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ABSTRACT

Lithium ion battery technology has revolutionized how and where we use energy.
However, improvements are still needed to increase lifespan, safety, and energy density.
Electrolyte additives can provide a safe and economical route towards fast charging
applications for layered mixed transition metal oxides. One such system of interest is the
LiNiMnCoO (NMC) cathode paired with a graphite anode and the standard ethylene
carbonate:ethylmethylene carbonate (EC):(EMC) Gen2 electrolyte. Common electrolyte
additives include fluoroethylene carbonate (FEC), vinylene carbonate (VC), and Lithium
difluoro (oxalate) borate (LiDFOB). Each of which are meant to stabilize the electrolyte
and electrode surfaces by several different mechanisms. FEC was choosen for this study
due to it having been shown to suppress parasitic side reactions between the electrolyte
and cathode by promoting the formation of a solid electrolyte interface layer (SEI).
Specifically, the cathode electrolyte interface (CEI) has been shown to form LiCOs, LiF,
LiOH, and other hydrocarbon species. Furthermore, the decomposition products of FEC
will react with these surface species to stabilize the CEI while the decomposition products
of FEC, VC will suppress continuous electrolyte cathode reactions. FEC further promotes
cell stability by scrubbing HF that may have formed form any moisture contamination in
the electrolyte. The ideal CEI would be a uniform layer of ionically conducting material
that is also electronically insulating. An ideal candidate for an economical process for
uniform CEI formation is the promotion of LiF using FEC.

To understand the material level process in which the FEC concentration controls the
growth rate of LiF and how LiF will promote cell stability, NMC cathodes were closely
investigated using X-ray Photoelectron Spectroscopy (XPS), X-ray Diffraction (XRD),
Electrical Impedance Spectroscopy (EIS), and Scanning Electron Microscopy (SEM).

Adding 1-2% by volume of FEC to the standard Gen2 electrolyte recipe facilitated the

11l



growth of LiF-rich CEI as shown by XPS. Moreover, the LiF layer created a measurable,
polarizing effect between transition metal cations and the anion containing electrolyte.
Although, the LiF-rich CEI reduced discharge capacity, the composition of the CEI was
directly affect by the FEC concentration and LiPFg electrolyte decomposition products
decreased. Data suggests that adding 5% vol. and above caused the FEC to become a
co-solvent and increases the charge transfer resistance of NMC cathode as shown by EIS.
Any changes in performance that could be attributed to the structural change of the NMC
or cation mixing were ruled out using XRD and SEM. The concentration of LiF within the
CEI layer increased steadily from 10.74% to 42.05% for washed electrodes, while the LiF
concentration for cycled electrodes remained above 30% for all except the 2% FEC

concentration.

v



TABLE OF CONTENTS

ABSTRACT . . . e iii
LIST OF FIGURES . . . . . . . e vii
LIST OF TABLES . . . . . . s xii
LIST OF SYMBOLS . . . . . .. s xiii
LIST OF ABBREVIATIONS . . . . . o . e xiv
ACKNOWLEDGMENTS . . . . .. e XV
DEDICATION . . . . o xvi
CHAPTER 1 INTRODUCTION . . . . . . . e 1
CHAPTER 2 BACKGROUND . . . . . . o 5

2.1 Research Objective . . . . . . . . . . .. 5

2.2 LiNiMnCoO Cathode SEI Composition for Long Cycle Life Testing . . . . . . . 5

2.3 LiF Growth on Various Electrode Materials . . . . . .. ... ... ... ... 7

2.4 Effects of FEC and other Electrolyte Additives on Solvation Chemistry . . . . 11

2.5 Engineered Growth of the SEI on Electrode Materials . . . . . . . .. ... .. 15
2.6 The Merits of the NMC + FEC System and Purpose of Study . . . . . .. .. 17
CHAPTER 3 METHODS . . . . . . . . e 19
3.1 Device Fabrication . . . . . . . .. ... 19
3.1.1 Electrolyte Preparation . . . . . . . . ... ... ... ... ... .. 19

3.1.2  Electrode Fabrication . . . . . . . ... .. ... . o0 20

3.2 Cycling and Electrochemical Impedance Spectroscopy . . . . . . .. . ... .. 20



3.3 X-ray Photoelectron Spectroscopy . . . . . . . . ... oL 25

3.3.1 XPS Components and Hardware Theory . . . . . .. . ... ... ... 25
3.3.2 Measurement and Analysis . . . . . . .. ... oL 27
3.3.3  XPS Quantification . . . . . . ..o oo 29
3.4 X-ray Diffraction . . . . .. ..o 31
3.5 Scanning Electron Microscope . . . . . . . . ... oL 32

CHAPTER 4 INVESTIGATING THE CONTRIBUTION OF
FLUOROETHYLENE CARBONATE TO CELL STABILITY IN
LINIO.6MNO0.6C0O0.20 CATHODE CONTAIN LI-ION BATTERIES . . 33

4.1 Focused Introduction . . . . . . . ... o 33
4.2 Results . . . . . . . 35
4.2.1 Device Cycling and Electrochemical Impedance Spectroscopy . . . . . . 35
4.2.2  Scanning Electron Microscopy and X-ray Diffraction . . .. .. .. .. 39
4.2.3 X-ray Photoelectron Spectroscopy . . . . . . . ... ... 42
4.3 DIScussion . . . . ... 53
4.3.1 FEC Effects on Electrochemical Performance . . . . . . . . ... .. .. 53
4.3.2  Surface Morphology and Structure of NMC Cathodes . . . . . . .. .. 54

4.3.3 Chemical State of the SEI and Polarizing Effects due to Electrolyte
Decomposition . . . . . . ..o 55
CHAPTER 5 CONCLUSION . . . . . . . e 59
5.1 General Summary . . . . . ... 59
5.2 Outlook . . . . . . 60
REFERENCES . . . . . . 62
APPENDIX COPYRIGHT AND PERMISSIONS . . . . . . . ... ... ... ..., 69

vi



LIST OF FIGURES

Figure 1.1 ~ Simple schematic of a Li- ion battery. From left to right the schematic
displays the stainless steel coin cell case in black, the Al- current
collector in light grey, the NMC cathode material in dark gray, and the
LiF rich SEI in yellow. The center of the diagram depicts an enlarged
space for the electrolyte where the electrolyte sale LiPFg separates into
Li and PF6 while Li ions travel to the cathode. Ni** dissolution along
with Lip, metal plating are depicted as major causes of battery failure.
The node half of the schematic begins with the metal dendrites in light
blue, followed by the graphite in light grey, Cu current collector in
orange, and the other end of the stainless steal case in blue. . . . . . . . ..

Figure 2.1  Panel A shows voltage vs specific discharge capacity plots
NMC811/graphite full cells cycled at 4.2 V, 4.4 V and 4.5V charged at
C/2 rate and discharge at 1C rate. The 1st, 333rd, 667th, and 1000th
cycles are plotted for cells at 25C. Panel B shows the capacity retention
of the same cells and C the Coulombic efficiency. Reproduced with
permission from Wangda Li, Xiaoming Liu, Qiang Xie, Ya You,
Miaofang Chi, and Arumugam Manthiram. Long-term cyclability of
ncm-811 at high voltages in lithium-ion batteries: an in-depth
diagnostic study. Chemistry of Materials, 32(18):7796-7804, Sep 2020.
ISSN 0897-4756, 1520-5002. doi: 10.1021/acs.chemmater.0c02398. . . . . .

Figure 2.2 XPS spectra of NMC electrodes from NMC811 graphite cells cycled at
42V, 4.4V and 4.5V charged at C/2 rate and discharge at 1C rate
after 1000 cycles. A is the C 1s region showing the C-C, C-H, C-O,
C=0, C-F, and CF,. The O 1s region in panel B shows NiO standard
along with M-O, O=C, and O-C bonds. Panel C is the F 1s core level
with LiF/MF,, Li,POF,, PVdF and CF,. Reproduced with permission
from Wangda Li, Xiaoming Liu, Qiang Xie, Ya You, Miaofang Chi, and
Arumugam Manthiram. Long-term cyclability of ncm-811 at high
voltages in lithium-ion batteries: an in-depth diagnostic study.
Chemistry of Materials, 32(18):7796-7804, Sep 2020. ISSN 0897-4756,
1520-5002. doi: 10.1021/acs.chemmater.0c02398. . . . . . . .. .. ... ..

vil



Figure 2.3

Figure 2.4

Figure 2.5

Figure 3.1

Figure 3.2

Figure 3.3

Schematic of Li dead layers on a Li-Metal Anode in FEC containing

cells. Discharge Capacity retention for FEC containing cells compared

to standard Gen2 electrolyte. Reproduced with permission from

Seong-Jin Park, Jang-Yeon Hwang, Chong S. Yoon, Hun-Gi Jung, and
Yang-Kook Sun. Stabilization of lithium-metal batteries based on the

in situ formation of a stable solid electrolyte interphase layer. ACS

Applied Materials Interfaces, 10(21):17985-17993, May 2018. ISSN
1944-8244. doi: 10.1021/acsami.8b04592. . . . . . . . . .. ... 8

XRD spectra and SEM images of NMC811 electrodes cycled at 4.2 V,

4.4V and 4.5V charged at C/2 rate and discharge at 1C rate afer 1000
cycles. Reproduced with permission from Wangda Li, Xiaoming Liu,

Qiang Xie, Ya You, Miaofang Chi, and Arumugam Manthiram.

Long-term cyclability of ncm-811 at high voltages in lithium-ion

batteries: an in-depth diagnostic study. Chemistry of Materials,
32(18):7796-7804, Sep 2020. ISSN 0897-4756, 1520-5002. doi:

10.1021 /acs.chemmater.0c02398. . . . . . . . .. ... 9

Schematic of the decomposition of FEC. ROLi interacts and leads to

LiF formation along with C'Oy gas generation. Vinodkumar Etacheri,

Ortal Haik, Yossi Goffer, Gregory A. Roberts, Ionel C. Stefan, Rainier
Fasching, and Doron Aurbach. Effect of fluoroethylene carbonate (fec)

on the performance and surface chemistry of si-nanowire li-ion battery
anodes. Langmuir, 28(1):965-976, Jan 2012. ISSN 0743-7463. doi:
10.1021/1a203712s. . . . . 14

From left to right and top to bottom: A Assorted ingredients for

electrode preparation including NMC powder in the silver bag, carbon

black Seuper-P, and PvDF binder in the white jars, B high speed mixer

used to prepare electrode slurry, C inside of high speed mixer, D

vacuum oven used to dry electrode at 105C . . . . . . . . . ... ... .. 20

From left to right and top to bottom: A blade coating machine used to

coat 40 um thick electrodes, B dried electrode sheet punching, C
representation of electrode blade coating, D electrode position choice
forpunch . . . . . . .. 21

(a) shows the equivalent circuit model components and (b) the

corresponding EIS response. The cell used in this sample set was cycled
using an Arbin cycling cabinet at 4.2V and a C/20 charge rate for 2

cycles. Each cell was then measured near an OCV of 4.2V. . . . . . . .. 24

viil



Figure 3.4

Figure 4.1

Figure 4.2

Figure 4.3

Schematic of the XPS showing the incident AL X-rays hitting a black

oval sample. The liberated photoelectron path in dashed red follows

through the path guided by the Focusing Lenses. The entrance slit of

width W allows the photoelectrons into the semi-hemispherical

analyser. A negative voltage is placed at both R1 V1 and R2 V2 to

select the electrons along RO with the A R which is half the beam

width. Reproduced with permission from J. Bass. ”Sr Design Poster,

X-ray Photoelectron Spectroscopy on Light Emitting Devices”,

Department of Physics, Colorado School of Mines, Golden, CO, 2018. . . 28

(a) is the first formation cycle for 1%, 2%, 5%, 15%, and 30% FEC
concentrations in blue, orange, green, red, and purple respectively

showing a large discharge capacity distribution. (b) is the first

formation cycles for the second set of cells which show a tighter

capacity distribution. (c) is the second formation cycle for the first set

of cells which show the same wide capacity range but also show

increased capacity for all FEC concentrations. (d) is the second

formation cycle for the second set of cells which shows the tightest

capacity distribution and the highest overall capacity except for 5%
concentration which failed (possibly due to excess water contamination) . 37

EIS curves for 1%, 2%, 5%, 15%, and 30% FEC containing cells in blue,
orange, green, red, and purple. Data has been presented as to highlight

the initial wide semi-circles associated with the cathode SEI. The

purple curve 30% FEC begins at 7 Q while the rest of the curves begin

near 5 €2 which can be attributed to noise in the measurement system.

The characteristic semi-circles have uniquely elongated shapes and large
Wharburg impedance. . . . . . ... .o 38

SEM images of fresh NMC electrode depicting particles of various sizes.
(A) NMC particle distribution in the binder material, 10 um scale at
6500x magnification gathered at 5keV. (B) 3 um scale at 20000x
magnification at 5kV electron excitation voltage. (C) SEM image of
cycled electrode in 2% FEC showing minor particle pulverization 10 um
scale at 7000x magnification. (D) cycled electrode in 2% FEC 3 um
scale at 20500x magnification at 5kV electron excitation voltage. (E)
SEM image of cycled electrode in 15% FEC showing minor particle
pulverization 10 um scale at 7000x magnification. (F) cycled electrode
in 15% FEC 3 um scale at 20500x magnification at 5kV electron
excitation voltage. Light gray portions are NMC particles while darker
gray and black portions are binder material and carbon black. . . . . .. 40

X



Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

XRD spectra normalized to the (003) peak to be 1. Spectra plotted for
each FEC concentration 1%, 2%, 5%, 15%, and 30% in blue, orange,
green, red, and purple. Miller indices for identified peaks are shown
above the corresponding diffraction peak. Dashed black lines indicated
no significant peak position changes. Peak assignment fits with the well
known layered LixMO2 type of NMC structure, with a space group of

XPS survey for Washed electrodes of varying FEC concentrations 0%,
1%, 2%, 5%, 15%, and 30% in blue, orange, green, red, purple, and
brown. Surveys are plotted together to highlight peak centroid changes
and overall intensity differences. Peaks are labeled with assigned core

levels Ni/F, F, O, C, Mn, Al, Li, and Co. . .. ... ... .......

XPS survey for cycled electrodes of varying FEC concentrations 1%,
2%, 5%, 15%, and 30% in blue, orange, green, red, and purple. Surveys
are plotted together to highlight peak centroid changes and overall
intensity differences. Peaks are labeled with assigned core levels Ni/F,

F, O, C, Mn, Al, Li,and Co. . . . . . . . . ... ... ... .......

XPS spectra of F 1s core level gathered from 694-680 eV plotted on
individual y-scales. (a) is a washed electrode with 1% FEC
concentration with LiF peak in orange and binder + electrolyte
decomposition peak in green as is the same for all panels. (b) 2% FEC
concentration, (c¢) 5% (d) 15%, (e) 30%. The right column contains (f)
a cycled electrode for I%FEC concentration followed by (g) 2%, (h)

5%, (1) 15%, and (j) 30% . . . . . . ...

XPS spectra of C 1s core level gathered from 296-278 eV plotted on
individual y-scales. (a) is a washed electrode with 1% FEC
concentration with C-C peak in orange, H-C-O bond in green, C-O
bond in orange, and C-F bond in brown as is the same for all panels.
(b) 2% FEC concentration, (c¢) 5% (d) 15%, (e) 30%. The right column
contains (f) a cycled electrode for I1%FEC concentration followed by (g)

2%, () 5%, (1) 15%, and () 30% . . . .

XPS spectra of P 2p core level gathered from 143-124 eV plotted on
individual y-scales. (a) is a washed electrode with 1% FEC
concentration with LixPFy peak doublet in orange and green,
LixPFyOz peak doublet in red and purple, and Liw-uPFz-v is the same
for all panels. (b) 2% FEC concentration, (¢) 5% (d) 15%, (e) 30%.
The right column contains (f) a cycled electrode for I%FEC

concentration followed by (g) 2%, (h) 5%, (i) 15%, and (j) 30% . . . . .



Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure A.1
Figure A.2
Figure A.3

Figure A.4

XPS spectra of O 1s core level gathered form 543-524eV plotted on
individual y-scales. (a) is a washed electrode with 1% FEC
concentration with Li2CO3 peak in orange, Li2CO3/LixPFyOz. in
green, LiOH in red, and M-O bond in purple as is the same for all
panels. (b) 2% FEC concentration, (c¢) 5% (d) 15%, (e) 30%. The right

column contains (f) a cycled electrode for 1%FEC concentration

followed by (g) 2%, (h) 5%, (i) 15%, and (j) 30% . . . . . . ... . ...

XPS centroid shifts plotted for 1%, 2%, 5%, 15%, and 30% FEC
concentrations for both washed solid line and cycled electrodes dashed
line. Centroids are plotted for F' 1s, C 1s, O 1s, and P 2p core levels.

Schematic of the effect of FEC concentrations over 10% on solvation
structure and SEI formation. EC is represented in blue shuttling orange
Li ions in the SSIP configuration. The AGG configuration shows two Li

cations and one PF6 anion along with the formation of the SEI. . . . .

Resistance €2 versus LiF concentration using the peak area ratio of the
LiF peak assignment in the XPS F 1s core level. Charge transfer
resistance is displayed in blue and SEI resistance in orange. FEC
concentrations are included as figure labels. Black lines pair the data

sets and indicate differences in the resistance values . . . . . . . . . . ..
Copyright permission for Figure 2.1, Figure 2.2, and Figure 2.4 . . . . .

Copyright permission for Li dead layer shown in Figure 2.3 . . . . . . ..

Copyright permission for FEC decomposition schematic Figure 2.5

Copyright permission for XPS schematic in Figure 3.4 . . . . . . .. ..

x1

. 92



Table 4.1

Table 4.2

Table 4.3

LIST OF TABLES

Resistance values for the Ohmic, SEI, and charge transfer components of

the EIS curves. The capacitance of the SEI is also reported. All values

are shown for 1%, 2%, 5%, 15%, ad 30% FEC after the initial discharge

cycles. . .o e 36

Relative atomic concentrations calculated from F 1s, C 1s, O 1s, and P 2p
for 1%, 2%, 5%, 15% and 30% FEC loading for both washed and cycled

electrodes along with Gen2 control for the washed electrodes . . . . . . .. 42

Washed and Cycled electrode XPS core level peak area ratios. Percent

form for Gen 2 and each FEC concentration 0%, 1%, 2%, 5%, 15%, and

30% broken between LiF and LiyPFx+PvDF components for F 1s,

0-C-0O, C-0, H-C-0O, and C-F components for C 1s, LixPyFz and PvDF

for P2p, and Li2CO3, LiOH, and M-O for O 1s. . . . . . ... .. ... .. 51

xii



LIST OF SYMBOLS

Ionic Conductivity through an electrode surface . . . . . . . ... ... ... ... ...
Overpotential in the Butler-Volmer Equation . . . . ... ... .. ... ... ... ...
Resistance in an electrochemical system . . . . . .. .. ... ... 0L

Diffraction angle as determined by XRD . . . . . .. ... ... oL

xiil



LIST OF ABBREVIATIONS

Binding Energy . . . . . . .. BE
Colorado School of Mines . . . . . . . . .. .. CSM
Counts per Second . . . . . . .. cps
Electric Vehicles . . . . . . . . . . EV
Energy Storage . . . . . . . . L ES
Fluoroethylene Carbonate . . . . . . . . . . . . ... ... ... ... .. ....... FEC
LINIMnCoO . . . . . . NMC
Vinylene Carbonate . . . . . . . . . . ... VC

Xiv



ACKNOWLEDGMENTS

I would like to thank and acknowledge my advisor K. Xerxes Steirer for all his guidance
and patience. I'd like to thank Shriram Santhanagopalan for sharing his wealth of
experience and joining my committee. I would also like to thank my family for their
unending support thorough my career. Thank you to my committee chair Stephen
DeCaluwe for his guidance. This work would also not be possible without funding from the

DOE Hi-Ni cathode research consortium.

XV



I dedicate this thesis to my family.

Xvi



CHAPTER 1
INTRODUCTION

Solving the challenges associated with energy storage will open the way for more
renewable energy sources to be used. Li-ion battery have been the go to energy storage
solution for many applications ranging from small electronics to electric vehicles and grid
support [1]. More energy and power dense energy storage devices will reduce the need for
fossil fuel consumption by storing the excess energy generated by renewable sources during
non peak times. Extending the life of Li-ion batteries will allow this excess energy to be
safely and efficiently distributed as electricity during peak hours. In conjunction with
renewable sources like wind, tidal, and solar power, Li ion batteries have the potential to
reduce greenhouse gas emissions and provide an economical route to energy security. Li-ion
devices are lighter and have a longer cycle life than lead-acid equivalent [2]. Moreover,
Li-ion batteries can maintain a constant voltage during discharge and have a longer shelf
life [1-3].

The principle behind the operation of a Li-ion battery is the flux of Li™ ions from the
cathode to the anode. As the ions flow though the device their electron pairs flow through
an external circuit. To store energy by charging a Li-ion battery a potential difference is
set across the device to flow current in the reverse direction. Li stored in the cathode
material in the form of lithium metal oxides is freed and moves across a Li ion containing
electrolyte solution. The Li then forms a chemical bond with the anode material. For
example, a graphite anode Li reacts with the anode material to form LiCg until the battery
reaches the cell cutoff voltage. When a resistive load is placed across the battery the Li
ions flow the other direction from anode to cathode and ideally reform the initial Li metal
oxide material. The free electrons produced by the decomposition of LiCg then produce

electrical work through the external circuit as shown in Figure 1.1.
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Figure 1.1 Simple schematic of a Li- ion battery. From left to right the schematic displays
the stainless steel coin cell case in black, the Al- current collector in light grey, the NMC
cathode material in dark gray, and the LiF rich SEI in yellow. The center of the diagram
depicts an enlarged space for the electrolyte where the electrolyte sale LiPFg separates into
Li and PF6 while Li ions travel to the cathode. Ni*™ dissolution along with Li, metal
plating are depicted as major causes of battery failure. The node half of the schematic

begins with the metal dendrites in light blue, followed by the graphite in light grey, Cu
current collector in orange, and the other end of the stainless steal case in blue.



The flow of Li ions is facilitated by the electrolyte. Common electrolyte solvents include
ethylene carbonate (EC), ethylmethylene carbonate (EMC), and dimethylene carbonate
(DMC) which provide good Li conductivity, low viscosity, and high electronic resistance.
An ionic salt with low activation energy, like LiPFg, is used as the electrolyte in several Li
ion systems such as Si nano-wire [4], Li metal [5], and mixed transition metal oxides [6].
Under cycling conditions the electrolyte tends to degrade by oxidation of the salt which
causes accumulation of decomposition products on the surface of the electrodes [7]. At
worse case these decomposition products can cause an internal short and compromise the
safe operation of Li-ion battery systems by leading to thermal runaway and fire [2]. More
often these reaction products can reduce the discharge capacity and cycle life of the battery
by consuming active material and degrading the electrolyte solvent and salt.

Mixed transition metal oxides like LiCoO (LCO), LiNiCoO (LNCO), and
LiNi,Co,Mn,O (NMCxyz) have demonstrated high safety and efficiency and are
commercially available as cathode materials [8]. One of the current focuses in the
development of Ni-rich cathodes is the support for fast charging applications at voltages
above 4.2 V. Several strategies have been proposed to achieve higher charge rates including
adding vinylene carbonate(VC) and flouroethylene carbonate (FEC) to the standard Gen2
EC:EMC. The electrolyte composition plays a vital role in ensuring chemical stability,
cycle retention, and stabilizing Coulombic efficiency with any cathode material. The
decomposition of the electrolyte and formation of undesirable products has been found to
be unavoidable in realistic manufacturing conditions [9]. Some species like LiF can be
beneficial to battery performance by creating a barrier to prevent further reaction between
the cathode and electrolyte. Other species includingLi,PF, variants and HF are also
produced after electrolyte degradation. Li,PF, and HF once produced can be difficult to
eliminate, but fortunately the reaction forming Li,PF, is reversible during cycling [9]. HF
is never consumed by the standard Li-ion chemistry and continues to react with the

cathode, anode, electrolyte, current collectors, and stainless steel casing. The electrolyte



and the decomposition products may also further react with the binder material in the
cathode as well as any residual surface contaminates including Li;COg, LiOH, and H,O [9].
These parasitic surface reactions cause the loss of active material and can damage the
structure of the NMC particle and crystal lattice [10]. The loss of active material and
structural damage to the cathode is a detriment to device performance causing both
voltage fade and capacity loss [9]. Li metal dendrites can also form and penetrate the
cathode material making contact with the Al collector. The formation and contact of Li
metal dendrites can cause internal short circuits which in turn cause the battery to fail and
undergo thermal runaway potentially resulting in a fire [11].

The formation or deposition of a solid electrolyte interface (SEI) on one or both of the
device electrodes has shown to increase the chemical and structural stability of the
electrode surface [6]. The SEI on cathode is of particular interest because of the complex
surface chemistry. The cathode electrolyte interface (CEI) is primarily composed of
electrolyte decomposition products, solvent decomposition products, and other parasitic
reactions with the NMC cathode and surface contaminants. LiF, one of the electrolyte
decomposition products and a product of further parasitic reactions with HF, shows
remarkable chemical stability with electrolyte solvents and the NMC cathode along with
reasonable electronic insulation [9]. However, LiF has a lower Li ionic conductivity than
NMC and other novel coatings including Liz PO, [12]. While the capacity of a Li ion
battery with a LiF rich SEI may suffer, the economical benefits associated with the ease of
device fabrication and increased cycle life outweighs a small loss in performance. Further
investigation into the initial state of the SEI has not been reported as most studies

characterize the electrode surfaces at the end of device life [13].



CHAPTER 2
BACKGROUND

2.1 Research Objective

The objective of this review is to investigate the effects of electrolyte additives on the
SEI formation and LiB performance. Specifically, the chemical stability of FEC with the
Gen?2 electrolyte and various cathode materials must be examined to understand the choice

of additive.
2.2 LiNiMnCoO Cathode SEI Composition for Long Cycle Life Testing

To model and characterize the SEI several Li-ion battery chemistries have been tested
in the literature. A substantial portion focuses on the decomposition of the electrolyte.
Specifically, the degradation mechanism of LiPFg in Li/Li symmetric cells has been shown
to create a dead Li layer on Li anodes followed by a LiF rich SEI [14]. Moreover, the
mechanism for LiF growth on NMC has not been extensively studied. For example Park et
al. showed that the fluorinated solvent EMC:FEC(3:1) reduces the thickness of the dead
material compared to EC:EMC(3:7) solvents [15]. Adding the additive FEC to an EC
based electrolyte will promote cell stability by encouraging the growth of a LiF rich CEI.
Suo et al. proposed that a LiF rich CEI will reduce the discharge capacity but ultimately
improve cycle life by limiting the degradation of LiPF6 [16].

The degradation of the electrolyte over long cycle lives at high voltages highlights the
need for a stabilizing agent. Figure 2.1 and Figure 2.2 reproduced from Li et al. detail the
formation of LiF at higher cutoff voltages but the overall shape and intensity of the PvDF
and C'F, peaks do not change [10]. Moreover as voltage increases the capacity retention
drastically decreases with cycle life. However, the Coulombic efficiency of all cases is above

99% but a clear downward trend is apparent for the higher cutoff voltages.
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Figure 2.1 Panel A shows voltage vs specific discharge capacity plots NMC811 /graphite full
cells cycled at 4.2 V, 4.4 V and 4.5V charged at C/2 rate and discharge at 1C rate. The
1st, 333rd, 667th, and 1000th cycles are plotted for cells at 25C. Panel B shows the
capacity retention of the same cells and C the Coulombic efficiency. Reproduced with
permission from Wangda Li, Xiaoming Liu, Qiang Xie, Ya You, Miaofang Chi, and
Arumugam Manthiram. Long-term cyclability of ncm-811 at high voltages in lithium-ion
batteries: an in-depth diagnostic study. Chemistry of Materials, 32(18):7796-7804, Sep
2020. ISSN 0897-4756, 1520-5002. doi: 10.1021/acs.chemmater.0c02398.
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Figure 2.2 XPS spectra of NMC electrodes from NMC811 graphite cells cycled at 4.2 V, 4.4
V and 4.5V charged at C/2 rate and discharge at 1C rate after 1000 cycles. A is the C 1s
region showing the C-C, C-H, C-O, C=0, C-F, and CF,. The O 1s region in panel B shows
NiO standard along with M-O, O=C, and O-C bonds. Panel C is the F 1s core level with
LiF/MF,, Li,POF,, PVdF and CF,. Reproduced with permission from Wangda Li,
Xiaoming Liu, Qiang Xie, Ya You, Miaofang Chi, and Arumugam Manthiram. Long-term
cyclability of ncm-811 at high voltages in lithium-ion batteries: an in-depth diagnostic
study. Chemistry of Materials, 32(18):7796-7804, Sep 2020. ISSN 0897-4756, 1520-5002.
doi: 10.1021/acs.chemmater.0c02398.

The XPS spectra shown in Figure 2.2 show a measurable increase in LiF concentration
as voltage increases. The LiF formation also appears to thicken with increased voltage as
the metal-oxide (M-O) peak at 529 eV in the O 1s spectra becomes obscured. Moreover,
the binder material appears to remain stable as the peak shape and position of the C-F
bond at 291 eV do not drastically change with increasing voltage. One conclusion that can
be drawn from these XPS results is that the LiF is primarily being formed from the
electrochemcical decomposition of the LiPFg electrolyte. The PvdF binder does appear to
break down and experience a change in the chemical state of the C-H bond at higher

voltages when looking at the 286 eV peak in the C 1s spectrum of Figure 2.2.
2.3 LiF Growth on Various Electrode Materials

Figure 2.3 shows a schematic of the relevant growth of LiF on a Li metal anode and the

resulting capacity loss seen in NMC/Li devices with a EC:EMC electrolyte solvent and a
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Figure 2.3 Schematic of Li dead layers on a Li-Metal Anode in FEC containing cells.
Discharge Capacity retention for FEC containing cells compared to standard Gen2
electrolyte. Reproduced with permission from Seong-Jin Park, Jang-Yeon Hwang, Chong S.
Yoon, Hun-Gi Jung, and Yang-Kook Sun. Stabilization of lithium-metal batteries based on
the in situ formation of a stable solid electrolyte interphase layer. ACS Applied Materials
Interfaces, 10(21):17985-17993, May 2018. ISSN 1944-8244. doi: 10.1021/acsami.8b04592.
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Figure 2.4 XRD spectra and SEM images of NMC811 electrodes cycled at 4.2 V, 4.4 V and
4.5V charged at C/2 rate and discharge at 1C rate afer 1000 cycles. Reproduced with
permission from Wangda Li, Xiaoming Liu, Qiang Xie, Ya You, Miaofang Chi, and
Arumugam Manthiram. Long-term cyclability of ncm-811 at high voltages in lithium-ion
batteries: an in-depth diagnostic study. Chemistry of Materials, 32(18):7796-7804, Sep
2020. ISSN 0897-4756, 1520-5002. doi: 10.1021/acs.chemmater.0c02398.



EMC:FEC solvent both with 1M LiPFys. The EC:EMC system experiences the depletion of
active material in the Li metal anode by delithiation and subsequent formation of
electrolyte decomposition products. The EMC:FEC solution experienced a longer cycle life
that is attributed to a LiF-rich SEI layer which prevented the PFy anion from adsorbing
into the Li metal anode. The FEC containing solution showed promising capacity retention
and coulombic efficiency when compared to the EC:EMC solution [11].

Figure 2.4 shows XRD spectra and SEM images of NMC particles that have been
cycled at high voltages. The XRD data along with the SEM images detail the gradually
increasing mechanical pulverization of the NMC particles after cycling. The XRD spectra
of the cycled peaks show shape changes including FWHM), intensity, and centroid position
for the 003, 006/102, and 108/110 peak pairs. The SEM images provide insight into the
surface roughness of the SEI as well as the order of the NMC particles. As voltage
increases the NMC spheres break apart and void are formed in the binder material.

The interface between the NMC and the electrolyte must be stabilized to achieve higher
energy density in Li-ion batteries [6]. Pham et al. have shown that a
methoxytriethyleneoxypropyltrimethoxysilane (MTE-TMS) additive provides such
increased stability that an NMC device capacity retetention of 84% after 100 cycles at C/5
using upper voltage cut-off of 4.3 V vs Li+/Li [6]. Li et al. et al. have shown that
triphenyl borate (TPB) as an additive forms a borate based CEI layer on an NMC cathode
and the device had 88.6% capacity retention after 100 cycles [17]. Both of these studies
provide a novel additive that increases NMC performance by forming an CEI layer. The
mechanisms of how device performance is improved are also quite similar. The additive
proposed by both decompose prior to the electrolyte solvents and oxidation of the
electrolyte. The CEI is then composed of the decomposition products of the additive

instead of the electrolyte solution.
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2.4 Effects of FEC and other Electrolyte Additives on Solvation Chemistry

The motivation for choosing FEC as an electrolyte additive is the favourable reaction
chemistry which enhances the lifetime of anode materials. However the affect of FEC on
cathode materials is not as well understood. Li et al. have shown that FEC increases the
oxidative stability of standard EC containing electrolytes as well as a preferential reaction
at the cathode during charging [17]. Li et al attribute the increases stability to the
suppression of parasitic reactions between the electrode and electrolyte by forming a
conductive interfacial layer at the electrode surface. The hydrodefluorination of FEC into
VC is the primary mechanism in which FEC affects the device performance [17]. Currently,

the decomposition reaction:
LiPFs — LiF + PF; (2.1)

is reported in literature [7], but disputed by atomistic modeling groups [18]. The other

decomposition reaction requires trace water
LiPFs+ HyO — LiF + OPF3 +2HF (2.2)
The appearance of HF then produces the desired reaction:
HF + C3H3FO3 + Li™ — CyHy03 + LiF (2.3)

in which the initial HF is never consumed [8]. 2.3 shows free Li ions being consumed to
form LiF'; however, this is done without the deflourination of the PFg ion which prevents

further electrolyte decomposition according to:
PF; —e” = PF;+F*— HF (2.4)
PF5+2e” +2Li" — LiF + Li, PF, (2.5)

assuming all water is consumed in the decomposition of the electrolyte salt. Zhou et al.
has shown LiNiMnO (LMNO) in addition to 4% FEC shows improved rate capacity and

high temperature cycling performance [19]. Using Raman spectroscopy Zhou et al.
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demonstrated that FEC increases the conductivity of the electrolyte[19]. FEC has also
been studied in NMC/Li cells at high voltages. Instead of an electrolyte additive Lavi et al.
achieved excellent performance by replacing EC by DEC and FEC[20]. LNMO/Li study
results show that FEC can change the structure of aggregates (AGGs) in the electrolyte
solution to the structure of solvent-separated ion pairs(SSIPs). Hou et al. detail the effects
of the solvation structure on Li conductivity [21]. They propose that an anion-solvent
exchange mechanism is the preferred method of transport of the Li ion while the
preferential reduction of FEC forms an improved electrolyte interphase. Atomistic
modeling using molecular dynamics and transport property measurements showed that the
Gen2 electrolyte with 10% FEC passivates the electrode surface [21].

Zhou et al. also showed that concentrated electrolytes decrease solvent reduction, a LiF
rich film forms and enhances interfacial stability [19]. The SEI conductivity on Li metal
anodes [22] is also a good indicator of the capabilities of FEC as an electrolyte additive.
Using large cylindrical cells (18650 model) at large concentrations of FEC have been found
to enhance the transport property[23], while small amounts of FEC show that cycling
performance and rate capability of NMC is improved by stabilizing the CEI [17].
Furthermore Yang et al. show that FEC concentrations greater than 5% reduces discharge
capacity [24] and causes large concentration polarization [17]. Several papers report
simulations that show FEC concentration directly determines the diffusion coefficients of
Li+ and PF6-, but the effect of FEC on the CEI chemistry is not well understood. Some
simulations suggest that FEC plays an active role in the defluorination of LiPF6 and
fluorination of PF5 [25].

The main issue at the CEI is the loss of the active material Li20 which results in cation
mixing at the surface that eventually penetrates the lattice[23]. The decomposition process
of FEC proposed by Li et al. as seen in Figure 2.5 is supported by several XPS studies and
DFT simulations [23, 26, 27]. FEC has been shown to reduce parasitic side reactions at the

electrolyte/electrode interface at 1% and 2% concentrations by stabilizing the NMC surface
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[23]. This is done at the cost of decomposing the electorlyte with FEC in the attempt to
prevent further interaction with the NMC cathode[17]. At long cycle life FEC also
suppressed changes in charge transfer resistance and the interfacial resistance of the CEI
compared to standard Gen 2 recipes [17]. The cause of these increase resistances in
batteries without FEC is due to the decomposition of the standard carbonate based
electrolytes [28]. In addition FEC can slow the dissolution of Ni, Co, and Mn at the
electrode surface and prevent the release of oxygen thereby maintaining the desirable
electrochemical properties of NMC [20]. Improvements during the first few cycles of FEC
containing devices show high coulombic efficiency by scavenging any HF that may have
initially formed due to the presence of water [28].

Another electrolyte additive that has shown similar properties to FEC is the
aforementioned VC [29]. Kitz et al. have shown that VC not FEC can suppress continuous
side reaction at the CEI [29]. Again shown by DFT calculations [30], operando XPS
studies [29] one of the decomposition products of FEC is VC, and the reduction of charge
transport is attributed to VC [31]. Figure 2.5 shows the potential reaction pathway and the
decomposition products of FEC and carbonate based electrolytes directly affect the CEI
composition.

The prevention of the electrochemical oxidation of EC at high voltages
(CH20)2C0 — CO;+ R—H" + e~ (2.6)
and the chemical oxidation by oxygen release [32]
40 4+ (CH20)2C0 — 2C0O5 + CO + 2H50 (2.7)
by the dehydrofluorination of FEC shown in Figure 2.5
CsH,O3F + Lit + e~ — LiF + COy + CH,CHO (2.8)

has been proposed as the main mechanism of CEI growth due to the addition of FEC. [33].
Markevich et al. found that the films formed on the surface of Sulfur/Carbon composite

electrodes were primarily made of LiF crystallites using EDS and XPS [34].
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Figure 2.5 Schematic of the decomposition of FEC. ROLi interacts and leads to LiF
formation along with C'Oy gas generation. Vinodkumar Etacheri, Ortal Haik, Yossi Goffer,
Gregory A. Roberts, Tonel C. Stefan, Rainier Fasching, and Doron Aurbach. Effect of
fluoroethylene carbonate (fec) on the performance and surface chemistry of si-nanowire
li-ion battery anodes. Langmuir, 28(1):965-976, Jan 2012. ISSN 0743-7463. doi:
10.1021/1a203712s.

Choosing to promote the formation of LiF formation due to the decomposition of the
additive FEC due to LiF films showing improved Mn dissolution [35]. Mn dissolution

follows

2Mns — Mnl + Mngl, (2.9)

and destabilises the NMC cathode.

Mn dissolution also promotes cation mixing as mobile Mn ions have poor chemical
stability with the electrode and electrolyte material. The formation of Mn side products
hinders cell performance by preventing LiT migration [35]. An Atomic layer deposition
(ALD) of LiF by Tiurin et al. has been shown to prevent Mn passage while promoting Li
conductivity. LiF is also a natural choice as a protective coating due to its chemical and
electrochemical stability at common cell voltages near 4.2V. The downside to the LiF
coating proves to be the decreased Li conductivity of 1E-23 S/cm? [36] compared to that of

NMC which is compensated for by keeping the SEI layer ultra thin.
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2.5 Engineered Growth of the SEI on Electrode Materials

Gao et al. investigated surface modification of the NMC cathode in the attempt to
suppress the interfacial parasitic reactions between cathode and electrolyte [37]. NMC622
electrodes were coated with a TiOy layer by ALD to act as an chemically stable interfacial
layer. The ALD treatment was found to maintain the redox potential of fresh NMC while
lowering the cathodic surface film resistance spikes [37]. The parasitic reactions at the CEI
were also reduced to the point of mitigated transition metal dissolution and particle
fragmentation. Gao et al. also proposed a relationship between interfacial parasitic
reactions and the performance loss of NMC cathode devices [37]. Another group has
designed in house leakage current measurement system which sheds light on the reaction
kinetics between NMC and conventional electrolytes [38]. The rate of parasitic side
reactions increases with cut-off potential and a different reaction mode exists above 4.5 V
vs Li+/Li and that a new method of parasitic reaction suppression must be found to allow
NMC to fill fast charging roles.

FEC has also been proven to promote a LiF-rich SEI on Si Li-ion electrodes. Shroder et
al. demonstrated that the increased Coulombic efficiency and capacity reduction is due to
fluoride ion formation during the reduction of the electrolyte. However, the reaction
mechanism is not well understood for all operating conditions. Moreover, the identity of
the decomposing species and the reaction pathway to LiF formation is contested [9, 31, 39].
Equation 2.5 depicts the salt decomposition while Figure 2.5 details degradation of the
electrolyte solvent. Nonetheless, Juamann et al. also show that the addition of FEC results
in the formation of a kinetically stable LiF rich SEI on Si anodes. Surface analysis using
XPS and TOF-SIMS showed that FEC forms a thicker LiF-rich SEI, forms Li,O and LiOH
species on the Si anode, and decreases the amount of carbon in the SEI [40]. Additionally,
FEC increases the Li solubility limit and Li transport properties [7]. This increase in SEI
material performance has been attributed to the preferential formation of Li;O and LiF.

The accumulation of Li at the SEI in the form of these inorganic species also leads to
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increased amounts of free Li ions due an enlarged concentration gradient caused by the
increased amount of Li at the electrode surface.

In situ NMR spectroscopy (NMR) is another technique that has been used to
investigate the effect of the FEC additive on Li deposition for various electrolyte solutions
and how the SEI acts to control micro-structural growth [41]. Gunnarsdottir et al. recently
used NMR to monitor Li growth during lithium deposition. They showed the FEC additive
lead to denser and more uniform Li metal electrodeposits and formed the SEI four times
faster with FEC than without [41]. SEI formation is proportional to the exchange current

density described by the Butler-Volmer equation. The form of the Butler-Volmer equation
jo = Fho[Lit)*[Li") (2.10)

where F'is the Faraday constant, kg is the standard rate constant and « is the transfer
coefficient, describes the exchange current density for Li isotopes. Adjusting the transfer
coefficient was demonstrated through the careful choice of material properties of the
electrolyte [41]. NMR measurements have shown that Li isotope exchange between the
SEI, Li metal, and electrolyte occur simultaneously [41]. This implies that several
decomposition pathways are available to LiPFg in carbonate based electrolytes.

Tuning the electrolyte interface on Li metal and lithium cobalt oxide (LCO) has been
attempted in multiple studies with varying degrees of success [18]. Lee et al. used high
concentrations of FEC (30%, 50%, and 70%) with DEC and examined Li/Li symmetric
cells using XPS. For increased FEC concentrations the amount of LiF and LixPOyFz also
increased and the amount of LiPF6 varies with no discernible trend. Li/LCO half cells
with the same concentrations of additive were examined after 10 cycles showing an increase
in the C-O-C bond normally attributed to Li,COs, LiOH, and other carbonate species [29].
The increase in the C-O-C bond also corresponds with the decreased intensity of the M-O
peak attributed to LCO [18]. A new peak in the O 1s spectra is also assigned to the
polycarbonate decomposition products of VC [18]. Nyquist plots acquired using EIS along

with SEM images evidenced the electrode pores being filled with Li metal along with
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thicker Li dendrites forming on the Li metal anode. The thicker dendrites also have a
smaller surface area which appears to slow the expansion of Li plating [18]. Lee et al.
presented Li/LCO batteries with a tuned FEC-containing electrolytes. Cycling stability,
capacity retention 97.5%, and Coulombic efficiency 99.0% after 300 cycles were again
increased at the cost of an initial drop discharge capacity at concentrations greater that
50% FEC. Discharge capacity dropped due to the formation of a resistive layer on the LCO
surface [18].

Zhu et al. found that 10 wt % FEC enables a a desirable SEI on MoS, and suppresses
continuous electrolyte decomposition. Stabilizing the electrolyte with this electrode
combination resulted in increased Li reversible capacity of 770 mAhg—"* for 100 cycles at 1
Ag~! attributed to improved Li storage and stable capacity of 510mAhg—" at 20A4g~! [13].
The initial cycles of the cell with the metal sulfide electrode without FEC showed
decreased Coulombic efficiency from the electrolyte degradation. However, the accumulated
reaction products form a resistive layer that blocks charge transfer through the SEI and
increases the discharge capacity. The Coulombic efficiency of the cell with FEC remained

stable with no capacity increase, while the rate capability of MoS, also increased [13].
2.6 The Merits of the NMC + FEC System and Purpose of Study

As described above many studies have shown the effects of FEC on cycle life and device
performance for various electrode compositions and carbonate based electrolytes. However
the effects of electrolyte additives on the chemical state of the SEI after the initial discharge
cycles has not yet been thoroughly explored for many material combinations. The merits of
and outlook on mixed metal oxides reviewed above present NMC622 as an ideal choice of
electrode for this study. NMC is commercially available and well understood, but more
insight into the initial SEI chemistry is required to fill high power and high energy density
demanding applications [6]. Lui et al. showed improved interfacial stability between
NMC622 and the electrolyte and demonstrated the formation of a CEl-layer derived from

the decomposition of the FEC containing electrolyte and the NMC622 electrode using EIS,
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TEM, SEM, and XPS. The effects of 5%, 10%, and 15% FEC additive on discharge
capacity and rate performance in the commercially used LiPFg-EC/EMC/DEC based
electrolyte were investigated [27]. After 100 cycles cells were taken apart in an Ar glove box
and cycled at a 1C rate at 2.8-4.6 V. NMC/Li cells surprisingly showed increased discharge
capacity along with cycle stability. Compared to cells without FEC 60.8%, the cells with
FEC had a capacity retention of 87.3%. The increased capacity retention was credited to
the oxidation of the 10% FEC additive in the place of the electrolyte solvent [27].

To determine the chemical composition, thickness, and performance of the SEI requires
careful analysis of the electrode surface. X-ray photoelectron spectroscopy (XPS) was
chosen to determine the chemical and electronic state of the cathode surface species.
Electrochemical impedance spectroscopy (EIS) was used to determine the Ohmic and
charge transfer resistances of the NMC devices. X-ray diffraction was also used to ensure
that no significant crystallographic changes occur during cycling, and scanning electron
microscopy (SEM) was used to take a qualitative look at particle cracking. These
techniques were chosen to sufficiently investigate the chemical, structural, and

electrochemical stability of the CELI.
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CHAPTER 3
METHODS

3.1 Device Fabrication

Off the shelf Targray NMC cathodes were procured for the FEC concentration study:.
Cathodes were punched using a 1.5 mm diameter punch, and anodes a 1.3 mm anode
punch. The electrodes were then weighed and placed in a vacuum oven at 105C to dry.
Stainless steal coin cell parts were also cleaned prior to fabrication. All metal parts were
sonicated in IPA for 30 minutes followed by acetone for 30 minutes and another 30 minute
round of IPA. The metal parts were then dried in a vacuum oven at 105C while the plastic
coin cell gaskets and separators were dried at 70C. All coin cell components including
electrodes were dried overnight and quickly moved to an Ar containing glove-box. The cells
were assembled as shown in the pictures in Figure 3.1. The cathode cap is lied flat and
tweezers are used to place the NMC cathode. After the cathode is placed, 30ul of
electrolyte are added. The Celgaard 2500 separator is placed onto the cathode followed by
another 30ul of electrolyte. The coin cell gasket is then placed followed by the anode, a SS
disk, and SS spring. The anode cab is carefully placed into the stack and the entire

assembly is placed in a hydraulic press at 1200 PSI.
3.1.1 Electrolyte Preparation

Electrolyte was prepared using the standard Gen2 formula of 1.2M LiPFg in an
EC:EMC 7:3 solution and various concentrations of fluoroethylene carbonate by volume.
Both the Gen2 electrolyte that was used along with 99.9% FEC were purchased from
Sigma Aldrich. 1 mL of Gen2 was placed into dried bottles of known weight to estimate
the density of Gen2. With the difference in density of the Gen2 electrolyte and FEC being
negligible, appropriate volumes of FEC were added to each bottle by micropippette for 1%,

2%, 5%, 15%, and 30% concentrations.
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3.1.2 Electrode Fabrication

NMC powder 90%, carbon black Super-P 5% in an N-Methyl-2-Pyrrolidone (NMP)
solution, and 5% Polyvinylidene fluoride (PvDF) were mixed together using a high speed
Agilent mixer for two 60 second rounds at 1000 rpm. The resulting slurry is then blade
coated onto Al foil with a goal of 40 um thick layer. The Al sheet is then carefully moved
into a vacuum oven and dried overnight at 110C. The electrode sheets are punched into

shape for coin cells using a an oversized cathode punch as shown in Figure 3.2.

Figure 3.1 From left to right and top to bottom: A Assorted ingredients for electrode
preparation including NMC powder in the silver bag, carbon black Seuper-P, and PvDF
binder in the white jars, B high speed mixer used to prepare electrode slurry, C inside of
high speed mixer, D vacuum oven used to dry electrode at 105C

3.2 Cycling and Electrochemical Impedance Spectroscopy

The electrochemical nature of a LiB can be observed by measuring the response of the
system to a frequency sweep in alternating current (AC) voltage using EIS. The voltage of

the cell at the time of the measurement is chosen to investigate a particular region on the
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Figure 3.2 From left to right and top to bottom: A blade coating machine used to coat 40
um thick electrodes, B dried electrode sheet punching, C representation of electrode blade
coating, D electrode position choice for punch
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discharge capacity plot, which for this study was about 4 V. From the resulting data the
resistance, impedance, and capacitance of the system can be determined. Impedance Z can

be represented by a complex number
1% .
Z(w) = 7= Zp(cos ¢ + isin @) (3.1)

where V is voltage, I is current, and ¢ is the phase shift.

EIS spectra are plotted from high to low frequency with real impedance/resistance as
the x-axis and imaginary impedance on the y axis. From the shape and intercepts of EIS
semi-circles the combined effects of the electrode electrolyte interface acting as a capacitor
and the charge transfer resistance through the interface can be modeled by an equivalent
circuit. The circuit in Figure 3.3 is an adapted Randall circuit that has been shown to
simulate battery response successfully [42].

For a re-dox reaction
R+—0O+e (3.2)

The charge transfer resistance can be determined be using the potential and current.
The equation

... Gy anDn Cr —(1 —a)nDn

can be used to determine the exchange current density through certain parts of the cell
based on the over-potential 77, concentration of oxidant species at the surface Cy and in the
bulk Cfj, and the concentration of reactant species at the surface C'r and in the electrolyte
C7,. The resistance can be characterized by the exchange current density in 3.3 which
simplifies to the Butler-Volmer equation if the concentrations are equal.

For a LiB one of the main modes of transport of the Li ion is diffusion through the
electrolyte/electrode interfaces which creates an effect called the Warburg impedance. At

low frequencies reactants experience a larger diffusion length which increases the
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impedance following
o =w Y2(1 — j)tanh (d%UW2 (3.4)

where d is the Nernst diffusion layer thickness, and D is the diffusion coefficient of Li*. o is
the Warburg coefficient which is determined by the concentration and diffusion coefficients

of the diffusing species and the surface area of the electrode A.

_RT ( Lo,
C n2F2A2°C*\/D,  C*R\/Dy

The Ohmic resistance is determined by the first intercept of the EIS curve

) (3.5)

ROhm = Zireal (36)

and the SEI resistance is determined by the diameter of the first semi-circle. The
capacitance of the SEI layer can be determined by the height of the first EIS curve
1

Zimagw

Cspr = (3.7)

where w = 27 f for an ideal capacitor in an EIS experiment. The constant phase element is

a more accurate representation

Core = ¢ ! (3.8)

Jjw)*ZopE
of the capacitance in a Li-ion cell. The first semi-circle is generally considered to be the
anode effects, while the second EIS semi-circle and final linear portion provide insight into
the diffusion resistance or Warburg Impedance.

Noise stemming from the EIS instrumentation can change the shape and intercept of
otherwise similar samples. The battery connectors and positioning of the reference
electrode can affect the noise along with any external electro-magnetic fields generated by
other electronics in the lab. Repeating EIS data acquisition is important to determine the
distinguishing factors of device impedance and artifacts from the affects described above.
[terating measurement provides a level of confidence in the minor resistance changes

between samples.
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Figure 3.3 (a) shows the equivalent circuit model components and (b) the corresponding
EIS response. The cell used in this sample set was cycled using an Arbin cycling cabinet at

4.2V and a C/20 charge rate for 2 cycles. Each cell was then measured near an OCV of

4.2V.
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3.3 X-ray Photoelectron Spectroscopy

The primary technique used to characterize the surface of the NMC cathode was X-ray
Photoelectron Spectroscopy (XPS). XPS is widely used to conduct chemical analysis of
solid materials by measuring the energy of primary electrons that are excited by incident
photons. The technique is capable of detecting all elements except H and He since these
elements do not have primary electrons. XPS can also determine chemical binding states
and provides information about the first few nanometers of a material. The small
measurement depth is determined by the inelastic mean free path of the photoelectron.
The basics for any XPS machine include a ultra high vacuum chamber which contains the
electron energy analyser, the x-ray source, and the sample stage. Moreover an electron gun
is included in case of charge accumulation and an ion gun is used for cleaning and depth
profiling. Often times the ion gun is kept in a separate sample-prep chamber. Qualitative
analysis of XPS spectra is supported by tabulated results of energy emission lines in
literature. However, quantitative analysis of XPS spectra requires careful peak fitting to

support peak area analysis.
3.3.1 XPS Components and Hardware Theory

A more in depth look at the instrumentation required to conduct XPS experiments is
necessary to make the connection between the kinetic energy of an electron and the surface
chemistry of the sample from which it was liberated. The vacuum system is arguably the
most important facet of the XPS machine. If it were to fail many precious components,
including the analyser and electronic lenses could be damaged. Furthermore, without
ultra-high vacuum conditions the photoelectrons will not travel due to their short inelastic
mean free path. The pressure of the system determine the mean free path according to the
equation

kT
Loy = ——— .
= 1.414P0o .y, (3:9)
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where k is the Boltzmann constant, T is the absolute temperature, P is the pressure in Pa
and o, is the cross section of the X-ray collision [43]. Pressure ranging from 107° to 1078
Torr and 107% to 1072 Torr are considered high vacuum (HV) and ultra high vacuum
(UHV) conditions. HV conditions are sufficient to reduce electron scattering and avoid
surface contamination.

Surface contamination caused only by residual gas adsorption can be estimated using

the monolayer formation time

. 4
™ Nuvd?,

(3.10)

where N is the density of the gas, v is the monocular velocity, and d,, is the molecular
gas density [43]. In HV conditions surface contamination is unavoidable; however, at
pressures lower the 10=% Torr limit the monolayer formation time can be increased.
Particularly reactive gases like water vapor, CO, and CO4 are kept at even lower partial
pressures to extend the amount of time required to consider the contamination to be
negligible.

In general UHV systems have several pumps. The initial pressure drop is achieved
through a mechanical roughing pump. The roughing pump supports ion pumps and/or
turbomolecular pumps that reduce the pressure from 10~2 Torr to UHV conditions. To
move the gas molecules a pressure gradient is set that creates a molecular flow from high to

low pressures. The equation for this pump down process is

% =—-Sp (3.11)
where P is the pressure, V is the volume of the chamber, and S is the pumping speed [43].

Adding an out-gassing rate QQ to the right hand side of the above equation is more accurate
for the pump down process. Out-gassing is primarily caused by the evaporation of samples
and deabsorption of adsorbed chemicals from the chamber walls. Out-gassing can be

reduced by increasing the temperature of the system during a several hour bake-out to

150-200C. To fulfill the pressure requirements and chemical and oxidative resistances
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stainless steel parts are used along with copper gaskets instead of rubber o-rings.
Furthermore, carbon contamination must be negated by the use of oil free pumps like the
aforementioned ion and turbomolecular pumps. To further mitigate surface contamination
an ion gun can be used to clean the surface of any residual gas species. The identity of
these species can also be determined by a quadropole mass analyser. The analyser reports
the mass of residual gas molecules that the XPS can not detect [43].

Another indispensable part of any XPS machine is the X-ray source. Mg or Al anodes
are the most common X-ray sources. The characteristic Mg K, radiation at 1253.6 eV and
Al K, radiation at 1486.6 eV have high enough energy to excite the core level electrons
with good resolution. Efficient irradiation requires x-ray sources to be operated from 500W
to 1kW and at 5-15 keV excitation voltage. The high powered requirements of the x-ray
source also requires that an independent x-ray cooling system be installed. Higher energy
resolution can be achieved along with the removal of satellite peaks by using a
monochromator. A monochromator selects a single x-ray emission line by the use of quartz

mirrors which also focus the x-ray beam [43].
3.3.2 Measurement and Analysis

In essence the technique measures the kinetic energy of photoelectrons that are ejected
from the surface by high energy x-rays. The x-rays are generated using Al-ka radiation
and directed using a single mirror. The incident x-rays are monochromatic meaning they
are all the save wavelength and at 1.487 keV in energy. The sample is prepped on carbon
tape and placed at 90° to the x-ray source. The liberated photoelectrons travel along
differentially pumped chambers through several electronic lenses that focus the beam as
shown in Figure 3.4. The analysis chamber is kept below 1E-6 Torr during standard
experiments and the slit entrance is kept at 1E-9 Torr. The photoelectrons then travel
through a Scienta Omicron semi-hemispherical analyser with a large potential applied
across the path. This potential selects the photoelectrons based on the kinetic energy

causing them to hit a micro-channel plate followed by a phosphor detector at different path
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Figure 3.4 Schematic of the XPS showing the incident AL X-rays hitting a black oval
sample. The liberated photoelectron path in dashed red follows through the path guided
by the Focusing Lenses. The entrance slit of width W allows the photoelectrons into the
semi-hemispherical analyser. A negative voltage is placed at both R1 V1 and R2 V2 to
select the electrons along RO with the A R which is half the beam width. Reproduced with
permission from J. Bass. ”Sr Design Poster, X-ray Photoelectron Spectroscopy on Light
Emitting Devices”, Department of Physics, Colorado School of Mines, Golden, CO, 2018.
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lengths. The signal is then converted to counts vs binding energy using the well known

principle of the photoelectric effect.
BE=hv—KFE+ ¢ (3.12)

with hv being the incident photon energy, and ¢ is any associated phase constant. The
phase constant is determined by any charge accumulation or polarization affect on the
surface of the sample. Furthermore, the overpotential n of a system can also be estimated
using the change in binding energy to calculate polarization resistance changes.

One issue with acquiring XPS data described later in chapter 4 are Auger electrons
Fxr;, emmision lines that are generated and in the spectra near 832 and 858 eV. The Frp,
Auger electrons obscure the Ni 2p signal causing Ni species to be difficult to identify using
Al ka radiation [44]. Switching to a Mg source would alleviate this issue but it is less
available. Another issue is surface contamination. Any sample will form a layer of
adventitious carbon when exposed to air. NMC samples must be kept in an inert
atmosphere to avoid the increased formation of Li2CO3, LiOH, and hydrocarbon

contaminants.
3.3.3 XPS Quantification

To gain meaningful results from XPS data careful quantification must be done in
addition to careful peak fitting. In all XPS spectra peaks of interest are supplemented by
background counts that must be subtracted out. Common background shapes include the
Shirley, Tougaard, and linear backgrounds. The background used in this study is the
Shirley background which assumes that the decreasing difference in intensity from higher
to lower kinetic energy is based on the inelastically scattered photoelectrons that are
detected. The Shirley background adpated from CasaXPS follows the equation

A2(E)

SE) =T+ ke Em) 3 Avm)

(3.13)
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where the determination of S(E) is an iterative procedure. A1(E) and A2(E) are
determined using integration of the data set for different intensity steps k& = AI, where I is
the intensity of the spectral peaks. Often times XPS spectra will have peaks that overlap
to a lesser extent than described above with Fir ;. The overlapping peaks arise due to the
presence of different elements or different chemical states [43]. Careful fitting of standard
Gaussian or Gaussian-Lorenztian mixture line shaped were used in this study once the
background was determined. The peak data was analysed and prepared using python
scripts which leverage NumPy, pandas, Imfit, and matplotlib to generate the original
figures found in this document. Peak centroids, FWHM, gamma, amplitude, and relative
ratios were all carefully controlled using the fitting algorithm, written by the Author and
shown in appendix A, to decompose any overlapping peaks.

To determine the atomic composition of a sample from XPS spectra requires using
elemental relative sensitivity factors (RSF). For a sample consisting of multiple elements
the atomic concentration ratio of elements A and B is

Xa  IaJIY  I4
— - 29 3.14
Xp  Ig/I% Iz (3.14)

where I is the measured intensity, and Sp 4 is the RSF of element A relative to element B
[43]. For constant instrument parameters samples composed of a pure element can be used
to determine the mole fraction of that element in a compound based on the relative
intensity between the element peaks. These RSF values are tabulated for specific empirical
conditions and can be used to calculate the atomic composition. For example, the RSF
value for the F 1s peak is 1.000 at 90C, so the intensity of F 1s in a pure fluorine sample
will be the same as the intensity of F 1s in a LiF sample. If every element in a sample is
characterized by at least one XPS peak, then the atomic composition of the sample surface

is determined for each element X following

X, = T(E)% (3.15)
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where I is the peak intensity, T(E) is the transmission function, and S is the corresponding
RSF [43].

Another important facet of peak analysis is the chemical or electronic shift of
photoelectron peak energy. For conductive materials charging effects can largely be ignored
in XPS, while insulating materials require charge nuetralization to counteract changes in
peak position. Chemical shifts as seen by the change in binding energy position and peak
widths can be caused by any change in the bonding state of the sample. The shift is able
to be estimated by the change in electronegativity between two bonding states of an
element. A more accurate depiction of the chemical shift observed in XPS spectra includes
screening effects. A photoelectron can be screened by scattering due to collisions with the
atomic electrons left behind. The scattering effect can be influenced by phonon

interactions, charge interactions, and electron cloud shape/size [43].
3.4 X-ray Diffraction

X-ray Diffraction (XRD) is an experimental technique used to determine the atomic
and molecular structure of a crystalline substance. The method measures the intensity of
x-rays that have diffracted off the surface of a material over a range of angles. The
resulting spectra details the electron density at certain crystal planes. The diffraction
pattern discerned from the peak location, intensity, and shape can be used to determine
the crystal structure, chemical bonds, and crystallographic order. XRD can also provide
insight into the electronic and mechanical properties of materials.

To ensure any performance changes in the NMC cathode were not caused by bulk
structural changes of the cathode XRD was performed. Monochromatic X-rays are
generated and narrowed using an anti-scatter slit and the diffraction slit. A standard 26
gonio scan is used to determine the crystallographic structure of the NMC samples. The

incident beams diffract according to the Bragg relation

nA = 2dsiné (3.16)
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where ) is the incident wavelength, and d is the distance between crystal planes. The
wavelength of the diffracted length is measured over a range angles which result in a
spectra with peaks for every crystallographic plane. These peaks can then be used to
determine the structure of the material [45]. The applications of XRD to NMC cathodes
also include insights into cation mixing and Li migration using peak width changes and

peak intensity ratios.
3.5 Scanning Electron Microscope

Scanning electron microscopy (SEM) was also used to verify the structure of the
electrode surface. A SEM creates high resolution and high magnification images using an
focused electron beam. The electrons interact with the atoms of the material surface and
cause other backsattered or secondary electrons to return to a detector near the beam
source. The position and intensity of the incident and detected electrons give information
about the surface topography including roughness, particle shape, and surface composition.
The penetration depth of the electrons along with an the wide view of the SEM can also be

used to further understand the macroscopic structure.
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CHAPTER 4
INVESTIGATING THE CONTRIBUTION OF FLUOROETHYLENE CARBONATE TO
CELL STABILITY IN LINIO.6MN0.6C0O0.20 CATHODE CONTAIN LI-ION
BATTERIES

Note: This chapter is in preparation for publication
4.1 Focused Introduction

For energy production to move away from fossil fuels and towards renewable sources, a
reliable energy storage solution is needed. As shown in chapter 2 a promising technology to
fill this role is the ever-advancing Li-ion battery. LiBs are a reliable solution that would
supplement intermittent power generation from renewable sources by providing voltage
stability during peak demand hours [46]. LiBs are highly sought after in the energy sector
for grid applications due to the low energy loss (5% per month) of these systems [2]. To
improve upon conventional cell design the mechanisms of degradation of the active
material and electrolyte in Li-ion batteries must be better understood. In recent years the
performance and stability of Ni-rich cathodes like LINIMnCoO (NMC) have been
extensively studied. NMC shows promising performance for fast charging applications due
to a theoretical capacity of 275 mAh/g, an ionic conductivity on the order of 1 mSeml,
and an electrochemical stability of 4.3 V vs Li/Li+ [4]. NMC-622 has a practical specific
discharge capacity of 160 mAh/g and can provide both the high energy and power densities
needed for ancillary grid applications [46]. When NMC is paired with the electrolyte LiPF6
in EC a heterogeneous SEI composed of primarily LiF, Li2CO3, and LiOH forms on the
cathode surface via electrolyte degradation. The degradation of the LiPF6 salt is
determined by the amount of LiPF6 in the electrolyte, charge rate, cell voltage, and
parasitic reactions with any trace water contaminant. With all other parameters constant

(mass, structure, active material), increasing the cell voltage and charge rate will increase
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the degradation rate of LiPF6, which can be measured by observing the formation of LiF
at the NMC cathode surface. To improve the performance of these systems, novel
electrolyte systems and electrode coatings are still being developed to improve the capacity
and stability of Li-ion batteries.

To charge quickly the cell will need to withstand high current rates and voltages above
the reported electrochemical stability of 4.3V. Currently when the 4.4V threshold is
surpassed, the cathode particles begin to crack and undergo pulverization [10].
Furthermore LiF formation [24], transition-metal dissolution [9], anisotropic volume change
[5], chemical crossover [20], electrolyte oxidation [7], and Li plating [41] all contribute to
capacity fade at different states of charge. Li et al. report that transition metal dissolution
and chemical crossover have greater prominence at 4.4-4.5V, whereas at 4.2V these
mechanisms do not contribute to capacity fade. Instead, performance loss at lower voltages
is attributed to particle cracking and the chemical degradation of the electrolyte. Li et al.
also propose several mitigation strategies including cathode/anode doping, electrolyte
additives, grain boundary strengthening, novel electrolyte systems, and a better
understanding of material level performance. The formation of LiF via the decomposition
of LiPF6 lowers cell capacity by removing the amount of active material [47]; however, as
seen in Figure 2.3 Park et al. have shown that a LiF rich SEI on the anode of NMC/Li
cells promotes electrolyte stability resulting in longer cycle life [11]. The degradation
mechanism of LiPF6 in Li/Li symmetric cells has been shown to create a dead Li layer on
the metal anodes followed by a LiF containing SEI [8], but the mechanism for LiF growth
on NMC has not been extensively studied. For example Park et al. showed that the
fluorinated solvent EMC:FEC(3:1) reduces the thickness of the dead material compared to
EC:EMC(3:7) solvents. The electrolyte additive FEC combined with an EC based
electrolyte promoted cell stability by encouraging the growth of a LiF rich CEI [30]. The
formation of LiF, by the widely accepted decomposition reaction of LiPF6, lowers cell

capacity by removing the amount of active material. However, Park et al. have shown that
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a LiF rich SEI on the anode of NMC/Li cells promotes electrolyte stability resulting in
longer cycle life. To investigate LiF formation and its effects on the phase evolution and
morphology of NMC a suite of surface science techniques were used including X-ray
Photo-electron Spectroscopy (XPS) and Xray Diffraction (XRD), and Scanning Electron
Microscopy (SEM). The performance and electrochemical characteristics of the cells were
measured using and Electrical Impedance Spectroscopy (EIS).

The Li ion device performance can be correlated to the formation of an increasingly LiF
rich layer by measuring the relative concentration at the surface using XPS. The effects of
a tuned LiF-rich CEI in NMC/Graphite coin cells have not been extensively studied.
Improving cell stability by promoting the growth of LiF on the NMC cathode by adding
small amounts of FEC as an electrolyte additive provides new insight into the initial
chemistry and electrochemistry of the CEL. Moreover, estimating the polarization of the
LiF-rich CEI by carefully quantifying XPS peak shifts and correlating the phase constant

to the B-V equation provides a novel mode of electrochemical analysis.

4.2 Results

4.2.1 Device Cycling and Electrochemical Impedance Spectroscopy

To test if NMC/graphite cells are more stable when FEC is used as an electrolyte
additive EIS was performed on cells that have been cycled at 4.2V with and without FEC.
The trends observed in capacity retention, impedance growth, and cell life have been used
to validate increased cell stability. These values were then used in equations 4.1 and 4.2 to
estimate the thickness of the LiF layer and the Li" ion conductivity through the LiF CEI.
Equation 4.3 is a standard version of the Butler-Volmer (BV) equation used to estimate

the expected overpotential across the CEI and NMC cathode.

Npir
drir = Crip——m— 4.1
far v FNLipLiF ( )

where dp;r is the thickness of the LiF layer, Cp;r is the LiF layer capacitance, n;r are

moles of LiF, Ny, is the concentration of free Li ions, and pr;r is the density of the LiF
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SEL The thickness of the SEI can then be used to determine the Li conductivity coefficient

through the LiF rich SEI layer.

dSEIJapp

Ksgr-rir = (4.2)
n
where the overpotential 7 is given by the BV equation
nkF nkF
=1 —n) — —(1—-a)— 4.
i = io(exp(a ) — exp(—(1 = o) ) (13)

As shown in Figure 4.1 the cycling capabilities of the FEC containing cells were similar
for the first cycle (A). Upon finishing the second formation cycle the discharge capacity of
2% 15%, and 30% FEC increases from 97.09 mAh/g to 116.09 mAh/g, 120.63 mAh/g to
125.86 mAh/g, and 109.20 mAh/g to 117.25 mAh/g. The 1%, 5% decreases from 133.39
mAh/g to 126.32 mAh/g and 133.814 mAh/g to 74.77 mAh/g. Moreover the 5% FEC cell
has both the best and worst performance from the two different set of cells. 5% FEC shows
an increase in discharge capacity at the end of the second cycle for the first set of cells, but
also experiences rapid capacity fade and voltage fade in the second set. The decrease in
discharge capacity for the first set of cells corresponds with the increase in cathode
resistance shown in Figure 4.1. The voltage drops at the beginning of the discharge cycle
increase with FEC concentration, which can also help explain the deviation in discharge

capacity and the correlation between FEC concentration and discharge capacity.

Table 4.1 Resistance values for the Ohmic, SEI, and charge transfer components of the EIS
curves. The capacitance of the SEI is also reported. All values are shown for 1%, 2%, 5%,
15%, ad 30% FEC after the initial discharge cycles.

FEC Loading | R Ohmic 2 | RSEI Q | R ct Q2 | C SEI uF
1% 4.9 6.5 14.9 6.5
2% 4.6 6.5 19.3 6.5
5% 4.5 12.2 12.2 12.2
15% 5.5 7.2 17.9 7.2
30% 7.4 16.2 10.9 16.2
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Figure 4.1 (a) is the first formation cycle for 1%, 2%, 5%, 15%, and 30% FEC
concentrations in blue, orange, green, red, and purple respectively showing a large
discharge capacity distribution. (b) is the first formation cycles for the second set of cells
which show a tighter capacity distribution. (c) is the second formation cycle for the first
set of cells which show the same wide capacity range but also show increased capacity for
all FEC concentrations. (d) is the second formation cycle for the second set of cells which
shows the tightest capacity distribution and the highest overall capacity except for 5%
concentration which failed (possibly due to excess water contamination)
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Figure 4.2 EIS curves for 1%, 2%, 5%, 15%, and 30% FEC containing cells in blue, orange,
green, red, and purple. Data has been presented as to highlight the initial wide semi-circles
associated with the cathode SEI. The purple curve 30% FEC begins at 7 2 while the rest
of the curves begin near 5 €2 which can be attributed to noise in the measurement system.
The characteristic semi-circles have uniquely elongated shapes and large Wharburg
impedance.
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The anode SEI resistance as measured by EIS for 1%, 15%, and 30% all fall between
12-14 Ohms while the anode resistance for 2% and 30% are 17 Ohms and 25 Ohms
respectively. The charge transfer resistance at the anode for 1%, 15%, and 30% are also
close in value compared to the other samples. Assuming that the thickness of the LiF layer
in the CEI is the main factor affecting the anode SEI resistance, then the LiF accumulation
for 1%, 2%, and 15% are similar while the 5% and 30% concentration have a larger first arc
contributed to the anode impedance.

The impedance of the cathode side of the battery can be inferred from the second
semi-circle. The 2% and 15% FEC loadings show the largest and have quite similar
diameters for the second-semi circle. 1%, 2% and 30% seem to vary with no apparent
connection to FEC loading. Moreover, the 30% curve shows the largest initial semi-circle
and the smallest secondary semi-circle. The linear portion for each FEC loading shows
comparable diffusion resistance or Warburg impedance. Table 4.1 details the results
equivalent circuit modeling. The Ohmic resistance nominally increases with FEC
concentration with 1%-5% having about 5 Q of resistance, and 30% 7.4 €. The resistance
of the SEI is the 6.5 Q for 1% and 2% FEC loading. 4% and 30% FEC loading show the
largest SEI resistance with 12.2 2 and 16.2 Q respectively. The 15% FEC loading has a
small SEI resistance compared to its charge transfer resistance of 17.9 €2 which is only
second to the charge transfer rate of the 2% FEC loading of 19.3 Q. 5% and 30% also share
an increased double layer capacitance at the SEI with 12.2 uF and 16.2 uF. Moreover, the
30% FEC loading has the smallest charge transfer resistance while taking the largest

increase in Ohmic and SEI resistances along with the SEI capacitance.
4.2.2 Scanning Electron Microscopy and X-ray Diffraction

XRD spectra as shown in Figure 4.4 were acquired to verify that the crystal structure
of the NMC cathode was not affected by the FEC additive. The 003/104 peak ratios for
the 1%, 2%, and 15% concentrations were above 1.3 while the peak ratio for 5% and 30%

fell slightly below 1.3 indicative of minor cation mixing. The background for the 5% and
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Figure 4.3 SEM images of fresh NMC electrode depicting particles of various sizes. (A)
NMC particle distribution in the binder material, 10 um scale at 6500x magnification
gathered at bkeV. (B) 3 um scale at 20000x magnification at 5kV electron excitation
voltage. (C) SEM image of cycled electrode in 2% FEC showing minor particle
pulverization 10 um scale at 7000x magnification. (D) cycled electrode in 2% FEC 3 um
scale at 20500x magnification at 5kV electron excitation voltage. (E) SEM image of cycled
electrode in 15% FEC showing minor particle pulverization 10 um scale at 7000x
magnification. (F) cycled electrode in 15% FEC 3 um scale at 20500x magnification at 5kV
electron excitation voltage. Light gray portions are NMC particles while darker gray and
black portions are binder material and carbon black.
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30% seen in the XRD spectra had increased intensity compared to the other
concentrations. Furthermore, the 006/012 and 018/110 doublets have unique shapes above

5% FEC concentration which can be caused by phase transformations. Figure 4.3 shows
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Figure 4.4 XRD spectra normalized to the (003) peak to be 1. Spectra plotted for each
FEC concentration 1%, 2%, 5%, 15%, and 30% in blue, orange, green, red, and purple.
Miller indices for identified peaks are shown above the corresponding diffraction peak.
Dashed black lines indicated no significant peak position changes. Peak assignment fits
with the well known layered LixMO2 type of NMC structure, with a space group of R-3m.

SEM of fresh and cycled NMC cathodes. The images show light gray NMC particles
surrounded by black binder material. The diameter of the NMC particles range from
6um-20um and are formed from smaller sub particles on the order of several hundred
nanometers to lum. The binder material is non-uniformly distributed over the surface of
the particles making a rough surface with depression in the binder material appearing
black. The second SEM image further shows the structure of the super-particle and small

patches of binder material. The shape of the smaller particles appears to be primarily
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rectangular shape with the larger particles taking the characteristic NMC sphere.
4.2.3 X-ray Photoelectron Spectroscopy

To investigate the accumulation of LiF on the CEI of these cathodes XPS
measurements were taken on both electrodes that have only been exposed the to the
varying FEC electrolyte concentrations and electrodes that have been cycled with varying
FEC electrolyte concentrations. The chemical composition of the SEI was investigated
using XPS. The surveys in Figure 4.5 and Figure 4.6 show the same elements for all
concentrations of FEC. A qualitative look shows that the 2% FEC has decreased intensity
for every peak while 5% FEC has the highest relative concentration of carbon. The atomic

concentrations are summarized in Table 4.2.

Table 4.2 Relative atomic concentrations calculated from F 1s, C 1s, O 1s, and P 2p for
1%, 2%, 5%, 15% and 30% FEC loading for both washed and cycled electrodes along with
Gen2 control for the washed electrodes

Washed Electrodes
Element/CL RSF | Gen2 | 1% | 2% | 5% | 15% | 30%

Fluorine 1s 1 80 83 80 84 78 83
Carbon 1s .296 13 13 13 13 14 7.0
Oxygen 1s 711 7.0 40 | 70 | 3.0 | 80 1.0

Phosphorous 2p | 0.412 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Cycled Electrodes

Fluorine 1s N/A | N/JA | 8 | 8 | 81 | 87 | 71
Carbon 1s N/A | N/A | 70 | 10 | 12 | 9.0 | 21
Oxygen 1s N/A | N/A | 70 | 15 | 90 | 9.0 | 9.0

Phosphorous 2p | N/A | N/A | 0.00 | 0.00 | 0.00 | 0.00 | 0.00

The cycled electrodes in Figure 4.6 show a large spike in intensity for the fluorine and
carbon content compared to the washed electrodes. In both sample sets the transition
metals show decreased prominence due to the accumulation of fluorine and carbon.

A closer look at the F 1s core level in Figure 4.7 show large BE peak shifts to lower
energy for the 2% FEC loadings in panels B and G. Concentrations of FEC over 5% show

peak shifts beginning to propagate in the other direction towards higher binding energy.
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Figure 4.5 XPS survey for Washed electrodes of varying FEC concentrations 0%, 1%, 2%,
5%, 15%, and 30% in blue, orange, green, red, purple, and brown. Surveys are plotted

together to highlight peak centroid changes and overall intensity differences. Peaks are
labeled with assigned core levels Ni/F, F, O, C, Mn, Al, Li, and Co.
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Figure 4.6 XPS survey for cycled electrodes of varying FEC concentrations 1%, 2%, 5%,
15%, and 30% in blue, orange, green, red, and purple. Surveys are plotted together to
highlight peak centroid changes and overall intensity differences. Peaks are labeled with
assigned core levels Ni/F, F, O, C, Mn, Al, Li, and Co.
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The relative intensity of the LiF peak increases with FEC loading for the washed electrodes
but varies in intensity for the cycled electrodes. The peak model locked the FHWM of both
peaks for all F 1s spectra. The green peak assigned to the binder material near 687 eV has
the same relative intensity for all FEC concentrations implying that the binder material has
level of chemical stability during initial cycling. The C 1s core level plots reveal complex
carbon chemistry at the surface of the cathode. Both the binder material, electrolyte
decomposition products, and solvent decomposition products appear as C-C, C-C=0, and
C-0O bonds. between 283-287 eV. The brown C-F peak at 290.1 eV shows consistent shape
and width, but the entire C 1s spectrum does shift. The intensity of the purple peak
associated with some hydrocarbon bond also appears to increase with FEC loading.

The accumulation of LiF for the electrode only sample set is linear with FEC
concentration except for the 2% FEC concentration in panel A for the (PFx+PvdF)/LiF
ratio. The cycled electrode sample set is also linear apart from the 1% FEC. Following
equation x with all other variables held constant the concentration of LiF depends on the
RC time constant of the as determined by EIS and the electric flux through the LiF layer.
The LiF /Total Area ratio in panel B shows that LiF growth is indeed encouraged by the
addition of FEC. However, when compared with panel A the overall growth rate of LiF
must also be affected by the decomposition of the LiPF6 electrolyte. Moreover, a drastic
difference appears for the LiF concentration in the 1% between cycled and non-cycled
electrodes. The cycled electrodes have an increased amount of LiF formation whereas 2%,
5%, 15%, and 30% are within the error spread for both test cases. At 5%-15% the cycled
electrode experiences a near horizontal trend in LiF concentration while the electrode only
sample experiences a shallow rise. The crossing point between 5-15% occurs in the C 1s
and P 2p plots below but at different points. This implies that there is a multi-step
chemistry occurring around 5% FEC concentration. The crossing point can also be
attributed to the clear growth of PFx in panel A. Figure 4.8 shows that the amount of C-F

in the CEI or at least in the electrode is relatively constant with FEC concentration as the
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Figure 4.7 XPS spectra of F 1s core level gathered from 694-680 eV plotted on individual
y-scales. (a) is a washed electrode with 1% FEC concentration with LiF peak in orange
and binder + electrolyte decomposition peak in green as is the same for all panels. (b) 2%
FEC concentration, (c) 5% (d) 15%, (e) 30%. The right column contains (f) a cycled
electrode for I%FEC concentration followed by (g) 2%, (h) 5%, (i) 15%, and (j) 30%
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Figure 4.8 XPS spectra of C 1s core level gathered from 296-278 eV plotted on individual
y-scales. (a) is a washed electrode with 1% FEC concentration with C-C peak in orange,
H-C-O bond in green, C-O bond in orange, and C-F bond in brown as is the same for all
panels. (b) 2% FEC concentration, (¢) 5% (d) 15%, (e) 30%. The right column contains (f)
a cycled electrode for 1%FEC concentration followed by (g) 2%, (h) 5%, (i) 15%, and (j)
30%
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Figure 4.9 XPS spectra of P 2p core level gathered from 143-124 eV plotted on individual
y-scales. (a) is a washed electrode with 1% FEC concentration with LixPFy peak doublet
in orange and green, LixPFyOz peak doublet in red and purple, and Liw-uPFz-v is the
same for all panels. (b) 2% FEC concentration, (¢) 5% (d) 15%, (e) 30%. The right column
contains (f) a cycled electrode for 1%FEC concentration followed by (g) 2%, (h) 5%, (i)
15%, and (j) 30%
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ratio of C-F to total carbon content is linear. In panel A the concentration of C-F bonds to
C-C bonds has a peak for the washed electrodes at 15% whereas the cycled electrodes have
the largest C-F concentration at 2%. When comparing to panel B the C-F concentration as
a function of the total C 1s area is more linear and consistent for both test cases. This
implies that the amount of conductive carbon and contaminates on the surface of the
electrodes could vary between cells. Assuming the electrodes are uniform then also implies
that the conductive carbon is reacting with Li+ ions and further contributing to the
degradation of the electrolyte by pulling the free Li out of the electrolyte solution. The
other carbon species present in the C 1s spectrum are attributed to residual solvent,
various surface carbonates, and hydro-carbonates. Careful analysis of the P 2p spectrum
reveals drastic chemical and electronic changes of the PF¢ ion due to the Li,PF, species
found on the NMC cathode. From Figure 4.8 we argue that the total concentration of
PvDF in these electrodes does not vary intensely as the constant concentration of C-F
bond in the C 1s spectrum is associated only with PvDF. The appearance of Li,PF,0, is
also likely in Figure 4.9 and Figure 4.10 for FEC concentrations 5% and up.

Figure 4.10 shows the XPS results for the Ols core level. The orange peak near 532.5
eV and the green peak near 534.5 eV are assigned to Li;COg3 and other carbonate
contamination [29], while the red peak at 531.7 eV is LiOH. In some panels the fourth
purple peak at 528.9 eV appears representing the underlying cathode M-O material which
essentially acts as the SEI sample substrate. The cycled electrodes show decreased
amounts of LioCO3 at 532.5-532.9 eV with the washed electrode having a carbonate
concentration that is about 15-25% higher for 1%, 2%, and 5% FEC concentration. The
second carbonate peak at 534.2-534.6 eV shows the opposite trend with increased amounts
of Li;CO3+ carbonates for 1%, 2%, and 5% FEC concentration. The Li,CO3 concentration
of the 15% and 30% samples were within 10%. The amount of LiOH increases substantially
for 5%, 15% and 30% washed electrodes which widens and shifts the peak envelope of the

O1s core level spectra. The M-O peak varies in intensity with FEC concentration. The 2%
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Figure 4.10 XPS spectra of O 1s core level gathered form 543-524eV plotted on individual
y-scales. (a) is a washed electrode with 1% FEC concentration with Li2CO3 peak in
orange, Li2CO3/LixPFyOz. in green, LiOH in red, and M-O bond in purple as is the same
for all panels. (b) 2% FEC concentration, (c¢) 5% (d) 15%, (e) 30%. The right column
contains (f) a cycled electrode for 1%FEC concentration followed by (g) 2%, (h) 5%, (i)
15%, and (j) 30%
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cycled electrode has the largest M-O peak along with a large amount of broadening and
centroid shift of the Li;COg3 peak. Indeed in all spectra a connection between the intensity
of the M-O peak and the peak shape, size, and position of the Li,CO3 and any emergence

of phosphate species.

Table 4.3 Washed and Cycled electrode XPS core level peak area ratios. Percent form for
Gen 2 and each FEC concentration 0%, 1%, 2%, 5%, 15%, and 30% broken between LiF
and LiyPFx+PvDF components for F 1s, O-C-O, C-O, H-C-O, and C-F components for C
1s, LixPyFz and PvDF for P2p, and Li2CO3, LiOH, and M-O for O 1s.

Sample Peak Assignment | Gen 2 | 1% | 2% | 5% | 15% | 30%

F 1s Washed LiF 15.5 | 10.7 | 21.4 | 23.4 | 34.2 | 42.1
PFx+PvDF 82.6 | 86.8|79.2 | 753 | 67.3 | 56.6

Cycled LiF N/A | 352]16.9 | 33.1 | 33.7 | 38.9
PFx+PvDF N/A | 61.0 | 83.4 | 66.0 | 64.9 | 60.0

C 1s Washed C-C 58.6 | 60.0 | 59.3 | 59.7 | 60.3 | 47.2
C-H 4.5 5.0 | 5.0 | 5.7 | 5.9 | 99

C-0 178 | 17.3 | 17.7 | 16.7 | 15.9 | 20.6

C=0 3.4 34 | 34 | 35 | 3.8 | 98

C-F 12.8 123|124 116 | 11.2 | 9.8

Cycled C-C N/A | 51.3 | 51.0 | 50.4 | 57.9 | 53.7
C-H N/A | 65 | 59 | 7.3 | 52 | 6.7

C-0O N/A |20.3]21.8 200|182 | 19.8

C=0 N/A | 73 | 72| 89 | 43 | 49

C-F N/A | 114 ] 99 | 104 | 12.0 | 12.2

P 2p Washed LixPFy 88.9 |67.2]93.2|44.7|59.1 | 99
LixPyFOz 8.6 20.1 | 2.8 | 614 | 36.2 | 784

Cycled LixPFy N/A | 21.3 254|124 | 72.1 | 76.9
LixPyFOz N/A | 71.3]66.0 | 76.3 | 22.0 | 10.4

O 1s Washed Li2CO3 78.9 | 659 | 87.9|64.5| 76.0 | 56.8
Li2CO3+-cont. 129 | 244 | 83 | 21.8 | 12.7 | 24.9

LiOH 0.2 3.7 1 07 ] 68 | 6.2 |11.6

M-O 2.7 22 | 14 | 35 | 14 | 3.6

Cycled Li2CO3 N/A | 46.6 | 39.5 | 50.0 | 71.7 | 66.7
Li2CO3+-cont. N/A | 37.7|42.6 | 36.9 | 19.2 | 234

LiOH N/A | 84 | 5.8 | 7.8 | 5.8 | 3.5

M-O N/A | 40 | 86 | 3.3 | 0.9 | 0.0

Table 4.3 records the relative peak area intensity ratios to the total raw area of each

corresponding core level. Indeed LiF concentration increases with FEC loading in the F 1s
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spectra for the washed electrodes while the binder peak decreases. The F 1s spectra of the
cycled electrodes shows a similar trend for LiF accumulation except for 1% loading which
surprisingly has the second largest ratio for LiF. The C 1s core level shows a consistent
amount of C-C portion of the carbon binder material with the C-F bond of the PvDF
binding material decreasing with FEC loading for washed electrodes. Moreover the O-C-O
bond steadily rises with FEC loading. The C 1s scans of the cycled electrodes show the
same trend for the C-C bond but unlike the washed electrodes shows an increase in the
C-F concentration if 1% FEC loading is ignored. The O 1s core level scans show the
characteristic Li;CO3 peak at 532.5 eV. For the cycled electrodes the intensity of the
carbonate peak directly increases with FEC concentration while the secondary carbonate
peak at 534.4 eV decreases. Furthermore, the M-O peak at 528.9 EV only appears for FEC
loadings under 5% for the cycled electrodes while appearing for only 30% FEC in the

washed electrodes.
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Figure 4.11 XPS centroid shifts plotted for 1%, 2%, 5%, 15%, and 30% FEC concentrations
for both washed solid line and cycled electrodes dashed line. Centroids are plotted for F 1s,
C 1s, O 1s, and P 2p core levels.
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4.3 Discussion

4.3.1 FEC Effects on Electrochemical Performance

The characterization of the electrodes from the devices used in this study provides
useful insights into into the cause of the capacity drop of FEC containing cells after the
initial discharge cycles. The voltage decay seen in Figure 4.1 trends upwards with FEC
concentration implying that the kinetic losses of Li+ increase with available fluorine
content due to the donation of F ions in the electrolyte [16]. The discharge capacity plots
support the claim of kinetic losses of Li+ as each FEC concentration has a sharp decrease
above 4.0 V. The Warburg impedance seen in Figure 4.2 and calculated in Table 4.1 also
indicates kinetic losses of Li+ that are due to the increased Nernst diffusion length used in
3.4 to determine the Warburg coefficient. Moreover, the broad capacity loss seen in
Figure 4.1 suggests that the diffusion coefficient of Li in the electrolyte decreases with FEC
content as has been shown in other studies [7, 8, 19]. Concurrently FEC has also been
shown to improve Li transport through the SEI [41]. Zhou et al. propose that the optimal
percentage of 5% FEC promotes the charge transfer of Li+ while decreasing electrolyte
decomposition [48]. Comparing the second semi-circles in Figure 4.2 does show that the 5%
FEC loading has a smaller charge transfer resistance than the other concentrations except
for 30%. Moreover, the 5% and 30% EIS curves indicate a thicker SEI with the increases
SEI resistance shown by the first semi-circles. In Figure 4.1 the 5% FEC was the only cell
to experience dramatic capacity and voltage loss after the second discharge cycle which
suggests that 5% FEC loading may not be the optimal concentration for NMC/graphite
full cells. The linear portion of the discharge capacity curves between 3.4 V and 3.7 volts
have a similar slope, but the linear portion between 3.7 V and 4.0V vary greatly between
FEC concentrations with no apparent trend. The change of slope in this region can be
attributed to resistance changes in the cells that can occur from the accumulation of
inorganic species on the electrodes [41]. The final portion of the discharge capacity curve in

Figure 4.1 for 1%, 2% and 5% FEC is steeper than the 15% and 30% curve for both set of
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cells. This implies that Li diffusion through the SEI and into the cathode is promoted
between 1%-5% FEC concentration [41].

The SEI resistance and capacitance of the cells along with the charge transfer resistance
and Warburg impedance can be used to quantify the effects of FEC on full cell
performance. Fernadez et al. argue that changes in Ohmic resistance represent the
decomposition of the binder material, while the the SEI resistance, capacitance, and charge
transfer resistance are affected by the build-up of the SEI, particle cracking, and Li plating
[42]. The primary changes in the impedance spectra for this study can be explained solely
by the effects of FEC as all other variables remain constant. Moreover, as presented in
Chapter 2 FEC primarily affects cell performance through the formation of a LiF rich SEI.
Therefore, important results like the SEI thickness, Li conductivity through the SEI, and
charge transfer rate can be supported by the EIS spectra and connected to FEC
concentration. The exchange current density described by 3.3 provides insight into the
charge transfer resistance and subsequent shape of the second EIS semi-circle in Figure 4.2.
Figure 4.2 in conjunction with 3.3 suggests that the increase in available F ions by the
addition of FEC increases the concentration of reductive species at the NMC surface. This
accumulation of F ions is what ultimately promotes the formation of LiF' and is the most
likely cause of the extended diameters causing elongated semi-circles in the EIS spectra.
Regrettably, the noise prevalent in the EIS instrumentation trivializes the comparison of

the Ohmic resistance of the cells.

4.3.2 Surface Morphology and Structure of NMC Cathodes

Another explanation for the decreased capacity is the pulverization of the NMC
particles as seen in Figure 4.3. Although the pulverization is minor, SEM results suggest
that increased loading of FEC reduces the mechanical degradation of NMC particles when
comparing 2% and 15% to a pristine electrode, but overall particle cracking affects cannot
be connected with FEC loadings in this study. However, other studies show that particle

cracking of NMC, while minor below 4.2 V, may be improved by the addition of
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fluourinated electrolyte additives like FEC [10, 23, 24]. Any capacity loss due to damage to
the structure of the bulk material is unfounded by the similarities of the XRD spectra in
Figure 4.4. Furthermore, no significant cation mixing was found in the NMC electrode
when comparing the peak area intensities of the the 003 and 104 planes. Therefore, the
crystalline structure of the NMC was stable during the initial discharge cycles, but the
surface morphology was affected. The NMC particles appear to be less damaged at higher

FEC loadings due to a thicker layer of the protective LiF-rich SEI.

4.3.3 Chemical State of the SEI and Polarizing Effects due to Electrolyte
Decomposition

The difference in the XPS peak center shifts in Figure 4.11 for the O 1s and F 1s core
levels is due to the appearance VC by the solvent decomposition of FEC [7]. Hekmatfar et
al. showed that the thickness of the SEI layer decreases when VC is used as an an additive
compared to FEC. FEC and VC in combination alter the shape of the O 1s spectrum
severely with the appearance of a carbonate peak near 535.4 eV and 292.5 eV. These peaks
are not readily apparent in the C 1s spectrum Figure 4.8 of the cycled electrodes, but the
O 1s spectrum Figure 4.10 suggests the appearance of polycarbonate species in 1%, 2%,
and 5% FEC concentrations. Hekmatfar et al. also attributed any broadening in the
Li,PO,F, peak assignment, similar to the green peak in Figure 4.7 to Li,PO,F,. This plot
shows that LiPF6 degrades when in contact with an NMC electrode. The decomposition
products then form Li2CO3, LiOH, in the presence of air. Moreover, the PF6- ion becomes
defluorinated into PFg_, contributing to the formation of LiF. The change in size between
the C-O, C=0, and COOR peaks in Figure 4.8 can also be explained by the reduction of
FEC into VC at higher additive concentrations [7]. However, the graphitic content of these
electrodes reacts with the metal oxides or Li carbonates to from C-O bonds that reduce the
conductivity of the electrodes. These reactions seem to occur faster with increased FEC
concentration implying that the decomposition of FEC is the preferred reaction once

enough additive is present.
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To model effect of electrolyte decomposition and the parasitic reactions at the cathode
linear free energy relationship (LFER) studies have been performed on NMC containing
LiBs [38]. Su et al. found no evidence correlating the solvation ability of the electrolyte
with the decay of the LNMO cathode, but rather they found that a LFER exists between
the solvation ability of the electrolyte and the parasitic reactions at the cathode. However,
this solvation based decomposition does not appear to have a LFER under 4.4V cutoffs, so
it cannot contribute to the performance loss at 4.2V. Instead, the anion salt degradation
dominates capacity loss as well as the composition of the SEI [38]. A similar mechanism

seems to affect the SEI composition shown in Figure 4.9.

SSIP

<10% FEC

N 4

\
“ \

Q. & e, / &
¥ Mt ,‘.‘ ( (

Figure 4.12 Schematic of the effect of FEC concentrations over 10% on solvation structure
and SEI formation. EC is represented in blue shuttling orange Li ions in the SSIP
configuration. The AGG configuration shows two Li cations and one PF6 anion along with
the formation of the SEI.
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Hou et al. simulated the effects of FEC concentration on the solvation structure with
molecular dynamics and quantum chemical calculations. They found that 10% FEC
concentration modifies the Li solvation structure by increasing the contact-ion pair ratio
when compared to standard EC electrolytes [25]. A change from the SSIP to AGG
solvation structures is depicted in Figure 4.12 along with the resulting SEI chemistry. For
FEC concentrations over 5% the SEI shows more LixPyFz species as shown in Table 4.3.
Moreover they attribute any polarization affects to this increase in contact-ion pairs which
allows more Li ions to interact with PF species causing the reduction potentials of the
electrolyte to change [25]. The more interaction means the more reaction and
decomposition of the electrolyte resulting in the formation of a thicker SEI which shows a

polarizing affect in the XPS data due to the accumulation of Li.
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Figure 4.13 Resistance () versus LiF concentration using the peak area ratio of the LiF
peak assignment in the XPS F 1s core level. Charge transfer resistance is displayed in blue
and SEI resistance in orange. FEC concentrations are included as figure labels. Black lines
pair the data sets and indicate differences in the resistance values

Figure 4.13 summarizes the lack of connection between LiF concentration and

component resistances gathered from EIS results. The charge transfer resistance for each
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FEC concentration is greater than the SEI contribution except for 30% FEC. The 2%
shows the widest range between SEI and charge transfer resistance implying a thinner SEI
layer was formed at the anode while the increased charge transfer resistance effects indicate
a thicker CEI layer. The 5% FEC has an overlap of resistances which implies a similar SEI
thickness assuming the increase is mainly due to the accumulation of LiF. However, LiF
concentration appears to have no connection to FEC loading during cycling except for the
fact that the 2% FEC concentration showed similar resistances to the 30% FEC with a
difference in LiF concentration of 20%. One explanation for these results is the formation
of a SEI layer with varying composition over 5% FEC due to the change oxidation

products of the electrolyte and abundance of F ions [25] .
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CHAPTER 5
CONCLUSION

5.1 General Summary

To help solve the challenges associated with energy storage the effects of the electrolyte
additive FEC on NMC cathodes and cell performance were investigated. Specifically the
effects of FEC on electrolyte decomposition and the resulting chemistry of the CEI were
characterized using EIS, XPS, XRD, and SEM. Results from the literature in chapter 2
show FEC as a promising electrolyte additive for several reasons. One, FEC has good
chemical stability with many electrode materials including Li metal, Li-S, and NMC. Two,
FEC is stable with carbonate based electrolytes. And three, FEC extends the lifetimes of
Li-ion batteries. Two primary decomposition modes of FEC are also reported. The first is
the electrolyte salt anion decomposition and the second is the electrolyte solvent reduction
reaction. Both reactions contribute to the composition of the SEI and both result in the
formation of LiF, but the overall chemistry changes along with LiF' concentration.

The basic principles of EIS, XPS, XRD, and SEM were summarized and there
application to this study explained in chapter 3. EIS provided insight into the
electrochemical performance and SEI characteristics of the fabricated devices. XPS was
used to examine the chemical state of the SEI; while SEM and XRD were used to monitor
the electrode surface morphology and crystallographic structure. While the electrodes used
in this study were purchased off the shelf, electrode fabrication and device assembly was
also detailed for reference. In chapter 4 the results from the above techniques are used to
determine the effects of FEC as an electrolyte additive. Morphological and crystallographic
data from SEM and XRD showed minimal connection with FEC concentration. The XRD
spectra did show minor cation mixing for concentrations over 5% FEC, but over all

crystallographic structure did not change with FEC loading. Some particle cracking was
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observed in the cycled electrodes, but this is attributed to the 4.2 V voltage limit during
cycling. EIS and XPS suggest the successful use of FEC as an electrolyte additive to
promote the thin film formation of LiF has demonstrated the ability to engineer the CEL
The method is both economical and promotes the chemical stability of the cathode surface.
Recent studies show that higher concentrations of FEC act as a co-solvent [21] and no
longer have the same properties as lower FEC concentrations [27]. This study has provided
insight into the mechanism at which LiF is formed on NMC cathodes, and how the
addition of FEC at the optimal concentration can stabilize the initial charge transfer
resistance. Furthermore, the formation of LiF on the cathode surface has been shown to

have a polarizing effect [27] that can be observed and quantified using XPS peak shifts.
5.2 Outlook

Future work in the context of this study would be the careful examination of the
transition metals in the NMC cathode using XPS. The relevant Ni, Mn, and Co core levels
need to be measured to determine the chemical state of the interface between the cathode
and SEI. The Ni concentration and identity of the Ni chemical state would provide
necessary insight into the affects of FEC on Ni dissolution. Similarly, Mn and Co core levels
should be measured to further investigate transition metal dissolution. Moreover, the Li 1s
core level must be measured and peak deconvolution performed between the Li species and
the overlapping Mn 3s core level. This would give more insight into the formation of LiF,
Li,PF,, and Li,PF,0O, and the corresponding electrolyte decomposition mechanisms.

The FEC concentration at which electrolyte solvent decomposition could also be an
important avenue of new research. The literature review in chapter 2 has shown conflicting
optimal concentrations of FEC additive for different electrode materials as well as different
device capacities i.e. coin and pouch cells, vs 18650 cylindrical cells. The preferred
mechanisms behind Li transport and SEI formation seem to change with FEC
concentration but this connection is not yet well modeled or empirically understood. A

study on the effects of FEC concentration ranging from 10%-15% vol. in a small

60



NMC/graphite system may hold the key to understanding the tipping point between salt
anion decomposition and electrolyte reduction. Similarly, a study investigating the chemical
changes in the electrolyte solution during cycling could determine which degradation route
is more likely and subsequently which reaction dominates the composition of the SEI.

The examination and characterization of NMC electrodes at different stages of device
life would demonstrate any changes in the SEI composition from what is reported in this
study after the end of the initial discharge cycles. These results would provide insight into
the continuous decomposition of the electrolyte and the corresponding effects on SEI
composition. Furthermore, the reversibility of the SEI components, including, Li,PF,, and
Li,PF,0O, could be examined in greater depth. The effects of FEC on fast charging
scenarios would be another valuable study. The optimal FEC concentration could be
chosen as an additive to several cells that are cycled at increased voltage limits and charge
rates. The data provided in this study provides a baseline chemistry for the SEI that could
be used in comparison to determine any composition changes that can be solely attributed

to the device cycling conditions.
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