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ABSTRACT  

Lithium-ion batteries (LIBs) are used in a wide variety of applications that are pushing for 

higher capacity and lifetime. Many LIBs contain graphite-based negative electrodes which 

are approaching their capacity limit. Silicon-based negative electrodes have the potential 

of providing a much higher capacity but struggle with severe volume expansion and 

contraction. Alloying Si with an electrochemically inactive material can suppress the 

volume expansion of the alloy and lead to better cycling. However, such Si-inactive alloy 

materials require more optimization of the solid electrolyte interphase (SEI) formation to 

increase capacity retention. The SEI of Li-ion cells is a passivating film that forms on the 

electrode/electrolyte interphase via the decomposition of electrolyte additives, solvents, 

and salts during the first few cycles. Optimal formation of the SEI on the negative electrode 

is related to increased performance in LIBs, leading to increased capacity retention, 

lifetime, and safety.  

In this thesis, more unconventional methods of improving the formation of the SEI are 

explored. By incorporating solid additives into active materials, utilizing a multifunctional 

binder additive, and using water as a beneficial electrolyte additive, this work aims to 

beneficially modify SEI formation for better Li-ion cell performance. LiF was found to be 

a good solid phase electrode additive in Si-Fe alloys that led to improved capacity retention. 

Synthesized poly-VC is explored as a binder additive to modify SEI formation in Si-Fe 

alloy electrodes. Water is introduced as an electrolyte solution additive that led to improved 

cycling in NMC/Si-alloy full cells. The goal of this work is to find alternatives to the 

expensive conventional additives currently implemented in LIBs.   
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CHAPTER 1. INTRODUCTION  

1.1   Motivation  

As the world struggles to keep up with the growing energy demands in parallel with countering 

the effects of global warming, advancements in energy storage have become indispensable. 

Obtaining energy from renewable resources is necessary to alleviate fossil-fuel dependence and 

achieve net zero carbon emissions. However, due to the intermittent supply of renewable 

energy from sources such as wind and solar, it is crucial to implement reliable energy storage 

devices. Energy storage allows for continuous supply from the harvested energy taken from 

renewable energy sources which stabilizes energy availability and provides a more reliable grid 

design. While energy storage solutions exist that are quite sustainable and cost efficient, like 

pumped hydro,1 the use of secondary electrochemical cells eliminates the dependence of 

geographic factors, such as the need of an elevated structure for pumped hydro. The most 

commercially viable secondary battery in use today is the lithium-ion battery which has 

considerable advantages over many other cell types, such as high energy density and long cycle 

life.2 

While initially developed for portable electronics, lithium-ion batteries (LIBs) are now used in 

a diverse range of applications including electric cars, satellites, and grid storage.3 LIB 

chemistry is based on the shuttling of Li-ions back and forth between positive and negative 

electrodes. The stored chemical energy is converted to electrical energy when the Li-ions move 

from the negative electrode to the positive electrode. This process has been highly optimized 

over the past few years, with some LIBs being expected to have service lives of several years 

or even decades.    
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LIBs are being pushed to their limit to enable their use in applications such as electric vehicles. 

For this application, LIBs are required to have a high energy density, for extended drive range, 

and a long cycle life, to match the lifetime of the vehicle.4 This has lead to engineering 

solutions, such as minimizing the current collector and separator thicknesses, incremental 

morphology optimization, and increasingly complex electrolyte additive usage. As LIBs 

approach the limit of their capabilities, there is still more being asked of them.  

LIB electrodes are not thermodynamically stable in electrolyte at their full state of charge, and 

yet some LIBs have a service life of many years. This is because a passivating film forms on 

electrode surfaces that slows reactions with electrolyte. This passivating film is often referred 

to as the solid electrolyte interphase (SEI), and is a heterogeneous structure comprised of 

various compounds that form via the decomposition of electrolyte additives, solvents, and salts 

during the first few cycles of a LIB.5 This passivating film controls much of the performance 

of a LIB. SEI morphology and composition are sensitive to the solvents, salts, additives, and 

active materials used. For example, an SEI rich in LiF is typically thinner and results in faster 

Li-transport than one lacking LiF.6 Environmental conditions, such as temperature, also can 

have an impact on SEI formation. Therefore, there are many factors to consider in the study of 

the SEI and in SEI optimization. Optimal SEI formation on a negative electrode translates to 

increased safety, lifetime, capacity retention, and overall LIB performance. It is therefore 

important that SEI formation is studied and understood, to maximize LIB performance, so that 

LIB technology remains a sustainable solution to the world’s increasing energy storage needs.   
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1.2   Lithium-ion Cells  

1.2.1 General Configuration 

Li-ion cells store energy in the form of electrochemical potential energy. A schematic of a 

typical Li-ion cell is shown in Figure 1.1. Typically, LIB cells consist of a lithium transition 

metal oxide (LiMO2) positive electrode, a graphite negative electrode, and an organic 

carbonate-based electrolyte containing a lithium salt. The positive and negative electrodes are 

kept isolated by a permeable porous separator, such as a multilayer polypropylene/polyethylene 

membrane, allowing Li-ion mobility while preventing electrode shorting.  

 

The electrochemical potential is a result of the difference in the chemical potentials of lithium 

in one electrode versus the other. Li-ions travel back and forth between the positive and 

negative electrode materials during charge and discharge.  
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Figure 1.1. General schematic of a Li-ion cell consisting of a graphite negative electrode 

(right) and a layered transition metal oxide positive electrode (left).7 Reproduced with 

permission from Reference 7.  

 

 

During charge, the thermodynamically unfavored reaction of lithium travelling to the negative 

electrode occurs. The electrons are forced from the positive electrode to the negative electrode 

by an applied external potential, converting electric energy is into chemical potential energy 

which is stored in the cell. The now lithiated negative electrode experiences a decrease in 

potential to around 0.08 V vs. Li/Li+, while the de-lithiated positive electrode encounters an 

increase in potential to around 4.3 V vs. Li/Li+.8 The two half reactions at the positive electrode 

and negative electrode during the charging process are:  

𝐿𝑖𝑀𝑂2  →  𝐿𝑖1−𝑥𝑀𝑂2 + 𝑥𝐿𝑖+ + 𝑥𝑒− 

𝐶6 + 𝑥𝐿𝑖+ + 𝑥𝑒−  →  𝐿𝑖𝑥𝐶6 

During discharge, the thermodynamically favorable reaction of lithium travelling to the positive 

electrode occurs. The positive and negative electrodes are connected by an external circuit that 

allows the flow of electrons and the flow of Li-ions; this can produce useful work.  
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Potential vs. capacity curves for a full cell, positive electrode, and negative electrode are shown 

in Figure 1.2. The potential vs. capacity curves in Figure 1.2 are from an artificial graphite 

negative electrode and an NMC532 positive electrode from CHEM 5312 course given by 

Professor Jeff Dahn. The potential of the positive electrode decreases, and the potential of the 

negative electrode increases until the cell reaches a lower potential cut-off. The resulting cell 

potential, Vcell, can be expressed as: Vcell = Vpositve – Vnegatve , where Vpositive is the potential of 

the positive electrode and Vnegatve is the potential of the negative electrode. 

 

 
 

Figure 1.2. Galvanostatic potential vs. capacity curves for a full cell (black), positive 

electrode (blue) and negative electrode (red) vs. Li/Li+. 
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1.2.2 Positive Electrodes 

As previously mentioned, the typical positive electrode material is a LiMO2 coated on an 

aluminum current collector. The electrode formulation also includes a binder, such as 

polyvinylidene fluoride (PVDF), and a conductive additive, typically a high surface area carbon 

black. LiMO2 such as the layered and spinel structures shown in Figure 1.3, rely on lithium 

intercalation to store Li+ ions. Although layered materials are commonly used, spinel and 

olivine structures are also found in some commercial applications.8–10 

 

 

Figure 1.3. Crystal structures of common positive electrode materials. Layered lithium 

cobalt oxide (LCO) to the left, spinel lithium manganese oxide (LMO) in the centre, and 

olivine lithium iron phosphate (LFP) on the right.11 Reproduced with permission from 

Reference 11. 

 

1.2.3 Negative Electrodes 

1.2.3.1 Intercalation   

LIBs rely predominantly on intercalation chemistry to store energy. Conventionally, graphite 

coated on a copper current collector is used as the negative electrode. Graphite negative 
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electrodes have a high level of safety, compared to lithium metal. Graphite negative electrodes 

maintain a low reduction potential vs. Li/Li+ (around 0.08V), and high volumetric capacity 

(719 Ah/L).12 The structure of lithiated graphite is shown in Figure 1.4. Graphite is comprised 

of stacked graphene layers that are held together by weak Van der Waals forces between the 

graphene slabs. Lithium intercalates between the graphene layers and is most energetically 

stable in the center of a C6 ring, not allowing additional Li-ions to occupy the immediate 

neighbouring C6 ring site, due to coulombic repulsion.13 This allows graphite to store a 

maximum of one lithium per six carbon atoms.13,14 When it comes to storing lithium, 

intercalation materials are limited by the number of available crystallographic sites that can 

host lithium atoms. Therefore, there is a limitation on the energy density of these materials 

imposed by this host site limit. 

Figure 1.4. Structure of lithiated graphite. 
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1.2.3.2 Alloying 

LIB negative electrodes are not restricted to graphite intercalation chemistry, any element that 

forms an alloy with lithium can also be used as a negative electrode material. During lithiation, 

the structure of an alloy can vary appreciably. Therefore, the storage capacity of such materials 

is not limited to the materials initial structure like that of intercalation chemistry. This allows 

alloy negative electrodes to store more lithium per host atom. For example, silicon can store 

3.75 lithium atoms per silicon atom.12 As a result, silicon has a much higher volumetric 

capacity than that of graphite (2194 Ah/L).12 Volumetric and gravimetric capacities of some 

elements are given in Figure 1.5. This increase in volumetric capacity is common for alloy 

materials and the same is generally true for specific capacity, the capacity per unit weight. The 

specific capacity of silicon is 3579 mAh/g compared to graphite at 372 mAh/g.12 Though this 

drastic increase in specific and volumetric capacity is alluring, the variation from the materials 

initial structure leads to increased volumetric expansion. For instance, fully lithiated Si expands 

280% from its initial volume compared to graphite which expands by only 10%.12,15  

 
Figure 1.5. Volumetric and gravimetric capacities of elements calculated at full lithiation.12 

Reproduced with permission from Reference 12.      
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1.2.3.3 Lithiation of Si-Alloys     

Silicon, as mentioned above, has a much higher volumetric capacity than graphite. The resulting 

increase of volumetric capacity originates from silicon’s ability to host more lithium atoms per 

silicon atom, and it is this ability that inherently leads to a volume expansion of 280%. As 

silicon is lithiated, the bonds of the initial structure are broken to accommodate more lithium. 

Volume expansion is highly detrimental to the cycling performance of Li-ion cells and is a 

major barrier towards to commercial adoption of silicon-based negative electrodes.15 Volume 

expansion can lead to loss of particle-to-particle contact, constant interruption of the solid 

electrolyte interphase formation, and a multitude of macroscopic scale issues.16,17 Increased 

expansion (during lithiation) and contraction (during de-lithiation) lead to lithium loss, reduced 

cell life, and decreased cell performance.  

Other than volume expansion, the formation of a crystalline lithiated silicon phase (Li15Si4) at 

low potential (< 50 mV) also hinders the cycling performance of pure silicon cycled to full 

capacity.18,19 Li15Si4 formation is shown to be correlated with capacity fade.19 The de-lithiation 

of Li15Si4, induces a two-phase reaction where amorphous Li2Si is formed. The further de-

lithiation of amorphous Li2Si is uniform, eventually forming amorphous silicon. A 

representation of the lithiation and delithiation of silicon is shown in Figure 1.6. The two-phase 

reaction that occurs during Li15Si4 delithiation results in the co-existence of different phases 

with different molar volumes. This introduces a phase boundary with induced stress on the 

material.  The stress at the phase boundary can cause fracturing of the alloy electrode material 

leading to loss of electrical contact and capacity fade.12  
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Figure 1.6. Visual representation of the electrochemical lithiation of silicon on a unit cell scale. 

Note that on the scale of a unit cell, local order is maintained in amorphous Si, while long range 

order is lost. Therefore, the amorphous Si unit cell only shows small perturbations compared 

to the crystalline Si unit cell. 

One method used to overcome the limitations of pure Si is to alloy Si with an electrochemically 

inactive material.12,15,20,21 Inactive material reduces the volume expansion of the alloy to a 

desired percentage by diluting the volume expansion since inactive material will not expand.21 

It is counterintuitive to give valuable space in the negative electrode to electrochemically 

inactive materials, but many positive effects are given from this process. Introducing 

electrochemically inactive elements into alloy materials mitigates the effects of volume 

expansion while lowering the average discharge potential at a given volume expansion (see 

Figure 1.7).    
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Figure 1.7. The voltage curves (vs lithium metal reference electrode) vs percent volume 

expansion during the delithiation half-cycle. Curve A is pure silicon and Curve B is an alloy of 

36% active silicon/64% inactive component by volume.21 Reproduced with permission from 

Reference 21. 

 

As shown in Figure 1.7 the voltage verses the percent volume expansion shows that a given 

alloy with a volume expansion at full lithiation that is less than 280% has a lower average 

voltage than pure Si cycled to the same volume expansion. Therefore, Si-inactive alloys have 

an increased energy density at a given percent volume expansion.21 A research goal in Si-

inactive alloys is to find ideal inactive elements to alloy with Si and increase the performance 

of a Li-ion cell. Si-inactive alloy negative electrodes also have the additional advantage of 

suppressing the formation of crystalline Li15Si4 phase. When Si is incorporated into a matrix of 
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inactive material the two-phase reaction and phase boundary stress associated with Li15Si4 

phase formation is avoided, leading to improved cycling performance.22 The compressive stress 

experienced upon lithiation of Si within an inactive material matrix decreases the potential at 

which lithium forms an alloy which also decreases the potential at which Li15Si4 forms to below 

0 V vs Li.23,24 

1.2.4 Electrolyte Solution 

The electrolyte solution (light blue shown in Figure 1.1) allows Li-ion transport between the 

positive and the negative electrode while being electrically insulating, so the cell does not short. 

The typical electrolyte solution in a Li-ion cell consists of a combination of organic carbonates 

and a lithium salt. Organic carbonates have good film forming properties, relatively low 

viscosity, high ionic conductivity, and generally operate within a large potential window. An 

ideal electrolyte solvent has a high dielectric constant, low viscosity, wide potential range, and 

is able to operate over a wide temperature range.25 No perfect solvent exists, so a typical 

electrolyte solvent is a blend of organic carbonates whose properties balance out to create an 

optimized solvent. An electrolyte solution's ionic conductivity originates from the dissolved 

lithium salt. When choosing a lithium salt, the properties desired are high conductivity, ionic 

mobility, thermal stability, and chemical stability, as well as a large dissociation constant.25 

Lithium hexafluorophosphate (LiPF6) is a popular lithium salt used in Li-ion electrolytes. Its 

well-balanced characteristics suit many applications; however, it is not a perfect salt. LiPF6 

unfortunately has poor thermal and chemical stability.26 There is fortunately a wide collection 

of lithium salts of interest for lithium-ion cells, and a salt can be chosen whose properties match 

the application well. Another important ingredient of Li-ion battery electrolyte solutions is 

electrolyte additives. Additives, accounting for less than 10% by weight of the solvent, assist 
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in the formation of the SEI, tuning the morphology and composition to an optimized 

performance.27 Additives are often reduced or oxidized before the rest of the electrolyte, 

facilitating the formation of a passivating layer between the electrodes and electrolyte, limiting 

further reaction and loss of lithium.    

1.2.4.1 Solvents 

As mentioned above, an electrolyte solvent is typically a mixture of organic solvents optimized 

to have a high dielectric constant (to dissociate the lithium salt), a low viscosity (to maximize 

ionic conductivity), and be stable over a large temperature range and potential window. There 

currently is no single solvent meeting all the requirements, so in order to achieve a desired set 

of properties, solvents are mixed at ratios that give a maximized performance. For example, 

the popular cyclic carbonate, ethylene carbonate (EC) has a high dielectric constant but 

unfortunately it is a solid at room temperature and greatly increases electrolyte solution 

viscosity when used in high amounts. To get the beneficial properties of EC while balancing 

out its negative properties, EC is mixed with a linear carbonate solvent such as diethyl 

carbonate (DEC) which lowers the solution's viscosity.28 There are other solvents to choose 

from as well, such as ethyl methyl carbonate (EMC) and dimethyl carbonate (DMC) (Figure 

1.8).  
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Figure 1.8. Chemical structure of organic carbonates EC, DEC, EMC, and DMC. Commonly 

used solvents for electrolytes in Li-ion cells. 

 

A graphite negative electrode’s exceptional cycling performance relies on EC’s film forming 

properties, forming a stable SEI layer in the initial cycles.29,30 SEI formation on graphite is said 

to follow two different steps; the solvent co-intercalation and decomposition beneath the 

surface at ~1 V and direct decomposition of solvents on the basal plane at lower potentials to 

form a precipitate layer.30,31 Solvent co-intercalation is when the solvent that is shuttling the 

Li-ion intercalates into the electrode with the Li-ion rather than dissociating from the ion as it 

should. Solvent co-intercalation is generally harmful to a graphite electrode because it can lead 

to exfoliation of graphene layers, stripping active material and reducing the capacity of the 

electrode. However, solvent co-intercalation is important in the initial stage of SEI formation 
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on graphite in EC-based electrolytes.30 The co-intercalated EC decomposes to form an 

immobile product between the graphene layers that prevents further solvent co-intercalation, 

preventing exfoliation of graphene layers in further cycles. This process is illustrated in Figure 

1.9.  

Figure 1.9. Solvent co-intercalation model for SEI formation on graphite proposed by 

Besenhard et al. (a) is before reaction, (b) is the intercalation of Lix(solvent)y into graphite, and 

(c) is the internal decomposition of Lix(solvent)y and film formation.30 Reproduced with 

permission from Reference 30.  

 

1.2.4.2 Electrolyte Salts  

The use of lithium salts in the electrolyte solution of a Li-ion cell gives the solution its ionic 

conductivity and allows for the transport of Li-ions between the positive and the negative 

electrodes. Lithium salts come with a variety of properties, so different applications could 

require the use of various salts. Ideally, lithium salts for use in electrolyte solutions have high 

ionic conductivity and mobility to ensure optimal Li-ion diffusion. The salt ought to have a 

high dissociation constant and have wide thermal and chemical stability range. The most 
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common salt in organic carbonate-based electrolytes is LiPF6, which is highly soluble and has 

high ionic conductivity and mobility. However, LiPF6 lacks thermal and chemical stability, 

thermally dissociating at temperatures above 60 °C.26 There is a wide collection of lithium salts 

to choose from, some popular LiPF6 alternatives are lithium bis(oxalato)borate (LiBOB), 

lithium difluoro(oxalato)borate (LiDFOB), and lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI). These mentioned salts can be utilized solely or blended and are shown in Figure 1.10.  

Figure 1.10. Structures of lithium salts LiPF6, LiBOB, LiDFOB, and LiTFSI. Commonly used 

as salts for electrolytes in Li-ion cells. 
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The thermal instability of LiPF6 would make it a bad choice for cells operating in temperatures 

over 60 °C. For an example, in this higher temperature application, it may be more suitable to 

use LiTFSI. LiTFSI has higher thermal and chemical stability compared to LiPF6, decomposing 

on lithiated graphite only at temperatures around 170 ℃ .32,33 LiTFSI also has a higher 

dissociation constant but can corrode the aluminum positive electrode current collector in the 

right environment.33 Although there may not be a perfect, one-size-fits-all salt for Li-ion cell 

electrolytes, there are fortunately many to choose from. The choice of lithium salt, like most 

commercial applications, is also often governed by the cost. 

1.2.4.3 Additives  

SEI formation during the initial charge of a Li-ion cell is crucially important towards the cycle 

life and performance of the cell. Components that are more readily reduced or oxidized will be 

the first to react at the electrode surfaces, this a property by which electrolyte additives are 

selected. Additives account for less than 10% the weight of the solvent, yet their presence in 

an electrolyte system can drastically alter a cells performance and lifetime.27 Aiding in the 

modification of the morphology and composition of the SEI, additives have a tremendous 

importance in the electrolyte. Additives are often reduced or oxidized more readily than the 

rest of the electrolyte, meaning their decomposition contributes to the SEI formation before the 

decomposition of the rest of the electrolyte to limit reactions with the electrodes and lithium 

loss. For example, monofluoroethylene carbonate or fluoroethylene carbonate (FEC) is a 

popular additive that has been shown to produce an SEI composed predominantly of lithium 

fluoride (LiF).34 It was found that LiF provides an extra Li source, lowers the initial irreversible 

capacity, suppresses electrolyte side reactions, and enables faster Li-ion transport.6,35 A SEI 

rich in LiF is also more compact than an SEI with less, so the additive FEC can give these 
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benefits while reducing SEI thickness.36 Repeated volume expansion in previously mentioned 

Si-alloys can lead to continual disruption and formation of the SEI, depleting electrolyte salts 

and solvents. This continuous formation will lead to capacity fade as more Li is consumed by 

SEI formation, possible isolation of active material, and overall poor cell performance.37 FEC 

is used in cells containing Si-alloy negative electrodes to prevent electrolyte salt and solvent 

decomposition by forming an SEI layer that is thinner, more stable, and does not continuously 

grow.37,38 

FEC is of course not the only additive in use today, there are a plethora of additives to choose 

from. Some common electrolyte additives include vinylene carbonate (VC), 1,3,2-

dioxathiolane-2,2-dioxide (DTD), and methylene methanedisulfonate (MMDS). These 

mentioned additives are shown in Figure 1.11.  

 
Figure 1.11. Chemical structure of additives FEC, VC, DTD, and MMDS. Commonly used 

additives for electrolytes in Li-ion cells. 
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The reduction potential of an additive is correlated to its lowest unoccupied molecular orbital 

(LUMO) energy, so a favourable additive for the negative electrode SEI should have a low 

energy LUMO.39 The oxidation potential of an additive is correlated to its highest occupied 

molecular orbital (HOMO) energy, so a favourable additive for the positive electrode interface 

should have a higher energy HOMO.39 Choosing an additive is similar to the process of 

choosing solvents and salts, it comes down to the desired application and a combination of 

various additives. A major downside of additive use is the increased cost to develop an 

electrolyte. 

1.3   Solid Electrolyte Interphase (SEI) 

Lithium and lithiated electrodes are known to be thermodynamically unstable when exposed to 

electrolyte, and yet some Li-ion cells have a service life of several years. When electrodes are 

charged in an electrolyte solution, rather than fully reacting until all the electrolyte is 

decomposed, the electrodes form a passivating film that slows the reactions. This passivating 

film is the SEI, a heterogeneous structure comprised of various salts, carbonates, phosphates, 

and polymers that forms via the decomposition of electrolyte additives, solvents, and salts 

during the first few cycles of a Li-ion cell. Both electrodes react with the electrolyte during the 

first charge, some of the by-products of these initial reactions will precipitate onto the surfaces 

of the electrodes. This film created by the precipitated by-products is electronically insulative, 

thus preventing further reaction, but fortunately the film is ionically conductive to allow the 

transport of Li-ions into and out of the electrodes. Li-ion transport through the SEI is mainly 

via mobile point Frenkel or Schottky defects.5,40 The SEI concept was first introduced by 

Emanuel Peled in 1979, though there are a variety of compositions it can possess, its role in the 
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life and performance of Li-ion cells is undisputed.5,41 A very popular representation of the SEI 

on lithium metal or carbon electrode suggested by Peled et al. is shown in Figure 1.12.   

 
Figure 1.12. Schematic representation of a heteropolymicrophase structured SEI on lithium or 

carbon electrode. 41 Reproduced with permission from Reference 41.  
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Since the SEI is so important for cell performance, it has been studied intensively and various 

methods of modifying its structure and composition were explored. There are many interesting 

methods of manipulating the SEI including the use of electrolyte additives, the coating of 

electrode particle surfaces, and even going so far as to create an artificial SEI all together.42 In 

the common organic carbonate-based electrolyte some combination of LiF, Li2CO3, 

polyolefins, Li2O, semi-carbonates, lithium alkoxides, nonconductive polymers, and more 

reaction products are expected to form on electrode surfaces.41 This SEI model introduced by 

Peled is the most well known and accepted model for this passivation layer but other models 

have been proposed such as the polymer-electrolyte interphase (PEI) model, the solid-polymer-

layer (SPL) model, and the compact-stratified layer (CSL) model.43 Regardless of the model 

used, there is a form of passivating layer at the negative electrode/electrolyte interphase that is 

absolutely crucial to the workings of a Li-ion cell and a similar layer formed at the positive 

electrode/electrolyte interphase. Both interphases deserve attention and understanding their 

formation will allow the preferential modification needed to increase the overall performance 

of future Li-ion cells.  

1.3.1 Negative Electrode/Electrolyte Interphase in Standard Electrolyte 

The SEI is difficult to characterize due to its sensitive and complicated composition. However, 

there are methods of characterizing the SEI surface such as x-ray photoelectron microscopy 

(XPS) and methods of probing its electrochemical performance such as electrochemical 

impedance spectroscopy (EIS).44–46 The SEI on negative electrodes has been studied 

extensively, as it is an integral part of the cell’s performance. The negative electrode/electrolyte 

interphase forms this passivating SEI to protect the electrolyte from fully decomposing on the 

electrode, its composition as discussed above includes inorganic and organic compounds that 
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originate from the reduction of electrolyte components. Figure 1.13 depicts the reactions that 

occur on graphite to form the SEI in a standard electrolyte system.   

Figure 1.13. Diagram showing the formation of the SEI on graphite electrode.5 Reproduced 

with permission from Reference 5.  

 

The formation of the SEI depends on the electrode material, solvent, salts, and additives used 

in electrolytes, and other environmental factors such as temperature. Elevated temperatures 

lead to increased reactivity of the SEI and thus accelerated capacity fade.47,48 SEI composition 

varies according to depth. It has been proposed that closer to the electrode the SEI is richer in 
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inorganic compounds and closer to the electrolyte the SEI is richer in organic compounds.41,49 

Peled et al. studied the reaction products formed on highly oriented pyrolytic graphite (HOPG) 

and found that the SEI on the graphite’s edge plane was richer in inorganic compounds while 

the graphite’s basal plane was richer in organic compounds.50,51 This shows that factors other 

than the electrolyte chemistry effect the formation of the SEI. 

EC is an important film forming component, aiding in the successful formation of an SEI on 

graphite.28,30 Solvent co-intercalation from EC-based electrolytes is important for SEI 

formation on graphite. Co-intercalated EC decomposes between the graphene layers to form an 

immobile product that prevents later solvent co-intercalation, thus preventing exfoliation of 

graphene layers in future cycles.30 After the initial co-intercalation, precipitates formed by the 

reduction of electrolyte at the electrodes surface will form the passivating layer that is 

considered the SEI. LiF and Li2CO3 are generally accepted as major components of a SEI on a 

graphite electrode in EC-based electrolytes with LiPF6 salt.39 Wu et al. used LiF as a surface 

modifier for graphene and observed increased cycle life and rate capability.6 It was shown that 

the LiF provides an additional Li source, lowering the initial irreversible capacity and reducing 

SEI thickness. Using density functional theory (DFT), Y. X. Lin et al. observed that a layer of 

LiF as thin as 2 nm could prevent electron tunneling from a lithium electrode, while Li2CO3 

required 3 nm.52 A SEI comprising LiF is formed thinner and results in faster Li-transport.6 As 

discussed in the additives section, electrolyte additives are used in small quantities to modify 

the composition and morphology of the SEI. Fluorinated electrolyte additives like FEC are 

commonly used to form a thinner more stable SEI layer, richer in LiF.35,53 The SEI formation 

on negative electrode is crucial for the safety, lifetime, capacity retention, and overall 

performance of Li-ion cells.  
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1.3.2 Positive Electrode/Electrolyte Interphase in Standard Electrolyte 

Positive electrode surface chemistry has historically received less attention relative to the 

extensive studies of the negative electrode. It has been shown that the impedance of the positive 

electrode increases upon cycling and during storage which indicates the formation of a surface 

film or the modification of the active electrode surface. The positive electrode/electrolyte 

interphase forms a similar film to slow the reactions between the electrolyte and the electrode, 

its composition originates from the oxidation of electrolyte components during early cycling. 

It was observed that commonly used solvents in Li-ion cells are not electrochemically stable at 

potentials higher than 3.5 V and oxidize while the lithium salts remain unoxidized at potentials 

as high as 5 V.54 Though the salts may remain stable at elevated potentials, some lithium salt 

will still react with the formed interphase by first reacting with impurities and forming 

precipitating products. For example, LiPF6 reacts with trace water via equations 1.1, 1.2, and 

1.3 to form products that interact with the positive electrodes surface.55 

   𝐿𝑖𝑃𝐹6 (𝑑)  ↔  𝐿𝑖𝐹 (𝑑) + 𝑃𝐹5 (𝑑)    (1.1) 

   𝑃𝐹5 (𝑑) +  𝐻2𝑂 (𝑑) →  𝐻𝐹 (𝑑) + 𝑃𝐹3𝑂 (𝑑)   (1.2) 

  𝑃𝐹3𝑂 (𝑑) +  𝑛𝑒− +  𝑛𝐿𝑖(𝑑)
+ →  𝐿𝑖𝐹(𝑠) + 𝐿𝑖𝑥𝑃𝑂𝐹𝑦 (𝑠)   (1.3) 

When studying spinel LiMn2O4 positive electrode material, it was found that the amount of 

surface material present increased with cycle number.56 This indicates that the film formed on 

LiMn2O4 is not sufficiently dense to serve as a fully passivating layer between the electrolyte 

and electrode. In the case of the positive electrode/electrolyte interphase, electrolyte is able to 

continually transport to the electrode surface and oxidize.56,57 Ideally, this is not the case with 

the negative electrodes SEI. The negative electrodes SEI fully passivates the electrode surface 

to prevent further reduction of the electrolyte during cycling, but the positive 
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electrode/electrolyte interphase allows for the continual oxidation of electrolyte, not fully 

passivating the electrode. This key distinction leads to the film formed at the positive electrode 

surface being referred to as a Solid Permeable Interface (SPI) rather than a SEI.58 It is generally 

accepted that the composition of the SPI is similar to that of the SEI but in addition to the ways 

that the SEI is important for cell performance, the SPI can also limit cell performance by 

decomposing electrolyte continuously during cycling.  

1.4  Overview  

This thesis examines how SEI formation may be modified in ways not normally considered: by 

incorporating solid additives that affect SEI formation directly in active materials, utilizing 

water as a beneficial electrolyte additive (normally considered detrimental to cell performance), 

and utilizing binder additives to modify SEI formation. Chapter 2 explains the experimental 

techniques used in the work of the following chapters. The fundamental theory behind each 

technique will be introduced as well as a description of how the techniques were used in this 

work. Chapter 3 introduces the use of solid phase electrode additives. In this work, LiF and 

Li2CO3 are investigated as components in Si-Fe alloys that can modify the SEI and lead to 

improved cycling. Chapter 4 focuses on the effects of synthesized poly-VC being used as a 

binder additive to modify SEI formation in Si-Fe alloy electrodes. Chapter 5 highlights the use 

of water as an electrolyte solution additive to improve cycling in nickel manganese cobalt 

(NMC)/silicon alloy and lithium cobalt oxide (LCO)/silicon alloy full cells. 
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CHAPTER 2. EXPERIMENTAL METHODS  

 

2.1 Mechanical Alloying 

Mechanical alloying is the process of developing powdered materials with extremely fine and 

controlled microstructures. Mechanical alloying is commonly used in powder metallurgy where 

homogeneous amorphous powers are produced by repeated plastic deformation, cold welding, 

and particle fracturing in a high-energy environment.59 The type of mechanical alloying used 

in this work is ball milling, where the powders are milled in a hardened steel vial and the milling 

media used is stainless steel balls. The steel vials are placed in a milling machine that shakes 

the sample so that the powders coat the surfaces of the steel balls and are smashed into the walls 

of the container as well as into other balls.  

During milling, every collision between the balls and the wall traps and plastically deforms or 

fractures some powder. Particle fracturing results in the formation of fresh reactive surfaces 

without a passivating layer. This can lead to the cold welding of metal particles. These cold-

welded particles can succumb to further particle fracturing, eventually leading to 

amorphization.60,61 The grain size of the produced alloys decreases with increased milling time 

and the final grain size is reached when there is a balance between dislocation and 

recrystallization.59,61  

In this work, a total of 0.5 ml of precursor powder was loaded into a 65 ml hardened steel 

milling vial (SPEX, model 8000-D, Spex CertiPrep, Metuchen, NJ) along with 180 g of 1.6 

mm stainless steel balls and sealed under an argon atmosphere. The volume of the sample was 

0.5 ml (based on true density), which was determined in previous studies to be the desirable 

amount to form a thin layer of powder on the surfaces of the milling balls of optimal thickness 
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to make milling efficient.61 The vials are sealed with steel caps that have an O-ring seal, so the 

vial environment remains argon.   

2.1.1 Two-Step Method 

In some compositions prepared in this thesis, inorganic phases (LiF and Li2CO3) were 

introduced as Si-alloy components. The introduction of inorganic phases into the milling 

process resulted in incomplete amorphization of the Si phase. Having an amorphous Si-alloy is 

important for maintaining homogenous lithiation of the alloy particles during cell cycling. To 

enable the incorporation of inorganic phases in Si-alloys while achieving complete 

amorphization of the Si phase, a two-step ball milling procedure was developed. For 

Si40'(FeSi2)(60-x)'(LiF)(x)' and Si40'(FeSi2)(60-x)'(Li2CO3)(x)' alloys, the two-step ball milling 

procedure involved milling Si and Fe first for 8 hr. This first step resulted in the formation of 

FeSi2 and the amorphization of excess Si. Then as a second step, LiF or Li2CO3 was added, and 

the mixture was milled for an additional 8 hr. This ensured the incorporation of all the 

components while reaching the desired amorphous level. 

2.2 Electrode Preparation 

Electrode slurries in this work were prepared by mixing a 70:5:25 weight ratio of alloy:carbon 

black (Imerys Graphite and Carbon, Super C65): binder in an appropriate slurry solvent. For 

some electrodes the binder/slurry solvent was an aromatic polyimide (PI)/n-methyl-2-

pyrrolidinone (NMP, 99.5%, Sigma-Aldrich) where the polyimide was added in the form of a 

20% (w:w) solution of poly(amic acids) in NMP (Hitachi DuPont MicroSystems, LLC). 

Slurries were mixed with a high-shear mixer equipped with a Cowles blade for 10 min at a 

rotational frequency of 5000 rpm. Electrode slurries were coated onto electrolytic copper foil 
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(Furukawa Electric, Japan) to a slurry thickness of 0.102 mm using a stainless-steel coating bar 

and dried at 120 °C for 1 h. 1.3 cm2 electrode disks were cut from the coatings. Electrodes with 

PI binder were subsequently cured by heating at 300 °C for 4 h under flowing argon, as 

described by B. N. Wilkes et al. in reference 5.62  

2.3 Electrochemical Characterization 

Electrodes were assembled into 2325-type coin cells and cycled with a lithium foil 

counter/reference electrode. These coin cells were cycled at 30.0 ± 0.1 °C between 0.005 V and 

0.9 V with a Maccor Series 4000 Automated Test System at a C/10 rate for the first cycle and 

C/5 for subsequent cycles. To replicate CCCV full cell charging, cells were held at 5 mV at the 

end of each cycle until a current limit of C/20 was reached. C-rates were established based on 

the theoretical 3579 mAh/g active Si capacity.12 Fade rate was defined as the average percent 

capacity fade per cycle between cycles 10 and 80. 

2.3.1 Cell Construction 

Electrodes were placed into 2325-type coin cells with a lithium foil counter/reference electrode 

separated by one layer of Celgard 2300, a layer of blown polypropylene microfiber (BMF) 

separator (3 M Co.), and another layer of Celgard 2300 in that order (shown in Figure 2.1.).  
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Figure 2.1. Deconstructed view of a typical 2325-type coin cell. 

Cells were assembled in an Ar-filled glove box using 100 μl of electrolyte. Electrolyte consisted 

of either 1M LiPF6 (BASF, 99.94%, water content 14 ppm) in (v:v) (3:6:1) ethylene carbonate 

(EC):diethyl carbonate (DEC) (BASF, 98%, water content < 50 ppm):fluoroethylene carbonate 

(FEC) ( BASF, >99.94%) or 1 M LiPF6 in (v:v) EC:DEC (1:2).   
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2.3.2 Symmetric Cells 

Symmetric cells were assembled in 2325-type coin cells with two identical electrodes separated 

by two layers of Celgard 2300 and one layer of blown polypropylene microfiber (BMF). One 

of the electrodes was prepared in a lithiated state, while the other was in a delithiated state, as 

follows. The delithiated electrode was assembled into a Li-half cell and then lithiated to a 

potential of 0.005 V and then delithiated to 0.9 V at a rate of C/20. The lithiated electrode was 

also assembled into a Li-half cell and then lithiated to a potential of 0.005 V, delithiated to 0.9 

V at a rate of C/20 and then lithiated to 0.005 V at a C/5 rate and held at this potential until the 

current dropped below C/20. After these cycling regimes, the cells were disassembled in an Ar-

filled glove box, the lithiated and delithiated electrodes were recovered and were subsequently 

assembled into symmetric cells. 

2.4 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a technique used for investigating materials that are 

too small to be effectively observed by optical microscopy. A cutaway image of a SEM is 

shown in Figure 2.2. An image is generated by scanning the sample with a focused beam of 

electrons and capturing the scattered electrons in detectors. Electrons are produced by running 

an electric current through a tungsten filament and accelerated towards the sample through a 

potential difference from the source to the emitter. These generated electrons interact with the 

sample, scattering to produce various signals that give information about the surface 

composition and topography of the sample. SEM images are produced from one of two 

scattering types, by the detection of secondary electrons (SE) or of backscattered electrons 

(BSE). SEM images in this work were obtained with a TESCAN MIRA 3 field emission SEM 
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using a 5.0 kV accelerating potential. Both SE and BSE images were collected pre- and post-

cycling.  

 

Figure 2.2. Cutaway schematic of a typical SEM. 

2.4.1 Secondary Electrons (SE) 

When an SEM sample interacts with the focused electron beam, the atoms in the sample can 

become ionized. In this process low-energy electrons are emitted from the sample surface. 

These electrons are guided towards a detector with a potential bias to generate a SEM image of 

the sample’s topography. Electrons excited in this fashion are defined as secondary electrons 

(SE), which conventionally have an energy less than 50 eV.63 During inelastic scattering, 

energy transferred from the focused electron beam to the sample can result in an ejection of a 
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SE. SEs are primarily used for probing topographic properties like surface roughness because 

SEs are generated from regions near the samples surface and provide better lateral resolution 

than other electron sources.  

   

2.4.2 Backscattered Electrons (BSE) 

When the high energy electron beam meets the sample, both elastic and inelastic scattering can 

happen. The inelastic scattering results in an ejection of a SEs while elastic scattering produces 

backscattered electrons (BSE). Elastic scattering is present when the incident electron changes 

direction after colliding with the sample with negligible energy loss. BSEs conventionally have 

an energy greater than 50 eV and can have an energy close to the incident beam energy.63 The 

intensity of BSEs in a given region can distinguish atomic composition of the sample because 

BSEs are incident electrons elastically deflected back from the sample surface. In this case, an 

atom with more electrons scatters more electrons back at the detector and the image will appear 

brighter in areas where the sample has atoms with more electrons. An atom with fewer electrons 

will appear relatively darker, as fewer electrons are scattered towards the detector, and thus the 

contrast can differentiate atomic composition throughout the sample. A BSE image is generated 

from regions that are usually deeper in the sample than SE images. 

 

2.5 X-Ray Diffraction  

  

X-ray diffraction (XRD) is an important non-destructive technique for characterizing the 

structure of crystalline materials using an incident X-ray beam. In an XRD measurement a 

sample is illuminated with an X-ray beam and the angles and intensities of the resulting 

diffracted X-rays are measured. A crystalline material can be thought to be made up of a series 
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of parallel lattice planes that intersect the points on the lattice. The lattice planes are separated 

by a distance d, which is referred to as the d-spacing. When the incident X-ray interacts with 

the sample it is scattered by the electrons of the atoms in the lattice planes. The diffracted X-

rays can constructively interfere if the path difference between diffracted X-rays is equal to an 

integer number of wavelengths, creating a detectable scattered ray.  

 

The conditions where diffracted X-rays constructively interfere is commonly called the Bragg 

condition, where at a particular angle (when the Bragg condition is met) a Bragg peak is 

located.64 A schematic of X-ray diffraction satisfying the Bragg condition for constructive 

interference is shown in Figure 2.3. By measuring the intensity with varying incident angle, the 

angle of Bragg peaks can be detected and correlated to the d-spacing of the lattice planes in the 

sample. The relationship between Bragg peak angle and d-spacing is given in the Bragg 

equation (equation 2.1) where λ is the wavelength of the incident X-ray, θ is the incident angle, 

and n is an integer value. 

     𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃       2.1 

Each crystalline material has a unique set of parallel lattice planes that will give a pattern of 

Bragg peaks, creating a unique X-ray diffractions pattern for every material.  
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Figure 2.3. Schematic of X-ray diffraction and the conditions to satisfy the Bragg condition for  

constructive interference. The path difference between the two waves is ABC and the rays are 

in phase, so ABC is an integer multiple of λ. 

X-rays are generated in a vacuum tube by irradiating a water-cooled electrode (typically made 

out of copper for laboratory X-ray diffractometers used for samples of inorganic compounds) 

with electrons generated by a tungsten filament. The electrons are accelerated toward the Cu 

electrode via a potential difference on the order of kilovolts. The electrons are accelerated such 

that they possess sufficient kinetic energy to knock an electron from the 1s orbital (K shell) of 

a Cu atom, on the order of kiloelectronvolts. Once a core electron is ejected, an electron from 

an outer shell must relax to a lower energy state to occupy the vacancy in the 1s orbital. This 

relaxation to a lower state is accompanied by a release of energy due to conservation of energy.  

 

For Cu, there are two unique X-ray wavelengths emitted as the result of the electron transition 

from upper 2p and 3p orbitals (M and L shells respectively) to the 1s orbital. These electron 

transitions are referred to as Kα (2p→1s) and Kβ (3p→1s). These transitions have distinct 

wavelengths and intensities, Cu-Kβ radiation has a wavelength of 1.39225Å and Cu-Kα 

radiation ranges from 1.54060-1.54443Å.65,66 The reason Cu-Kα is reported with a range is due 

to the degeneracy of the 2p orbital which has one higher energy orbital (2p1/2) and two lower 

energy orbitals (2p3/2). Due to the different energy of 2p electrons possessing different spin 
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states, Kα radiation is broken into Kα1 and Kα2 radiation. Kα1 and Kα2 correspond to 

1.54060Å (2p3/2→1s) and 1.54443Å (2p1/2→1s), respectively.65-67  

 

Kβ radiation is less intense than Kα radiation and is typically filtered from the diffracted X-ray 

to reduce the noise in the measurement. Kβ radiation is filtered from the diffracted X-ray beam 

by either using a Ni-filter or a diffracted beam monochromator. A Ni-filter will absorb the Kβ 

radiation, allowing the Kα radiation to pass through because the absorption edge of Ni is 

between the energy of Cu-Kα and Cu-Kβ radiation.67 A diffracted beam monochromator is a 

single crystal placed in the path of the diffracted X-rays held at a fixed angle. The diffracted 

beam monochromator is set to an angle such that the Bragg condition is only satisfied at the Kα 

radiation wavelength, effectively blocking Kβ radiation (or any other radiations) from reaching 

the detector.       

 

From the vacuum tube, incident X-rays pass through a divergence slit which is used to optimize 

the length of the X-ray beam reaching the sample. The incident X-ray then interacts with the 

sample, scattering from the electrons within the lattice, and constructively interfering when the 

Bragg condition is met. The diffracted X-rays then travel to the anti-scatter and receiving slits 

which reduce beam scatter and background noise while focusing the X-rays on the 

monochromator. The monochromator then allows only the Kα radiation to reach the detector. 

The above description explains the setup for a Bragg-Brentano diffractometer, which was the 

XRD setup used in this work (depicted in Figure 2.4). With Bragg-Brentano geometry, the 

setup of a Bragg-Brentano diffractometer, the X-ray vacuum tube and detector move together 

along the measurement circle at the same rate and step size.64  
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Figure 2.4. Cutaway schematic of a Bragg-Brentano diffractometer. 

 

In this work, XRD patterns were collected using a Rigaku Ultima IV diffractometer with a Cu 

Kα X-ray source operating at 40 kV and 45 mA. The XRD used a diffracted beam graphite 

monochromator to filter out Cu-Kβ radiation. Powder samples are placed in a 25 mm × 20 mm × 

3 mm stainless-steel sample well and leveled flush with the well height with a glass microscope 

slide. Measurements were taken from 20° to 60° 2θ with 0.05° step size and a 3 second count time 

of per step. XRD patterns were plotted as the relative intensity vs. the scattering angle (2θ). At 

angles of 2θ where the Bragg condition is met, constructive interference occurs, and peaks in 

the X-ray intensity are observed. 
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2.6 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface sensitive spectroscopic technique that 

provides a method for probing the chemical composition of the electrode surface. XPS utilizes 

the photoelectric effect to characterize the elements present on a surface. Generated X-rays are 

irradiated on a sample to eject photoelectrons from the core level of the atoms by overcoming 

the binding energy (EB) of the electron. Electrons from different chemical environments or 

different elements will have varying EB, so EB is the parameter which identifies the electron’s 

source element and atomic energy level.68 The kinetic energy (EK) of photoelectrons are 

measured directing by the spectrometer and with equation 2.2 the EB is determined to 

distinguish the source element.   

                                                        𝐸𝐵 = ℎ𝑣 − 𝐸𝑘 −  Φ𝑠𝑝                                                       2.2 

Here, Φsp is the work function of the spectrometer, which is the energy required for an electron 

to escape from a solid surface, and ℎ𝑣 is the energy of the incident X-ray. A photoelectron from 

an atom in a higher positive oxidation state will have a higher EB, because extra coulombic 

interaction between it and the cation core keeps the electron more tightly bound in its electron-

deficient environment.69 Likewise, the photoelectron from an atom with a lower oxidation state 

will have a lower binding energy, because of the coulombic repulsion of electron-electron 

interaction reducing the cations hold on the electron. The capability to distinguish between 

atoms in different oxidation states and chemical environments makes XPS a powerful technique 

for determining the composition of surface films.  

 

The typical XPS is equipped with an electron source, such as a tungsten filament, that irradiates 

a water-cooled aluminum electrode. The electrons that collide with the Al electrode stimulate 

Al-Kα x-ray generation that is directed towards the sample and is generally first passed through 
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a monochromator. When the Al-Kα radiation reaches the sample, photoelectrons are emitted 

and picked up by the lens of the hemispherical sector analyser (HSA). The HSA is essentially 

a hemispherical capacitor that creates a polarized electric field guiding the incoming electrons 

towards the inner, positively charged, hemisphere.68 The HSA separates photoelectrons based 

on EK because photoelectrons with less EK will be moved more by the electric field present in 

the HSA. This separates the photoelectrons with various EK values before reaching the 

multichannel detector. A cutaway image of a typical XPS is shown in Figure 2.5.        

Figure 2.5. Cutaway schematic of a typical XPS. 

In this work, samples came from pre- and post-cycled cells. Post-cycled electrodes are air 

sensitive, so to limit the reactions at the electrode surface the coin cells are disassembled in an 

Ar-filled glovebox. The coin cells are disassembled to remove the electrodes for sampling and 

the electrodes are rinsed with DEC to remove impurities from the surface. The rinsed samples 

are left to dry overnight and then sealed in Ar-filled bags for transfer to the XPS, avoiding as 

much air exposure as possible. The XPS processing and peak fitting was done by Andrew 

George from the Department of Physics and Atmospheric Science at Dalhousie University. 

Dalhousie’s XPS does not contain a monochromator, so the generated Al-Kα radiation is 

unmonochromatized when it reaches the sample. The F1s, C1s, and O1s spectra were focused 
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on in this work to analyze the species present in the SEI. Additional data processing was needed 

due to various levels of surface charging in the samples, shifting the peaks. To account for 

surface charging, the F1s spectra were aligned using the LiF F1s peak, the C1s spectra were 

aligned using the C-C bond C1s peak, and the O1s spectra were aligned using the Li2CO3 O1s 

peak. 

 

2.7 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a powerful, non-invasive technique for 

determining the internal impedance of an electrochemical cell. A cell's impedance is highly 

related to its power capability and safety. Measuring impedance can give great insight into the 

kinetics involved with Li-ion migration. This technique treats the cell as a black box and 

interprets the kinetic processes by observing the transfer function or the relationship between 

an input signal and output. The input is usually an alternating current (AC) potential, and the 

output is a current.70 In this case the transfer function is the admittance and admittance is the 

inverse of impedance. The AC potential is usually applied in a frequency range from 10 mHz 

to 100 KHz to the cell at its open circuit equilibrium potential (OCV). EIS probes the system 

at equilibrium by applying a slight perturbation and observing how it returns to equilibrium. 

The amplitude of the applied AC potential is in the mV-range, centered around the cell’s OCV, 

usually between +/- 10 mV. A small amplitude is used to maintain a linear relationship between 

the current response and applied potential.70,71  

 

The current response is reported as a function of the frequency to distinguish various 

contributions to the current as different frequencies relate to different kinetic mechanisms. For 

example, mid to high frequency (0.1 Hz to >1000 Hz) responses are generally correlated to 
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double layer charging, charge transfer resistance, and intercalation processes while low 

frequency (<0.1 Hz) responses are related to solid-state bulk diffusion phenomena.12,70 

 

In impedance spectroscopy, the electrochemical behavior of the cell is represented by an 

equivalent electrical circuit model. The kinetics involved in Li-ion transport are replicated with 

a collection of resistors and capacitors which have different responses to the perturbative input 

potential. For a resistor, impedance is constant with increasing frequency. For a capacitor, the 

imaginary impedance approaches zero with increasing frequency with no real impedance 

component. A basic equivalent circuit that accounts for double layer capacitance (CDL), charge 

transfer resistance (RCT), the electrolyte resistance (Rs), and solid-state diffusion (Zw) through 

the electrode is exemplified in Figure 2.6.72   

 

Figure 2.6. Lithium-ion electrode equivalent circuit with resistor in series with a 

resistor/capacitor parallel group with a Warburg impedance element.  

 

Additional contributions to impedance can also exist, for example from the diffusion of Li+ in 

the SEI, particle-particle contact resistance, the imperfect capacitance of the double layer, etc. 

Here, Rtot is used represent the real component of the total impedance experienced by a Li-ion 

during diffusion from one electrode to another. The simplest way to visualize the Rtot is to plot 



  41 

the negative imaginary impedance vs the real impedance. This is called a Nyquist plot (example 

in Figure 2.7). For a resistor/capacitor parallel group, the Nyquist plot shows a well-defined 

semi-circle where the diameter is equal to Rtot.
12,70  

 

Figure 2.7. Nyquist plot of an equivalent circuit model similar to the model in Figure 2.6.11 

Reproduced with permission from Reference 11. 

 

EIS was performed in this work using a Biologic VMP-3 potentiostat where alternating current 

(AC) impedance spectra were collected with 10 points per decade from 100 kHz to 10 mHz 

with a 10 mV amplitude signal. The total impedance values, (Rtot), is represented by the 

diameter of the semicircle in the Nyquist plot, which corresponds to the sum of the RCT and the 

resistance of lithium ions transporting through the SEI layer. 
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CHAPTER 3. ACTIVE MATERIAL ADDITIVES1 

 

3.1 Introduction 

Electrolyte solvent additives are commonly used to improve electrochemical performance in 

Li-ion cells by modifying SEI formation. The use of solids as additives to modify SEI formation 

is far less common. Here, Si40'(FeSi2)(60-x)'(LiF)(x)' and Si40'(FeSi2)(60-x)'(Li2CO3)(x)' (' = volume 

percent) alloys with LiF or Li2CO3 incorporated in the alloy as a solid active material additive 

are studied. The use of solid additives may be a valuable method for improving electrochemical 

performance of Si-alloy negative electrodes. Silicon-based negative electrode materials have 

been heavily researched as a means of increasing energy density in next-generation LIBs. By 

using Si based negative electrode materials, it is estimated that full cell energy density can be 

increased by as much as 34%.12 Si is able to store 22.5 times more lithium per host atom than 

 

1 A majority of Chapter 3 has been previously published as R. S. Young, B. Scott, Congxiao 

Wei, and M. N. Obrovac. J. Electrochem. Soc, 167, 160524. (2020). All cycling, EIS, XRD, 

and SEM images of Si40'(FeSi2)(60-x)'(LiF)(x)' alloys was content from this article. R.S. Young 

prepared all samples, measured all XRD patterns, built all coin cells, performed all EIS, 

analyzed all samples with SEM, and prepared all XPS samples. B. Scott monitored the slurry 

additive cell cycling while the primary author was away and Congxiao Wei was responsible 

for preparing the electrode cross-sections for SEM. The XPS data of Figure 3.9 and 3.10, 

along with the Li2CO3 additive results, represents work exclusively done by the author that 

has not previously been published.   

 



  43 

graphite which is conventionally used as a negative electrode material in LIBs, and, as a result 

Si, has a theoretical volumetric capacity of 2194 Ah/L, 3 times larger than that of graphite (719 

Ah/L).12 However, the electrochemical lithiation of Si causes a volume expansion as large as 

280%, resulting in poor charge/discharge cycling characteristics.12,21 

 

 In order to decrease volume expansion and improve cycling performance, Si can be alloyed 

with an electrochemically inactive component such as iron.12,21,73 It has additionally been 

shown that the addition of an inactive phase can decrease the potential at which Li15Si4 forms. 

Li15Si4 contributes directly to poor cycling performance as a result of the high stress generated 

at the two-phase reaction front during delithiation, causing particles to fracture and become 

mechanically disconnected.19,74 In pure Si, Li15Si4 crystallizes at 50 mV.19,74 By incorporating 

an inactive phase, Li15Si4 formation can be suppressed completely.19,73  

 

Here, the addition of inactive phases that have an additional function of helping form a more 

stable SEI are considered. LiF and Li2CO3 were selected for this purpose, since they have been 

found to be components of stable SEIs. It was thought that when these solid additives are 

incorporated directly in Si-alloys as an inactive phase, they might have the following beneficial 

properties: 

• act as a typical inactive phase by reducing volume expansion and suppressing Li15Si4 

formation 

• any additive phase on the surface might be incorporated directly in the SEI, resulting in 

enhanced SEI stability 

• any additive phase within the particles could enhance SEI formation on any alloy 

surfaces exposed during cycling due to particle fracture 
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• in the case of LiF (which has sparing solubility in the electrolyte), enhance stable SEI 

formation via modification of the electrolyte composition 

 

3.2 LiF 

LiF has been previously studied as a surface modifier to improve cycling performance of 

negative electrode materials. Wu et al. used LiF as a surface modifier for graphene, resulting 

in increased cycle life, and rate capability.9 It was found that the LiF provided an extra Li 

source, lowering the initial irreversible capacity, while reducing SEI thickness, suppressing 

electrolyte side reactions, and enabling faster Li-ion transport.6 Using DFT, Y. X. Lin et al. 

were able to show that a layer of LiF as thin as 2 nm can prevent electron tunneling from a 

lithium electrode, whereas Li2CO3, another well-known SEI component, requires 3 nm.52 As a 

consequence, an effective SEI comprising LiF is formed thinner, resulting in the observed 

faster Li-transport. Fluorinated electrolyte additives are commonly used to form a thinner more 

stable SEI layer comprising LiF.15,35,53 However, the use of fluorinated electrolyte additives 

can increase electrolyte cost and introduce irreversible capacity losses.  

 

In this study, LiF is evaluated as a component in Si-Fe alloys. Being an inactive component, it 

is expected to improve cycling performance by reducing overall alloy volume expansion. LiF 

is slightly soluble in carbonate electrolytes (LiF solubility in dimethyl carbonate (DMC) is 

1.07x10-5 mole fraction at 25 °C and 101.1 kPa).12 Therefore, the presence of LiF in the alloy 

is additionally expected to act as an electrolyte additive, by keeping the electrolyte constantly 

saturated with LiF, so that it is continuously incorporated into the SEI. 
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3.2.1 Experimental 

Si-FeSi2-X (X = LiF) alloys were prepared from Si (99%, -325 mesh, Sigma-Aldrich), Fe 

(99.9%, -325 mesh, Sigma-Aldrich) and LiF (98.5%, -325 mesh, Alfa-Aesar). A total of 0.5 

mL of precursor powder was loaded into a 65 mL hardened steel milling vial (SPEX, model 

8000-D, Spex CertiPrep, Metuchen, NJ) with 180g of 1.6 mm stainless steel balls. Loaded vials 

were sealed under an argon atmosphere.61 Initially alloys were prepared by loading all three 

components and ball milling simultaneously; however, it was found that the presence of LiF 

inhibited the mechanochemical reaction of Si and Fe. Instead, a two-step ball milling procedure 

was used where Si and Fe were first milled for 8 hours, followed by the addition of LiF and an 

additional 8 hours of milling. 

 

 SEM images were obtained with a TESCAN MIRA 3 field-emission SEM using a 5.0 kV 

accelerating potential. Both secondary electron (SE) and back-scattered electron (BSE) images 

were collected pre- and post-cycling. XRD patterns were collected using a Rigaku Ultima IV 

diffractometer with a Cu Kα x-ray source operating at 40 kV and 45 mA and a diffracted beam 

graphite monochromator. 

 

 Electrode slurries were prepared by mixing a 70:5:25 weight ratio of alloy:carbon black (Imerys 

Graphite and Carbon, Super C65):binder in an appropriate slurry solvent. For some electrodes 

the binder/slurry solvent was an aromatic polyimide (PI)/n-methyl-2-pyrrolidinone (NMP, 

99.5%, Sigma-Aldrich) where the polyimide was added in the form of a 20% (w:w) solution of 

poly(amic acids) in NMP (Hitachi DuPont MicroSystems, LLC). Slurries were mixed using a 

high-shear mixer equipped with a Cowles blade for 10 minutes at a rotational frequency of 

5000 rpm. Electrode slurries were coated onto electrolytic copper foil (Furukawa Electric, 
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Japan) to a slurry thickness of 0.102 mm using a stainless-steel coating bar and dried at 120 °C 

for 1 hour. 1.3 cm2 electrode disks were cut from the coatings. Electrodes with PI binder were 

subsequently cured by heating at 300 °C for 4 hours under flowing argon, as described in 

Reference 62.62 

 

 Electrodes were assembled into 2325-type coin cells with a lithium foil counter/reference 

electrode separated by one layer each of Celgard 2300 and blown polypropylene microfiber 

(BMF) separator (3M Co.). The cells were assembled in an Ar-filled glove box using 100 μL 

of electrolyte. Electrolyte consisted of either 1 M LiPF6 (BASF, 99.94%, water content 14 ppm) 

in (v:v) (3:6:1) ethylene carbonate (EC):diethyl carbonate (DEC) (BASF, 98%, water content 

< 50 ppm):fluoroethylene carbonate (FEC) (BASF, > 99.94%) or 1 M LiPF6 in (v:v) EC:DEC 

(1:2). 

 

 Cells were cycled at 30.0 ± 0.1°C between 0.005 V and 0.9 V with a Maccor Series 4000 

Automated Test System at a rate of C/10 for the first cycle and C/5 for subsequent cycles. To 

simulate CCCV full cell charging, cells were held at 5 mV at the end of each cycle until a C/20 

current limit was reached. C-rates were determined based on a theoretical 3578 mAh/g active 

Si capacity. The fade rate was defined as the average percent capacity fade per cycle 

encountered between cycles 10 and 80. 

 

 Symmetric cells were assembled in 2325-type coin cells with two identical electrodes separated 

by two layers of Celgard 2300 and one layer of blown polypropylene microfiber (BMF). One 

of the electrodes is prepared in a lithiated state, while the other is in a delithiated state, as 

follows. The delithiated electrode was lithiated to a potential of 0.005 V and then delithiated to 
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0.9 V at a rate of C/20. The lithiated electrode was lithiated to a potential of 0.005 V, delithiated 

to 0.9 V at a rate of C/20 and then lithiated to 0.005 V at a C/5 rate and held at this potential 

until the current dropped below C/20. 

 

 Electrochemical impedance spectroscopy (EIS) was performed with a Biologic VMP-3 

potentiostat where alternating current (AC) impedance spectra were collected with 10 points 

per decade from 100 kHz to 10 mHz with a 10 mV amplitude signal. In this work total 

impedance values, (Rtot), represent the diameter of the semi-circle in the Nyquist plot, which 

corresponds to the sum of the charge transfer resistance and the resistance of lithium ions 

transporting through the SEI layer.75 

 

X-ray photoelectron spectroscopy (XPS) measurements of the Si40'(FeSi2)(60-x)'(LiF)(x)' 

electrodes were performed on both pristine and post-formation (after 3 cycles) cells. The 

samples were prepped in an argon-filled glove box, where coin cells were disassembled, the 

electrodes were rinsed with DEC to remove impurities, and the electrodes were left to dry in 

the glove box overnight. After drying, the samples were taken to the spectrometer in airtight 

argon-filled bags to limit exposure to the atmosphere. The XPS samples in this work were 

processed by Andrew George from the Department of Physics and Atmospheric Science at 

Dalhousie University. The F1s, C1s, and O1s spectra were focused on to analyze the species 

present in the SEI. After retrieving the data from Andrew, various levels of surface charging 

were observed in the samples. Surface charging on the samples caused peaks to be shifting to 

higher binding energies. To account for surface charging, the F1s spectra were aligned to the 

LiF F1s peak, the C1s spectra were aligned to the C-C bond C1s peak, and the O1s spectra were 

aligned to the Li2CO3 O1s peak. 
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3.2.2 Results and Discussion 

A series of ball milled Si-Fe-LiF alloys were prepared such that the volume expansion 

experienced upon lithiation was always 112%. This corresponds to an active Si volume fraction 

of 40%.2  

Figure 3.1. Ternary Si-FeSi2-LiF composition diagrams in terms of (a) volume percent and (b) 

mole percent. The red squares indicate the compositions explored in this work. 

 

This composition range is shown in Figure 3.1(a) and (b) in terms of volume percent and mole 

percent of each component, respectively. This series can be represented in terms of volume 

percent as Si40'(FeSi2)(60-x)'(LiF)(x)' where the primed quantities are used to indicate volume 

percentage, in order to differentiate them from conventional chemical formula units.  
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Figure 3.2. XRD patterns of Si40'(FeSi2)(60-x)'(LiF)(x)' prepared by (a) milling in a single step, 

and (b) milling in two-steps. 

 

XRD patterns of ball milled Si40'(FeSi2)(60-x)'(LiF)(x)' (x = 0 and x = 30) alloys are shown in 

Figure 3.2(a). When there is no LiF present, crystalline Si (cr-Si) and Fe react, forming FeSi2 

and amorphous Si (a-Si). However, when LiF is present, a peak corresponding to unmilled cr-

Si is present in the XRD pattern. Apparently, the presence of LiF impedes the amorphization 

of Si during ball milling. In order to obtain an amorphous active Si phase for each sample, 

milling was conducted in two steps. In the first step only Si and Fe were milled, to form a Si-

Fe alloy with a completely amorphous active Si phase. This was followed by a second milling 

step to incorporate LiF. XRD patterns of alloys synthesized using this two-step method are 

shown in Figure 3.2(b). These alloys consist of a-Si, LiF and FeSi2. As the LiF content is 

increased there is a proportional increase in the intensity of the LiF peaks in the XRD patterns 

and a simultaneous decrease in the FeSi2 peak intensity, as expected. 

 

 Symmetric cells were constructed in order to determine the effect of LiF additions in 

Si40'(FeSi2)(60-x)'(LiF)(x)' on impedance.  
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Figure 3.3. (a) Nyquist plots of Si40'(FeSi2)(60-x)'(LiF)(x)' electrodes where x = 0 and 12, and (b) 

corresponding Rtot values. Error bars were calculated based on three duplicate cells for each 

experiment. 

 

Electrochemical impedance spectra of Si40(FeSi2)(60-x)(LiF)(x) (x = 0 and 12) electrodes 

measured prior to cycling and after 10, 20, and 30 cycles are shown in Figure 3.3(a) and the 

corresponding Rtot values are shown in Figure 3.3(b). Rtot was measured as the distance from 

the origin to the minimum point at the end of the capacitance spike. In this data, the appearance 

of two semicircles indicates the presence of two distinct interfaces, likely the electrolyte/SEI 

interface and the SEI/electrode interface. Electrodes containing LiF had higher impedance 

initially. During initial cycling, the impedance of both electrodes decreased. This has been 

observed previously by Yan et al. and may be due to a decrease in electronic resistance as the 

electrode expands and the resulting compressive stresses improve the electrical connection 

between alloy particles.18 However, Rtot decreases more rapidly during initial cycles, to nearly 

match that of the pure Si-Fe alloy after 10 cycles, possibly because of more efficient SEI 

formation. 
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Figure 3.4. (a) Potential profiles and (b) differential capacity curves of Si40'(FeSi2)(60-x)'(LiF)(x)' 

electrodes. 

 

 Potential profiles and differential capacity plots of Si40'(FeSi2)(60-x)'(LiF)(x)' electrodes cycled in 

half-cells are shown in Figure 3.4(a) and (b). The potential profiles and differential capacity 

curves are characteristic of a-Si with two sloping plateaus and no evidence of Li15Si4 formation. 

All of the potential profiles are similar for x ≤ 12. Larger LiF content results in decreased initial 

coulombic efficiency (ICE), lower reversible capacity, and fade. It is speculated that this may 

be due to the partial solubility of LiF in the electrolyte, which may lead to alloy degradation for 

high LiF contents. 
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Figure 3.5. (a) Specific capacity vs cycle number, (b) normalized capacity vs cycle number, 

and c) columbic efficiency vs cycle number of Si40'(FeSi2)(60-x)'(LiF)(x)' electrodes. 



  53 

 Figure 3.5(a) shows the cycling performance of the Si40'(FeSi2)(60-x)'(LiF)(x)' electrodes. For 

small values of x, as the LiF content increases, the specific capacity also increases. This is 

expected since the molar mass of the electrode decreases as FeSi2 (4.95 g/mL) is replaced by 

an equal volume of LiF (2.64 g/mL). To account for this change in molar mass, capacities were 

normalized according to their first delithiation capacity, as shown in Figure 3.5(b). The pure 

Si-Fe alloy (x = 0) has a capacity retention of nearly 80% after 80 cycles. The capacity retention 

increases significantly, to over 95%, as the LiF content is increased to x = 9.  As LiF content is 

further increased there is a continual decrease in capacity. This is likely caused by the 

degradation of the Si40'(FeSi2)(60-x)'(LiF)(x)' alloys with high LiF contents, due to LiF solubility, 

as mentioned above. Figure 3.5(c) shows the coulombic efficiency (CE) of the Si40'(FeSi2)(60-

x)'(LiF)(x)' electrodes. The pure Si-Fe alloy has a steady-state CE of about 99.6%. A slightly 

improved CE of 99.8% is observed when x = 6. Poor CE is observed for higher values of x, as 

expected. In half-cell testing, capacity retention is thought to be related to electrode mechanical 

integrity, while CE is related to the extent of electrolyte reactions at the electrode surface. The 

above results imply that small additions of LiF to alloys aid in maintaining alloy mechanical 

integrity and in reducing electrolyte reactivity. Indeed, this can be seen in Figure 3.6, which 

shows cross-sectional BSE-SEM images of Si40'(FeSi2)(60)' and Si40'(FeSi2)(54)'(LiF)(6)' electrodes 

before and after cycling.  

 

In Figure 3.6(a), both Si40'(FeSi2)(60)' and Si40'(FeSi2)(54)'(LiF)(6)' alloy particles prior to cycling 

appear bright in the images, due to the high contrast between the iron containing alloy and the 

polymer binder and carbon black between the alloy particles. In addition, the pristine alloy 

particles have sharp definite edges. After cycling, both electrodes show signs of fracture surface 

erosion, as has been observed previously for alloy particles,76 however the extent of the 
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degradation is much less in the Si40'(FeSi2)(54)'(LiF)(6)' alloy. This can be seen more clearly in 

the lower magnification images shown in Figure 3.6(b). The difference is striking. Almost all 

of the Si40'(FeSi2)(60)' alloy has been eroded after 100 cycles, whereas most of the 

Si40'(FeSi2)(54)'(LiF)(6)' alloy still intact. The above results imply that small additions of LiF to 

alloys aid in maintaining alloy mechanical integrity and in reducing electrolyte reactivity. This 

may be accomplished via a thinner, more stable SEI formation with small additions of LiF.  

Figure 3.6. Cross-sectional BSE-SEM images of Si40'(FeSi2)(60-x)'(LiF)(x)' for x=0 and 6, pre and 

post cycling. (a) high magnification, (b) lower magnification. 
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Figure 3.7. Cycling performance of Si40'(FeSi2)(60-x)'(LiF)(x)' electrodes in FEC containing and 

FEC-free electrolyte. 

 

Figure 3.7 displays the results of cycling the Si40'(FeSi2)(60-x)'(LiF)(x)' alloys in electrolyte with 

and without FEC additive. Si40'(FeSi2)(60)' alloy shows rapid capacity fade (~0% capacity 

retention / 60cycles) when no FEC is present. Additions of LiF result in significant cycling 

improvement, with Si40'(FeSi2)(54)'(LiF)(6)' having 60% capacity retention after 80 cycles. When 

FEC is added, the fade rate of the Si40'(FeSi2)(60)' alloy is superior (75% capacity retention / 80 

cycles) to what was achieved by adding LiF alone. However, the best capacity retention is 

obtained when both FEC and LiF are utilized (85 % capacity retention / 80 cycles). Therefore, 

LiF and FEC seem to be additive in their ability to improve capacity retention. 
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LiF was then used as a slurry additive to determine whether the addition of LiF to the alloy by 

ball milling was necessary. Si40'(FeSi2)(60-x)' alloys were prepared where x = 0, 6, and 9; and LiF 

component was incorporated as an additive in the electrode slurry, so that the final electrode 

composition was identical to the Si40'(FeSi2)(60-x)'(LiF)(x)' series alloys. Electrochemical 

performance was evaluated in FEC-containing and FEC-free electrolyte, shown in Figure 3.8.  

Figure 3.8. Cycling performance Si40'(FeSi2)(60-x)' where (LiF)(x)' was incorporated as a slurry 

additive (SA) using FEC containing and FEC-free electrolyte. 

When electrolyte contained FEC, improved capacity retention was observed for x = 6 and 9, 

compared to x = 0. The improvement for x = 9 was identical to when the LiF was incorporated 

directly in the alloy. However, for x = 6, the best performing formulation (13.00 % fade rate) 

did not have the degree of improvement as when the LiF was incorporated directly in the alloy 
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(9.78 % fade rate). Therefore, the addition of LiF to electrode slurries can be a facile method 

for improving electrochemical performance of Si-alloy negative electrodes. However, in this 

instance incorporating LiF directly in the alloy is superior. When the electrolyte did not contain 

FEC, LiF additions to the slurry caused rapid capacity fade. This behavior is typical of rapid 

mechanical failure of the electrode. It is difficult to understand why this is not a failure mode 

when FEC is present. It is suspected that when FEC is present, FEC decomposition products 

already saturate the electrolyte with LiF, limiting the dissolution of the LiF that is incorporated 

in the electrode, thereby reducing the electrode mechanical failure. 

Figure 3.9. Post formation XPS F 1s, C1s, and O1s spectra for Si40'(FeSi2)(60-x)'(LiF)(x)' alloy 

electrodes from half-cells with 1 M LiPF6 in EC:DEC (1:2 v/v) electrolyte with 10 vol% FEC 

(blue (x = 6) and green (x = 0)) and no additives (pink (x = 6) and orange (x = 0)). Pristine 

electrode samples are also given in red (x = 6) and black (x = 0). No charge corrections.  

Figure 3.9 shows XPS spectra of pristine and post-cycled (cycled 3) Si40'(FeSi2)(60-x)'(LiF)(x)' 

electrodes with x =0 and x = 6. The cycled electrodes were cycled vs Li metal in electrolytes 

consisting of 1 M LiPF6 in EC:DEC (1:2 v/v) with and without 10 vol% FEC. In Figure 3.9(a), 

there is an unexpected peak found in the F1s spectra around 688.5 eV. The pristine x = 0 sample 

does not contain any fluorinated substances, so the peak at 688.5 eV should not be there. The 

same peak is seen in the pristine x = 6 sample as well. After repeated scanning of the sample it 
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was determined that this peak was not a product of error and given the position it is thought 

that this may be a Fe 2p peak.77 In Figure 3.9, it was observed that the samples had various 

levels of surface charging. If the sample is insulating, photoemission can cause electrostatic 

charging to occur which results in the peak positions being shifted to a higher binding energy.68 

To account for surface charging, the F1s spectra in Figure 3.9(a) were aligned to the LiF F1s 

peak, the C1s spectra in Figure 3.9(b) were aligned to the C-C bond C1s peak, and the O1s 

spectra in Figure 3.9(c) were aligned to the Li2CO3 O1s peak. This resulted in the XPS spectra 

of Figure 3.10 shown below. 



  59 

   
 

Figure 3.10. XPS F 1s, C1s, and O1s spectra corrected for charging effects for Si40'(FeSi2)(60-

x)'(LiF)(x)' alloy electrodes from half-cells with 1 M LiPF6 in EC:DEC (1:2 v/v) electrolyte with 

10 vol% FEC (blue (x = 6) and green (x = 0)) and no additives (pink (x = 6) and orange (x = 

0)). Pristine electrode samples are also given in red (x = 6) and black (x = 0). 
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Figure 3.10(a) clearly shows the presence of LiF on the surface of all electrodes post-cycling. 

Sources of LiF for Si40'(FeSi2)(60-x)'(LiF)(x)' x = 0 electrodes include FEC and LiPF6. LixPOyFz 

was assigned to a lower binding energy peak and is a well-known SEI component in carbonate 

electrolytes containing LiPF6 salts.35 No significant differences could be identified amongst the 

post-cycled electrodes, however the analysis was hindered because of the presence of the Fe 2p 

peak. 

Figure 3.10(b) shows the C1s spectra of the pre and post-cycled electrodes. Peaks in these 

spectra were identified as being from the carbon in Li2CO3 along with C-C, C-H, C-O-C, and 

C-OH bonding. There is a C-C peak around 284.5 eV, a large C-H peak around 285 eV, a C-O 

peak around 286-287 eV, and a small C=O peaks around 288-289 eV.78 All post-formation 

electrodes also formed Li2CO3, identified by a peak around 290 eV. 

Figure 3.10(c) shows the O1s spectra of the pre and post-cycled electrodes. The O1s spectra 

also confirmed the presence of Li2CO3 with a peak around 531.8 eV and shows the presence of 

phosphate in some post-cycled cells with a peak around 533-533.5 eV, consistent with the 

LixPOyFz identified in the F 1s spectra. An interesting trend observed in the O1s spectra is the 

relative amounts of phosphate in the x = 0 and x = 6 electrodes. The relative phosphate present 

is quantified by the phosphate to Li2CO3 peak ratio, which are listed in Table 3.1. Error from 

the peak fitting was determined by measuring the variation in the peak ratios that caused a ± 1 

change in the goodness of fit. It was observed that cells containing LiF have a higher phosphate 

to Li2CO3 peak ratio then the electrodes without. Furthermore, cells in FEC containing 

electrolytes also have higher phosphate to Li2CO3 peak ratios. This shows that electrodes cycled 

in FEC containing electrolyte form more phosphate compounds and electrodes with LiF form 

even higher amounts. Since the signal is consistent with LixPOyFz, this could further explain 
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why cells with increased phosphate to Li2CO3 peak ratio have increased capacity retention. 

Previous work found that the presence of LixPOyFz in the negative electrode SEI increases the 

discharge capacity of Li-ion cells.79,80 

Table 3.1. Phosphate to Li2CO3 peak ratios from the O1s spectra of Si40'(FeSi2)(60-x)'(LiF)(x)' 

electrodes for x = 0 and 6.  

Si40'(FeSi2)(60-x)'(LiF)(x)' 
FEC containing electrolyte 

(Phosphate)/(Li2CO3) ratio 

FEC-free electrolyte 

(Phosphate)/(Li2CO3) ratio 

x = 0 0.17 ± 0.01 0.05 ± 0.01 

x = 6 0.35 ± 0.02 0.25 ± 0.01 

 

The C1s spectra of the pre and post cycled alloys are shown in Figure 3.10(b). It was observed 

that higher relative amounts of Li2CO3 present in samples resulted in decreased capacity 

retention. The relative amount of Li2CO3 is taken as the ratio of Li2CO3 to C-C peaks. To obtain 

this ratio, peak fitting of the C1s spectra was done with gaussian functions. Li2CO3 to C-C peak 

ratios are listed in Table 3.2. The Li2CO3 to C-C peak in x = 0 electrodes cycled in an FEC 

containing electrolyte increases from 0.91 ± 0.17 to 2.56 ± 0.45 when the same electrode was 

cycled in electrolyte without FEC. The same trend was also observed for x = 6 electrodes, 

where the Li2CO3 to C-C peak ratios were 0.40 ± 0.09 and 0.95 ± 0.21 in FEC containing and 

FEC free electrolytes, respectively. 
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Table 3.2. Li2CO3 to C-C peak ratios from the C1s spectra of Si40'(FeSi2)(60-x)'(LiF)(x)' electrodes 

for x = 0 and 6.  

Si40'(FeSi2)(60-x)'(LiF)(x)' 
FEC containing electrolyte 

(Li2CO3)/(C-C) ratio 

FEC-free electrolyte 

(Li2CO3)/(C-C) ratio 

x = 0 0.91 ± 0.17 2.56 ± 0.45 

x = 6 0.40 ± 0.09 0.95 ± 0.21 

 

When comparing the XPS data to the cycling data on the same electrode composition, it is seen 

that electrodes with a higher Li2CO3 to C-C peak ratio had a lower capacity retention. Both x 

= 0 and x = 6 electrodes exhibit higher capacity retention when cycled in cells with FEC 

containing electrolyte. These electrodes also show lower Li2CO3 to C-C peak ratios relative to 

the same electrodes cycled in cells with FEC free electrolyte. Cells made with x = 6 electrodes 

show higher capacity retention than x = 0 electrode containing cells, and x = 6 electrodes show 

lower Li2CO3 to C-C peak ratios relative to x = 0 electrodes. These observations suggest that 

both LiF incorporation into the electrode and FEC addition into the electrolyte aid in forming 

a SEI with lower amounts of Li2CO3, which leads to increased capacity retention during 

cycling.   

 

3.3  Li2CO3 

Another major component of the SEI originating from the decomposition of FEC or VC is 

Li2CO3. Li2CO3 was also investigated as a multifunctional alloy component. Ball milled 

Si40'(FeSi2)(60-x)'(Li2CO3)(x)' alloys were prepared such that their theoretical volume expansion 

upon full lithiation was 112%.  
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3.3.1 Experimental 

Si-FeSi2-Li2CO3 alloys were prepared from Si (99%, -325 mesh, Sigma-Aldrich), Fe (99.9%, -

325 mesh, Sigma-Aldrich) and Li2CO3 (99%, powder, Alfa-Aesar). Initially, the alloys were 

prepared by loading all three components and ball milling simultaneously; however, like the 

findings of LiF alloys, Li2CO3 inhibited the mechanochemical reaction of Si and Fe. The two-

step ball milling procedure was used again, where Si and Fe were first milled for 8 hours, 

followed by the addition of Li2CO3 and an additional 8 hours of milling. XRD patterns were 

collected using a Rigaku Ultima IV diffractometer with a Cu Kα x-ray source operating at 40 

kV and 45 mA and a diffracted beam graphite monochromator. 

 Electrode slurries were prepared with the same recipe as the Si40'(FeSi2)(60-x)'(LiF)(x)' electrodes 

by mixing a 70:5:25 weight ratio of alloy:carbon black:PI in NMP. Slurries were mixed and 

subsequently coated onto electrolytic copper foil in the same methods as the Si40'(FeSi2)(60-

x)'(LiF)(x)' electrodes, to the slurry thickness of 0.102 mm. Electrodes were assembled into 2325-

type coin cells with a lithium foil counter/reference electrode in electrolyte consisting of 1 M 

LiPF6 in (v:v) (3:6:1) EC:DEC:FEC. 

  



  64 

3.3.2 Results and Discussion 

Figure 3.11. XRD patterns of Si40'(FeSi2)(60-x)'(Li2CO3)(x)' prepared by (a) milling in a single 

step, and (b) milling in two-steps. 

XRD patterns of ball milled Si40'(FeSi2)(60-x)'(Li2CO3)(x)' alloys are shown in Figure 3.11. There 

was a substantial reaction between Li2CO3 and Si forming unknown products. As Li2CO3 

content is increased features in the XRD pattern are broadened such that an amorphous XRD 

pattern is observed.  
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Figure 3.12. Specific capacity vs cycle number of Si40'(FeSi2)(60-x)'(Li2CO3)(x)' electrodes. 

Si40'(FeSi2)(60-x)'(Li2CO3)(x)' electrodes were then evaluated in Li half cells shown in Figure 3.12. 

With increased Li2CO3 content, a decrease in capacity is observed. This indicates that active Si 

has likely reacted with Li2CO3 to form inactive products. Additionally, capacity retention was 

reduced for Li2CO3 contents below x = 9. As a result of poor electrochemical performance as 

Li2CO3 content was increased, further evaluation of Si40'(FeSi2)(60-x)'(Li2CO3)(x)' alloys was not 

performed. 

3.4  Conclusions 

Both Li2CO3 and LiF were added to Si-Fe alloys to act as an inactive alloy component and to 

enhance SEI formation. Li2CO3 was found to react with active Si during ball milling, resulting 

in severe capacity reduction. In the case of LiF, no such reaction occurred, however it was 
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found that in order to maintain a nanocrystalline microstructure, it was necessary to first ball 

mill the Si and Fe components of the alloy and then incorporate LiF in a second ball milling 

step. Si40'(FeSi2)(60-x)'(LiF)(x)' alloys showed improved electrochemical performance and 

capacity retention when x= 3, 6, and 9. It was also shown that when LiF was added as a slurry 

additive to electrodes containing Si-Fe alloys, improved cycling performance could also be 

achieved when FEC was also present in the electrolyte, however the improvement was not as 

great as when the LiF was incorporated directly into the Si-Fe alloy. The addition of electrode 

additives by ball milling or as a slurry additive may be valuable methods for improving 

electrochemical performance that can be used in conjunction with more traditional alloy 

compatible binders and liquid electrolyte additives. 
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CHAPTER 4. BINDER ADDITIVES 

 

4.1 Introduction 

Binders in Li-ion electrodes are important for maintaining cohesion of the electrode materials 

as well as ensuring good adhesion to the current collector. The binder is important for 

maintaining electrode coating integrity during handling but also contributes to good 

electrochemical performance. For Si-alloy negative electrode material, the choice of binder is 

especially important because there is a large volume expansion and contraction of the active 

material particles during lithiation and de-lithiation respectively.  

During lithiation, the active electrode particles expand, resulting in compressive stress, which 

helps maintain electrical contact between the active particles and the current collector is 

maintained. However, subsequent de-lithiation causes contraction of the active particles. If the 

binder does not have adequate adhesion to the active particles, mechanical failure of the 

electrode coating and loss of electrical contact can result. 

The choice of binder is directly correlated with electrochemical performance of Si negative 

electrodes. Ideal binders for Si-alloy materials should have adequate adhesion and cohesion 

between active material particles and the current collector, the ability to endure volume 

expansion during cycling, and the ability to coat the surface of active material particles to limit 

continuous SEI growth.12  

For example, a conventional polyvinylidene fluoride (PVDF) binder used in negative electrodes 

is not a great binder for use in Si-alloy material. PVDF binder forms a network of polymer 

fibers that surround the active particles rather than forming a surface coating.12,81 This fibrous 
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network means that a majority of the active particle surface is still exposed to electrolyte and 

will therefore react, increasing electrode impedance, and even isolating active particles.12 

PVDF also experiences dramatic swelling when exposed to electrolyte, compromising the 

electrodes mechanical integrity, and leading to loss of electrical contact.82  

FEC, a popular additive mentioned before, produces an SEI composed predominantly of LiF. 

The reduction mechanism of FEC proposed by Alison L. Michan et al. suggests that FEC 

reduces to form LiF and VC, followed by subsequent reduction of the VC to polymerized VC 

(poly-VC).83 Poly-VC consists of repeating EC units, shown in Figure 4.2. FEC containing 

electrolytes are used in Si-alloy negative electrodes to prevent the decomposition of electrolyte 

salts and solvents by forming a stable SEI layer. In Chapter 3, LiF was used as an electrode 

additive to mimic the effect of FEC in increasing the LiF content in the SEI. However, this 

ignores the poly-VC component to the SEI that results from FEC reduction.  Poly-VC should 

be electrochemically stable as a polymer binder in Li-ion negative electrodes and therefore 

could contribute to the good cycling properties of Si negative electrodes in FEC containing 

electrolytes. Since poly-VC is structurally similar to a FEC or VC based SEI layer, it is 

speculated to have a multifunctional role.84 Poly-VC formed by the reduction of FEC may aid 

in the mechanical integrity of the Si-alloy material while facilitating the formation of a stable 

SEI.  In this chapter the use of poly-VC as a binder additive was explored to see if its presence 

could enhance the cycling of Si-alloy electrodes. 
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4.2 Polymerized VC 

Polymerized VC or poly-VC is a common component in the SEI of Li-ion cells with 

electrolytes containing FEC or VC. Both FEC and VC are popular electrolyte additives that aid 

in the performance of Li-ion cells. When used as electrolyte additives, VC and FEC decompose 

before the bulk of the electrolyte to form a stable SEI and limit parasitic reactions. Poly-VC is 

a major component in the reduction of these popular additives and is thought to facilitate the 

formation of a stable SEI.  

  

Figure 4.1. The chemical structure of FEC and VC and their major decomposition products. 

Poly-VC was tested as a binder for graphite based negative electrodes in Li-ion cells by Hui 

Zhao et al.84 They show that poly-VC functions as a traditional binder while also aiding in 

surface stabilization in propylene carbonate (PC) based electrolytes. Graphite based electrodes 

are prone to exfoliation in PC based electrolytes, but the use of poly-VC as a binder rather than 

PVDF binder allowed for enhanced cycling performance.84 In an electrolyte containing 30% 
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PC, cells with poly-VC binder had a reversible specific capacity of 170 mAh/g while cells with 

PVDF binder failed to cycle.84 

In this work, the effects of poly-VC as a binder additive and as a neat binder in Si-Fe alloy 

material is studied. The experiments build off the work in Chapter 3 with the use of 

Si(40)'(FeSi2)(54)'(LiF)(6)’ as the active material. It is thought that poly-VC binder may play a 

multifunctional role in the Si-Fe alloy electrodes, acting as a binder and stabilizing component 

to the formed SEI.  

4.2.1 Experimental 

Poly-VC was synthesized in the Speed lab with the aid of Professor Alex Speed. Poly-VC was 

synthesized by starting with vinylene carbonate (VC, BASF) which is commonly used as an 

electrolyte additive. The VC is purified by running it through an alumina column, removing 

stabilizers. 5 g of purified VC and 0.095 g of azobisisobutyronitrile (AIBN, 98%, Sigma-

Aldrich) were added to a 25 mL Schlenk flask set up in the fume hood. The Schlenk flask was 

degassed, before adding solvent by performing three cycles of freeze-pump-thaw. The flask 

was then immersed into a 70 °C oil bath and left to react overnight. After the overnight reaction, 

the reactants were dissolved in n-methyl-2-pyrrolidinone (NMP, 99.5%, Sigma-Aldrich) then 

precipitated with diethyl ether in a vacuum rotation evaporator. These steps are similar to the 

synthesis used by Hui Zhao et al. with the replacement of NMP in place of dimethylformamide 

(DMF, 99.8%, <50 ppm H2O, Sigma-Aldrich).84 This exchange was made because NMP is the 

solvent used in creating the electrode slurries, thus NMP impurities would have no detrimental 

effect to the results of the experiments.  
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Figure 4.2. The synthesis and chemical structure of polymerized vinylene carbonate. 

 

Electrodes were prepared by mixing a 70:5:25 weight ratio of alloy:carbon black (Imerys 

Graphite and Carbon, Super C65):binder in NMP. The alloys used were the Si40'(FeSi2)(60-

x)'(LiF)(x)' alloys where x = 0 and x = 6 alloys described in Chapter 3. These Si40'(FeSi2)(60-

x)'(LiF)(x)' alloys were prepared via the two-step ball milling procedure described in Section 

3.2.1. The binders used were aromatic polyimide (PI) and poly-VC. PI was added in the form 

of a 20% (w:w) solution of poly(amic acids) in NMP (Hitachi DuPont MicroSystems, LLC). 

These electrodes were cycled against a lithium foil counter/reference electrode with electrolyte 

consisting of 1M LiPF6 in (v:v) (3:6:1) EC:DEC:FEC and the same composition without FEC. 

For a further description of electrode preparation, cycling conditions, and coin cell assembly 

please refer to Chapter 2 sections 2.2, 2.3, and 2.3.1 respectively.   
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4.2.2 Results and Discussion 

Figure 4.3 Potential profiles of Si40'(FeSi2)(60)' and Si40'(FeSi2)(54)'(LiF)(6)' electrodes with PI, 

poly-VC, and poly-VC:PI(50:50) binders. Cycled with FEC containing electrolyte (a) and FEC-

free electrolyte (b).  

Figure 4.3 shows the potential profiles of Si40'(FeSi2)(60)' and Si40'(FeSi2)(54)'(LiF)(6)' electrodes 

with PI and poly-VC binders. All electrodes with PI binder have substantial initial capacity 

between 0.8 V and 0.3 V during their first lithiation. PI binder is expected to have a capacity 

plateau here, as it has been previously observed that aromatic-PI undergoes reduction until it 

becomes fully carbonized at low potentials in Li-ion cells.62 Reduction is not expected to occur 

for poly-VC, which is aliphatic and, accordingly, no significant capacity is observed for poly-

VC containing Si40'(FeSi2)(60)' electrodes during their initial lithiation between 0.8 V and 0.3 V. 

However, substantial initial capacity in this range is observed for poly-VC electrodes with 

Si40'(FeSi2)(54)'(LiF)(6)'.  This initial capacity is suspected to be from the reduction of H2O. If the 

poly-VC binder does not fully coat the alloy particles or is otherwise permeable to water, then 

when hygroscopic LiF is present, substantial water may be absorbed by the alloy during the 

coating process in air which may not be removed during the 120 °C drying process.  
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In the case of PI, the additional curing step of heating to 300 °C for 4 hours could have removed 

any absorbed H2O. Additionally, PI is known to form a conformal coating around alloy 

materials. This may create a protective layer around the active particles which could prevent 

the LiF from absorbing H2O.85 This would explain why the potential profiles for 

Si40'(FeSi2)(54)'(LiF)(6)' electrodes with PI are quite similar to Si40'(FeSi2)(60)' electrodes with PI. 

Figure 4.4 Cycling of Si(40)'(FeSi2)(60-x)'(LiF)(x)’ (x = 0 and x = 6) electrodes containing 

PI and poly-VC with FEC containing electrolyte (a) and electrolyte without FEC (b).   

Figures 4.4(a) and 4.4(b) show the specific capacity vs. cycle number of half cells with 

Si(40)'(FeSi2)(60-x)'(LiF)(x)’ (x = 0 and x = 6) electrodes with PI binder and poly-VC binder. The 

electrodes were tested with and without FEC to determine if poly-VC was able to aid in the 

capacity retention to the same extent as FEC containing electrolytes. In Figure 4.4(a), the 

cells with FEC containing electrolyte, it is observed that no cell performed as well as the one 

with the PI binder electrode. It is also seen that poly-VC binders performed the worst, with 

the Si(40)'(FeSi2)(54)'(LiF)(6)’ cell containing poly-VC binder outperforming the Si(40)'(FeSi2)(60)' 

alloy containing poly-VC binder.  

Figure 4.4(b) shows the same cells as in Figure 4.4(a), excepting without FEC additive. As 

previously observed, the presence of LiF improved cycling in all cases. When LiF was 

present, poly-VC resulted in increased capacity fade. However, when LiF was not present, 
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electrodes with poly-VC failed rapidly. This illustrates that poly-VC alone can not be utilized 

as a binder for Si-alloy electrodes. Its effect on cycling performance is not as great as the 

presence of LiF and much greater improvements can be realized if FEC is used as an 

electrolyte additive instead. 

4.3  Conclusions 

Poly-VC is shown to be a poor binder in Si(40)'(FeSi2)(60)' cells with the specific capacity 

reducing to ~0mAh/g for Si(40)'(FeSi2)(60)' cells with poly-VC binder in FEC containing 

electrolyte and electrolytes without FEC at 20 cycles and 13 cycles, respectively. It is observed 

that no cell in the series tested performed as well as Si(40)'(FeSi2)(54)'(LiF)(6)’ with PI binder. The 

Si(40)'(FeSi2)(54)'(LiF)(6)’ cell containing poly-VC binder also shows higher capacity retention 

than Si(40)'(FeSi2)(60)' cells with PI binder in electrolytes without FEC. However, the use of poly-

VC binder was judged not to be as effective a strategy for improving the cycling of Si-alloy 

material when compared to the use of state-of-the-art binders and electrolyte additives. To 

explore the effects of poly-VC on SEI formation, poly-VC should be mixed with another binder 

in future work to determine if there is an ideal amount of poly-VC to add that will act to replace 

the use of FEC in Si(40)'(FeSi2)(54)'(LiF)(6)’ electrodes. 
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CHAPTER 5. WATER AS AN ELECTROLYTE ADDITIVE FOR NMC/Si-ALLOY 

Li-ION CELLS2 

5.1 Introduction 

The advancement of current electrolyte systems is focused on the discovery of solvent additives 

which account for less than 10% the weight of the bulk solvent while drastically altering a cells 

performance and lifetime.27 Additives are preferentially involved in interfacial redox reactions, 

reducing or oxidizing before the bulk of the electrolyte to limit parasitic reactions in later 

cycles. The decomposition of additives contributes to the formation, morphology, and 

composition of the SEI. Addivitves play a critcal role in the design of advanced Li-ion cells, 

but as the technology progresses, researchers will continue to reduce costs and increase 

efficencies. FEC is one additive that has become the standard in the field, resulting in dramatic 

improvements in alloy electrode cycle life.  

The effectiveness FEC in improving Si-alloy cycling performance has been attributed both to 

its formation of an LiF rich SEI and to the formation of organic polymers (particularly poly-

vinylene carbonate) also as SEI components. However, FEC has significant disadvantages: 

FEC has a higher cost than conventional electrolyte solvents and it is continually consumed 

 

2 The work in Chapter 5 has been submitted for publication as: R. S. Young, H. Yu, and M. N. 

Obrovac, Enhancing NMC/silicon alloy full cell cycling by adding water to the electrolyte, J. 

Appl. Electrochem. (under review). All cycling, and XPS is content from this article. R.S. 

Young prepared all XPS samples and built the coin cells used for XPS. H. Yu produced all the 

coatings, built all the cells for cycling, and performed Karl Fischer titration on the electrolytes.  
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during alloy cycling, thereby requiring larger amounts if a long cycle life is desired.86 For these 

reasons, the required use of FEC is an obstacle for the commercialization of alloy electrodes. 

Recently, inexpensive alternatives to FEC have been proposed. For instance, CO2 has been 

shown to be an excellent additive for the enhancement of silicon alloy cycling with similar 

performance as FEC.55 A higher CO2 content was found to sustain a longer cycle life. However, 

since the CO2 solubility in electrolyte is low, there are few practical methods to introduce a 

sufficient amount CO2 into LIBs.  

 To maximize the CO2 content in silicon alloy cells, in-situ gas generation is a promising 

method. Typically, internal gas generation is thought to be detrimental and therefore, efforts 

are generally focused on gas suppression. However, considering the improvements in cycling 

observed from intentionally adding CO2 to cells containing Si-alloys, in the case of Si-alloy 

electrodes, internal CO2 gas generation may be beneficial for cycling. One source of CO2 

generation in Li-ion cells is via reaction of ethylene carbonate (EC) with OH-.87  

                                            𝑂𝐻− +  𝐶3𝐻4𝑂3  → 𝐶2𝐻5𝑂2
− +  𝐶𝑂2                               (5.1) 

Where the OH- is generated via H2O reduction at the negative electrode. This reaction is auto-

catalyzed, since the C2H5O2
- formed can further react with EC to produce more CO2 via the 

following reaction: 

                                     𝐶2𝐻5𝑂2
− + 𝐶3𝐻4𝑂3 → 𝐻𝑂(𝐶2𝐻4𝑂)2

− + 𝐶𝑂2                       (5.2) 

Therefore, a small amount of trace H2O in the electrolyte has the potential of considerable 

amounts of CO2. CO2 may also be generated at the positive electrode.   
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 In the case of LiCoO2 (LCO)/graphite cells, the onset of CO2 generation is usually 

around 3 V, but the amount of CO2 is minimal.88 In contrast, CO2 formation is considerable if 

Mn or Ni are present in the positive electrode, even at a low potentials between 3.6 V and 4.1 

V.88 Gasteiger et al. conducted a comprehensive study on the origin of CO2 generation on the 

surface of lithium nickel manganese oxide positive electrodes (NMCs) and concluded that 

oxygen release from NMC is associated with CO2 generation89, as opposed to the previous 

consensus that lithium carbonate impurities produced the CO2.
90 They proposed a mechanism 

that in the aid of free oxygen produced from NMC decomposition, EC will decompose and 

produce both CO and CO2 as shown in the equation below. 

                                          𝐶3𝐻4𝑂3 +  2𝑂2 → 𝐶𝑂 +  2𝐶𝑂2 + 2𝐻2𝑂                            (5.3) 

Reaction 5.3 produces H2O, which may lead to further CO2 production at the negative 

electrode, according to equations (5.1) and (5.2). From the above reactions, the presence of 

water in electrolyte and the use of an NMC positive electrode are both associated with the 

generation of CO2 in Li-ion cells during cycling.  

5.2 Water Additive 

Two of the main reduction products of FEC are vinylene carbonate (VC) and LiF.83 The 

subsequent decomposition products of VC include HCO2Li, Li2C2O4, polymerized VC, and 

Li2CO3.
83 The added H2O will provide similar reduction products via the following proposed 

reaction scheme.55 

                                    2𝐶𝑂2 + 2𝑒− + 2𝐿𝑖+ → 𝐶𝑂 + 𝐿𝑖2𝐶𝑂3                             (5.4) 

                           𝐿𝑖𝑃𝐹6 ↔ 𝐿𝑖𝐹 + 𝑃𝐹5 ;  𝑃𝐹5 + 𝐻2𝑂 → 2𝐻𝐹 + 𝑃𝐹3𝑂                (5.5) 
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                                   𝑃𝐹3𝑂 + 𝑛𝑒− + 𝑛𝐿𝑖+ → 𝐿𝑖𝐹 + 𝐿𝑖𝑥𝑃𝑂𝐹𝑦                          (5.6) 

From the above considerations, small amounts of H2O could be beneficial for Si-negative 

electrode cycling in cells with an NMC positive electrode. However, presence of H2O in Li-ion 

cells is typically considered to be detrimental. Li-ion cells typically contain less than 50 ppm 

of water and H2O impurities have been shown to have negative effects on cycling due to 

unwanted reactions with some active electrodes and electrolyte, especially in conjunction with 

LiPF6 in which products such as H2 and HF are formed.91–94 HF can increase capacity fade of 

LiCoO2 electrodes,95 but is said to have a beneficial impact on the SEI formation of Si 

electrodes.96 In other work, LiCoO2 and Li[Ni0.42Mn0.42Co0.16]O2 vs graphite as well as LiCoO2 

vs Li4Ti5O12 cells with up to 1000ppm of water had no detrimental effects on cycling other than 

the swelling caused by gas production.97–99 

In this work, water was added to NMC/silicon alloy and LCO/silicon alloy full cells to 

intentionally cause CO2 and LiF generation, for the purpose of improving cycling of full cells 

with Si-alloy electrodes. By this method it is shown that H2O is an effective additive in full 

NMC/silicon alloy Li-ion cells, and that it is just as effective as FEC. 

5.2.1 Experimental 

Silicon alloy negative electrodes consisted of V6 silicon alloy (3M), SFG6L (Imerys Graphite 

and Carbon), carbon black (CB, Super C65, Imerys Graphite and Carbon), and a 10 wt% 

aqueous solution of LiPAA (made by neutralizing PAA solution (Sigma-Aldrich, average 

molecular weight∼250,000 g mol-1, 35 wt% in H2O) with LiOH·H2O (Sigma Aldrich, 98%) in 

a weight ratio of 44:44:2:10 in distilled water. These components were thoroughly mixed in 

with three 0.5-inch tungsten carbide balls in a planetary mixer (PM200, Retsch) at 100 rpm for 
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60 minutes to create a uniform slurry. The slurry was coated onto copper foil (Furukawa) and 

dried at 120 °C in air for 1 h. These electrodes had a nominal capacity of 650 mAh g-1 and a 

capacity loading of 2.7 mAh cm-2. 

NMC positive electrodes were made by NOVONIX Battery Technology Solutions Inc., 

Bedford, Nova Scotia, Canada using LiNi0.3Mn0.3Co0.3O2. LiCoO2 (LCO) electrodes were made 

using LiCoO2, PVDF, and carbon black in a weight ratio of 94:3:3 with n-methyl-2-pyrrolidone 

(NMP, 99.5 %, Aldrich) used as a slurry solvent. The slurry was mixed using the same 

conditions as the negative electrode slurries, then coated onto aluminum foil and dried at 120 

°C in air for 1 h. All hand coated electrodes were calendered by an adjustable gap calender with 

6 in. diameter rolls (DPM Solutions, Nova Scotia, Canada) to achieve a porosity of 20-30%. 

All coatings were punched into 2.52 cm2 circular disk electrodes. NMC and LCO electrodes 

had a nominal capacity of 170 mAh g-1 and a capacity loading of 2.4 mAh cm-2 at 4.4 V vs Li. 

Full coin cells were assembled using an electrode alignment jig, to ensure proper alignment of 

the positive and negative electrodes. Duplicate cells were made to ensure the accuracy of 

results. The full cell electrode capacity balance was N/P = 1.13. These full coin cells were filled 

with 1 M LiPF6 in ethylene carbonate (EC):diethylene carbonate (DEC) (1:2 v/v) electrolyte 

(control) with the optional addition of 10 vol% FEC or water (500 or 1000 ppm). In order to 

verify the added water content, the Karl Fischer titration was conducted by a MSc student in 

the Obrovac lab. The student, Haonan Yu, conducted Karl Fischer titration to obtain the actual 

water content in electrolyte samples. Karl Fischer results were consistent with estimated water 

content with only 10% error. All electrolyte salts and solvents were obtained from BASF. Cells 

were cycled at 30.0 ± 0.1 °C with a Maccor Series 4000 Automated Test System between 3 to 

4.4 V galvanostatically at 0.1C for the first cycle and 0.2C for subsequent cycles. 
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X-ray photoelectron spectroscopy (XPS) measurements of the negative and positive electrodes 

of NMC-V6/SFG6L full cells were performed in both pristine and post-formation (after 3 

cycles) states. All samples were prepped in an argon-filled glove box. Preparation of the sample 

involved disassembling the coin cells to extract the electrodes, rinsing the electrodes with DEC 

to remove impurities, and allowing the electrodes to dry in the glove box overnight. After 

drying, the samples were transported to the spectrometer in airtight argon-filled bags to limit 

exposure to the atmosphere to be processed by Andrew George from the Department of Physics 

and Atmospheric Science at Dalhousie University. The F1s, C1s, and O1s spectra were focused 

on to analyze the species present in the SEI. Various levels of surface charging were observed 

in the samples, shifting the peaks. To account for surface charging, the F1s spectra were aligned 

using the LiF F1s peak, the C1s spectra were aligned using the C-C bond C1s peak, and the 

O1s spectra were aligned using the Li2CO3 O1s peak. 

5.2.2 Results and Discussion 

Figure 5.1(a) shows the first and second cycle potential profiles of NMC-V6/SFG6L full cells 

with EC-DEC baseline electrolyte solvent and with electrolytes with additives as indicated. 

Corresponding differential capacity curves are shown in Figure 5.1(b). The addition of 10% 

FEC to the baseline electrolyte results in additional irreversible capacity near 4 V, due to the 

reduction of FEC at the negative electrode.  
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Figure 5.1. (a) Potential-capacity and (b) differential capacity curves of NMC-V6/SFG6L full 

cells with EC-DEC baseline solvent electrolyte and with different electrolyte additives, as 

indicated. 1st (black) and 2nd (red) cycles are shown. 

 

The addition of H2O results in two additional peaks in the first charge differential capacity, at 

about 3.8 V and 4.3 V. The origin of these peaks are not known; however, their potentials are 

consistent with potentials corresponding to the oxidation of organic carbonates to produce CO2 

and electrolyte reduction at the negative electrode, respectively.100 No evidence of water 

reduction is observed, which should occur at low cell potentials (i.e. < 3.5 V).100 The second 

cycle differential capacities of the baseline, and 10% FEC and 1000 ppm H2O additive cells 

are similar, except that cell polarization is slightly less and peaks/plateaus from graphite staging 

are more apparent during discharge in the cells with 10% FEC and 1000 ppm H2O additives. 

This may be due to the additives forming a thinner, lower impedance SEI, compared to the 

baseline electrolyte. Combining FEC and H2O results in a large increase in irreversible capacity 

and a large peak in the first cycle differential capacity near 4 V. 
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Figure 5.2. (a) The cycling performance and (b) coulombic efficiency of NMC-V6/SFG6L 

full cells with different additives. 

 

Figure 5.2(a) shows the cycling performance of the NMC-V6/SFG6L full cells. As expected, 

the baseline cell with no additive has poor capacity retention (59 %/100 cycles), due to 

continual electrolyte reactions at the alloy surface. The addition of 10% FEC results in an 18% 

improvement in capacity retention (77%/100  cycles). This is also expected, since FEC is well 

known for improving the cycling performance of alloy cells by forming an efficient SEI layer 

on alloy surfaces to reduce reactivity with electrolytes. Surprisingly, the cell with 1000 ppm 

water has a capacity retention that is nearly the same as the cell with FEC additive (76%/100 

cycles). However, this cell's irreversible capacity is slightly higher than the FEC cell, likely due 

to irreversible reactions caused by the large quantity of water in the electrolyte. Due to the Li-

loss associated with this irreversible capacity, the reversible capacity of the 1000 ppm H2O cell 

is accordingly lower than the FEC cell by an amount that closely corresponds with its excess 

irreversible capacity. Reducing the water content to 500 ppm lowers the first cycle irreversible 

capacity and increases the reversible capacity, with no degradation in capacity loss. It is not 

known how little water is needed to maintain this improved cycling effect. Combining FEC 

and water additives results in the highest capacity fade. Considering the significant changes in 
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the differential capacity that occurred in this cell, this electrolyte combination may be causing 

excessive gas production or irreversible damage to the active materials (e.g. via the formation 

of HF). Figure 5.2(b) shows the coulombic efficiency (CE) of the NMC/alloy cells as a function 

of cycle number. The differences in cycle life are reflected in the CE, with the FEC and water 

additive cells achieving similarly high CE values of about 99.8%, while the EC/DEC baseline 

and 2% FEC + 1000 ppm H2O cells having lower CE values of about 99.4%. 

  
Figure 5.3. The cycling performance of LCO-V6/SFG6L full cells with and without water 

additive. 

Figure 5.3 demonstrates the effects of water additive for alloy cells with LCO positive 

electrodes. When there is no water additive present, the cells with LCO positive electrode have 

a similar capacity fading trend as NMC. However, in contrast to the NMC cells, when water is 

added to the electrolyte in LCO cells, a significant reduction in capacity and cycling retention 
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results. These results suggest that the positive electrode may be involved in forming an 

intermediate species that subsequently enhances the SEI at the negative electrode. It is 

speculated that NMC may act as a catalyst for the production of CO2, while this reaction appears 

to be prohibited in cells with LCO positive electrode. However, CO2(g) has yet to be detected 

in the electrolyte of cycled cells with water added using gas chromatography. It is expected that 

any reaction products made by the H2O additive are likely incorporated in the SEI, which would 

make them difficult to detect in the electrolyte solution. 
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Figure 5.4. Post formation XPS F 1s, C1s, and O1s spectra for negative electrodes (a,c,b) and 

positive electrodes (b,d,f) of NMC-V6/SFG6L full cells with 1 M LiPF6 in EC:DEC (1:2 v/v) 

electrolyte with 10 vol% FEC (green), 1000ppm of H2O (blue), and no additives (red). 

Pristine electrode samples are also given in black. 
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Figure 5.4(a-f) shows results from surface analysis by XPS of pristine negative and positive 

electrodes and those extracted after cycling in NMC-V6/SFG6L full cells with electrolytes 

consisting of 1 M LiPF6 in EC:DEC (1:2 v/v) with either 10 vol% FEC (green), 1000 ppm H2O 

(blue), or no additive (red). Comparing the post-formation negative electrode samples in Figure 

5.4(a) to the pristine sample, in which essentially no fluorine was detected, shows that the 

fluorinated compounds originate from the decomposition of electrolyte during cycling. The 

relative amounts of LiF present were estimated by peak fitting the F1s spectra with gaussian 

functions. Error in the peak fitting was determined by measuring the variation in the peak ratios 

corresponding to a ± 1 change in the goodness of fit. The ratio of LiF to other fluorinated 

compounds (most likely LixPOFy species)35 is similar for the no additive negative electrode 

(0.74 ± 0.02) and the negative electrode cycled with 10% FEC (0.66 ± 0.02). In contrast, the 

ratio of LiF compared to other fluorinated compounds is much larger (0.91 ± 0.01) on the 

surface of the negative electrode cycled with 1000 ppm H2O. The increased amount of LiF 

present in the negative electrode cycled with 1000 ppm H2O is also evident at the positive 

electrode (Figure 5.4(b)), where the ratio of LiF to other fluorinated compounds (most likely 

from the PVDF binder101) was 0.31 ± 0.01 on the positive electrode with 1000ppm of H2O 

compared to 0.23 ± 0.01 for the cell with 10% FEC. The enhanced LiF content at the negative 

electrode for the 1000 ppm H2O and 10% FEC electrolytes is associated with improved alloy 

cycling performance. It is thought that LiF is a preferred SEI component due to its good 

passivation layer forming properties, leading to a more compact SEI.35,52  

All post-formation electrodes form Li2CO3 and organic species during cycling (indicated by 

the presence of C-C, C-H, C-O-C, and C-OH bonding) as indicated in their C1s and O1s spectra 

(Figure 4(c) and (e), respectively). However, the amount of organic species is enhanced for the 

negative electrode cycled in 10% FEC compared to the negative electrode cycled with no 
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additives. This is consistent with previous findings, that associated the presence of enhanced 

organic species with improved alloy cycling performance. Swapnil Dalavi et al. found that the 

C1s spectrum of a Si negative electrode with added 3% FEC to 1 M LiPF6 in EC:DMC:DEC 

(1:1:1 v/v) is characterized by a large C-H peak around 285 eV and small C-O and C=O peaks 

at 286-287 eV and 288-289 eV, respectively.78 Interestingly, the negative electrode with 1000 

ppm H2O additive also shows an enhanced presence of organic species. The similarities 

between peak ratios of cells containing 1000 ppm H2O and 10% FEC suggest the reduction of 

H2O leads to a similar SEI to that of cells with 10% FEC, excepting with even higher LiF 

content. Apart from enhanced LiF content at the positive electrode for the 1000 ppm H2O 

electrolyte (Figure 5.4(b)), the C1s and O1s spectra of the positive electrodes (Figure 5.4(d) 

and (f)) are similar. This suggests that the addition of 1000 ppm H2O does not impact the 

positive electrode surface composition, apart from an increased LiF content. 

The above results suggest that H2O additive in NMC full cells with Si-alloy negative electrodes 

is effective in increasing cycle life and that the resulting SEI may be similar to that formed by 

FEC. Therefore, H2O may be an inexpensive alternative to FEC additive in such cells. 

5.3  Conclusions 

Water was found to be an effective additive for improving the cycle life of full NMC vs. silicon 

alloy cells. 1000 ppm or 500 ppm water in the electrolyte resulted in nearly identical 

improvement in cycle life compared to 10% FEC. These results were not complementary, as 

combining FEC and H2O additives resulted in rapid cell failure. Moreover, the use of H2O as 

an additive seems to have unique benefits for NMC cells, as it was found to negatively impact 

LCO cell cycling. These results suggest that the positive electrode may be involved in forming 
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an intermediate species that subsequently enhances the SEI at the negative electrode. Therefore, 

H2O may be an effective and inexpensive additive for Si-alloy cells with NMC positive 

electrodes. 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 

 

6.1 Solid Phase Additives to Modify SEI Formation 

In Chapter 3, LiF was incorporated as solid phase active material additives into Si-Fe alloys. 

Si40'(FeSi2)(60-x)'(LiF)(x)' alloys showed increased capacity retention when x= 3, 6, and 9. LiF 

added as a slurry additive to Si-Fe alloy electrodes also displayed improved cycling 

performance in FEC containing electrolytes, however the improvement was not as substantial 

as when the LiF was incorporated directly into the Si-Fe alloy. This suggests that the addition 

of solid phase additives as components of active materials or as a slurry additive may be a 

method for improving the electrochemical performance of Li-ion cells. Due to the 

hygroscopicity of LiF, this method of incorporating LiF into the electrode would not be 

practical for water-based binders. Thus, other fluorine sources should be considered in a similar 

application. Alternatively, methods can be implemented to protect the added LiF from H2O 

such as carbon coatings. Li2CO3 was also tested as a solid phase additive but was found to react 

with active Si during ball milling. This reactivity with active Si resulted in severe capacity 

reduction. Therefore, it is suggested that for further work with incorporating solid phase 

additives like Li2CO3 into active materials that new processes be developed to avoid such 

reactions. The investigation of various components as electrode additives could provide another 

pathway for increasing the performance of Si-alloy negative electrode material that can be used 

with traditional alloy compatible binders and liquid electrolyte additives.  
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6.2 Binder Additives 

In Chapter 4, poly-VC was utilized as a binder in Si-Fe alloys. It was discovered that Poly-VC 

is a poor binder in Si(40)'(FeSi2)(60)' cells. The specific capacity of Si(40)'(FeSi2)(60)' cells with 

Poly-VC binder reduced to ~0mAh/g in FEC containing electrolyte and FEC-free electrolytes 

at 20 cycles and 13 cycles, respectively. Poly-VC was tested in Si(40)'(FeSi2)(54)'(LiF)(6)’ alloy 

material from chapter 3 and it was found that no cell in the series tested performed as well as 

the Si(40)'(FeSi2)(54)'(LiF)(6)’ with PI binder. These results show that poly-VC is not sufficient as 

a primary binder. To explore the effects of poly-VC on SEI formation, poly-VC should be 

mixed with another binder in future work to determine if there is an ideal amount of poly-VC 

to add that will work with the added LiF to replace the use of FEC in Si-Fe alloy electrodes.  

6.3 Water as an Electrolyte Additive 

In Chapter 5, water was determined to be an effective electrolyte solution additive for 

improving the cycle life of full NMC vs. silicon alloy cells. 1000 ppm and 500 ppm of water 

in the electrolyte resulted in improvement in cycle life comparable to 10% FEC. Combining 

both FEC and H2O additives resulted in rapid cell failure. The use of H2O as an additive seems 

to have unique benefits for NMC cells, as it was found to negatively impact LCO cell cycling. 

Water is also generally considered detrimental for all Li-ion chemistries. The findings here 

show that the effects of water are electrode specific, and that water may be beneficial for certain 

electrode combinations. In the case of NMC/Si-alloy cells the results suggest that the positive 

electrode may be involved in forming an intermediate species that subsequently enhances the 

SEI at the negative electrode. Therefore, H2O may be an effective and inexpensive additive for 

Si-alloy cells with NMC positive electrodes. The general belief that H2O is detrimental to cell 
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cycling likely means that its potential benefits for certain electrode combinations have not been 

sufficiently explored. It would be interesting, in future work, to test the effects of H2O additive 

with cells containing other types of positive and negative electrode material combinations such 

as lithium iron phosphate (LFP), lithium nickel cobalt aluminum oxide (NCA) positive 

electrodes vs. graphite and Si-alloy electrodes. In addition, it would be interesting to explore 

blended electrodes, for instance if the H2O tolerance of LCO vs. graphite cells could be 

improved by adding small amounts of NMC to the positive electrode and Si-alloy to the 

negative electrode. In addition to cycle life, the effect of H2O additive on gas production and 

long-term storage are other important parameters that require further study in order to evaluate 

the use of H2O as an effective additive for practical Si-alloy/NMC cells.  
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