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Abstract

In this work, a better understanding behind, and the implications of LiisSis
formation in Si containing negative electrodes for rechargeable Li-ion batteries during
electrochemical cycling was sought. Si in the form of thin films, powder, nanoparticles,
recovered film flakes, and films deposited onto compliant layers were fabricated and
studied as negative electrodes in Li half-cells. Through a study of the electrochemical
behaviour of Si thin films, a model for LiisSis4 formation was proposed. The model
hypothesizes that Si under high stress loadings does not form Lii5Sis due to shifting in the
voltage curve caused by stress-potential coupling. Later in the study, the formation of
LiisSis was confirmed to have harmful effects on electrochemical cycling. Overall, the
formation of LiisSis in Si-based negative electrodes during electrochemical cycling was
shown to have potential as an indicator for poorly attached silicon in an alloy or composite
coating.

A second study in this work investigated the effect of the binder in electrode
coatings on electrochemical performance for rechargeable Li-ion batteries. In this work,
coatings using polyimide binder were found to exhibit the most LiisSi4 suppression and
least capacity fade during electrochemical cycling. Additionally, composite coatings
incorporating polyimide or lithium polyacrylate binder were found to be capable of
maintaining electrical contact to poorly attached silicon during extensive cycling, while
coatings using polyvinylidene difluoride binder showed capacity fade and an inability to
maintain electrical contact to poorly attached Si.

Lastly, the use of compliant conducting layers between the substrate and sputtered
Si film in negative electrodes for Li-ion batteries was investigated. This investigation
sought to attain similar electrochemical behaviour in Si films to that shown in Si powder
based composite coatings when incorporated into Li half-cells. Ultimately, the use of a
compliant layer was shown to allow Si films and a binary Si-Fe thin film to exhibit
significantly more similar electrochemical behaviour to Si powder containing composite
coatings than films deposited directly onto a metallic substrate.

X1



List of Abbreviations Used

AM active material

a-Si amorphous silicon
BSE backscattered electrons
by wt. by weight

CL compliant layer

FeSi(CL) compliant layer with an Fe26Si74 film sputtered onto it
Si(CL) compliant layer with a Si film sputtered onto it
CR-Cu cold-rolled copper foil

CR-Cu® roughened cold-rolled copper foil

c-Si crystalline silicon

DEC diethyl carbonate

e charge of an electron (1.602 x 10" coulombs)
E energy

EC ethlylene carbonate

E-Cu electrolytic copper foil

E-Cu® roughened electrolytic copper foil

EDS energy dispersive X-ray detector spectrometry

ex-situ XRD subjecting electrode material to XRD while it is not actively cycling

xii



FEC fluoroethylene carbonate

FIB focused ion beam

in-situ XRD  subjecting electrode material to XRD while it is cycling

Irrev. irreversible

LiPAA lithium polyacrylate
MW molecular weight

n number of electrons
NiR roughened nickel foil
NMP N-methyl-2-pyrrolidone
n-Si silicon nanoparticles
PAA polyacrylic acid

PE polyethylene

PP polypropylene

pro. procedure

Q charge (in coulombs)
qr volumetric capacity (Ah/L)
Rev. reversible

rpm revolutions per minute

SA surface area

xiil



SC

SE

SEI

SEM

SS

Ts

XRD

Super C (carbon black)

secondary electrons

solid electrolyte interphase

scanning electron microscopy

stainless steel

binder thickness on active material and carbon black

energy density

X-ray diffraction

density

chemical potential

X1V



Acknowledgements

First of all, I would like to thank the Dalhousie Department of Chemistry for taking
care of me for all these years. It was a wonderful environment to work and learn in.

Everyone has been very supportive and helpful.

I would also like to thank all the members of the Obrovac lab (past and previous)
for all their help and fun we have had over the years! Best of luck to you all. Specifically,
I’d like to thank Tim Hatchard for training me on almost everything multiple times, and
for all our discussions about various things. Big thanks to Jeff Dahn for giving me access
to his laboratory equipment and time, also for helping me rummage through his huge

inventory.

I would like to sincerely thank my committee for providing guidance, and positive
feedback to me during my studies. I would also like to thank them for attending my
committee meeting, seminar, and reading my thesis. It really works out to take up some
time. I would like to specifically thank Mary Anne White for being part of my committee,

twice, when my work was a bit outside of her research area.

Thanks to my family for giving me some space over the past year, I know that I
don’t visit everyone enough these days, but hopefully that will all change soon! I would

like to thank NSERC, Dalhousie, and 3M for their gracious funding toward my project.

Last, but certainly not least, I have to give a huge thank you to Mark Obrovac for
being a superb supervisor and friend. He really puts the time and effort into his work, and
all of his students (including me) know and appreciate that. It has really been my pleasure

to be a part of your lab over the past 4 years.

XV



Chapter 1 Introduction

Rechargeable Li-ion batteries have come a long way since discovering that lithium
could reversibly intercalate into the transition-metal dichalcogenides.' Before researchers
realized the substantial safety advantages associated with Li-ion batteries, manufacturers
used Li metal as a negative electrode because of its high gravimetric and volumetric energy
density.?* The first launch of Li batteries, the Molicel, incorporated this idea with an MoS>
positive electrode that resulted in a large-scale recall of the technology due to battery fires.*
This resulted in the eventual introduction of Li-ion battery technology, in which the
metallic Li electrode was replaced with graphite. Ever since then, numerous materials have
been explored in the hopes of acquiring higher energy density, lower cost, and safer
rechargeable Li-ion battery technology.’”’ Today, because of their high energy density and
power output, rechargeable Li-ion batteries monopolize the growing portable electronics

industry.

The annual growth rate of Li-ion energy density between 1990 and 2010 has been
5.5 Wh/kg per annum; considering the current energy density of Li-ion batteries is 240
Wh/kg, goals set by the New Energy and Industrial Technology Development Organization
(obtaining 500 Wh/kg by 2030) seem unlikely to be realized.®® Therefore, in order to make
Li-ion more practical in applications requiring more energy, their material make-up needs
to be optimized once more. Alloy negative electrodes offer an opportunity for significant
increases in energy density.” Specifically, the volumetric capacity of Si is almost 3x that of
the currently used negative material graphite.” Because of this high energy density, Si-

based negative electrodes have been investigated for decades.!®!! A hurdle researchers



have faced with this material is its transformation into a crystalline LiisSis phase during
lithiation.!?> Nanostructured Si alloys in negative electrodes, though, do not form Li15Sis.!
This phase formation has been associated with capacity fade; however, direct proof of this
has not been reported.” This thesis will first provide some background into the strengths
and shortcomings of Si-based negative electrodes in rechargeable Li-ion batteries.
Afterwards, an investigation into the unique behaviour of Si as a negative electrode will be

presented and new theories proposed to explain this behaviour.

1.1 Lithium-Ion Batteries

Rechargeable Li-ion batteries are comprised of many components, but usually have
a positive electrode (cathode), negative electrode (anode), nonaqueous electrolyte, and
porous separating membrane.'* Utilizing this setup allows chemical energy to be converted
into useable electrical energy. The positive electrode is usually a layered transition metal
oxide that contains lithium in a relatively stable phase, supplying a finite amount of lithium
to the system.!> The negative electrode is usually a layered graphitic carbon that is void of
lithium in the discharged state, but saturated with lithium in the charged, or ready-to-use
state.'” In order for lithium ions to flow from one electrode to the other, an ionically
conducting but electronically insulating electrolyte is used. Electrolytes for Li-ion batteries
are organic, nonaqueous liquids, with a lithium-based salt dissolved within the solvent.'
The most popular solvents are cyclic and/or linear carbonates such as: ethylene carbonate
(EC), propylene carbonate (PC), dimethyl carbonate (DMC), and ethyl methyl carbonate
(EMC)."> These solvents are used because they dissolve salts well, have a wide stable
electrochemical voltage window, and are reasonably inexpensive and safe. The most

2



common salts for Li-ion batteries are LiPFs, LiBF4, LiB(C204)2, and LiN(CF3S02)2."°
These salts have high solubility, relatively low cost, are thermally stable, and can be
beneficial toward solid electrolyte interphase layer (SEI) formation.'> This SEI layer is a
passivating surface layer of semisolid electrolyte that forms upon reaction with the anode,
protecting the anode from future reactions with the electrolyte.'® Lastly, the porous
membrane (or separator) is a material sandwiched between the positive and negative
electrode that adsorbs electrolyte within a percolating network of pores, allowing for Li-
ion diffusion while being electronically insulating, and thus preventing the two electrodes
from coming into electrical contact. Celgard® is one of the more widely used separators,
made up of a polypropylene/ polyethylene/polypropylene (PP/PE/PP) trilayer that has been
stretched to enlarge its pore size.!®

Charge
—

Electron Flow
‘_

Discharge
LOAD/

CHARGER

I
L I .
1 Li*

—_—t—
Charge
|

Z]

Electrolyte

Separator

Discharge
‘—l—
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Positive Electrode
OpOJ10d[H 2AETON

|

Figure 1.1. Schematic diagram of a Li-ion cell.

A schematic diagram showing the chemistry at work in a Li-ion cell is shown above

in Figure 1.1. As illustrated, a Li-ion cell has positive and negative electrodes that are

3



separated from one another by a porous separator that contains electrolyte. These electrodes
are connected to an external circuit. During charge, the cell is connected to an external
potential difference, causing Li" ions to migrate towards the negative electrode through the
electrolyte. Simultaneously, electrons pass from the positive to negative electrode via the
external circuit to maintain charge neutrality. This charge migration reduces the negative
electrode and oxidizes the positive electrode. During discharge the opposite processes
spontaneously occur, oxidizing the negative electrode and reducing the positive electrode
and causing electrons to flow spontaneously through the external circuit from the negative

electrode to the positive electrode.

These spontaneous reactions are driven by a chemical potential difference between
the negative and positive electrodes with respect to lithium. The resulting cell voltage, V,

can be expressed as:

V= — Hcathod:l;ﬂanode (11)

where e is the magnitude of charge of an electron, n is the number of electrons taking part
in the reaction, and icarhode and panode are the chemical potentials of the positive and negative

electrode with respect to lithium, respectively, in electron volts.

1.2 Negative Electrodes in Li-ion Batteries

Carbons have dominated the negative electrode market since the commercialization
of the Li-ion battery in 1991.!7! Figure 1.2 shows the chemical potentials of several
negative and positive electrode materials.?’ Here it can be seen that carbonaceous materials

have the lowest chemical potential difference versus Li, resulting in the largest potential



difference between the carbonaceous negative electrode and the positive electrode.

Furthermore, since cell energy can be expressed by:
E=QV (1.2)

where E is the energy in Joules, Q is the charge in coulombs, and V is the cell potential
(V), the low chemical potential of carbonaceous materials is therefore very advantageous

for rechargeable Li-ion batteries.

pev | Limetal
Li,Graphite
. Li,Coke
-1eV Li, WO,
Li,MoO,
-2¢eV Li,Mo5,
Li,TiS;
Ay Li,MnO, (0 <x<1.0)
= Liy,NiO.
35 -4ev T
F_: Lii_YCGOE
m
-5eV

Figure 1.2. Showing the chemical potential ranges of intercalated Li in a variety of compounds.
Chemical potentials are measured relative to Li metal. Styled after Reference 20.

The use of graphite as a negative electrode for Li-ion batteries was first documented
and patented by Samar Basu of Bell Telephone Laboratories in 1983.2! Over the years,
other carbonaceous materials have been examined,> but since graphite has high
reversibility, low voltage, and high volumetric capacity it has been implemented into
conventional lithium-ion batteries as the active material in negative electrodes. Graphite

stores charge via the reversible intercalation of lithium ions, giving it a theoretical capacity



of 372 mAh/g, or 719 mAh/mL.* Its electrochemical reaction with Li can be represented

by:
Li"+ 6C + ¢ = LiCe (1.3)

Graphite has long cycle life, is abundant in nature, easily processed, and packs well,
resulting in dense electrode coatings. Furthermore, graphite has low voltage hysteresis,
average voltage, and irreversible capacity, making it an exceptional negative electrode

material that is difficult to surpass.’

1.3 Alloy-based Negative Electrodes for Li-ion Batteries

The remarkable performance of graphite in Li-ion batteries is well known;
however, to further improve on the energy density of modern batteries, much research has
been placed toward alloy-based negative electrodes.>2° Unlike graphite or other carbons
that reversibly insert Li" via intercalation processes, Li insertion into alloy negative
electrodes involves the breaking and reformation of bonds in the host structure.!” This
process alters the host structure and results in volume expansion (~9 mL/mol Li), but also
allows alloys to exhibit very high volumetric and gravimetric capacities, as shown in Figure
1.3.719 Figure 1.3 shows that a pure Si negative electrode has almost 10x the gravimetric
capacity as graphite and 3x the volumetric capacity. It should be noted, that in the majority
of battery applications, volumetric capacity is the more important metric (e.g. in electric
vehicles and cellphones), and these are the values that have attracted the scientific
community to alloy-based negative electrodes.”!® Average voltage, however, also has to

be taken into account in order to gauge cell energy density.



2500 4000
2000 gaooo
2 £
21500 z
g 2
§‘ 2000
O S
o, 1000
b= o
= i)
£ @
- £ 1000
(=]
g

e a

0 ]

Figure 1.3. The bar graphs, (a) and (b), represent the volumetric and gravimetric capacities of
various fully lithiated negative electrode materials, respectively. Reprinted with permission from
Reference 7. Copyright 2014 American Chemican Society.

A more accurate method toward quantifying the promise of alloy negative
electrodes involves using a realistic cell system that includes average electrochemical
cycling voltage into energy density calculations and compares the resulting capacities to
that of a graphite-based negative electrode system. Obrovac and Chevrier modeled
different negative electrodes in their recent alloy negative electrode review using the cell
stack shown schematically in Figure 1.4.7 In this figure, the thicknesses and composition
of each component is fixed, except for the negative electrode thickness, which is allowed
to vary since higher energy density negative electrode coatings can be expected to be
thinner while matching the capacity of the positive electrode. This is an appropriate

approximation since it acts as a reasonable unit cell for modern Li-ion batteries.



cathode: 70% v/v LiCoO,; t* = 55 pm

«— current collector; t;. = 15 pm
cathode: 70% v/v LiCoO,; t* = 55 pm

«— separator; t, = 20 um

anode (variable composition / thickness = t7)

SIS «—  current collector; t7, = 15 pm

anode (variable composition / thickness = t7)

B 090 TR 0% 4§54 +— separator; t, = 20 um

Figure 1.4. Cell stack used by Obrovac and Chevrier to model the impact of different anodes on
cell energy density. t' t'c, ts, t, and t. represent the thicknesses of the cathode material, the
aluminium current collector for the cathode, the separator, the anode material, and the copper
current collector for the anode, in microns, respectively. Reprinted with permission from Reference
7. Copyright 2014 American Chemican Society.

Cell stack energy density in Wh/L using the cell stack modeled in Figure 1.4, as

shown by Obrovac and Chevrier in their review,’ can be expressed as:

— 58 327.5 Ah/L
Uy = —— B (310V) — V] ",
(583.275)
70+ (110)[1 + =]

where Ur is the resulting cell stack energy density (in Wh/L), and §r~ and Vave are the
volumetric capacity (in Ah/L) and average voltage (V) of the negative electrode,
respectively. Although volumetric capacity plays a significant role in cell stack energy
density, equation 1.4 shows that Ur is more dependent on Vave . Using this equation, the
resulting cell stack energy densities for different alloy anode materials are shown in Figure

L.5.
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Figure 1.5. Calculated stack energies for different negative electrode active materials. The right-
hand side axis indicates the percent improvement in energy over a graphite electrode. A scale was
also provided with 18650 cell energies based on the model. Reprinted with permission from
Reference 7. Copyright 2014 American Chemican Society.

Figure 1.5 graphs the calculated (from equation 1.4) stack energy density, percent
improvement (relative to a stack containing a graphite negative electrode), and the resulting
18650 cell energy (in Wh) for the 10 Li-ion alloy negative electrode materials shown in
Figure 1.3. In calculating the stack energy density of these alloy negative electrodes,
coating porosity was assumed to be zero, and the irreversible capacity was assumed to
match the cathode (70 % by volume LiCoO2). Because of these assumptions, Figure 1.5

represents the maximum possible increase from implementing alloys into a cell stack.

The top five alloy negative electrode materials in order of decreasing energy density
are therefore Mg, Ag, Si, Pb then Sn. Table 1.1 shows the characteristics of each of these
elements and compares them to graphite. It can be seen here that, as expected, the stack
energy is largely dependent on average voltage. Ag is far too expensive to act as a major

component in Li-ion batteries, and lead is undesirable due to toxicity. Additionally, Mg has

9



low rate capability, and with its average electrochemical cycling voltage of 0.0325 V, has
a high risk of Li-plating.?’*® This leaves Si and Sn as the major candidates for active

materials in negative electrodes for Li-ion batteries.

Table 1.1. Characteristics of Li-ion negative electrodes for five of the most energy dense alloying
elements. Data for columns 3, 4, 5, and 6 were obtained from Reference 7.

Element Highest Expansion / % Average Stack Energy Energy
Lithiated Phase Voltage / V / Wh/L Increase / %

Graphitegaseline LiC¢* 10 0.125 726 0
Ag y3-LipsAg? 236 0.175 1031 42

Mg Li;osMg?’ 125 0.0325 1032 42

Pb LissPb’ 222 0.423 960 32

Si Li;sSis" 280 0.400 976 34

Sn Lis4Sn% 244 0.504 941 30

Si and Sn are the two most studied alloy negative electrode materials and both have
made their way, to a small degree, into the battery market.’*? Table 1.2 shows a cost
analysis of the use of Si and Sn negative electrodes compared to graphite. From this table
it can be seen that Si is by far the most economical material for Li-ion negative electrodes
on a cents/Ah basis. For this reason, the work in this thesis was focused on gaining a deeper
understanding into the electrochemical behaviour of Si with the hope that this knowledge
can be a stepping-stone for the scientific community to improve its cycling performance
and ultimately the energy density of Li-ion batteries.

Table 1.2. Raw material cost analysis of graphite, Si, and Sn.

Material Cost / $/kg Theoretical Capacity Cost per unit Energy
/ Ah/kg / ¢/Ah
Natural Graphite 3.00% 370 0.81
Silicon 2.85% 357912 0.08
Tin 15.00% 9937 1.51

1.4 Si-based Negative Electrodes for Li-ion Batteries

The high energy density of Si, combined with its natural abundance has made it one
of the most highly studied Li-alloy negative electrode materials.”!%® Prior to 2004, though,

10



very little was known about its electrochemical behaviour.!? Due to the use of coating
formulations that were unable to deal with the 280 % volume expansion experienced by Si
during lithiation, large capacity fade would occur in just a few cycles, as shown in Figure
1.6.!% It can also be seen here that ground Si nearly reaches its theoretical capacity of 3579
mAh/g during its first lithiation, has a low average voltage, large hysteresis, and low

delithiation capacity.
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Figure 1.6. First discharge, charge, and second discharge of a cell made from ground pure silicon.
Reprinted with permission from Reference 10. Copyright 1995 Electrochemical Society.

In 2004 Obrovac and Christensen performed a detailed ex-situ X-ray diffraction
(XRD) study on the electrochemical reaction of lithium with silicon.!? In this study, they
confirmed the transition from a crystalline to an amorphous structure upon lithiation and
discovered the formation of crystalline LiisSis below 70 mV. This was a significant finding,
since Li15Si4 is a metastable phase not present in the Li-Si phase diagram and only appears

during electrochemical cycling.'? In a later study, Li and Dahn performed an in-situ XRD
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study on crystalline Si (¢-Si) negative electrodes, in order to elucidate the complicated
electrochemical alloying mechanism of crystalline and amorphous Si with lithium.>” A
major finding of the investigation was a description of the detailed phase behaviour that

occurs during the electrochemical insertion of Li into Si, shown in Figure 1.7.
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Figure 1.7. Phase diagram describing the phases that form during the charge-discharge cycling of
a Li/Si electrochemical cell between 0.005 and 0.9 V at room temperature. Reprinted with
permission from Reference 37. Copyright 2007 Electrochemical Society.

As c-Si is lithiated, it becomes increasingly reduced into amorphous LiySi (a-LiySi)
until reaching a capacity of 3350 mAh/g (y = 3.5). When all of the ¢-Si is consumed, a
variable lithium composition phase forms (a-LixSi), then a-LixSi entirely crystallizes to
form LiisSi4 at about 60 mV. During charge, LiisSis is delithiated and coexists with the,
less lithiated, amorphous a-Li:Si phase, where z was determined to be about 2.0. For the
remainder of the charge and during subsequent discharges, the stoichiometrically variable

a-Li:Si phase is the only phase present above 60 mV.?’
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To understand the electrochemistry taking place during the charge and discharge of
a-Si, Li et al. performed an in-situ Mdossbauer (MS) study on tin-doped amorphous Si
prepared using magnetron sputtering.®® g-Si exhibits two plateaus during lithiation in the
voltage curve, as shown in Figure 1.8. Additionally, these two plateaus are replaced by one
prominent plateau in the delithiation profile when LiisSi4 is formed (lithiate to below 60
mV) during discharge. The phases during delithiation will be those shown in the first

charge section of Figure 1.7.
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Figure 1.8. Potential versus specific capacity profile for the Li / a-Sig7Sni3 (solid line) and Li / a-
Sio3Sn7 (dashed line) in-situ MS cells. The Li / a-Sig7Sn;s and Li / a-Sis3Sn7 cells were discharged
to 0.070 and 0.005 V, respectively and charged to 1 V using a current corresponding to a C/200
and C/140 rate, respectively. Reprinted with permission from Reference 38. Copyright 2009
Electrochemical Society.

Ultimately, this in-situ MS study allowed Li et al. to determine that the two gently
sloping plateaus in the discharge profile correspond to two arrangements of Li atoms in the
host structure. The higher voltage plateau is a result of Li-ions being inserted into
environments where each Li has primarily Si neighbors, whereas, at lower voltages the Li
atoms have primarily Li neighbours, meaning that their insertion voltage will be closer to

that of Li-plating (occurring at 0 V vs Li).
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Overall, Si undergoes a complex electrochemical reaction with Li. As shown in this
section, a significant amount of research has gone into understanding this mechanism in
order to harness the high energy density of Si. Similar to previous studies, the work in this
thesis aims toward acquiring a deeper understanding into the electrochemical behavior of
Si. Particularly, work in this thesis focused on clarifying the conditions for and implications
of Li15Si4 formation during the lithiation of Si, via electrochemical testing of Si thin films
as negative electrodes in Li half-cells, and investigating the role of compliant layers on the

electrochemical behavior of Si thin films.

1.5 Organization of Thesis

Chapter 2 outlines the experimental techniques used in this work. Electrode
preparation, cell assembly, electrochemical measurements, and materials characterization

techniques are discussed.

Chapter 3 presents a study motivating and showing implications of LiisSis
formation. Films of different thicknesses deposited onto various substrates and cycled at
multiple rates are examined electrochemically and imaged at points during cycling. An
electrochemical characterization method where peaks are fit in the differential capacity
profile is employed, leading to a deeper understanding into the conditions for LiisSis
formation. Ultimately, a model is proposed for LiisSi4 formation in Si thin films that can
be extended to other systems, and the effect of LiisSis formation on cycling performance

is briefly investigated.

In Chapter 4, the knowledge presented in Chapter 3 is applied to test the

performance of various binders. First, a coating formulation is optimized for bulk Si,
14



utilizing polyimide as a binder, then this formulation is tested with other binders to examine
differences in performance using LiisSi4 formation as a probe. Afterwards, this optimized
formulation is applied to n-Si coatings to be able to have a clearer view of the effect of

binder on Lii5Sis formation in composite coatings.

In Chapter 5, a compliant layer is introduced between the film and substrate in order
to eliminate film/substrate interactions and obtain electrochemical behaviour more similar
to powdered negative electrode materials in composite coatings. In this section, multiple
compliant layer compositions are investigated, and their performance is compared to the
Si thin films in Chapter 3 and composite electrode coatings shown in Chapter 3. Lastly, a
binary film is sputtered onto a compliant layer and the electrochemical behaviour is
examined and compared to a ball-milled alloy of the same composition in a composite

coating.
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Chapter 2 Experimental Techniques

2.1 Magnetron Sputtering

Magnetron sputtering was the main technique used to acquire amorphous Si in this
work. Magnetron sputtering is a type of sputter deposition that is capable of producing a
thin film of a desired composition onto a substrate.***° These film-covered substrates can
then be implemented into electrochemical cells as electrodes. Unlike electrode coatings,
thin films deposited onto a current collector lack binders and conductive diluents, making
them useful for studying the electrochemical behaviour of pure materials. In magnetron
sputtering, targets of a desired composition are chosen so that their material make-up can
be subsequently deposited onto a substrate. In this project, only Si targets were used except

for one experiment, in which an Fe target was also used.

During the sputtering process, electrons collide with Ar ions, creating an Ar"
plasma. This plasma is then directed and accelerated toward prepared negatively biased
targets. As Ar" collides with the target, the target material is ejected and deposited onto the
substrate-covered sputtering table. Additionally, when Ar ions collide with the target,
secondary electrons from the target material are ejected.*’ These secondary electrons ionize
Ar atoms that are supplied to the chamber, continuing the plasma. In magnetron sputtering,
magnets are placed behind the targets. These magnets create magnetic fields that cause
secondary electrons to travel in a spiral close to the targets, increasing their travel time and
the number of Ar ions they can ionize.** When using multiple targets, homogeneous mixing

of the sputtered materials is accomplished through rotation of the sputtering table. The table
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used in this work rotated at 15 rpm. Film composition can be modified by covering targets

with appropriately designed masks.*!

A modified Corona Vacuum Coaters V-3T deposition system equipped with a 500
L/s turbo pump and Polycold system was used (located in the Sir James Dunn Physics
Building of Dalhousie) for all sputtering experiments. In most sputtering runs, the table
was first covered with Al foil (Alcan), then that foil was entirely covered with electrolytic
Cu foil (Furukawa Electric, Japan). The table was first covered with Al foil so that the
adhesive coated onto the sputtering table would not come into contact with the electrolytic
Cu foil used as the current collector in negative electrodes. Additionally, 6 to 15 electrolytic
1.26 cm? Cu foil discs were weighed using a Sartorius SE-2 microbalance (£0.1 pg
resolution) and arranged linearly (into lines of 7) onto the 7.62 cm sputtering track. This
sputtering track began 8.4 cm from the table’s center. Additionally, a silicon wafer partially
covered with Scotch tape (3M Company) was sputtered upon in each cycling run. The tape
was subsequently removed and the sputtered wafer was then used to determine film
thickness for each run using a Sloan DekTak profilometer. Figure 2.1 is an image of the
prepared sputtering table following film deposition. After film deposition, the back of each
disc was cleaned of adhesive using a cotton-tipped swab soaked in methanol, then weighed
once again on a Sartorius SE-2 microbalance to determine the mass loading of Si film.
Either the exact mass loadings (determined by difference) were used when calculating a
theoretical capacity, or these exact masses were used to determine Si film mass as a

function of position on the substrate.
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Figure 2.1. Image of the film-covered sputtering table. (A) indicates the film of Si sputtered directly
onto the electrolytic Cu foil, (B) indicates Cu discs used to determine film mass, and (C) the
partially taped Si wafer.

Four different sputtering procedures were used in this thesis; all are detailed in
Table 2.1. In each sputtering run, only constant masks were used so that there would be a
nearly constant composition and film thickness over the entire sputtering table. A “(x2)”
in the “Si/ W” column of Table 2.1 means that two Si targets were used in sputtering runs
following that procedure. All sputtering procedures utilize a Cr plasma clean procedure in
order to sputter away surface impurities on the substrate. In this process, a large volume of
oxygen, and a small amount of Ar is passed into the sputtering chamber and ionized into
O and Ar", respectively. The O% ions are projected towards the sputtering table partially
etching the the sputtering table, while the small amount of Ar" is directed towards the Cr
target, causing a very small amount of CrO to deposit onto the substrate surface.

Additionally, column four in table 2.1 provides the total W/min of Si and Fe for each
18



sputtering procedure. As long as the power (in columns 1 and 2) is constant, this
measurement is a viable means to compare the amount Si deposited from one procedure to
another when varying the sputtering time. The film mass, however, is not perfectly linear
with total W/min since target thickness (from use) and/or sputtering chamber conditions

can vary and affect deposition rate.

Table 2.1. Summary of the various sputtering conditions used and their details in this thesis.

Power Supplied to Targets

Procedure # Si/W Fe/W Total W/ min Measured Film  Mass Loading
Si/ Fe Thickness / nm / mg/cm?
1 \ 150 0 42750/0 400 0.119
2 \ 150 (%2) 0 40000/0 400 0.119
3 ‘ 150 0 26 500/0 275 0.060
4 | 150 20 31320/4 180 300 0.130

2.2 Leaching Cu Substrate and Recovery of Si Flakes

In one instance (using a film prepared from procedure #2, Table 2.1), the Cu foil
substrate was removed so that the Si film could be recovered as flakes. In order to remove
the Cu foil, an apparatus was prepared consisting of a 100 mL 3-necked round-bottomed
flask mounted onto a heating mantle equipped with a condenser and thermometer. Argon
was then passed through the apparatus. First 50 mL of 3 M HNOs was made by
appropriately diluting concentrated HNO3 (Caledon, 68.0 % by weight) with distilled
water. The resulting HNOs3 solution functioned as the Cu leachant. This solution was then
transferred to the 3-necked flask and heated to boiling under argon to deoxygenate the
liquid. After allowing this solution to cool, the Si film covered Cu foil was cut into strips
and fed into the solution. The solution was stirred with a stir bar at 500 rpm and left to stir
for 2 hours. The resulting amorphous Si flakes were recovered through suction filtration

and washed with distilled water.
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2.3 Imaging Techniques

2.3.1 Scanning electron microscopy

Scanning electron microscopy (SEM) measurements were performed using either
a Phenom G2-pro tabletop SEM (located in the Sir James Dunn Physics Building of
Dalhousie), or a Hitachi Coldfield Emission SEM S4700 (located in the A.E. Cameron
Building of Dalhousie) with an Oxford Analytical INCA energy dispersive X-ray detector
spectrometer (EDS) attachment. SEM samples were mounted onto an SEM stub with
carbon tape, and then transferred into the SEM chamber. Scanning electron microscopes
bombard a sample with electrons and their detector collects secondary electrons (SE) or
backscattered electrons (BSE) that are ejected from the sample.*> Measurements taken with
the Phenom G2-pro and the Hitachi Coldfield Emission SEM S4700 detect BSE or SE and
SE, respectively. Secondary electrons originate from within a few nanometers of the
sample surface, therefore by detecting these it is possible to create a well-resolved image
of the sample.*> BSEs originate from the electron beam incident on the sample.** These
electrons then interact with the sample and are scattered, among which some reach the
detector. Because heavier atoms deflect more electrons, BSE images tend to have brighter

regions where there are heavier atoms and darker regions at lighter atoms.

2.3.2 Energy dispersive detector X-ray spectrometry measurements

Energy-dispersive X-ray spectroscopy was used to map the composition of a region
following focused ion beam (FIB) ablation. When the electron beam (used in SEM)
interacts with atoms in the sample, it causes atomic inner shell electrons to be ejected,

creating a hole. An electron from the outer shell subsequently fills this hole, and the energy

20



associated with this relaxation is emitted as a characteristic X-ray. EDS utilizes a detector
that counts these characteristic X-rays, and matches their energy to a specific element.
Overall, the counts of these characteristic X-rays allow EDS to quantify the elemental

composition of a sample.*

2.3.3 Focused ion beam ablation

FIB is a well-known fine ablation technique that is usually coupled with SEM. In
this project, FIB was used to create micron-deep holes into a Si film covered compliant
layer (see Section 5.3.2) in order to measurement the penetration depth of Si into the layer.
An FB-2000A, 30 kV Ga-ion FIB was used (located in the A.E. Cameron Building of
Dalhousie) to precisely ablate away sample surfaces. In FIB an ion beam composed of a
heavy element ion, in this case Ga, is shot toward the sample and used to remove a fine
layer of the material under investigation.** The current can be modified depending on the
goals of the researcher. If a low current is used, a high-resolution image of the sample can
be obtained via a secondary electron signal (seen in Section 2.3.1). This causes minimal
ablation to the sample surface. If a high current is used, a controlled amount of the sample
surface, in a specific region, can be removed by the high-energy Ga ions. In this project,
the FIB was set to ablate certain regions in a stepwise manner. Using this method, it is
possible to gather information about the existing composition at a variety of depths and it
also allows for thorough cross-sectional analysis of samples. FIB ablation was coupled

with SE detection, SEM and EDS measurements.
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2.4 Electron Microprobe

Electron microprobe measurements were performed to determine the composition
of a sputtered Si-Fe film. Electron microprobe samples are bombarded with an electron
beam, causing the sample to emit X-rays characteristic of certain elements toward a
detector.* The detector is first calibrated against a standard of known composition, in this
case FeSiz, allowing it to quantify the elemental composition of the sample based on the
counts of emitted X-rays. Following calibrations, accurate sample compositions can be
determined. Measurements were taken using a JEOL 8200 Superprobe, equipped with an
xy-translation stage (located in the Life Sciences Centre of Dalhousie). The sample was

irradiated with a 50 um diameter electron beam at 50 nA and 5 keV.

2.5 Electrode Coating Fabrication

Generally, coatings were composed of an active material (optional), a conductive
diluent, and a polymeric binder. These were combined with a solvent in which the binder
is soluble and mixed in a 40 mL hardened stainless steel planetary mill vial, containing 2-
4 1.27 cm tungsten carbide balls, using a Retsch PM 200 planetary mill. The active
materials used were bulk Si (Aldrich, -325 mesh, > 99 % purity), Si nanoparticles (n-Si,
Nanostructured and Amorphous Materials, 30-50 nm, > 98 % purity), recovered
amorphous Si flakes (see Section 2.2), and MAG-E graphite (Hitachi). Polyacrylic acid
(PAA, Aldrich, 35 % by wt. in H2O, MW ~ 250,000 g/mole), lithium polyacrylate (LiPAA,
made by neutralizing PAA with LiOH-H20 (Aldrich, > 98 % purity)), polyimide (PI2555,

HD MicroSystems), FC2179 fluoroelastomer (Dyneon), and polyvinylidene fluoride
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(PVDF, Aldrich, average MW ~534 000) were used as binders. Distilled water was used
as the solvent when LiPAA or PAA binder was used. N-methyl-2-pyrrolidone (NMP,
Aldrich, > 99.5 % purity) was used as the solvent for all other binders. Typically, the total
amount of solids in the slurry was ~ 2 g, and typically about 5 to 10 g of solvent was used.
All slurries were mixed in a planetary mill for one hour at 100 rpm. They were then hand-
coated onto electrolytic copper foil (Furukawa Electric, Japan) at a thickness of 0.10 mm,

using a stainless steel coating bar.

Coatings incorporating a PVDF binder were dried at 120 °C in air using a solvent
oven. Coatings using LiPAA or PAA were allowed to dry for one hour in air, and then
heated to 120 °C overnight under vacuum. Coatings using FC2179 were dried at 120 °C
for 24 hours under vacuum. Lastly, coatings using PI were dried at 120 °C in air in a solvent
oven for one hour, then punched into electrodes and heated in a tube furnace under argon
at 120 °C for one hour, followed by three hours at 300 °C. These details for each binder
are summarized in Table 2.2, along with the coating formulations for all the inactive
compliant layers used in this thesis. LIPAA and PAA coatings are hydroscopic and were

therefore stored in an Ar-filled glovebox.

Table 2.2. Composite coating details for the inactive compliant layers.

Binder Binder/SC Heat Treatment Air Sensitive  Total Solids Mass Loading
Ratio by wt. Y/N (in milling vial) / g
PVDF 60/40 120 °C, 2 hours N -1
Solvent oven

LiPAA 60/40 120 °C, Overnight Y -1
Under vacuum

FC2179 70/30 120 °C, 24 hours N -1
Under vacuum
120 °C, 1 hour

PI 60/40 then 300 °C, 3 hours N ~1

Tube Furnace, Ar flow
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Compliant layer coatings were made using the same procedures described above.
Details concerning prepared active compliant layers are provided in Table 2.3.
Additionally, details concerning Si-based (bulk Si, #-Si, and recovered flakes) composite

coatings are provided in Table 2.4.

Table 2.3. Characteristics of the active compliant layers used for Si thin films.

Producer / ID By Mass Active Material Binder Identity Calendered Y/N
AM/SC/Binder
Author /1 93.46/0.5/6.04 Graphite PVDF N
Magna / 11 89.8/NA/4 Graphite PVDF Y
Moli / 1T N/A Graphite N/A Y
IM/1IV 91/0/9 V6 Alloy LiPAA Y

Table 2.4. Characteristics of Si powder based composite coatings.

Active Material Volume Ratio Mass Ratio Binder Identity =~ Total Solids Mass Loading
AM/SC/Binder ~ AM/SC/Binder (in milling vial) / g
Bulk Si 70/20/10 73/21/6 PI ~2
Bulk Si 65/20/15 69/21/10 PI ~2
Bulk Si 60/20/20 65/21/14 PI ~2
Bulk Si 55/20/25 61/22/17 PI ~2
Bulk Si 55/20/25 59/21/20 PVDF ~2
Bulk Si 55/20/25 60/21/19 LiPAA ~2
Bulk Si 50/20/30 57/22/21 PI ~2
n-Si 27/20/53 34/25/41 PI ~1
n-Si 27/20/53 31/22/47 PVDF ~1
n-Si 27/20/53 33/24/43 PAA ~1
Si Flakes 16/27/57 20/32/48 LiPAA ~1

2.6 Electrochemical Characterization

Coin cells were constructed in an argon-filled glovebox. The cells consisted, from
bottom to top, of a stainless steel (SS) bottom with a polypropylene (PP) gasket attached,
followed by a carbon steel spring, a SS spacer, a counter electrode, two layers of separators,
the working electrode, and lastly a SS cell top. An image of the coin cell assembly is shown
in Figure 2.2. The working electrode is a circular disk created by punching an electrode
coating or film with a circular die. Celgard® 2301 was used as the separator material, and

lithium foil (Aldrich, >99.5 % purity) was used as the counter electrode.
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Figure 2.2. Coin cell parts, with representative foils used for the working and counter electrodes.
The top and bottom SS can were about the size of a quarter.

Celgard 2301%, as explained in Section 1.1, is a PP/PE/PP trilayer used to separate
the electrodes and prevent electrical contact, preventing short-circuiting. A 0.38 mm thick
layer of lithium was used as a compliant layer to accommodate rough surfaces in the
working electrode. The electrolyte was 1 M LiPFs (BASF) dissolved in ethylene carbonate
(EC) / diethyl carbonate (DEC) / fluoroethylene carbonate (FEC) in a 6/3/1 volume ratio;
solvents were battery grade from BASF. After assembly, cells were crimped shut with an
argon-powered press using a custom-made crimping die (DPM Solutions). Cells were
cycled using a Maccor Series 4,000 Automated Test system at 30 °C between 0.9 and 0.005
V at various C-rates and protocols. These specifications will be explained when presented
later in the thesis. A C/2 rate with a C/20 trickle, for instance, means that the cells were run
at a current such that it would take 2 hours to obtain full cell capacity (i.e. the calculated
theoretical capacity, based on the mass of the active material, multiplied by the specific
theoretical capacity of this material), upon reaching 5 mV the voltage is held constant and

the current is allowed to equilibrate to C/20 rate before charging.
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Chapter 3 LiisSis Formation in Si Thin Films

3.1 Introduction and Background

The development of Li-ion batteries that incorporate energy dense silicon-based
negative electrodes is challenging, mainly because silicon expands significantly during
lithiation. Furthermore, crystalline LiisSi4 has been shown to form during the lithiation of
silicon when the voltage becomes less than 50 mV.!? Acoustic emission studies and
imaging techniques have indicated that this phase transition can result in high internal
stresses, leading to particle fracture and cell fade.*® To overcome the issues associated with
LiisSi4 phase formation and volume expansion during cycling, researchers have

demonstrated high cycle life in Li cells by using Si in the form of nanoparticles,*’*

49,50 53,54

nanowires, nanopillars,’’> thin films, and in alloys with inactive or active
phases.!>> These studies have reported various threshold sizes for nanoparticles (150
nm),*”*® nanowires (300 nm),*® and amorphous thin films (2.5 um),’” below which Lii5Sis
formation does not occur. These results imply that the LiisSis phase may be a consequence
of particle size; however, the variance in threshold size among Si morphologies raises

questions. In particular, the suppression of LiisSi4 formation in thin films that are microns

thick is surprising.

Recent studies have shown that the potential of Si electrodes can be significantly
modified by applied stress.”®>? Yang et al. have simulated the effect of a Cu layer bonded
to one side of a Si anode on its electrochemistry and predict that it leads to asymmetric
diffusion, resulting in stress fields that may limit Li-ion insertion into Si films.®

Sethuraman et al. have made careful measurements of the effects of applied stress to Si
26



thin films by measuring the substrate curvature changes during electrochemical lithiation
and delithiation.’® They determined the applied stress-potential coupling to be in the range
of 100-125 mV/GPa, as shown in Figure 3.1, for Si thin films. As the Si film expands
during lithiation compressive stress results from its attachment to a fixed Cu substrate. This
compressive stress was found to reach 1.5 GPa before being relieved by plastic flow.
During delithiation, the Si film undergoes tensile stress as it contracts. This stress can be
relieved by cracking. As a result, the total electrode tensile stress during delithiation was
found to be only 0.5 GPa, while the internal film stress during delithiation could not be
measured by the methods used by Sethuraman et al., since the crack density was not known.
As a result of these studies, it was found that the voltage curve of silicon could be lowered
by as much as 200 mV during lithiation. This causes Si electrodes to reach their lower cut

off potential at an earlier state of charge, resulting in reduced capacity.

Since LiisSi4 has been shown to form at voltages between 50 - 70 mV, the

suppression of LiisSis formation in Si thin films observed by Hatchard et al.>’

can easily
be accounted for within the magnitude of the lithiation voltage lowering observed from
stress due to expansion against the substrate, as reported by Sethuraman et al.’® The
conjecture that Li1sSi4 formation in Si thin films can be suppressed by induced stress from

a substrate is investigated here and implications for the cycling of Si-alloys in general are

discussed.
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Figure 3.1. (a) Potential and stress values at the end of the open-circuit potential relaxation period
in the stress-potential experiments conducted at three different SOCs are shown along with linear
fits (solid lines). Potential is corrected for the change in Li concentration due to the incremental
delithiation steps in the stress-potential experiments. The dashed line for each SOC represents the
Larché—Cahn potential centered around the y-intercept of the linear fit for that SOC. (b) Normalized
potential and stress values at the end of the open-circuit potential relaxation period in the stress-
potential experiments is shown with the Larché—Cahn potential (dashed line). Reprinted with
permission from Reference 58. Copyright 2010 Electrochemical Society.
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3.2 Experimental Setup

Samples were prepared by magnetron sputtering using a Corona Vacuum Coater’s
V3T system. Films were deposited using either one or two Si targets (Pure Tech, 99.9 %)
using a DC power supply of 150 W. The films were deposited onto cold-rolled Cu foil
(CR-Cu), electrolytic Cu foil (E-Cu) (Furukawa Electric, Japan), and Ni foil (Special
Metals Wiggin Ltd.). Some of the foils were roughened using Scotch-Brite (3M Company)
prior to sputtering. These foils are designated with a superscript 'R, e.g. as CR-Cu® (for
cold-rolled Cu foil that was roughened). Si film mass was determined via position, using a
calibration of the mass as a function of the sputtered film area with reference to pre-
weighed Cu foil discs. The sputtering table was prepared as described in Section 2.1, and
as shown in Figure 2.1. Scanning electron microscopy (SEM) was performed using a

Phenom G2-pro SEM.

Sputtered Si film (400 um thick) was removed from the copper substrate as
described in Section 2.2. The resulting amorphous Si flakes were recovered through suction
filtration and washed with water. The washed product was incorporated into an electrode
coating comprising the recovered Si flakes, Super C Carbon Black, and lithium
polyacrylate in a 20/32/48 weight ratio, prepared as described in Section 2.5. 1.26 cm?* discs
were punched from the sputtered films or from the Si flake coatings and incorporated into
2325 coin cells, as described in Section 2.6. Cells were cycled at a C/2 rate with a C/20

trickle current cutoff at 5 mV during discharge (lithiation), unless specified otherwise.

29



3.3 Results and Discussion

Figures 3.2 (a) and (b) show the potential versus specific capacity and differential
capacity curve, respectively, of a Li half-cell with a negative electrode comprised of a 275

nm Si thin film sputtered onto CR-Cu using one Si target, cycling at C/2 rate with a C/20

trickle.
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Figure 3.2. (a) Voltage versus capacity and (b) differential capacity curves of a 275 nm thick Si
film sputtered onto CR-Cu cycling at a C/2 rate with a C/20 trickle. Cycles 1, 10, 20, 25, and 30
have been highlighted.
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This film has a thickness well below the 2.5 pm threshold thickness reported by
Hatchard et al.,’” below which they reported LiisSis does not form during 10 cycles.
Initially the voltage curve in Figure 3.2 (a) shows a small plateau at about 0.25 V (likely
due to nucleation processes during initial lithiation). The voltage and differential capacity
curves are then characteristic of amorphous Si for the first 20 cycles; however, there
appears to be a significant shift to higher voltage in the lithiation differential capacity
profile (about 20 mV) between cycle 1 and cycle 10. To the author’s knowledge, this
phenomenon has not been previously reported. At cycle 20, a small peak in the delithiation
differential capacity appears near 0.42 V, which corresponds to the formation of LiisSia.
As cycling progresses, this peak increases in area during cycling, indicating a substantial
increase in the formation of LiisSis during cycling. It is likely that Hatchard et al. did not
observe the formation of LiisSis in their thin films because not enough cycles were
measured (Hatchard et al. only reported measuring 10 cycles).’” As will be shown below,
the composition and morphology of the substrate surface can also significantly affect when

the LiisSi4 phase is observed.

3.3.1 Process for fitting the peaks of differential capacity curves

Differential capacity delithiation curves were fit using a least squares minimization
routine in order to quantify the degree of LiisSis formation during cycling, as shown in
Figure 3.3. Three pseudo-Voigt peaks and a linear background were found to fit the entire
delithiation profiles well. The parameters used to fit peaks in the differential capacity
profile were the position, peak area, full-width at half maximum, and shape (mixture of
Lorentzian and Gaussian). All parameters of the amorphous delithiation peaks (a-Si at 0.3

V, and a-Si’ at 0.5 V) were allowed to vary until the cycle preceding LiisSi4 formation.
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Upon LiisSi4 formation, only the area of the amorphous delithiation peaks was allowed to
vary. This was chosen since these peaks were found to shift to lower voltage during early
cycling then become fixed in position. The LiisSia peak was fit allowing all four parameters

to vary during cycling.
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Figure 3.3. Differential capacity curve of (a) the 10™ and (b) the 30" charge cycle for the same

half-cell used in Figure 3.2. Also shown in these plots are the pseudo-Voight peak profiles used to
fit the experimental data, the total calculated fit, and the difference between the fit and experiment.

The peak fitting results are summarized in Figure 3.4, which shows the total
delithiation capacity and the relative amount of delithiation capacity from LiisSis4 for the
same film shown in Figures 3.2 and 3.3. In this example, no Lii5Si4 is present during early
cycling; however, after cycle 20 significant amounts of LiisSis progressively form.

Furthermore, significant capacity fade is coincident with Lii5Si4 formation.
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Figure 3.4. Relative Li;sSis peak area and delithiation capacity vs. cycle number for the same half-
cell used in Figures 3.2 and 3.3. Arrows indicate the axis used for each dataset.

3.3.2 SEM investigation of an electrode during the appearance of Li;5Si4

In order to understand the physical basis for the observed LiisSis formation and
coincident fade during cycling, fully delithiated electrodes were examined by SEM as a
function of cycle number. Figure 3.5 (a) shows the voltage curve of a 400 nm thick Si film
(pro. #2, Table 2.1) sputtered on E-CuR. This film forms Lii5Sis early on in cycling. The
extent of Li15Si4 can be visualized as the length of the Lii5Sis plateau, which is highlighted
in the figure. Figure 3.5 I-IV shows SEM images of this film after cycling 1, 2, 3 and 5
cycles (as indicated by roman numerals in Figure 3.5 (a)). All films were in their fully

delithiated state.
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rate with a C/20 trickle. Red lines (in (a)) indicate the growing Li;sSis delithiation region. Roman
numerals indicate points where cells were disassembled for SEM imaging. I to IV are the resulting
SEM images.

After the first cycle (Figure 3.5 I), there was widespread cracking and trench

formation, resulting in the formation of Si islands; however, the film had not disconnected
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from the substrate and no LiisSi4 could be detected in the voltage curve. After cycle 2
(Figure 3.5 II), some of the edges of the Si islands had disconnected from the substrate and
a small amount of Li15Sis could be detected in the voltage curve. After cycle 3 (Figure 3.5
III), there was significant delamination of the film from the substrate. This delamination
was coincident with significant LiisSi4 capacity in the voltage curve. After cycle 5 (Figure
3.51V), Si islands were only attached to the substrate by small point contacts and most of
them were so weakly bound that they detach entirely upon cell disassembly.
Coincidentally, the LiisSi4 plateau began to account for nearly the entire delithiation

capacity for this cycle.

3.3.3 Effect of delamination and polarization on Li;sSiy formation

These results strongly imply a relationship between film delamination and
increased LiisSis formation. To confirm this relationship, a portion of a 400 nm Si film
(pro. #2, Table 2.1) sputtered on E-Cu® was cycled (C/20 rate with a C/40 trickle) as is,
while the Si from another portion of the electrode was removed from its substrate by
dissolving the Cu substrate in nitric acid. The recovered Si flakes were then incorporated
into a composite coating. Figure 3.6 shows the differential capacity curve of the first cycle
of the composite coating and that of the original Si film attached to the E-Cu® substrate.
There is significant LiisSi4 formation in the Si film with no substrate. In contrast, the
original Si film attached to the Cu foil shows no sign of LiisSi4 formation. In addition, the
peak at about 0.08 V during lithiation is at a much lower potential for the Si film bonded
to the E-CuR substrate, than the Si film with no substrate. This shift is consistent with
voltage depression caused by compressive stress. The results shown in Figures 3.4, 3.5,

and 3.6 imply that the suppression of LiisSi4 formation in sputtered films is entirely due to
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effects from the substrate and that Lii5Si4 formation and fade are direct results of Si film

delamination. This explains why 2 pm thick Si films sputtered on substrates were reported

not to form LiisSi4 during cycling, while Lii5Si4 forms during the cycling of much smaller

Si particles (even nanoparticles).
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Figure 3.6. Differential capacity curve for the first cycle of a 400 nm Si film sputtered onto E-Cu®
(in black) and one of a Si composite coating where the Si was obtained by dissolving the Cu
substrate of a Si thin film in HNOj3 and recovering the Si flakes.

Polarization may provide an alternate explanation of LiisSi4 suppression in thin

films. For a pristine film, the surface area is small, diffusion only occurs from one side of

the film. This may cause increased polarization, compared to a Si particle or delaminated

flake, which might shift the voltage curve, leading to a suppression of LiisSis. As the film

cracks during cycling, surface area increases, leading to improved kinetics, less
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polarization, and hence more LiisSi4 formation. To see if this is the case, a 275 nm film

(pro. #3, Table 2.1) deposited onto E-Cu was cycled at slow rates (C/50 and C/75).
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film sputtered onto E-Cu cycling at C/50 rate in (a). Differential capacity curve of the first 5 cycles
of the same film at C/75 rate, darker lines indicate later cycles.
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Figure 3.7 investigates the role slower rates plays on LiisSi4 formation. In Figure
3.7 (a), the delithiation capacity and LiisSis peak area versus cycle number is provided for
a 275 nm film sputtered onto E-Cu cycling at C/50. At this slow rate, LiisSi4 formation
remains suppressed during early cycling and only emerges by cycle 17. Additionally,
LiisSis4 formation is accompanied by capacity fade. Figure 3.7 (b) shows the differential
capacity curves for the first five electrochemical cycles of the same film cycling at C/75
rate. No LiisSis emerges after the first 5 cycles. Cells at this rate failed after five or less
cycles, so no extended cycling performance could be obtained. Overall, even at rates as
slow as C/50 or C/75, LiisSi4 formation is suppressed in early cycling. This result implies

that polarization may not play a large role in the suppression of LiisSia.

Even at the low rates examined, cells do not spend much time below 50 mV during
cycling. For instance, cells spend about 4 and 6 hours below 50 mV at C/50 and C/75,
respectively. Therefore, even low levels of polarization could result in incomplete LiisSi4
formation. To investigate this, a 275 nm film (pro. #3, Table 2.1) deposited onto E-Cu was
cycled at C/2 rate with a C/20 trickle for two cycles, then discharged to 5 mV and held at
this voltage for 100 hours. Afterwards, the cell continued cycling using the regular cycling

conditions (C/2 with a C/20 trickle).

Figure 3.8 compares the electrochemical behaviour of a 275 nm Si film (pro. #3,
Table 2.1) cycled using the standard protocol (C/2 with a C/20 trickle) to that of one with
a 100 hour hold at 5 mV after the 3" discharge. Figure 3.8 (a) shows the delithiation
capacity and relative LiisSis peak area for the film that underwent standard cycling
conditions. Figure 3.8 (b) shows the differential capacity of a film that was held at 5 mV

for 100 hours after the 3™ discharge. In Figure 3.8 (a), the film sputtered onto E-Cu exhibits
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no LiisSi4 formation until cycle 18, with coincident capacity fade (similar to Figure 3.4).
Before the 100 hour hold in Figure 3.8 (b), no LiisSi4 is formed, but after the hold, a
significant amount of LiisSi4 forms. This result could be due to the elimination of
polarization effects during the hold. Alternatively, the film may have undergone plastic
flow when held at 5 mV, which could reduce the stress between the film and substrate.

Both factors could also be contributing to Li15Si4 formation in the film.
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Figure 3.8. Relative Li;5Si4 peak area and delithiation capacity vs. cycle number for a 275 nm Si
film (pro. #3, Table 2.1) sputtered onto E-Cu in (a). (b) is the differential capacity curve for the
same film in (a) when held at 5 mV for 100 hours on the 3™ discharge, and (c) provides the
differential capacity curves for the first cycle following the 100 hour hold and cycle 30 of the cell
in (a).
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Figure 3.8 compares the electrochemical behaviour of a 275 nm Si film (pro. #3,
Table 2.1) cycled using the standard protocol (C/2 with a C/20 trickle) to that of one with
a 100 hour hold at 5 mV after the 3™ discharge. Figure 3.8 (a) shows the delithiation
capacity and relative LiisSi4 peak area for the film that underwent standard cycling
conditions. Figure 3.8 (b) shows the differential capacity of a film that was held at 5 mV
for 100 hours after the 3™ discharge. In Figure 3.8 (a), the film sputtered onto E-Cu exhibits
no LiisSi4 formation until cycle 18, with coincident capacity fade (similar to Figure 3.4).
Before the 100 hour hold in Figure 3.8 (b), no LiisSi4 is formed, but after the hold, a
significant amount of LiisSis forms. This result could be due to the elimination of
polarization effects during the hold. Alternatively, the film may have undergone plastic
flow when held at 5 mV, which could reduce the stress between the film and substrate.

Both factors could also be contributing to Li15Si4 formation in the film.

Electrochemical cycles following the hold, using the standard cycling protocol,
(shown in Figure 3.8 (b)) exhibited an incremental increase in LiisSi4 formation, whereas
the film cycled without the hold did not form LiisSi4 at these low cycle numbers. Therefore,
the formation of LiisSis during the hold has induced LiisSis formation in subsequent
cycling. It is possible that LiisSi4 crystallization has introduced grain boundaries, which,

in turn caused crack formation to propagate during delithiation, leading to delamination.

Lastly, Figure 3.8 (c) compares the differential capacity curve of the first
electrochemical cycle following a 100 hour hold at 5 mV to that of the 30™ cycle of the cell
with no holds. The LiisSi4 delithiation capacity was significantly smaller and capacity from
amorphous delithiation (between 0.25 and 0.40 V) was significantly larger after the 100

hour hold than that of the film on its 30" cycle. Therefore, there was still incomplete LiisSis
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formation in the film after the 100 hour 5 mV hold. It is difficult to believe that this was
due to polarization effects. Ultimately, due to the absence of complete LiisSis formation
even after the 100 hour hold, the induced formation of Lii5Sis in cycles following the hold,
complete LiisSis suppression in films cycled at very slow C-rates, and previous studies
showing that stress-voltage coupling in Si thin films can result in a shift of up to 200 mV
in the voltage profile,”® film/substrate stress is likely the major cause behind LiisSi4

suppression in Si thin films.

3.3.4 Disconnection model for Li;sSi, formation in Si thin films

Assuming stress is the primary factor causing LiisSis suppression during cycling, a
model can be made to explain the SEM and electrochemical behaviour observed during the
cycling of a Si thin film bonded to a substrate, as illustrated in Figure 3.9. When the pristine
Si film (I) is first lithiated it can only expand in a direction perpendicular to the substrate.
This causes large compressive stresses to form and the film undergoes plastic flow,
increasing its thickness (II). Because of the large stresses that occur during this process,
the voltage is depressed, by up to ~200 mV.>®* This causes the Lii5Sis formation voltage
to be shifted below 0 V, and therefore this phase does not form at full lithiation. During
delithiation, the film begins to contract. Large tensile stresses develop, causing the voltage
to be elevated above the equilibrium voltage. Some of the tensile stress can be alleviated
by crack formation, as shown in (III). Initially, as observed in Figure 3.5, the film remains
bonded to the substrate and the cracks are in the form of trenches. During subsequent
lithiations, the film expands, undergoing compressive stress and plastic flow. This
expansion causes the cracks to close and the film to expand in thickness again (IV).

Because the film is under compressive stress, LiisSi4 does not form, as explained above.
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These observations of Si film expansion and crack propagation have been observed
previously.®! After repetitive cycling, the Si thin film eventually begins to detach from the
substrate (V). The detached regions now experience much less stress during lithiation, and,
as a result, the voltage curve of Si in these regions is affected less by stress effects.
Therefore, in these regions LiisSis forms at full lithiation (VI). During repeated cycling,
the film becomes increasingly detached and more LiisSis forms at full lithiation.
Eventually, Si islands detach entirely (VII). These islands likely then become completely
surrounded by the solid electrolyte interphase and become electronically isolated (VIII),

resulting in capacity fade.
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Figure 3.9. Illustration of the processes that occur during the cycling of a Si thin film, resulting in
L1;5Si4 formation, disconnection, and fade.



3.3.5 Effect of substrate identity on cycling performance and Li;5Si4

The model proposed in Figure 3.9 implies that using different substrates that have
different adhesion to the Si film may significantly affect electrochemical performance. To
test this theory, a 275 nm film of Si was simultaneously sputtered onto various substrates,
so that the sputtering conditions were identical for each substrate. Figure 3.10 shows the

cycling performance of the resulting thin film electrodes.
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Figure 3.10. Cycling performance of a 275 nm Si thin film on different substrates. Open and closed
symbols represent the lithiation and delithiation capacity, respectively.

It can be seen that both substrate composition and surface morphology significantly
affected the cycle life of a Si thin film. These effects can be rationalized in terms of the
model proposed in Figure 3.9. For instance, Si sputtered onto CR-Cu® had the worst cycling

performance. Since the cold rolling process utilizes lubricants, one might expect that any
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lubricating oil layer on the Cu foil would cause the Si film adhesion to be poor, resulting
in capacity fade. Roughening the Cu foil also resulted in fade, likely due to the Si film
becoming detached at high radii of curvature apexes. It is well known that Si bonds strongly
to Ni,% and, as a result, Ni is used as a bonding layer for Si wafer contacts in solar cells.®*%*

Good Si-Ni adhesion likely results in good cycling performance of the Si film on Ni foil,

even when it is roughened.

Figure 3.11 shows the delithiation capacity, LiisSis peak area, and the change in
average half-cycle potential (from the first cycle) plotted against cycle number for all the
Si films on the different substrates shown in Figure 3.10. All films exhibited fade
commencing after about 15 - 20 cycles, although the fade was more severe for some films
than others. LiisSi4 formation was coincidental with fade in all cases. These results are
consistent with the model proposed in Figure 3.9. However, cells that experienced larger
capacity fade were not found to exhibit greater LiisSis formation as a fraction of total
delithiation capacity. Instead, the films expected to have the best adhesion to Si (Ni, Ni®,
and E-Cu) cycled with a low fade rate despite the formation of LiisSi4. It is suspected that
the Si islands in these films that form after crack formation remain attached to the substrate
by means of a small "patch" (as reported in Reference 65), which maintains electrical
contact. Most of the area of such islands may be separated from the substrate and subject
to low stress; therefore, they formed considerable amounts of LiisSis at full delithiation.
However, such islands could continue to cycle by virtue of their maintained electrical
contact. In films on substrates with less adhesion, the ability to maintain electrical
connection to the substrate via a small patch was reduced, and flake detachment and fade

were accelerated.
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Figure 3.11. Delithiation capacity, relative LiisSi4 peak area, and change in mean half-cycle potential versus cycle number, for a 275 nm Si thin film
sputtered onto substrates Ni, Ni%, E-Cu, E-Cu®, CR-Cu®, and CR-Cu foil.
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The average half-cycle potential, also shown in Figure 3.11, provides further insight
into the relationship between stress, LiisSi4 formation and capacity fade. For all films, the
average delithiation potential decreased during initial cycles. This indicates that the tensile
stress in the film becomes reduced every cycle, perhaps due to progressive crack formation.
When fade and Lii5Si4 formation started to occur the average delithiation voltage increased
sharply. This was an artifact of the growth of the LiisSis peak at about 440 mV. During
lithiation, the average voltage initially increased. This indicates that the compressive stress
in the film becomes reduced every cycle, again likely due to progressive crack formation.
The average lithiation voltage then reached a plateau, until fade and LiisSis formation
occurred. This was also where film detachment from the substrate commences, which
should further reduce compressive stresses during lithiation. Indeed this was reflected by
an increase in average lithiation voltage at the same moment when fade and LiisSis
formation started, further reinforcing the disconnection model. During fade the average
lithiation voltage increased to a plateau, except for the CR-Cu and CR-Cu® foils. In these
foils the average lithiation voltage decreased in later cycles, however this decrease in
voltage was due to polarization. In these foils, the fade was so severe that during later
cycles the capacity was small, resulting in a significant increase in cycling rate and the

resulting polarization caused the lithiation voltage to decrease as observed.

To further understand the mechanism behind stress alleviation in Si thin films, the
nature of the voltage shift needs to be clarified. For instance, stress could be reduced
uniformly in the film, which would result in a uniform shift in differential capacity peaks.
Alternatively, the stress could be relieved in an inhomogeneous manner, in which case one

would expect the differential capacity peaks to both shift and become broadened as cycling
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progresses. In Figure 3.12, the full width at half maximum (FWHM) of cycles 2, 5, and 25
are plotted for the electrodes used in Figure 3.10. The FWHM did not change appreciably

during cycling. This suggests that stress was uniformly relieved in the Si film during

cycling.
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Figure 3.12. Full width at half maximum (FWHM) of the lithiation peaks in the differential
capacity curve for cycles 2, 5 and 25 for the cells examined in Figure 3.10. The open and closed
points represent the 200 and 90 mV lithiation peak positions, respectively.

3.3.6. The role of Li;i5Sis on cycling performance

So far in this study, the appearance of LiisSi4 has only been shown to be indicative
of film disconnection from the substrate. A question remains as to whether the presence of
LiisSi4 is detrimental to cycling. To determine this, 275 nm Si films sputtered onto CR-Cu
and onto E-Cu were cycled to lower cutoff voltages of 5 mV (where LiisSis formation

eventually occurs) and 25 mV (at which it was found LiisSis formation was avoided for
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this film). Cycling performance of these cells and their differential capacity are shown in
Figures 3.13 and 3.14 for the CR-Cu and E-Cu foil substrates, respectively. In the case of
the Si film on CR-Cu, fade occurred at about cycle 20 when Lii5Sis is formed. In contrast,
fade commenced at about cycle 50 when the lower voltage cutoff was raised to avoid
LiisSis formation. It is difficult to believe that this significant difference in cycling
performance is a result of the slightly greater cycled capacity for the film cycled to 5 mV.
Instead, this is suggestive that LiisSis formation is detrimental to cycling. This has long
been suspected to be the case, since 2-phase regions are thought to be detrimental to
cycling.”® This distinction was less clear for the film sputtered on E-Cu, shown in Figure
3.14. However, in this film there was a large reduction in capacity when the voltage was
limited, which may have affected cycling results by improving cycling (less volume

expansion).
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Figure 3.13. Delithiation capacity versus cycle number for a 275 nm thick Si film sputtered onto
CR-Cu cells with lower voltage cutoffs of 25 and 5 mV. Insets show the differential capacity curve
for each cell where the first cycle is in red, cycles 10-50 are in black, and cycle 100 is in blue.
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Figure 3.14. Delithiation capacity versus cycle number for a 275 nm thick Si film sputtered onto
E-Cu cells with lower voltage cutoffs of 25 and 5 mV. Insets show the differential capacity curve
for each cell where the first cycle is in red, cycles 10-50 are in black, and cycle 100 is in blue.

To further test the effect of LiisSi4 formation on electrochemical performance, the
cycling performance of the cell held at 5 mV for 100 hours (Figure 3.8) was examined in
cycles following the hold, as shown in Figure 3.15. In this cell, LiisSis formation was

induced after the second cycle through the 100 hour hold, causing it to gradually form in
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subsequent cycles. It can be seen that even though the same electrodes were being cycled,
the one with induced LiisSis formation begins fading immediately, while the electrode
without a hold, and therefore without LiisSi4 formation, experienced almost no capacity
fade (until about cycle 40). These results strongly suggest that LiisSi4 formation is harmful

to electrochemical performance.
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Figure 3.15. Cycling performance of a 275 nm Si film (pro. #3, Table 2.1) sputtered onto E-Cu for
one cell with and one without a 100 hour hold at 5 mV following the 3™ discharge. Open and closed
symbols represent the lithiation and delithiation capacity, respectively.

3.4 Conclusions

In this work, the mechanism of fade and LiisSis formation in Si thin films were
examined. In contrast to past studies, Li15Si4 formation occurred in all films during cycling.
It is likely that previous studies terminated cycling prematurely, before LiisSi4 formation
occurred. In all cases, LiisSis formation was found to be closely correlated with capacity
fade and film detachment from the substrate. Slow rate electrochemical cycling tests also

showed LiisSi4 suppression, indicating that polarization in the film is likely not its major
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cause. Lii5sSi4 also forms immediately when the Si thin film is removed from the substrate
and is cycled in a composite coating. These observations strongly suggest that LiisSis
suppression in thin films is due to stress induced from the presence of the substrate. As
cycling progresses, the film progressively detaches from the substrate, resulting in fade and
progressive LiisSis formation. These results were further confirmed by measurements of
average half-cycle voltages, which were consistent with stress release during cycling and
film detachment from the substrate. Lastly, results suggested that LiisSi4 formation itself

may have a detrimental effect on cycling, as has long been suspected.

These results suggest that the formation of LiisSi4 can be used as a sensitive
indicator for Si regions that are weakly bound or disconnected from a substrate. If a peak
from LiisSis is present in differential capacity during cycling to full lithiation, then the Si
must be weakly bound to a substrate. If no LiisSi4 peaks are present in the differential
capacity curve, the Si must be strongly connected to a substrate. However, care must be
taken when using this property that cells are cycled at a low rate, since high rate cycling

can cause cell polarization, resulting in the suppression of Lii5Si4 formation.>

These results have profound implications, not only for thin films, but also for Si
alloys in general (including Si alloy particles). For instance in particles comprising an
active Si phase and an inactive matrix phase, the presence of the inactive phase should
induce stress during the expansion/contraction of the active Si phase and suppress LiisSis
formation, just as the substrate does in a Si thin film. This has been found to be exactly the

case, as is demonstrated in Reference 67.
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Chapter 4 Electrode Cycling and Li;5Sis Formation

4.1 Introduction and Background

Alloys expand significantly upon lithiation, and, because of this, keeping them
electrically connected in a composite coating during delithiation is a difficult task. Figure
1.6, for instance, plots the poor electrochemical performance of a PVDF containing Si
coating. Unlike modern binders for alloys, PVDF, which has not been heat-treated,’® does
not effectively cover the entire electrode surface or form bonds with the active material,®-"
but instead forms thin threads throughout the sample.”! The effectiveness of electrode
coatings with different binders can be visualized in Figure 4.1. Here, Li et al. used an alloy

negative electrode, Sn30Co30C40, to test three well-known binders.”? As binder identity

changes from LiPAA, to CMC, to PVDF cycling performance dramatically worsens.
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Figure 4.1. Specific capacity versus cycle number for coin cells having Sn3pCo30Cso electrodes
using LiPAA, CMC and PVDF binders. The electrolyte here was 1 M LiPFg in a mixed solution of
EC and DEC (volume ratio = 1:2) with FEC added at 10 % by wt. to the electrolyte solvent. Cells
were charged and discharged between 0.005 and 1.2 V at C/10 rate. Reproduced with permission
from Reference 72. Copyright 2010 Elsevier.
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Impedance, imaging, and electrochemical cycling studies performed by Komaba et
al. allowed the authors to propose an electrode model explaining the improved cyclability
resulting from the implementation of certain polymeric binders.* Figure 4.2 illustrates the
behaviour of PVDF and LiPAA during cycling. The non-uniform binding and swelling of
PVDF upon submersion in electrolyte weakens the binder and increases electrolyte
decomposition, resulting in early loss of electrical contact. Binders with surface
functionality that can bond to Si, like LiPAA, uniformly coat the Si alloy surfaces,
lessening electrolyte decomposition, while providing resistance against electrode

expansion, effectively enhancing reversibility.*

Dry state |:> In Electrolyte |:> Lithiation |:> Delithiation

(@)

PVdF binds Si0 and AB. * Through-Thickness Resistance T * Electrolyte Decomposition T
Non-uniform coating of PVdF. + Adhesive Strength | * Isolation and Cracking of SiO

(b)

PAA layer

PAA covers and binds * Through-Thickness Resistance | * Electrolyte Decomposition | Excellent Reversibility
SiO and AB. « Adhesive Strength 1 * Elastic-like Deformation against SiO
Volume Expansion

Figure 4.2. Schematic illustrations of the proposed mechanism for the improved cyclability for the
SiO powder composite electrodes; (a) PVDF and (b) PAA binders. Reprinted with permission from
Reference 69. Copyright 2011 American Chemican Society.

Overall, binders have a significant impact on electrochemical behaviour of

electrode coatings and their cycling performance. Combining this importance with the
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results concerning LiisSi4 formation in Chapter 3, it is reasonable to hypothesize that binder
identity could influence the magnitude and/or rate of LiisSis formation. Furthermore,
unlike cycling performance data, which is dependent on numerous factors (e.g. electrolyte,
coating formulation, amount of conductive additive), LiisSi4 suppression can be directly
related to the level of stress Si is under and, by extension, how well connected Si is in the

electrode coating.

Work from Sethuraman et al. (shown in Figure 3.1) suggests that a 50 mV voltage
shift, i.e. one capable of suppressing LiisSi4 formation, requires ~500 MPa of applied
compressive stress.”® The ultimate tensile strength of the binders PI, PAA, and PVDF are
~230 MPa,”® ~160 kPa,’* and ~50 MPa,” respectively, therefore stiff binders like PI can
potentially induce a voltage shift that is capable of suppressing LiisSi4 formation.
Furthermore, LiisSis formation can be entirely suppressed by using nanoparticles,>’%7’
therefore the amount of stress needed to suppress LiisSis formation should be reduced as

the Si grain size becomes small. Hence, it is plausible that polymer binders might suppress

Li15Sis formation, especially in the case of n-Si.

Additionally, conventional electrode coatings are composed of particles that are in
contact with each other. During lithiation, particle-particle contacts could be areas of high
stress, especially if the coating is firmly bonded to the substrate. It has been shown that,
despite their porosity, alloy coatings are nearly incompressible and can require close to 300
MPa to lower coating porosity by 12 %.'* Therefore, particle expansion can likely induce
significant compressive stress at particle-particle contacts during lithiation. Combining
these factors, the stress induced by the polymer binder and particle-particle interactions

may suppress LiisSi4 to some extent. This phenomenon is investigated in this chapter.
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Ultimately, LiisSi4 has the potential to be an ideal probe when assessing electrode coating

quality.
4.2 Coating Optimization with Bulk Silicon

Coating performance was first tested using bulk Si powder (-325 mesh) as the active
material. To test Li15Si4 formation in coatings requires that a Si-based coating formulation
be developed with good cycling performance. To obtain optimal cycling performance,
numerous coating formulations were prepared, detailed in Section 2.5, and
electrochemically tested. Unpublished work from Wilkes et al. suggests that polyimide (PI)
binder exhibits superior performance when implemented into alloy negative electrodes.”®
Therefore, this binder was used when optimizing the Si-based coating formulation. The
formulae in this section will always be expressed as Si/SC/Binder in a volumetric ratio.
Volumetric ratios are used instead of mass ratios so that a theoretical surface coverage

thickness (in nm) of the binder on the active material (Si) and SC can be determined.

Figure 4.3 presents the cycling performance of five formulations where the active
material ratio ranges from 70 to 50 volume percent and the amount of SC carbon black was
held constant at 20 % by volume. At higher Si ratios (e.g. 70 and 65 %), there was swift
capacity fade, possibly because there was not enough binder to sufficiently coat and adhere
the active material. The best performing ratios appear to have a 50 to 60 volume percent of
active material; however, a slight decrease in capacity was seen when changing from a
55/20/25 to a 50/20/30 coating formulation. This drop may be due to partial electrical
isolation of active particles resulting from the thicker binder film, or may be due to

weighing error. Ultimately, since bulk Si exhibits large amounts of LiisSis formation
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regardless of formulation, the optimal coating formula was chosen based on cycling

performance, and in this case, the 55/20/25 coating was chosen.
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Figure 4.3. Cycling performance of five different Si-based coating formulations using a polyimide
binder. Open and closed symbols represent the lithiation and delithiation capacity, respectively.

Using the 55/20/25 formulation, PVDF, and LiPAA containing coatings were also

fabricated, as explained in Section 2.5, then electrochemically tested. Figure 4.4 shows the

cycling performance and differential capacity plots for each binder. Specifically, Figure

4.4 (a) illustrates the dramatic drop in cyclability between binders that bond with the Si

surface and PVDF. Both PI and LiPAA exhibited similar electrochemical performance.

The differential capacity plots in (b) through (d) indicated that almost all Si became Li15Sis

during lithiation, and subsequent capacity loss was coupled with a decrease in the LiisSis

delithiation peak size. The differential capacity plot in Figure 4.4 (d) is uncharacteristic of
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Si due to polarization effects. This effect was the result of overly quick cycling due to a

significant reduction in capacity during cycling. Future experiments of this sort should

utilize a program capable of modifying the C-rate based on the previous cycle capacity.
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Figure 4.4. Cycling performance in (a) and differential capacity plots of PI, LiPAA, and PVDF
containing coatings in a 55/20/25 (Si/SC/Binder) volume ratio in (b), (c), and (d), respectively.
Cells were cycled at a C/10 rate with a C/40 trickle on the first cycle, then at a C/4 rate with a C/20
trickle for subsequent cycles.

Overall, all data acquired from bulk (unmilled) Si exhibited constant LiisSis
formation and capacity fade. When considering the significant capacity fade occurring at
all times in these coatings, this formation was certainly expected. Ultimately, this section

is valuable as a baseline for the cycling performance of Si containing electrodes.
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4.3 Li1sSiy Formation in n-Si Based Coatings

n-Si is an effective material for relating Lii1sSi4 formation to binder performance
since it is known to suppress LiisSis when using certain binders and/or C-rates.>>’®”” Since
n-Si has a far greater surface area than bulk Si (70-80 m*/g vs. 4.5 m*/g), the amount of
binder volume required for an effective coating formulation should differ. In this thesis, a
coating formula for n-Si based upon a constant binder film thickness (determined from the
55/20/25 bulk-Si/SC/binder volume ratio coating developed in Section 4.2) covering the
particles was applied. The equation for determining binder film thickness on the Si and SC

particles is:

T, = Pr (4.1)

where Ty is the binder film thickness, mp and pg are the mass and density (pp; = 1.43
g/em®, pripaa = 1.54 g/cm? (obtained from 3M), ppypr = 1.77 g/cm?® (from Aldrich)) of
the binder used, respectively, Ag; and mg; are the surface area and mass of Si, respectively,
and Agc (62 m*/g, value from Timcal) and mg, are the surface area and mass of SC carbon
black, respectively. Inputting data from a volume ratio of 55/20/25, (Si/SC/binder) the
geometric average film thickness, Ts, works out to be ~7.4 nm. Therefore, in order to keep
this thickness when switching to n-Si, a coating formulation of 27/20/53 by volume must

be used.
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Figure 4.5. Cycling performance of three different electrodes where the formula is 27/20/53 (n-
Si/SC/Binder) by volume. The plots in blue, red, and green correspond to a PAA, PVDF and PI
binder, respectively. Cells were cycled at C/10 rate with a C/40 trickle on the first cycle, then at
C/4 rate with a C/20 trickle for subsequent cycles.

The cycling performance of an #-Si 27/20/53 (see weight percentages in Table 2.4)
coating formulation utilizing various binders is shown in Figure 4.5. There was a steady
decrease in capacity in all cases. Similar to Figure 4.3, PAA and PI exhibited similar
cycling performance while PVDF initially faded quicker. The delithiation values were
linearly fit in each case to further illustrate the difference in fade for each sample. The PAA
containing cells appeared to fade slightly quicker than those utilizing PI, as expected from
unpublished work from Wilkes et al., ’® but the difference in fade was not significant

enough to draw any conclusions. Initial fade seen for the electrode with PVDF, however,
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was initially significantly larger than that seen for other binders. This larger fade rate is

expected since PVDF does not bond to the surface of Si particles.
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Figure 4.6. Li;sSis peak area/delithiation capacity in (a) and differential capacity plots of PI,
LiPAA, and PVDF containing coatings in a 27/20/53 (n-Si/SC/Binder) volume ratio in (b), (c), and
(d), respectively. Cells were cycled at C/10 rate with a C/40 trickle on the first cycle, then at C/4
rate with a C/20 trickle for subsequent cycles. LiisSis peaks were fit using the method in Section
3.3.1. Two triangles are crossed out in (a) due to power outages during delithiation.

LiisSis peak area versus cycle number is shown in Figure 4.6 (a). Li15Si4 formation
was most suppressed during cycling for PI binder, followed by PAA and PVDF. PI and
PAA suppressed LiisSi4 formation equally during the first cycle. PVDF and PAA exhibited
a similar fraction of LiisSi4 formation up until cycle 12. Afterwards, relative LiisSi4 peak
area began to decrease for the PVDF binder cell, likely due to loose Si flaking from the

electrode, as evidenced by the capacity decrease (shown in Figure 4.5).
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Lastly, in order to remove any influence of polarization from samples, after the
cycling shown in Figure 4.5, cells were subjected to slow rate cycling tests. Specifically,
each cell underwent one cycle at C/10, C/20, C/50, and then C/100 rate. Work by Chevrier
et al. indicates that when Si in a composite coating is cycled at a slow enough rate, complete
LiisSis formation will occur at low voltage.>> Furthermore, work in Chapter 3 (i.e. Figure

3.8) suggests that if Si is under high stress loadings, LiisSi4 should not form regardless of

C-rate.
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Figure 4.7. Differential capacity curve of the cells in Figure 4.5 cycled at C/100 rate. The PI, PAA,
and PVDF containing cells were on cycle 66, 102, and 87, respectively.

Figure 4.7 shows the differential capacity of n-Si coatings at C/100 rate with PI,
PAA, and PVDF binders. It should be noted that each cell was at a different electrochemical
cycle, i.e. PI, PAA, and PVDF containing cells were on cycle 66, 102, and 87, respectively,

and that this extensive cycling prior to this slow rate cycle resulted in a large decrease in
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LiisSis phase formation among cells. This may indicate that larger Si particles have already
become disconnected in the coating at this point and that a large portion of the capacity is
now coming from very small Si particles that do not form LiisSi4, even under low applied
stress. It can be seen from the differential capacity curves that the capacity of the PAA
containing coating originated almost entirely from LiisSis, while the PI coating has
capacity that originated from both LiisSi4 and amorphous LixSi, as evidenced by the large
differential capacity peak area at 0.3 V during delithiation. This difference in LiisSis
formation could be due to the more extensive cycling experienced in the PAA containing
coating. For the PVDF coating, nearly all of the capacity originated from amorphous LixSi.
Any Si that formed LiisSi4 phase has become disconnected in the PVDF coating.
Ultimately, these results show that coatings with PI and PAA binders can maintain
electrical contact to Si that forms Lii5Si4, while PVDF cannot, which is a significant finding
in itself. A more effective investigation for stress effects would involve starting the cells
above at the slow rate (e.g. C/100), this way all samples would have similar starting

conditions, and no Si that has already become electrically disconnected.

4.4 Conclusions

To summarize, a high performance Si-based composite coating was sought in
Section 4.2 using a polyimide binder system. The best formulation was determined to be
55/20/25 by volume Si/SC/binder. To obtain a similar binder film thickness on both the
active material and SC carbon black when switching from bulk Si to an n-Si based system,
a27/20/53 by volume ratio is required of n-Si/SC/binder. Lii5Si4 suppression was observed
in n-Si composite coatings in all systems, but use of a PI binder resulted in the most Li15Si4
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suppression and least capacity fade, whereas PVDF containing coatings exhibited the most
LiisSia formation and capacity fade. Upon slow rate testing, PI and PVDF containing
coatings exhibited significant LiisSis suppression. This is likely the result of very small Si
nanoparticles, which suppress LiisSis even under low applied stress, making up the
majority of the active material. The PAA containing composite coating exhibited extensive
LiisSi4 formation, possibly due to its more extensive cycling at the point of the slow rate
test. Overall, PI was shown to be able to suppress LiisSis formation, in moderate (C/4), and
slow (C/100) rate cycling studies. Ultimately, PI and PAA containing coatings were shown
to be capable of adhering loosely attached Si, likely due to their capability to form bonds
with the Si surface, and maintain capacity resulting from the delithiation of Lii15Si4 during

cycling.
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Chapter 5 Compliant Layers for Si Thin Films

5.1 Compliant Layer: Introduction and Background

Magnetron sputtering, as explained in Section 2.1, is a tool capable of quickly
synthesizing wide composition ranges. Combinatorial magnetron sputtering has been used
to explore numerous binary Si-M systems (where M is a metal, e.g. M = Cu, Ni, Cr, Fe,
Mn, Zn, Sn)*"$77980 and also Si-Mi-M2 (M1 and M2 are two different metals) ternary
systems.?!"#  Although magnetron sputtering is not a technique currently used in
manufacturing Li-ion electrode materials, it has proved its worth as a high-throughput
method for synthesis, and making it possible to test the electrochemical behaviour of many

active/inactive or active/active compositions.

In Chapter 3 of this thesis, Si thin films were electrochemically cycled,
delaminated, and imaged at different points during cycling. This investigation resulted in
the introduction of a Si disconnection model for Lii5Si4 formation. Secondly, delamination
was linked to an observed shift to higher lithiation, and lower delithiation voltages of Si
films during cycling. Previous work by Yang et al. and Sethuraman et al. on the subject of
induced stress in Si films during lithiation on a Cu substrate, and on stress-voltage
coupling, respectively, showed that observed shifts in the voltage profile of Si films were

a result of stress induced by a substrate.>

If stresses induced by a substrate can change
the voltage and phase behaviour of thin films, the utility of combinatorial sputtering in

modeling alloy systems that will be utilized in a particle-based composite coating is

questionable. Considering the utility of combinatorial means to rapidly synthesize and
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characterize alloy systems, it would be beneficial if a method could be developed to reduce

or eliminate the Si/substrate interaction.

st Bt (B 4 s D

a) b)

Figure 5.1. Schematic drawing of a lithiated Si thin film (grey) on a Cu substrate (orange) in (a)
and on a compliant layer (black) in (b).

This chapter investigates the impact of a compliant layer (CL) between the substrate
and Si film on electrochemical behaviour. A schematic of a Si film deposited onto a Cu
substrate and onto a compliant layer is presented in Figure 5.1 (a) and (b), respectively.
When a Si film is deposited directly onto the substrate (as shown in Figure 5.1(a)), the
strong interaction between Si and the substrate results in stress along their interface during
charging. To reduce this stress, a layer of a compliant and conducting material was coated
onto the substrate prior to sputtering (as shown in Figure 5.1(b)). The compliant layer was
made as an uncalendered composite coating, which typically have high surface roughness.
During charge, the compliant layer can deform to relieve compressive stress. Furthermore,
the rough surface is likely to induce crack formation in the Si thin film where the radius of

curvature is high.

In this chapter, the rate of LiisSi4 formation observed for Si films deposited onto
compliant layers will be compared to the rates observed in regular Si films, delaminated
films in composite coatings, and the optimized n-Si half-cells from Chapter 4. Ultimately,
this project aims to combine the versatility and high-throughput capability of magnetron
sputtering with an increased accuracy in electrochemical behaviour due to the presence of

a stress-eliminating compliant layer.
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5.2 Compliant Layer: Experimental Setup

Two types of compliant layers were used in this study. Inactive compliant layers
were composed of SC carbon black and binder. The binders PVDF, LiPAA, PI, and
FC2179 were used in these coatings. Active compliant layers comprised active material
(either graphite or Si alloy) along with binder (either PVDF or LiPAA) and carbon black.
As indicated in Table 2.3, some of the active compliant layers were in the form of electrode
coatings from commercial battery electrode suppliers (i.e. 3M, Magna, and Moli). The
methodology for preparing the inactive and active compliant layer coatings are explained
in Section 2.5, and the composition of active and inactive compliant layers are summarized

in Table 2.2 and Table 2.3, respectively.

Pre-weighed electrodes, 12 in total, from each compliant layer coating were
punched and placed onto an Al covered sputtering table, as shown in Figure 5.2.
Additionally, one partially taped Si wafer (for profilometer measurements), six pre-
weighed electrolytic Cu discs, and electrolytic Cu foil were attached to the sputtering table

using double-sided tape.

Si was sputtered onto inactive compliant layers following procedure #3 from Table
2.1. This procedure was chosen since it was extensively used in Chapter 3. Active
compliant layer composite coatings (summarized in Table 2.3) were attached in a similar
manner to that shown in Figure 5.2, with a partially taped Si wafer, E-Cu discs, and E-Cu
foil. For these coatings, procedure #1 from Table 2.1 was used so that the extra capacity
resulting from a thicker coating of Si could be clearly observed. After film deposition,

electrodes were incorporated into coin half-cells, as described in Section 2.6. All cells were
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cycled at a rate of C/2 with a C/20 trickle at 0.005 mV. Afterwards, Lii15sSis peaks were fit

for the first 20 cycles using the method explained in Section 3.3.1.

Figure 5.2. Image of the prepared sputtering table used in the inactive compliant layer study after
Si sputtering.

5.3 Electrochemical Characterization

5.3.1 Inactive compliant layers for Si thin films

Inactive compliant layers were used to determine if incorporating a compliant layer
could allow sputtered Si to behave more similarly to Si powder in a composite coating.
Multiple binders were tested for inactive compliant layers in order to determine the best
film/compliant layer system, i.e. one with the most similar electrochemical behaviour to n-
Si composite coatings. The cycling performance of each compliant layer with Si (Si(CL))
sputtered onto it (according to Table 2.1 pro. #3) is plotted in Figure 5.3. Irreversible and
reversible capacities resulting from the compliant layers were first experimentally
determined (in mAh/g) then subtracted from the observed capacity in graphing Figure 5.3.
These capacities are provided in Table 5.1.
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Table 5.1. Characteristics of the inactive compliant layers used in this study. Asterisks (*) indicate
that the values were experimentally determined.

Binder Binder/SC Irrev. Cap. / mAh/g* Rev. Cap. / mAh/g*
Ratio by mass
PVDF 60/40 210 80
LiPAA 60/40 200 100
FC2179 70/30 320 120
PI 60/40 1800 380
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Figure 5.3. Cycling performance of a 275 nm Si film (pro. #3, Table 2.1) sputtered onto different
compliant layers and onto E-Cu foil in (a), and of n-Si composite coatings using different binders
in (b). Open and closed symbols represent the lithiation and delithiation capacity, respectively.

In Figure 5.3 (a), the initial capacities of the various Si(CL)s ranged from under
3000 to over 3500 mAh/g. Although, capacity resulting from the compliant layer was
subtracted in producing Figure 5.3 (a), the deposited Si film was thin, therefore error when
determining compliant layer mass translated into larger error when predicting theoretical
capacities. This was the likely cause behind the observed variation of 500 mAh/g among
Si(CL)s. The Si(CL)s experienced a capacity decrease between 600 and 700 mAh/g over
100 electrochemical cycles, which was similar to capacity fade (500 mAh/g over 100
cycles) observed for the same film deposited onto E-Cu. The comparable cycling
performance for the Si(CL)s imply that compliant layers are capable of adhering to the

dynamic Si film.
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In Figure 5.3 (b), it can be seen that the cycling performance of the n-Si composite
coatings was much more similar to that of the Si(CL)s than the film sputtered onto E-Cu.
The n-Si composite coatings and Si(CL)s exhibited capacity fade throughout cycling,
whereas the film sputtered on E-Cu began to fade near cycle 20. Since fade was shown to
be correlated with film detachment in Chapter 3, this result implies that Si(CL)s experience
less film/substrate interactions (as evidenced by their constant fade) than films sputtered

onto E-Cu.

To understand the electrochemical behaviour of Si sputtered onto compliant layers,
LiisSis peak area was measured during cycling using the peak fitting method explained in
Section 3.3.1. Figure 5.4 shows plots of the LiisSis peak area/delithiation capacity and
delithiation capacity versus cycle number for the four Si(CL)s that were tested, in (a)
through (d). For comparison, the plots in Figure 5.4 (e) and (f) show these results for a 275
nm Si film deposited onto CR-Cu, and n-Si composite coatings using different binders. The
latter two plots ((e) and (f)) have been previously examined in this thesis. As shown in
Chapter 4, and in Figure 5.4 (f), n-Si composite coatings formed LiisSi4 on the first cycle,
followed by gradual growth in the LiisSi4 phase and capacity fade (shown in Figure 5.3
(b)). The electrochemical behaviour of a Si film sputtered onto CR-Cu, however, was
completely different (Figure 5.4 (e)). Capacity fade and Li15Si4 formation did not start until
about cycle 15. The fade mechanism in this case is likely governed by the disconnection
model (shown in Figure 3.9), whereas in a composite coating, particles are loosely attached
to a binder carbon black mixture. Therefore, sputtered Si without a compliant layer is not

a good analogue of a composite coating.
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Figure 5.4. Relative Li;5Si4 peak area and delithiation capacity versus cycle number for Si films
sputtered onto 60/40 by weight SC/binder CL coatings, where the binders in (a), (b), and (c) are
LiPAA, PI, and PVDF, respectively. In (d), the CL’s composition is 70/30 by weight SC/FC2179.
Plots (e), and (f) show these results for a 275 nm film on CR-Cu foil, and n-Si composite coatings
using PI, PVDF, and PAA binders, respectively.

Unlike films deposited onto a Cu substrate, Si(CL)s exhibited constant capacity

fade and Li15Si4 formation from the first cycle and onwards (Figure 5.4 (a) — (d)) similar

to that observed in n-Si composite coatings. These results mean that Si(CL)s are a much

better analogue of Si powder in a composite coating.
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5.3.2. Active compliant layers for Si thin films

Active compliant layers were tested to determine if a thin film of Si could increase
the capacity of commercial negative electrodes during long term cycling. In Section 5.3.1,
substrates described to be inactive compliant layers were used in order to eliminate stresses
between the usual metallic current collector and Si thin film, with the hopes of having these
films behave more similarly to composite coatings. Seeing the relatively good cycling
performance in Figure 5.4, however, prompted the author to fabricate sputtered/composite
hybrid electrodes by preparing composite coatings containing an active material like
graphite or Si alloy, drying them, then sputtering a film of Si on their surface. The
preparation of these coatings is described in Section 2.5. Only coatings obtained from
commercial suppliers were calendered before sputtering. The 93.46/0.5/6.04
graphite/SC/PVDF by wt. electrode coating (I, Table 2.3) was prepared by the author, and
the other graphite-based coatings (II and III, Table 2.3) were obtained from Magna and
Moli Energy, whereas the 91/9 V6 Alloy/LiPAA by wt. coating (IV, Table 2.3) was
obtained from 3M. These coatings were then punched into discs, weighed, and positioned
along a sputtering table. The sputtering table was prepared similarly to the table shown in
Figure 5.4. A thicker Si film (Table 2.1, pro. #1 — about 0.5 mAh/electrode) was sputtered
onto these coatings since they have a significant amount of capacity per electrode (>2
mAbh). This allowed for the capacity increase resulting from the deposition of a film to be

more easily observed.
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Figure 5.5. Capacity versus cycle number for the coatings listed in Table 2.3 with (in red) and
without (in blue) a 400 nm Si thin film sputtered onto them. In (a) a 93.46/0.5/6.04
graphite/SC/PVDF coating fabricated by the author and a 91/9 V6 Alloy/LiPAA coating from 3M
are shown, and in (b) cycling performance of commercial graphite coatings from Magna and Moli
with and without a 400 nm Si film are shown. The solid and dashed green line in (a) represent the
theoretical capacities of the V6 alloy and graphite coating, respectively, with a Si film deposited
onto them. The solid and dashed purple line in (b) represent the theoretical capacities of the Moli
and Magna graphite coating, respectively, with a Si film deposited onto them. Open and closed
symbols represent the lithiation and delithiation capacity, respectively.

In Figure 5.5, the cycling performances for all the coatings in Table 2.3 are plotted
with (in red) and without (in blue) a sputtered film of Si. The graphite coating in Figure 5.5
(a) exhibited very little capacity fade without a sputtered film, but with a film deposited,
the fade was large enough for the capacity to match that of pure graphite at cycle 100. In
the V6 case (Figure 5.5 (a)), capacity fade with and without the Si film was almost
identical, indicating that this coating adhered to Si quite well. This is expected since the
LiPAA binder used is known to bond to the surface of Si.%% An unexpected result is that
the same amount of film was sputtered onto all the active compliant layers, but in the V6
case, more than double the expected capacity increase was obtained. Reasons for this
unprecedented capacity increase could not be determined, but the experiment should be
repeated to verify its reproducibility. The graphite-based coating from Moli Energy (in
Figure 5.5 (b)) exhibited fade without a Si film and substantial fade with a Si film, whereas

the Magna electrodes (in Figure 5.5 (b)) had high capacity retention without a Si film, and
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only about 50 mAh/g of capacity fade over 100 cycles with a Si film. Ultimately, these
results mean that the Si film disconnects fairly quickly from the graphite coatings, although

the slower fade observed with the Magna graphite coating is promising.
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Figure 5.6. Differential capacity curve of Si sputtered (Table 2.1, pro. #1) onto a commercial
graphite coating showing cycles 1, 5, 10, and 20. Li;sSis formation is highlighted using a yellow
square.

Figure 5.6 shows the differential capacity versus voltage curve of an electrode
consisting of Si sputtered onto a commercial graphite coating (Moli Energy). An
incremental increase in LiisSi4 formation is observed during cycling that is quite similar to
that seen in Si thin films that are beginning to detach, implying that the coating is not
adhering to Si effectively. Since sputtering partially atomizes a target material and deposits
it onto a substrate surface, it was anticipated that the atomized Si would thoroughly enter
into the porous active coatings. Afterward, these coatings could then be calendered to cover
the Si particles in a conductive active coating. Due to the poor cycling performance
exhibited in Figure 5.5, however, it was necessary to examine the coatings to determine

the penetration depth of Si.
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Figure 5.7. An SEM and EDS image at the same location on a 93.46/0.5/6.04 by wt.
graphite/SC/PVDF coating (I, Table 2.3) after Si film deposition with a shallow rectangular FIB
hole in the center in (a) and (b), respectively. The colors red, green, and blue in image (b) represent
Si, C, and Ga, respectively.

FIB ablation was used to create a shallow hole in the uncalendered 93.46/0.5/6.04
by wt. graphite/SC/PVDF coating (I, (Table 2.3)) in order to determine the depth of Si
penetration into the material. This coating was originally 100 pum thick, and although the
exact hole depth was not known, from tilting the SEM stage during imaging it was
determined to be less than 2 um deep. From Figure 5.7 (b), it can be seen that there was no

Si present in the shallow hole. This result means that Si did not penetrate two percent of

the coating surface.
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Figure 5.8. SEM images at different angles, positions, and magnifications of the same film-covered
coating used in Figure 5.7. Figure 5.8 (A) is a low magnification image of the coating where the
sample stage is tilted 45°, in (B) and (C) there are two more FIB cuts ((C) is the deepest) in the
coating and the sample stage is not tilted, (D) is a magnified image of the cut in (C) where the
sample stage is tilted 45°. Additionally, (a), (b), and (c) in Figure 5.8 IV are points where EDS was
used to characterize the point composition.

SEM images shown in Figure 5.8 were used to acquire a deeper understanding of
the film/coating morphology. Figure 5.8 (A) is an image taken of the film/coating surface
where the sample stage has been tilted 45°. Here the rough, open surface structure can be
directly observed. Figure 5.8 (B) and (C) are images of two different cuts into the sample,
in (B) there appears to be electrode material beneath the cut, but in the deeper cut, (C), the
hole reaches some of the pores inherent in the uncalendered coating. Lastly, Figure 5.8 (D)
is a magnified image of the same cut used in (C) where the sample stage is rotated 45°. In
this image, the three regions of different brightness were examined using point EDS. The

points (a), (b), and (c) were found to be comprised of almost entirely Si, C, and Ga,
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respectively, which means that no Si is penetrating the graphite coating interior. Ga was
found in the bottom layer since it was the ion used in FIB ablation. Overall, images Figure
5.8 (A), (B), and (C) suggest the coating has a significant amount of porosity; however,

Figure 5.8 (D) and Figure 5.7 suggest that no Si enters these pores.

Considering the above results, the capacity fade and LiisSi4 formation in this
coating is likely a direct result of the shallow coating penetration of Si, or quite possibly
no coating penetration. Overall, since nearly the entire Si film is on the surface of the
material, it becomes easily detached and electrically disconnected. Ultimately, magnetron
sputter deposition is an ineffective method to fabricate commercial quality film/composite
coating hybrid electrodes since the sputtered Si resides entirely on the coating surface.
Future work in this area should focus on other insertion methods, e.g. chemical vapour
deposition, which may result in improved pore penetration and toward understanding the

anomalous capacity increase observed with the V6 coating.

5.3.3 An inactive compliant layer for an Fe-Si thin film
The primary goal for the implementation of inactive compliant layers for Si-based

thin films is to eliminate stress between the substrate and film, so that it more resembles
particles in a composite coating. Doing so could allow researchers to make better use of
the high-throughput sputter-deposition technique to quickly examine unary, binary and
ternary films. Therefore, a necessary addition to this chapter is the electrochemical

examination of a Si-M composition deposited onto a compliant layer.

The goal of this investigation was to determine if Si-M thin films could behave
more like milled specimens when sputtered onto a compliant layer. For this investigation,
a Si7aFeze film was sputtered onto both E-Cu foil and a PI/SC (60/40 by weight) compliant
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layer (FeSi(CL)). The X-ray diffraction (XRD) patterns of the 300 nm Fe24Si76 film and
milled Fe2sSizs powder (provided by Zhijia Du) is shown in Figure 5.9 (a) and (b),
respectively. In this figure, it can be seen that the XRD patterns were significantly different
from one another. All peaks were far less pronounced in the film (Figure 5.9 (a)), and
background almost entirely takes over the pattern, even though it was taken slowly (0.05°

step, 26 second count time). Both patterns, however, were composed of Si and FeSi.
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Figure 5.9. X-ray diffraction patterns of the Fe»4Sizs film (performed by Xiuyun Zhao) on (a) a Si
wafer and (b) the milled Fe,sSizs powder, prepared and run by Zhijia Du.

The differential capacity curve of cycle 2 for the film on E-Cu, the FeSi(CL), and
the milled Fe2sSi7s in a composite coating is plotted in Figure 5.10. The milled sample
clearly obtained less capacity than the electrodes with a sputtered Fe2sSize film.

Furthermore, the lithiation profile of the milled sample was quite different from the
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FeSi(CL) and film on E-Cu. The higher voltage Si lithiation peak (~0.20 V) was completely
absent in this cycle in the milled sample, yet visible in the FeSi(CL) and the film on E-Cu.
In the delithiation profiles, no LiisSi4 formation was observed for the FeSi(CL) nor the film
on E-Cu, whereas the milled sample seems to have some LiisSi4 formation. Overall, the
differential capacity curve of the milled sample was quite different from the prepared films
at this point in cycling. This result is likely because of the large difference in microstructure
among the samples, as is evident from their very different XRD patterns. In order to
estimate how valuable compliant layers could be to sputtering, extended cycling

performance, mean lithiation voltage, and mean delithiation voltage is plotted in Figure

5.11.
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Figure 5.10. Differential capacity versus voltage for an FeysSiz4 binary thin film (Table 2.1, pro
#4) on Cu foil (in red) and on a PI/SC (60/40 by weight, in blue) compliant layer. Note: differential
capacity resulting from the compliant layer was subtracted from the original FeSi(CL) curve.

The cycling performance of the FeSi(CL), Si on E-Cu, and ball-milled Fe2sSi7s in
a composite coating is shown in Figure 5.11 (a). The Fe24Siz films on both a compliant

layer and E-Cu exhibited capacities much closer to the theoretical value (56% by wt. Si,

2006 mAh/g), whereas the milled Fe25Si7s in a composite coating has a first cycle reversible
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capacity of about 530 mAh/g. This reduced capacity was likely a result of more inactive
FeSi being formed during roller-milling than during sputtering, consuming the active Si.
The fade in the FeSi(CL) and film sputtered onto E-Cu was initially high, but after cycle

40 the fade rate of all cells were similar.

The Si sputtered on E-Cu, the FeSi(CL), and the milled Fe2sSi7s in a composite
coating all had significantly different behaviour in their mean delithiation voltage versus
cycle number values (as shown in Figure 5.11 (b)). The mean delithiation voltage barely
changes during the first 20 cycles, for a Si film sputtered onto E-Cu, then began to increase
rapidly, due to the formation of a double peak during delithiation between 0.38 and 0.45 V
in the differential capacity curve (as shown in Figure 5.12 (a)). This large change in mean
delithiation peak voltage was likely chiefly due to the influence of the substrate, and not
from the electrochemistry of the FexsSize alloy, as will be explained below. For the
FeSi(CL), the mean delithiation voltage slowly decreased during the first 25 cycles and
then began to linearly increase due to the formation of a similar double peak in the
delithiation differential capacity curve between 0.38 and 0.45 V (as shown in Figure 5.12
(b)). Lastly, for milled Fe2sSizs the mean delithiation voltage stayed fairly constant during

cycling.
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Figure 5.11. Capacity (in (a)), mean delithiation (in (b)), and mean lithiation (in (c)) voltage versus
cycle number for the same cells used in Figure 5.10. There is an axis break between 800 and 1200
mAbh/g in (a).

The mean lithiation voltages of the three cells, shown in Figure 5.11 (c), were
significantly more comparable to one another than their delithiation voltages. Specifically,
mean lithiation voltage values for FeSi(CL) were identical to those of the milled sample in

a composite coating. In contrast, the mean lithiation voltage of the Fe26Si74 film sputtered
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onto E-Cu were lower. The two plateaus in the average delithiation voltage for the FeasSiz4
film on E-Cu looked very similar to examples of Si detaching from the substrate in Chapter
3. Therefore, this voltage behaviour likely comes from film detachment, not the alloy

electrochemistry. This feature was much less pronounced in the FeSi(CL) film.
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Du, cycling at C/10 with a C/20 trickle). The dotted and dashed lines mark the positions of the
emerging 0.38 V and 0.45 V delithiation peaks.

Differential capacity data from a roller-milled sample of the Fe2sSi7s composite
coating, fabricated by Zhijia Du, are graphed in Figure 5.12 (c). Unlike the sputtered Fe-Si
alloys that developed peaks at 0.38 V and 0.45 V during cycling, the Fe2sSi7s composite
coating only formed a peak at 0.45 V, consistent with LiisSi4 formation, while a peak at
0.38 V was not observed. Overall, the differential capacity of the FeSi(CL) looked more
similar to the ball-milled Si after 40 cycles than the Fe26Si74 film on E-Cu. Although the
FeSi(CL) film did form a delithiation peak at 0.38 V, it was very small after 40 cycles. In
comparison, the Fe26Si74 on E-Cu exhibited significantly more LiisSi4 formation and a large
peak at 0.38 V was formed after 25 cycles. The origin of the 0.38 V peak is unknown, but

it also occurred in ball-milled Si-Fe samples with higher Si content.®

Ultimately, more
compositions sputtered on compliant layers need to be investigated in order to fully

understand the value of using a compliant layer.

5.4 Conclusions for the Compliant Layer

To summarize, compliant layers effectively eliminated film/substrate stress and
allowed sputtered films to behave more like composite coatings. When Si was sputtered
onto inactive compliant layers, Li15Si4 formed during early cycling, unlike those deposited
onto a Cu substrate. Additionally, the use of certain CLs resulted in the films having Lii5Si4
formation rates during cycling similar to that observed in half-cells made using n-Si based
composite coatings. Because of the relatively low capacity fade seen in Si(CL)s, Si films

were also deposited onto active (Si or graphite-based) coatings, where it was determined
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via SEM/FIB/EDS that Si resides entirely on the surface of the electrodes. It is likely that

this shallow penetration allows Si to detach easily, resulting in steady capacity fade.

Lastly, a binary Fea6Si74 film was sputtered onto both a compliant layer and Cu foil.
The electrochemistry, and more specifically the electrochemical cycling performance, of
the milled and sputtered films were different because these films have substantially
different microstructures. Nevertheless, Fe-Si alloys sputtered onto CLs were found to
exhibit electrochemical behaviour more similar to milled Fe-Si samples than to Fe-Si
sputtered directly onto Cu foil. Overall, these results suggest that the electrochemical
behaviour of sputtered samples becomes more comparable to composite coatings when Si-
containing films are sputtered onto a compliant layer. Ultimately, through the use of CLs,
the high throughput capability of magnetron sputtering can be combined with more realistic
electrochemical measurements, in terms of capacity fade and LiisSis formation, when

testing Si-based materials.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

LiisSi4 formation in Si thin films was investigated. Si films of varying thicknesses
were sputter deposited onto multiple substrates to investigate the implications of and
conditions for LiisSi4 formation. It was found that Li15Si4 suppression during cycling of Si
thin films was due to stress induced from the presence of the substrate. Furthermore, Lii5Si4
formation was found to be coincident with capacity fade and delamination of the Si film
from the current collector. Electrochemical cycling studies where LiisSi4 formation was
avoided and induced in early cycling confirmed that LiisSi4 formation can have a harmful
effect on cycling performance. Overall, these results deepen the understanding of LiisSia
formation in Si thin films. Moreover, they have profound implications for Si alloys in
general, as the presence of LiisSi4 during cycling can be used as a sensitive indicator for

weakly bound Si regions.

The performance of Si-based electrode coatings were also studied. Firstly, a high-
performing bulk Si-based electrode coating formulation was sought, and then this electrode
coating formulation was applied to n-Si based coatings. Confirming previous studies,”*%*
the use of binders capable of adhering to the Si surface were shown to exhibit superior
cycling performance. PI binder exhibited the most LiisSi4 suppression and least capacity
fade. Furthermore, through slow rate studies, PVDF-based coatings were found to lose all

capacity resulting from the delithiation of LiisSi4 during cycling, while PI and LiPAA

based coatings were found to exhibit LiisSi4 formation after extended cycling. This is
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indicative that PI and LiPAA are more capable of adhering to loosely attached Si than

PVDF.

The utility of a compliant and conducting layer between the film and substrate also
was investigated. Si films were deposited onto active (containing active material) and
inactive (not containing active material) compliant layers with the expectation of obtaining
electrochemical behaviour similar to Si powder in composite coatings. Si films deposited
onto inactive compliant layers exhibited rates of LiisSi4 formation similar to powdered Si
in composite coatings, unlike those sputtered directly onto a metallic current collector.
Films deposited onto compliant layers also exhibited levels of capacity fade similar to that
observed for Si powder in a composite coating. Si films deposited onto active compliant
layers exhibited intolerable capacity fade, and SEM/FIB/EDS studies revealed that the film
was almost entirely on the surface of the coatings. This was likely the cause behind the
observed capacity fade. Lastly, a Si-Fe binary film was deposited onto a PI based inactive
compliant layer, and E-Cu foil. Aside from having significantly different capacities, the
electrochemical behavior of the film deposited onto a compliant layer was found to be more
similar to that of the milled powder in a composite coating compared to that of the film

sputtered onto E-Cu.

Overall, Li15Si4 formation was found to be valuable as an indicator for Si under low
stress loadings that is effectively poorly connected. This result was proposed and supported
(Chapter 3), then directly applied (Chapter 4) to assess electrode quality, then again
(Chapter 5) to test the utility of compliant layers. Film/substrate stress was shown to play
a significant role in the suppression of LiisSi4. L115Si4 formation was shown to be harmful

to electrochemical cycling performance. The potential of the use of LiisSis as a means of
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quickly predicting the electrochemical performance of Si containing electrodes was
discovered, and LiisSi4 formation in active/inactive alloys can now be related to poorly
connected Si that is effectively under a low stress loading. Lastly, compliant layers were
shown to allow Si and Si-Fe films to exhibit electrochemical behavior more similar to that

of Si powder in a composite coating.

6.2 Future Work

Future work is necessary to understand the specific conditions of LiisSi4 formation
in films, as well as composite coatings. Specifically, a rate study should be undertaken
using Si films of various thicknesses sputtered onto a substrate. These films could be cycled
at rates ranging from 10C to C/100 without a current trickle. Using the resulting data and
allowing for extensive cycling performance would be valuable to discern between the
effect of polarization and stress on LiisSis formation. Additionally, following this
procedure, one would be able to determine the threshold C-rate for LiisSi4 formation and
relate it to film thickness. Future work in this section could also involve electrochemical
testing at various temperatures. Placing this work together, a thermodynamic and
electrochemical phase diagram for Lii15Si4 formation could be produced, and since LiisSis
formation has been shown to be detrimental to electrochemical cycling performance,
having such a phase diagram could allow future researchers to completely avoid LiisSia

formation.

Li15Sis was also found to form when a cell was held at 5 mV for an extended period
of time. Therefore, time at low voltage could also influence the degree of Lii5Si4 formation.

Accordingly, a study in which cells are held at low voltages (ranging from 5 to 50 mV) for
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extended periods of time could be undertaken to directly determine the effect of time at

low voltage on LiisSi4 formation.

Another project which could be undertaken involves modified cycling procedures
using Si thin films. It was evidenced in Chapter 3 that polarization can suppress LiisSi4
formation. Since LiisSi4 formation is harmful to cycling performance, high C-rates during
lithiation could be employed to induce polarization and avoid LiisSis formation entirely.
Afterwards, because LiisSi4 has not been known to form during delithiation, slower C-rates
could be used during delithiation. This type of electrochemical cycling procedure could be
very advantageous since the majority of cracking and Si disconnection is known to occur
during delithiation,’ therefore it could potentially lower capacity fade. Furthermore, if this
idea were incorporated in modern Li-ion batteries (containing Si in the negative electrode),
lithiation of the negative electrode is analogous to charging up a Li-ion battery, and fast
charging is desirable in commercial rechargeable batteries. Additionally, consumers tend
to slowly discharge their batteries, which would also agree with the proposed cycling

procedure.

More electrode coating formulations need to be tested for Si containing negative
electrodes. In Chapter 4, electrochemical cycling performance was optimized only for bulk
Si using PI binder. A more comprehensive and informative study would optimize three
different formulations for n-Si containing composite coatings using PVDF, PAA, and PI.
After an optimized coating formulation is determined in each case, slow rate cycling
studies could be done for early cycling of the n-Si containing composite coatings.
Subjecting optimized coatings to slow rates and quantifying LiisSi4 formation during

cycling would allow researchers to visualize how well certain binders keep Si under
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acceptable stress loadings and well-connected. This investigation would ultimately provide
insight into the quality of various binders and coating formulations. Alternatively, since
Li-ion batteries do not typically contain negative electrodes that are 20 % by volume,
higher volume ratio coatings of active material (e.g. 70/10/20 Si/SC/binder) could be
analyzed using LiisSi4 formation during electrochemical cyling as a probe. In this work,
the use of more binders (e.g. CMC, FC2179) and binder treatement (i.e. heat treatment)
could be used to find an optimal combination that has high capacity retention and minimal

Li15Si4 formation.

Since Li15Sis formation is suppressed under high stress loadings, and since LiisSia
formation is detrimental to cycling performance and indicative of partial Si detachment,
LiisSis has the potential to be an early indicator for the quality of Si containing electrode
coatings. In order to confirm this conjecture, various coatings incorporating milled Si
alloys (e.g. a-Si and FeSi, or a-Si and NiSi2) could be cycled for long periods. Afterwards,
the degree of LiisSi4 formation could be compared to the electrochemical cycling
performance. If a clear relationship is found between LiisSi4 formation and cycling

performance, it would substantiate claims presented in Chapter 3 of this thesis.

Compliant layers were found to allow films to behave more similar to composite
coatings; however, no optimal compliant layer formulation for this purpose was found.
Therefore, the compliant layer formulation (60/40 SC/binder by wt. largely used in this
thesis) should be optimized so that Li15Si4 formation and capacity retention closely matches
that observed of optimized n-Si containing composite coatings. This optimization could
involve varying the binder identity, mass ratio, coating thickness, heat treatment, and

calendering of the compliant layer. A good addition to this work would also be the testing
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of compliant layers that do not contain SC carbon black. SC has a high irreversible
capacity, making the error in measuring the reversible capacity and coulombic efficiency
of Si(CL)s very large. Additionally because SC has a high surface area, electrode coatings
using SC in large quantities (e.g. 60 % by weight) tend to be inhomogeneous and spotty.
Because of these disadvantages, it may be promising to use a conductive inactive material

like TiN instead.

Regarding Si deposited onto active compliant layers, significant variation in the
capacity retention was observed. This could potentially be due to the binder identity in the
active compliant layer since certain binders (e.g. CMC, and LiPAA) form bonds with the
surface of Si.® Therefore, active compliant layer coating formulations could be optimized
to retain electrical connection to Si. Additionally, anomalously high capacity was observed
when Si was sputtered onto a V6 alloy coating from 3M. Future work should first confirm
the reproducibility of this phenomenon, then proceed towards understanding the
mechanism behind this unexpectedly high capacity. In order to understand this mechanism,
a variety of film thicknesses (e.g. 50 to 1000 nm) could be deposited onto the V6 alloy
containing electrodes, then cells incorporating these electrodes could be electrochemically
characterized. Afterwards, extra capacity (i.e. experimental capacity subtract theoretical
capacity) could be plotted against the Si film thickness to determine if there exists a limit
for extra capacity as film thickness increases. Furthermore, if the same amount of extra
capacity is observed for a 50 nm and 1200 nm Si thin film, the sputtering process could be

responsible for the excess capacity. That in itself would be a significant finding.

With an optimized compliant layer, sputtered binary (Si-M where M = Fe, Ni, Cu,

B, V, Cr) and ternary Si (Si-Mi1-Mz, where M1 and M2 are two different transition metals)
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systems should be re-examined in search of a coating that suppresses LiisSis formation
while exhibiting promising capacity retention. This investigation would be a method of
rapidly testing numerous Si-M compositions. Futhermore, if an effective Si-M and active
compliant layer are determined, a thin layer of Si-M could potentially be deposited onto
the active compliant layer to obtain an increased energy density combined with good cycle

life.

Overall, more research is necessary to truly understand the conditions for,
implications, and utility of Li15Si4 formation during the electrochemical cycling of Si-based
negative electrodes. Hopefully, the research presented in this thesis will help guide future
researchers toward determining effective Si containing negative electrode formulations for

Li-ion batteries.
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