon and KOz in teal, much as

Figure S1 had done for the 'H spectra. In Figure S2, two insets are also provided which allow for

the signal dense regions of the spectra to be examined in greater detail. Like in Figure S1, app of

the 1°C peaks corresponding to the original 1-F organosilicon species are maintained in the

reaction mixture spectrum, appearing as *C-R1 at -1.78 ppm, *C-R2 at 11.1 ppm, *C-R3 at

12.9 ppm, and finally '*C-R4 at 122.3 ppm. The reaction mixture spectrum also includes new

peaks corresponding to product species including '*C-P1 at 0.17 ppm, *C-P2 at 11.6 ppm, '*C-

P3 at 14.4, and lastly '*C-P4 at 122.7 ppm. As with the 'H-P1 peak in figure S1, it is likely that

the 1*C-P1 peak corresponds to the methyl carbon atoms bound to the silicon atom in the
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product. Also much like 'H-P1, the doublet observed in the *C-R1 peak due to the two bond
coupling to the attached F atom in the original structure collapsed to a singlet in 1*C-P1, again
suggesting the loss of the F atom after the scavenging reaction. Beyond these general
observations, however, it is impossible to tell if or how the proton environments in the product or
products are connected to one another, or indeed how many separate product molecules have
been generated by the scavenging reaction. Two-dimensional NMR studies are required to
further determine the structure of this product(s) of the scavenging process and these are
provided in Figures S3 and S4 below.
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Figure S3. 'H-"*C HSQC spectrum of the reaction mixture resulting from 10mM of the 1-F
organosilicon being mixed into a saturated KO- solution in deuterated acetonitrile. This plot was
phased such that correlations corresponding to methyl (CH3) and methine (CH) carbons are
colored blue (as the methyl group on acetonitrile does) and methylene (CH2) carbons appear red.
In the direct dimension along the horizontal axis, 'H spectrum of the reaction mixture is plotted
with the peaks annotated as they were in Figure S1 above. Along the indirect dimension on the
vertical axis, the '3C spectrum of the reaction mixture is presented with the same peak
annotations as shown in Figure S2. Within the plot, 'H-'>C correlations belonging to the product
are indicated with arrows, and the local structure suggested by the HSQC result is presented next
to the correlation signal. Signals corresponding to the acetonitrile solvent are noted with
asterisks.
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Figure S3 shows a 'H -'>C HSQC spectrum of the product mixture generated by adding
10 mM 1-F additive to a saturated solution of KO, in deuterated acetonitrile. '"H-'*C HSQC is a
2D NMR experiment that reveals correlations between the signals of hydrogen atoms and carbon
atoms that share a direct covalent bond. For the purposes of this study, the HSQC plot above will
be used to diagram short range chemical environments in the structure of the product of the
superoxide reaction with the 1-F organosilicon. The left and top edges of Fig. S3 show the
conventional 1-dimensional '*C and "H NMR spectra of the reaction mixture respectively, while
the larger central region reveals the correlations between the 'H and *C resonances. In HSQC,
the phases of the correlative signals have been adjusted such that correlations involving
methylene groups (CH2) are shown in red and those from methyl and methine (CH3 and CH,

respectively) are shown in blue, facilitating the identification of these groups.

Starting from the product peaks 'H-P1 and *C-P1, a correlation is apparent between
these peaks indicating that the hydrogen atoms in the product which generated 'H-P1 peak are
directly bound to the carbon atoms which generated the '*C-P1 peaks. The phasing of the
correlation signal indicates that these atoms are present as a methyl or methylene group and
based on the chemical shift of these peaks as discussed in Figures S1 and S2, this signal likely
corresponds to the methyl groups attached to the silicon in the product species. Moving in the
positive direction along the direct (‘H) axis, the next product correlation appears between 'H-P2
peak and the '3C-P3 peak, which based again upon chemical shift and phasing as a methylene
carbon most likely corresponds to the methylene carbon which was immediately bound to the
silicon position in the starting material, and which connects the silicon group to the rest of the
molecule. From this spectrum alone, however, we do not know how this methylene carbon is

bound to the rest of the product structure surrounding it. Finally, there is another methylene
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carbon correlation between 'H-P3 peak and the '3C-P2 peak, which corresponds to the product
structure’s methylene carbon which is bound to the carbon of the nitrile tail. It should also be
noted that HSQC only shows correlations between hydrogen atoms and the carbon atoms directly
bound to them, so the nitrile carbon which has no attached protons is invisible in this spectrum. A
further limitation of the fact that HSQC shows only direct carbon-hydrogen bond connections is
that it cannot show how these individual environments are bound to one another. HSQC alone
cannot tell if the methylene carbon suggested by the resonance between the 'H-P2 and the '*C-P3
is still connected to the silane head group in the product structure, nor can it tell if the methylene
carbons are still bound to one another. Further, it cannot tell definitively if the methylene carbon
at position *C-P2 is indeed still bound to the nitrile carbon. To gain insight into these longer-
range structural correlations, we must move to the HMBC spectrum shown in Figure 5 in the

main body.
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Figure S4. (Top) Gas chromatograph of the reaction mixture with the y axis adjusted so that the
two major product peaks could be seen against the predominant species, (Middle) pie chart
representation of the species present in the gas chromatogram separated and (Bottom) structures
of the three species indicated by the fragmentation patterns produced during each elution.

Figure S4 shows the gas chromatogram of the reaction mixture as read by mass spectrometer
detector in total ion count mode, which shows three species. The first, eluting at 6.5 minutes,
gives a series of fragments including a base peak of 31 m/z, with other major peaks at 41, 29, and
15 m/z, identifiable as 3-hydroxypropionitrile, abbreviated in the pie chart in the bottom section

of S4 as HPN. The second peak to elute shows the characteristic fragmentation pattern of the
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original 1-F additive structure and is shown in the pie chart as starting material. The additive
shows a base peak of 77 m/z with major peaks at 130, 116, 88, 49 and 47 m/z. Finally, the third
peak to elute belongs to a species whose fragmentation pattern resembles that of the 1-F structure
with the substitution of an alcohol functional group for the F atom, and shows a base peak at 89

with major peaks at 128, 100, 70, 59, and 43 m/z.

This third eluent, whose structure is provided in the bottom section of Figure S4 and in Figure 6,
is likely the product observed in the NMR investigations above, but the 3-hydroxypropionitrile is
not observed anywhere in those spectra. It was hypothesized that the hydroxyl derivative product
species which is believed to be the direct product of the reaction between the additive and the
superoxide radical was not thermally stable within the GC-MS instrument and was undergoing a
secondary decomposition at the elevated temperatures required for gas chromatography. To
confirm this, a simple NMR experiment was carried out in which 2 samples of the reaction
mixture were prepared under air-free conditions in sealed vials along with a control which was
also air-free but which contained only the 1-F additive without superoxide. The control vial and
one of the reaction mixture vials were heated gently to 50°C in an oil bath for 10 minutes while
the other reaction mixture via sat unheated on the bench. After heating, all three samples were
diluted into deuterated acetonitrile and taken for '"H NMR analysis. If the 3-hydroxypropionitrile
species observed in the GC-MS results was indeed due to the instability of the product species at
elevated temperatures, the heated sample should show NMR signals characteristic of the

decomposition product. The results of this experiment are provided in Figure S5 below.
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Figure S5. 'H NMR spectra of a heated control 1-F solution (red), a sample of the reaction
mixture that stayed cool (green), and a sample of the reaction mixture that was heated (blue).
Peaks marked with blue arrows belong to the 3-hydroxypropionitrile.

In Figure S5 above, three 'H peaks consistent with the formation of 3-hydroxypropionitrile
(structure provided in Figure S4 above) are observed in the heated reaction mixture spectrum,
including a triplet feature at 2.39 ppm, a singlet at 3.14 ppm, and another triplet at 3.55 ppm.
These peaks are either totally absent or not distinguishable in the cool reaction mixture spectrum
and the heated control, indicating that they must be formed by the product species at elevated
temperatures, suggesting that the appearance of 3-hydroxypropionitrile is an artifact caused by
the heating of the sample for GC analysis and in fact the singular product of the reaction between

the superoxide radical and the 1-F additive is the third eluent identified in Figure S4.
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Chapter 4: Conclusion

Lithium-ion batteries have been and continue to be the central to the consumer
electronics industry and are increasingly being targeted as solutions for the electrification of
transportation and other high-performance use cases. Current battery technologies are not well
suited to such aggressive applications, as conventional cell chemistries lack the necessary energy
density and capacity to meet these new challenges while promising next-generation cell designs
are limited by poor safety and longevity. At the heart of the lifetime and safety issues facing
these cells lies the instability of the solvents necessary to facilitate the transport of Li* ions
between the electrodes, be that the reductive instability of the carbonate solvents at the anode
interface or the vulnerability of the solvent to reactive oxygen species emitted by the cathode.
One of the most popular approaches to solving or at least ameliorating these interfacial and
chemical stability problems has been the inclusion of additives in battery electrolytes. This thesis
details the exploration of a recent and exciting class of such additives, organosilicons.
Organosilicon additives have been shown to impart impressive benefits on LIBs utilizing both Si
anodes and high-nickel NMC cathodes, however their mechanisms of action in these cases are
not fully understood. This work provides two case studies which sought to provide insight into

these additives’ role in the cells which they protect.

First, we adapted a simultaneous in operando EQCM-EIS to the study of Si anode
interfaces, allowing a novel perspective into not only the formation of the SEI layer on those
surfaces but also insight into the evolution of the charge transfer dynamics of the interface during
the formation process. We were able to leverage this insight to show that organosilicon additives
had a profound influence on the charge transfer impedance at the anode interface during the first
charge cycle, stabilizing the interface against the decomposition of the solvent. This promoted

the formation of a thinner SEI layer which was enriched in LiF while containing significantly
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less organic material than the layer formed without the additive. This adjustment of the surface
chemistry at the anode interface led to the additive-treated cell featuring greater first cycle

columbic efficiency and lower impedance growth overall.

In our second study, we performed fundamental kinetic analysis of the reaction between a
series of organosilicon additives as well as structural elucidation via a combination of nuclear
magnetic resonance spectroscopy (NMR) and tandem gas chromatography-mass spectroscopy
(GC-MS) to determine the mechanism of action by which organosilicon additives suppress
gassing under high temperature storage conditions. Cyclic voltammetry combined with a finite
element simulation method showed that singly fluorinated additives are 150 times more reactive
toward the superoxide radical (O2"), a known trigger for gas generation during storage, than
ethylene carbonate. We were also able to show that doubly fluorinated additives are another
order of magnitude faster than the analogous singly fluorinated additive, while the non-
fluorinated additives feature no appreciable scavenging activity, indicating that the scavenging
activity of these additives is very closely tied to their degree of fluorination. Overall, the
reactivity of the fluorinated additives toward O>"suggests that even at additive concentrations,
the organosilicons are sufficiently rapid scavengers to protect ethylene carbonate from O;™. Our
study went further to determine the structure of the product formed from the reaction between
the singly fluorinated additives and O>", and we found that the radical scavenging reaction
produced a single, electrochemically stable silanol product. It is thereby suggested that
fluorinated organosilicon additives impart their gassing suppression benefit by scavenging O™
into an electrochemically stable product, thereby protecting the solvent from decomposition and

suppressing the evolution of gaseous byproducts.
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This work provides two new perspectives into the ways in which LIBs decompose,
especially those batteries that incorporate next generation cathode and anode materials. Further,
the studies in this thesis apply the methods described to examine the roles played by
organosilicon electrolyte additives in suppressing the deleterious side chemistries that limit such
cells. The methods detailed in this study can be applied to any additive or cycling conditions,
helping to elucidate the ways in which those adjustments to cell treatment and chemistry might
improve battery performance and safety. Further, the conclusions and insights specifically related
to the organosilicon additives presented in this work can be used to guide the rational design of

next-generation silicon and fluorine containing additive species.
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Appendix A: Perspectives on Designing Electrochemical Cells and Electrodes for In
Operando Spectroelectrochemistry

DISCLAIMER:
This appendix is an informal discussion regarding unfinished works undertaken during

the period of my thesis work, which were dedicated to the development of an in operando ATR-
FTIR spectroelectrochemical system to complement the EQCM-EIS instrument developed for
the work in Chapter 2. I have included this here as a memo and repository of advice for future
members of my lab or other groups that may be interested in picking up where I had to leave this
project off, or in adapting similar methods to their own systems. It is not intended to serve as a
formal scientific report as the previous chapters of this thesis have, and as such as written
conversationally and includes generalized perspectives on my experiences designing
electrochemical cells, as well as building electrochemical devices through additive and
subtractive thin film lithographic techniques. The perspectives offered in the following pages are
my own personal opinions and advice to new students and non-experts attempting similar
experiments. Please be advised that these experiments were not completed at the time of this

writing, and your experiences replicating my operating procedures may vary substantially.

Designing Electrochemical Cells for Spectroelectrochemical Measurements of Lithium-ion
Battery Model Systems

During this thesis, EQCM-EIS was not the only in operando technique we pursued. We
were also interested in developing an in operando spectroscopic technique that would
complement the gravimetric and electrochemical perspectives offered by EQCM. The goal was
to build a model Si anode that would be transparent to infrared light, such that it could be utilized
in a commercial attenuated total reflection Fourier transform infrared spectrometer (ATR-FTIR).

To achieve this, we were able to design an electrochemical cell which built upon the lessons
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learned during the development of our EQCM-EIS electrochemical cell, and we made substantial
progress toward enabling the electrochemical cycling of transparent model Si anodes.
Unfortunately, we were unable to fully realize this instrument, however this appendix will
summarize the lessons learned during our work on this project, as well as some forward-looking

perspectives on how one may be able to complete it.

When designing an electrochemical cell, especially a spectroelectrochemical system, you
need to be cognizant of the behaviors of the electrochemical process you intend to study. Often,
simple, large volume electrochemical cells with thin metal wire electrodes simply will not allow
you to create functional models of the systems of interest. In my experience with LIB systems,
for instance, I found that mass transport through the solution was very slow, and that the
electrolyte systems we use were relatively resistive. When we attempted to study our model
anode systems in a more conventional electrochemical cell design, with a large separation
between working and counter electrodes as well as a very small, Li foil wrapped Cu wire as the

counter electrode (Figure 1), the cells exhibited very large uncompensated resistances.

Cu Wire

Li Foil

Evanescent IR wave

Model Anode

Figure 1. Cartoon representation of a large volume IR cell design with small Li metal CE/RE.
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This resulted in incredibly sluggish electrochemical performance in the cell, and as a
result, we failed to replicate the charging and interfacial layer formation behaviors on our

electrodes that we were trying to study (Figure 2).
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Figure 2. CV showing the poor electrochemical performance of the model anodes when
cycled in the large volume electrochemical cell.

To overcome these mass transport-imposed limitations, the cell design was changed to a
thin-layer cell model, in which the counter electrode geometry was overhauled to be a large,
planar electrode lain parallel to the working electrode, and the two large, flat electrodes were

separated by a thin (~200 um) Teflon membrane (Figure 3).

Li Foil Electrode

Glass Fiber Soaked in

Electrolyte 200um Teflon Spacer
Evanescent IR wave Model Anode
.
%

Figure 3. Cartoon representation of the thin layer cell design concept, where the Li metal
CE/RE is larger and lain parallel to the model anode WE surface, separated by a very thin Teflon
membrane. Electrolyte is retained in the near surface region using a glass fiber filter.
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After making these design adjustments, the performance of the cell improved greatly, and

it began to replicate the electrochemical behavior of real batteries (Figure 4) much more closely.

Model Anode, Thin Layer Cell
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Figure 4. CV data of the initial cycle of a fabricated model anode in the thin layer cell geometry
(black) and the initial cycle of the same Si thin film deposited onto a piece of Ti shim and
installed into a coin. Both cells were cycled at 0.5 mV/s.

Another concern of the spectroelectrochemical experiments we were attempting was that
we needed to be able to distinguish between molecules that were bound or adhered to the model
electrode surface, and molecules that were merely present in the solution but not associated with
our electrode. The easiest way to do this is to flush the cell with clean solution, carrying away
loosely on unassociated species and leaving behind only those that are tightly associated with the
surface; however this kind of solvent exchange is not possible using the glass fiber filter solution
reservoir pictured in Figure 3. Enabling this type of operation means solvent changing flow
systems need to be considered alongside the electrochemical and spectroscopic needs of the
system. In the case of the cell designed for the in-operando ATR-FTIR, this was achieved by
including two %4-28 tapped holes in the top of the cell cap. On the exterior side, these tapped
holes allow users to connect standard plastic flangeless fittings to the electrochemical cell, and

thus easily connect tubing which would carry wash solution to and through the system. On the
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interior of the cell, these tapped holes connect to untapped narrow passages that end in the cell
volume just in front of the counter electrode position (Figure 5). I was not personally able to
verify this design’s performance, however other lab members reportedly found it to be very

similar to that of the thin layer system, (and thus a coin cell) as shown above.

\ .

Figure 5. Engineering drawing of the new thin layer electrochemical cell cap designed to allow
solution exchange during in operando spectroelectrochemical experiments.

This cell cap would sit atop the model anode surface and the ZnSe prism shown in the
previous cartoon representations. The threaded columns represent the tapped flow ports through
which the electrolyte solution can be exchanged, along with the untapped flow channels designed
to allow access to the thin interelectrode spacing. The center void space would be occupied by a
press-fit stainless-steel plug, situated so that its bottom surface sits just above the openings for
the oblique untapped channels. The slightly enlarged space just above the bottom surface of the
cap would house an O-ring for sealing the cap against the electrode surface and would also
define the bottom of the electrochemical cell volume. These drawings are scaled such that the
interelectrode space here is about 1 mm. During cell assembly in the glovebox, the bottom
surface of the stainless-steel plug would be covered with a small circular cutting of 0.5 mm thick
Li foil, further reducing the interelectrode spacing to a figure more in line with that necessary to

facilitate rapid mass transport and limit uncompensated resistance.



89

Whatever your electrochemical system of interest, it is incredibly important that you
understand how the model system that you are building is supposed to behave and drive your
design of the cell toward that behavior. Your spectroscopic results are only as valid as the quality
with which the proper electrochemistry is being replicated in the cell. If you are not building a
thin layer cell, these designs might not be particularly useful. You may find more useful the book
Laboratory Techniques in Electroanalytical Chemistry by Peter T. Kissinger and William R.
Heineman, which has some great illustrations of different spectroelectrochemical devices, as well

as a plethora of references to articles that use them.

Nanofabrication of Infrared-Transparent Electrode Systems

Moving to the design and fabrication of electrodes for these studies, we again encounter
the need to design around multiple, conflicting needs. This is especially the case for IR-
transparent electrodes, as most of the materials conventionally used as conductors or current
collectors (i.e. metals) are IR opaque. As such, our need for the electrode to be conductive will
run headlong into our need for the material to be IR transmissive. The solution chosen to work
around this conflict in material properties was to create a current collector for this electrode
which had an array of holes etched through it. To minimize the resistive loss (IR drop) across
these holes, they needed to be kept as small as possible. To maintain IR light transmissivity,
however, the holes needed to be at least as large as the longest wavelength of light that we
intended to pass through then. In the case of IR studies on relatively insulating electrodes, hole
diameters will likely be on the order of 10 to 30 um, and for our studies we chose a median value
of 20 pm. Achieving a regularly spaced, uniform array of etched features this size across the

surface of an electrode requires the use of photolithography, and the remainder of this appendix
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will detail my approach to fabricating high quality Ti films which are both conductive and

transparent.

First, this work must be completed in a cleanroom to protect the electrodes in the process
of being etched from particle contamination. My approach used a double side polished, float
zone purified intrinsic silicon wafer. Silicon wafers are extremely useful as substrates for this
kind of fabrication work, as most common tools and equipment in cleanroom facilities are built
around them making cleaning, additive, patterning, etching, and dicing wafer pieces relatively
easy. Si wafers are also easily adapted to work as optical substrates, as they are very IR
transmissive at low conductivities and when polished can form very good optical contact with
other flat optical elements. You must also choose an appropriate metal to use as your patterned
current collector. I used Ti for a few reasons. First, Ti adheres well to Si, and as I was building
these substrates as model Si anodes and would be adding a layer of amorphous Si on top of the
current collector layer to serve as the model anode material, adhesion between layers was key.
Second, Ti is relatively stable in the LIB environment and will not alloy Li, which is the primary
reason for avoiding Au or Ag, which are of course much more conductive metals. From here I
will detail a standard operating procedure for fabricating my substrates and will include brief
commentary on sections where appropriate to provide some insight and advice that I think might

be helpful.

Section 1: Preparing Your Wafer and Initial Metal Laver

When starting with a new Si wafer, your first step is always to wash the side of the wafer
you intend to pattern and etch, called the critical surface. If the wafer is new and has been stored
in a cleanroom, it should be free of any major contaminant, so I usually wash with acetone,

isopropanol (IPA), and water on a spin coater. Then you’ll bring the cleaned wafer to your
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deposition tool, here we will use an electron beam metal evaporator, and load it according to the
tool instructions. We will not go into the specifics of operating any tool here, just generalizable

guidelines for how the materials should be treated.

1. Place your wafer on a spin coater using the appropriate vacuum chuck.

2. Get three squirt bottles, one each of acetone, IPA, and deionized water

3. Set the spin recipe to about 5000 rpm for 30 seconds and start the spin coater.

4. With the acetone bottle in one hand and the IPA bottle in the other, first spray acetone at
the surface of the spinning wafer for about 5 seconds to get it fully wet and allow the
excess solvent to be spun off.

5. After fully wetting the surface with acetone, start trailing the acetone stream to the edge
of the wafer and at the same time, begin spraying IPA at the center so that the wafer
surface is never dry. Even process grade acetone can leave residue behind on your surface
if it is allowed to dry. This residue can ruin your lithography, so it is critical that it is
removed with the IPA step.

6. After 10 seconds of IPA, repeat the trailing maneuver with the water bottle, slowly
replacing the IPA stream with water.

7. After 10 more seconds of washing with water, trail the water stream to the edge of the
wafer and allow it to spin dry for the remainder of the cycle.

8. Ifany spots or reside remains, repeat these three washing steps, and if that does not clear
it consider using piranha solution.

9. Once clean, blow the wafer dry on both sides with filtered air or nitrogen and bring to the

deposition tool, take special care to protect the critical side you just washed.
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10. In the case of the metal evaporator process used for my electrodes, you want to deposit
your Ti layer at a limited deposition rate to ensure the layer is flat. For my layers, I limit
the vacuum chamber pressure to below 22107 torr and the deposition rate to no more than
0.5 Ass.

11. For your metal layers, you must find a balance between the maximum thickness that you
can reliably etch through, and the minimum thickness required to keep the conductivity
of the layer high. In my experience with Ti layers, anything thinner than ~50 nm will be
more resistive than the bulk metal, and anything thicker than ~150 nm will not etch
cleanly. For these reasons, [ deposit 125 nm of Ti metal on my wafer in this evaporation
step. I find that after etching my 20 pum holes, the conductivity of the layer tends to fall
by about 30%, so keep this in mind when designing your own electrodes. Etching smaller
holes will lessen the severity of this effect, wider holes will worsen it, and thinner layers
will suffer more than thicker layers.

12. Unload your wafer, now coated on one side with Ti metal.

Section 2: Dicing Your Coated Wafer

In my process, I used a photomask which was designed to expose one small, 12x17 mm
piece at a time, with multiple hole diameters available to me on the mask. This provided me with
flexibility in making pieces at many different hole diameters (and thus degrees of conductivity
and transmissivity), however it made patterning and etching many pieces at a time quite tedious.
If you are relatively confident in the hole diameter you want to use, it will simplify your
processing immensely to design and acquire a photomask which will expose an entire wafer at
once with a uniform distribution of your hole array. In that case you would go straight from

depositing your metal layer to photolithography, pattern transfer, etching, and finally dicing the
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fully etched wafer at the very end. The guidance here may still be of use to you; however, the
precise details of etching and development time will likely be different when done on a whole

wafer.

1. Take your newly coated wafer back to the spin coater, Ti side up, and coat the surface in
S1813 photoresist.

2. Spin the wafer at 5000 rpm for 35 seconds to distribute the photoresist (PR), and then
place on a hotplate set to 110 °C (again, Ti and PR side up) to cure for 2 minutes. This
will layer of cured photoresist will protect the critical surface of the wafer from chipping
or scratching during dicing.

3. Take the coated wafer to your dicing saw and cut the wafer into as many 12x17 mm
rectangular pieces as you can get. With a 3-inch wafer, I typically got around 15 pieces.

4. Take your new pieces back to the spin coater and clean the PR from them thoroughly
using the washing steps outlined in Section 1 (steps 1-9). If you applied the protective
layer just before dicing, it should come off easily, however if the layer sits overnight and
is allowed to dry out, it will be more difficult.

5. With the pieces clean and dry, it is time to perform the photolithography.

Section 3: Photolithography and Pattern Transfer

This section, from photolithography to etching, is the most critical period of the
fabrication process and the most sensitive. You will likely have to optimize the details presented
here for yourself, so I will provide as much advice as I can about what is supposed to happen so

you can use my recipe as a starting point.

The first and most important thing to know here is that you must apply, expose, and

develop the photoresist AND etch the metal layer in the SAME DAY. Do not allow the coated
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wafers to sit overnight at any point from the start of this section until the metal is etched as
drying out the PR layer will mean that it will not properly take the pattern from the mask, and

thus it will not properly transfer that pattern to the metal layer during etching.

The second tip I have for you is to get a wafer or piece dipper of some kind that you can
use during the HF etching process. HF is incredibly dangerous, and you do not want to be
holding wafer pieces in an HF solution with tweezers. Dipping cages or other holders can be
purchased online from various cleanroom suppliers, or if you have access to a machine shop can

be made custom. Make sure whatever you use is made of Teflon or another HF resistant material.

1. Ensure wafer pieces are clean and very dry, as the adhersion and uniformity of the PR
layer we are about to apply will affect the quality of the etching later.

2. Take your clean wafer piece and mount it to the appropriate spin coater vacuum chuck.
Center the piece as best you can, as this will ensure that your PR layer is applyied
uniformly.

3. Add a small, ~Imm drop of S1813 PR to the center of the wafer piece, and spin at 5500
rpm for at least 35 seconds. This is aggressive, but because your piece is small and
rectangular, the edges are liable to accumulate PR. The higher spin rate helps to wick that
off, keeping the layer more uniform.

4. Cure the wafer pieces on a hot plate at 110 °C for 2 minutes. This is also a long cure, but
it is important that the pieces are not tacky or sticky during exposure, as they will
otherwise stick to the photomask during exposure.

5. Take the cured pieces and your photomask to the appropriate mask aligner and expose the
pieces in a soft contact mode using 250 nm light at an intensity of 10.0 J/cm? for 6.1

seconds.
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6. After exposure, develop the PR layer using MF 321 developer for 60 seconds. During
development, hold the piece gently using a pair of plastic tipped tweezers and gently
swish them back and forth. This agitation is important to ensure that the exposed PR is
fully washed out of the wells you are creating in the PR layer.

7. After 60 seconds of development, wash the piece in flowing water to stop the
development process, and gently blow the piece dry in filtered air or nitrogen.

8. Once you have all the pieces developed, your PR layer should have the exact same
topography as the metal layer will after etching. Take a few pieces and examine the PR
layer under a microscope to ensure that the PR layers appear to be properly and
consistently developed. This is your last chance to fix any issues, as the developed PR is
easily washed off and you can try again. If you fail to catch an error until after etching the

metal, however, you are forced to start over completely.

If everything has gone well, you should see consistent, beautiful layers that look something

like this:
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Figure 6. Microscope image of successfully fabricated electrode surface. The yellow-ish
elevated field is the Ti metal layer, and the off-white, recessed circles are the bare Si wafer
beneath.

Troubleshooting the PR layer pattern transfer:

There are a few things that I have observed when working out the PR exposure and
pattern transfer, and I will explain what they are and how to address them. First and most
easily are over and under development of the exposed film. What I will show you here are
images of the metal layer when over- or underdeveloped, as the color contrast is better

between the metal and Si that between PR and metal, making these images clearer.
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Figure 7. Underdeveloped PR layer resulting in ‘scum’ or excess photoresist sitting in wells
after development. These specs on what should be the bare Si surface are excess undeveloped
PR and will prevent complete etching in the wells, ruining the transparency of the layer.

There are three solutions to underdevelopment. You could try developing longer or
agitating the solution during development a bit more aggressively to encourage complete
solubilization of the exposed polymer. You could also increase the exposure dosage, but this
is unlikely to help unless the PR layer is much thicker than this guide expects. Finally, you
may need to add a plasma ashing step between developing the PR layer and metal etching.
Plasma ashing uses a low power Oz plasma to burn off a very thin layer of the photoresist,
hopefully also removing the small amount of nearly invisible scum at the bottom of your

wells. This also burns the undeveloped PR, so keep plasma ashing runs to <20 seconds.
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Figure 8. Microscope image of a wafer that has been over-etched.

Over-etching of a layer will cause the thinning of the walls between wells. This will
result in increased resistivity across the metal layer can eventually result in the electrical
contact across the surface being broken. Here we see how the holes in the layer have grown
too large and the isthmuses of Ti between them have nearly been completely consumed. The
only solution to this problem is to etch for a shorter amount of time. In the case of developer
issues, develop for less than the original 60 seconds and agitate more gently. It is not
recommended that you cut the agitation entirely, as this could lead to the previously

described scum problem.
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Section 4: Etching the Metal

For this step, regardless of your piece size you need a dipper of some kind to let you expose

your pieces to the solution without placing your hands directly above the solution.

1.

Load your wafer pieces into a dipping container of some kind. Ensure that pieces are not
crowded, and that solution can flow freely across the critical surfaces of each piece to
maintain uniform etching.

Bring your wafer pieces to the HF etching bench. This prep was developed using 6:1
NH4:HF buffered oxide etch (6:1 BOE) in a flowing recirculation bath. For my wafers, I
found that 125 nm of Ti was well etched after 45 seconds in the flowing 6:1 BOE, after
which you must transfer the pieces into a series of cascading water baths to remove the
HF and stop the etching process.

Rinse the wafer pieces for 1 minute in each of three cascading water baths. If you lack
such a bath system, rinse the pieces under flowing water for at least 1 minute, or until
runoff from rinsing the pieces and dipper into a bowl of sodium bicarbonate no longer
reacts. Be sure to wash both the basket of the dipper and the handles vigorously. Test
water droplets on all parts of the dipper with litmus paper to make sure no acid remains,
and when in doubt just wash it more.

Remove your washed wafers from the dipper and take back to the spin coater to remove
the PR one more time with the same steps as in Section 1 (steps 1-9).

Your metal layer is now etched, and the fabrication is complete. Examine the results
under a microscope.

If your layers did not etch properly, you can dip them back into the BOE bath to

completely remove the Ti layer and start over.
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Troubleshooting the metal etching process.

My advice regarding troubleshooting the metal etching process is going to be very similar
to the development process, as they are very similar. If you experience incomplete etching of the
wells, as you can see in Figure 7, you can etch longer or try a more concentrated etchant. Plasma
ashing can also help to ensure that residual photoresist is not causing the issue. One issue I want
to mention is under-etching caused by a metal layer which is too thick, the results of which are

seen in Figure 9.
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Here we see a Ti layer which is much too thick to etch at 300 nm, even after 2 and a half
minutes of exposure to the BOE etchant. Once the layers get too thick, the downward etching
process starts to slow, and the layers will begin to be etched laterally through walls separating the
wells. This will lead to incomplete etching at the bottom of wells and the distortion of the shape

of the wells, as seen in Figure 9.

Over-etching will result in the same problems as described in the previous section, even if
the PR layer was developed correctly. When the wafer pieces are submerged in the etchant, Ti
metal is dissolved in all direction, however the vertical dimension is favored due to diffusion
being fastest in that direction so long as the layer is thin. If the piece sits in the etchant for too
long, however, the etchant will begin to etch laterally through the wells, leading to distortion of
the well shape and loss of electrical conductivity across the surface. Evidence of over-etching

can be seen in Figure 8 above.



