
 

 

 

 

 

 

 

 

 

Copyright 

by 

Emily Renee Adkins 

2018 

 

 

  



The Dissertation Committee for Emily Renee Adkins Certifies that this is the 

approved version of the following dissertation: 

 

 

Silicon and Germanium Battery Materials: Exploring New Structures, 

Surface Treatments, and Full Cell Applications 

 

 

 

 

 

Committee: 

 

Brian A. Korgel, Supervisor 

Charles B. Mullins 

Arumugam Manthiram 

Gyeong S. Hwang 

Guihua Yu 



Silicon and Germanium Battery Materials: Exploring New Structures, 

Surface Treatments, and Full Cell Applications 

 

 

by 

Emily Renee Adkins 

 

 

 

Dissertation 

Presented to the Faculty of the Graduate School of  

The University of Texas at Austin 

in Partial Fulfillment  

of the Requirements 

for the Degree of  

 

Doctor of Philosophy 

 

 

The University of Texas at Austin 

May 2018 



Dedication 

 

For my grandfather, Dr. Orval E. Jones. He is the giant upon whose shoulders I have stood 

to see far.  

 

 



 v 

Acknowledgements 

I want to thank Dr. Korgel for the opportunities and freedom he has given me during 

graduate school. I got to travel and live around the world, participate in collaborations with 

exciting researchers, and pursue some of my non-scientific interests. His guidance and 

support through graduate school has meant a lot. I would also like to thank the members of 

my committee: Dr. Manthiram, Dr. Mullins, Dr. Hwang, and Dr. Yu. I want to thank Dr. 

Maynard, for whom I was a teaching assistant. I learned a lot from her about management 

and teaching as well as patience.  

I have so many wonderful labmates to thank I will inevitably forget someone. 

Vikas, Dorothy, Adrien, and Cherrelle, we all entered together and supported each other. 

In you I always had someone to bounce ideas off, edit my papers, or just go grab some 

coffee. There was always someone to laugh with and talk with and it is only because of all 

of you that I have made it this far. I also want to thank Tim Bogart, for teaching me 

everything about synthesis and batteries, Xiaotang Lu, who taught me so much about in-

situ TEM and how to analyze my data. Taizhi Jiang (TJ), has been my partner in the lab 

for years. He helped me through glovebox shut downs, dead batteries, and failed syntheses. 

Thank you for always being someone I could talk about papers and experiments with. I 

want to thank former Korgel group members who taught me when I first joined the group: 

Chris Bosoy, Taylor Harvey, Jackson Stolle, Aaron Chockla, Yixuan Yu, Philip Lu. Thank 

you to my current lab mates who have all been great colleagues: Dan Houck, Hyun Gyung 

Kim, Tim Siegler, Yangning Zhang, and Michael Abney. I want to say a special thanks to 

Doug Pernik and Tushti Shah, who I have sat next to in the office for years. We talked 

about everything under the sun and never got bored.     



 vi 

It takes a village to get even the tiniest piece of data, and I want to thank all the 

supporting scientists, students, and collaborators who helped me. Thanks to Drew Heilman, 

who worked with me as an undergraduate researcher. I learned a lot about planning 

experiments and explaining my goals through mentoring him in the lab. Thank you to Dr. 

Dwight Romanovicz, Dr. Karalee Jarvis, Dr. Vincent Lynch, and Dr. Hugo Celio for 

training me on the instruments I used. Also thank you to Dr. Chongmin Wang, my 

collaborator at Pacific Northwest National Labs. Jon Peck, Kate Baird, and Laura Mondino 

made my time in graduate school as smooth as possible and kept me on track.  

I want to thank those professors at Rice University who helped me get to graduate 

school and guided me when I added a chemical engineering degree after my first year. Dr. 

Sibani Lisa Biswal taught my first ever chemical engineering class and it is all her fault 

that the class was so good I stayed in the major for a subsequent 8 years. Dr. Matteo 

Pasquali, my undergraduate research advisor, who put me on an exciting project and 

encouraged me while applying to graduate school. And most of all to Dr. Shannon 

Eichmann, who I worked with as an undergraduate. She taught me so much about how to 

do research, plan experiments, and be persistent even when things aren’t working. The time 

I spent with her in the lab excited me about science and lead me to apply to graduate school. 

I also want to thank my homework study group at Rice. I relied on your help so much to 

get through school, sometimes I felt like we were working toward a single joint degree 

together.  

I want to thank my friends who supported me and encouraged me in graduate 

school. They have given feedback on essays, listened to practice talks, and been there for 

me when I needed someone to talk to. My friends going through graduate school with me 

were there to share and commiserate in the process, and my friends outside of school were 

there when I was tired of talking about science. There are too many wonderful people to 



 vii 

name here, but I appreciate your love and help over the years more than you could ever 

know.  

Finally, graduate school has not always been easy, there were many times where I 

thought I wouldn’t be able to finish. So, I must thank my family who were there to support 

me in good times and in bad and always encouraged me to stick with it. I want to thank my 

parents, Doug and Carol, who have consistently exposed me to science throughout my life 

both in their own careers and in the opportunities they have given me. They supported me 

when I changed majors and took a fifth year in college and for that I’m eternally grateful. 

I must also thank my grandparents, Orval and Pauline Jones. They watched me during the 

day when I was growing up and taught me reading, writing, math, responsibility, and 

kindness. My time at their house made me into the person who I am today.  

 



 viii 

Silicon and Germanium Battery Materials: Exploring New Structures, 

Surface Treatments, and Full Cell Applications 

 

Emily Renee Adkins, Ph.D. 

The University of Texas at Austin, 2018 

 

Supervisor:  Brian A. Korgel 

 

Lithium ion batteries (LIBs) with higher energy and power density are needed to 

meet the increasing demands of portable electronic devices, extended-range electric 

vehicles, and renewable energy storage. Silicon (Si) and germanium (Ge) are attractive 

anode materials for next generation batteries because they have significantly higher 

capacities compared with current graphite anodes. 

One of the challenges Si and Ge face during battery cycling is high volume 

expansion upon lithiation, which can be accommodated by nanostructuring. LIBs made 

using Si and Si-Ge type II clathrates exhibited superior reversible cycling performance. 

This high capacity and stability is due to the type II phase purity of the samples which is a 

unique feature of the synthetic method used in this study. 

During cycling, the anode will react with the electrolyte, forming a passivating solid 

electrolyte interphase (SEI) layer on the surface, which is crucial to stable battery function. 

The formation of this layer is influenced by the surface chemistry of the active material. 

Ge NWs with different surface passivations exhibited different battery performance and 

rate capability.  

One strategy used to improve the performance of nanostructured Si, is the addition 

of a surface coating layer. Si nanowires coated with an SiOx shell examined using in situ 
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transmission electron microscopy during battery cycling showed reduced volume 

expansion, at the expense of complete lithiation. When the nanowire is delithiated, pores 

are observed to form in the amorphized Si due to the SiOx shell, which prevents the 

migration of vacancies formed during delithiation to the nanowire surface.  

To increase the performance of the LIB, both the anode and cathode capacities must 

increase. Prelithiation of the Si anode was crucial to improve the capacity and stability of 

battery cycling for both lithium iron phosphate and sulfur cathodes, and the prelithiation 

process used strongly influenced battery performance. In a full cell with a sulfur cathode, 

no sulfides were observed in the Si SEI layer, due to the use of a carbon interlayer. Si-S 

batteries fully consumed the lithium nitrate electrolyte additive during cycling, resulting in 

high levels of electrolyte degradation that contaminated the anode and reduced battery 

stability. 
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Chapter 1: Introduction 

1.1 INTRODUCTION TO LITHIUM ION BATTERIES 

Lithium (Li) ion batteries have become ubiquitous since their first commercial 

production in 1991 by Sony.  They are the preferred energy storage source for small 

electronics because Li has the highest gravimetric and volumetric density of any material, 

allowing for smaller, longer lasting batteries.1 Li ion batteries (LIBs) are also gaining 

popularity for larger applications such as electric vehicles and grid scale energy storage.2 

American electricity demands are predicted to grow by 0.8% annually to nearly 5 trillion 

kilo-watt hours by 2040.3 A significant portion of this demand will be met by intermittent 

renewable generation such as wind and solar energy. Energy storage is going to be crucial 

to this growth if it is to be done in a way that is both resilient and environmentally 

sustainable. LIBs have emerged as the energy storage option of choice to be paired with 

renewable generation. Large LIB storage facilities have already opened in Australia and 

California.4,5 However, in order to meet the demands of high-power applications and 

improve safety, next generation LIBs require improved energy storage materials.  

LIBs produce energy by shuttling Li+ ions back and forth between anode and 

cathode host materials. Early battery researchers were plagued by dendrite growth on the 

surface of Li metal anodes during cycling which led to shorting and battery failure.6 The 

dangers of using a pure metal anode can be avoided by employing intercalation materials, 

that hold Li+ ions in interstitial sites of the host material, for both the cathode and anode. 

Because there are no structural changes to the host material during this process, there is 

little volume expansion, resulting in high stability over many cycles.7 This kind of 

“rocking-chair” battery technology was first demonstrated in 1980.8  

Modern LIBs have a lithium cobalt oxide (LiCoO2) cathode and graphite (C6) 

anode. During charging, an external voltage is applied causing Li+ ions to dissociate from 
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the cathode to cross through an insulating membrane to the anode where they intercalate 

into graphite. Conversely, during discharge, the Li+ ions deintercalate from the graphite 

sheets and spontaneously flow from the higher energy anode to the lower energy cathode. 

The current produced in this process can be used to power an external circuit.  

The maximum theoretical capacities of LiCoO2 and graphite are 274 mAh/g and 

372 mAh/g, respectively. However, the practical capacity of LiCoO2 is limited to 140 

mAh/g due to safety concerns.1  This low capacity limits the total storage capability of the 

LIB. Indeed, the total capacity of the full cell battery is determined by the equation:  

𝑄𝑇 =
𝑄𝐴𝑄𝐶

𝑄𝐴+𝑄𝐶
    (1) 

where QA and QC are the capacities of the anode and cathode, respectively. From Equation 

(1), a full cell using graphite and LiCoO2 has a total theoretical capacity of only 102 mAh/g. 

Although there are modest gains to be made by increasing the anode Li+ storage capacity 

alone, to realize the full benefits of a higher capacity anode, the storage capacity of the 

cathode must increase as well. Next generation cathodes can be broadly categorized as 

intercalation and conversion materials.9 Intercalation cathodes are the most commonly 

used type of cathodes today, and the field of commercially used cathodes has grown 

significantly from only LiCoO2.
2 Second generation intercalation cathodes that are 

commercially used today, include further transition metal oxides and polyanion 

compounds, such as LiNi0.8Co0.15Al0.05O2 (NCA), LiMn2O4,, LiNi1-x-yMnxCoy (NMC), 

Li4Ti5O12 (LTO)and LiFePO4 (LFP).2,9 The principle advantages to these materials are high 

structural stability, high voltage (between 3.4-4.0 V), and low cost starting materials. 

Intercalation cathodes still under development, but with significantly higher storage 

capacity are vanadium oxides (>300 mAh/g), and molybdenum oxides (>600 mAh/g).10–12 

Conversion cathode materials undergo a reaction with Li+ ions, resulting in a change in 

structure and breaking of chemical bonds, as well as significantly higher battery capacity.9 
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The two subcategories within conversion cathodes are metal halides and pure metals. Metal 

flourides have high capacity, between 500-700 mAh/g.13 Sulfur (S) is one of the most 

highly studied conversion cathode materials because it has a high theoretical capacity of 

1675 mAh/g.14–18 Another conversion metal cathode that has been studied is selenium.19 

Figure 1.1 demonstrates the potential increase in total capacity using a next generation 

conversion cathode compared with first and second generation intercalation cathodes and 

a Si anode.  

 

Figure 1.1 Full cell capacity as a function of anode capacity using the fixed cathode 

capacities of LiCoO2 (137 mAh/g), LiFePO4 (170 mAh/g), and sulfur (1673 

mAh/g). 

1.1.1 Silicon and Germanium Battery Anodes 

There has been a great deal of research done on next generation anodes to improve 

the performance of LIBs. Current graphite anodes host Li+ ions in interstitial sites. 
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Although this results in little volume expansion and thus high stability, it limits the storage 

capacity of the material. Alloy anode materials are of interest because they typically have 

significantly higher storage capacity. During cycling they alloy with Li+, breaking the 

bonds of the host material. The advantage to alloy materials is that they can hold more Li 

than traditional intercalation anodes. Silicon (Si) and germanium (Ge) have been identified 

as potential Li anode materials as they have theoretical specific capacities of 3579 mAh/g 

and 1624 mAh/g respectively. However, this process results in significant volume change 

during cycling leading to mechanical fracture and poor stability.7 Researchers have found 

that nanostructured materials with a diameter less than 200 nm can accommodate Li-

induced volume changes during cycling without the growth of cracks.7 Furthermore, 

nanostructuring allows for room temperature reaction of Si and Ge with Li with high 

reversibility, making them feasible next generation anode materials.20 Many different 

structures of Si and Ge have been investigated for batteries, including nanowires, 

nanotubes, thin films, and nanospheres, and more unique structures such as egg-yoke. 21–24 

Lithiation of crystalline Si proceeds by a two-phase reaction. Crystalline Si initially 

forms an amorphous alloy with Li during cycling. Upon further lithiation it will form the 

crystalline phase of Li15Si4:
21  

Lithiation: 𝑆𝑖 
𝐿𝑖
→ 𝑎 − 𝐿𝑖𝑥𝑆𝑖

𝐿𝑖
→ 𝐿𝑖15𝑆𝑖4     (2) 

Delithiation: 𝐿𝑖15𝑆𝑖4  
−𝐿𝑖
→ 𝑎 − 𝐿𝑖2𝑆𝑖

−𝐿𝑖
→ 𝑎 − 𝑆𝑖    (3) 

Subsequent cycles: 𝑎 − 𝑆𝑖 
𝐿𝑖
→ 𝑎 − 𝐿𝑖2𝑆𝑖

𝐿𝑖
→ 𝐿𝑖15𝑆𝑖4    (4) 

Here “a” refers to an amorphous phase. Equation (2) describes the lithiation process of the 

first cycle, starting with crystalline Si. Subsequent cycles are described by Equation (4), 

starting with amorphous Si. Although the phase Li22Si5 exists at high temperatures, Li15Si4 

is the terminal phase accessible at room temperature.7,25 This two phase mechanism has 

been confirmed visually using in situ transmission electron microscope (TEM) imaging 
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during battery cycling.26,27 Upon lithiation, a shell of lithiated amorphous Si forms and then 

migrates into the Si core. Often a crystalline Si core will remain even after prolonged 

lithation.26 This reaction process is accompanied by significant volume expansion, nearly 

310% upon full lithiation.7  

Ge lithiation takes place by a multistep process:28  

Lithiation: 𝐺𝑒 
𝐿𝑖
→ 𝐿𝑖9𝐺𝑒4

𝐿𝑖
→ 𝐿𝑖7𝐺𝑒2

𝐿𝑖
→𝐿𝑖15𝐺𝑒4 + 𝐿𝑖22𝐺𝑒5    (5) 

Germanium experiences approximately 270% volume expansion during lithiation.24 

Although Ge is more expensive than Si and has a lower capacity, there are several key 

areas in which it performs better. Ge has a lower band gap than Si and is thus more 

electrically conductive, it also has much higher rate capability due to higher Li+ diffusion 

rates.29 Ge lithiates isotropically, compared with anisotropic lithiation of Si, which lowers 

the stress concentration experienced in certain planar directions and improving stability.7 

When the electrode is fully charged, both the Li15Ge4 and Li22Ge5 phases are present.28 

1.1.2 Anode Formulation and Materials 

Nanowires synthesized using traditional chemical vapor deposition (CVD) 

techniques are grown directly attached to a current collector, which is beneficial for battery 

performance, but results in low mass loading.30 Solution synthesized nanowires can be used 

in a battery slurry to create an electrode. Preparing a slurry cast battery samples consists of 

three main steps: slurry making, electrode preparation, and coin cell assembly (Figure 1.2). 

Variation in each step can significantly impact performance, so it is important to include 

sufficient detail for reproducibility. Marks et al. and Talaie et al. have published useful 

guides to best practices in LIB coin-cell electrode making.31,32  
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Figure 1.2 Battery preparation consists of 3 main parts: slurry making, electrode 

preparation, and coin cell assembly. 

The slurry making step is arguably the most complicated part of the process as there 

are many different methods by which this can be done. A battery slurry consists of the 

active material, a conductive additive, and a polymeric binder all dispersed in a solvent. 

Because Si has low conductivity, a conductive additive such as carbon black must be 

included. Slurry composition can significantly impact battery performance and method 

sections need to clearly state the ratio of active materials and additives. Adding more 

conductive additive can increase surface area and thus parasitic reactions with the 

electrolyte, which lowers coulombic efficiency.31,33–35 Another difficulty faced by slurry 

cast batteries, is the segregation of conductive and active materials during battery cycling, 

resulting in lower stability.36 Modifying Si to increase the conductivity, and thus avoid 

using a conductive additive, through inclusion of tin or a carbon coating avoids this 

problem.37–40 

Many binders have been examined for use in battery electrodes. The most common 

binders are poly(vinylidene) fluoride (PVdF), carboxymethyl cellulose (CMC), alginate 

(Alg), and poly(acrylic acid) (PAA).21,24,35,41 The concentration of solvent added is a crucial 
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factor in slurry making and depends on the desired final thickness, the ratio of active 

material to conductive additive, and the kind of active material.31 The slurry concentration 

must be thin enough to be doctor-bladed, but thick enough to ensure the slurry can adhere 

to the current collector and not delaminate during drying; approximately a viscosity of 

1000 mPa-s (similar to maple syrup).42  

1.1.3 Electrolytes and Solid Electrolyte Interphase Layers 

Electrolyte choice is crucial for stable battery cycling. The energy separation 

between the Lowest Unoccupied Molecular Orbital (LUMO) and the Highest Occupied 

Molecular Orbital (HOMO) of the electrolyte is the window of stability in which it can 

operate. If the anode has a higher chemical potential than the LUMO or the cathode has a 

lower chemical potential than the HOMO, then the electrolyte will react with the 

electrodes.43 This reactive process will proceed until a passivating solid electrolyte 

interphase (SEI) layer is formed on the electrode surface and prevents further reaction. For 

a battery to cycle stably, it is crucial to have an SEI layer that is thin and robust to protect 

the active material surface further direct reaction with the electrolyte.24,43–45 The SEI layer 

must be thin enough to not interfere with Li+ transport to the electrode surface, and 

electronically conductive. If the SEI layer is not robust, it will continually crack during 

electrode expansion and contraction, exposing new active material surface to the 

electrolyte and building a thicker SEI layer which can hinder Li+ transport and increase 

electrical resistance.24,44 The SEI layer can also trap a significant amount of Li+, resulting 

in irreversible charge loss.46 While this is unavoidable in the first cycle, upon initial SEI 

formation, if a stable SEI layer is formed, further electrolyte degradation will ideally be 

prevented.44 In a half cell battery, with unlimited Li+ ions, the amount of Li+ consumed by 

the SEI layer will not hinder battery cycling. However, in a full cell, with a limited amount 
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of Li+, this can result in battery fade upon repeat cycling.47 To counter this effect, Si anodes 

can be lithiated prior to battery fabrication. There are several possible techniques to 

incorporate additional Li, including using a Li metal additive,48–50 mixing Li and Si 

nanoparticles to make a LiSi additive,51 controlled lithiation using a battery tester, and 

contact lithiation by sandwiching Li and Si.52,53 

The composition of the SEI layer is crucial to Si anode effectiveness, and this 

composition is dependent on the electrolyte used. Research has been done investigating the 

effectiveness of electrolytes made with glyme, carbonates, or different salts.45,54–57 The 

resulting SEI layer, in a battery cycled with a traditional carbonate electrolyte, consists 

primarily carbonate byproducts as well as LiF formed by decomposition of the salt 

additive.45 An approach to SEI layer improvement is including an additive in the 

electrolyte. Two of the most researched additives for Si anode batteries are vinylene 

carbonate (VC) and fluoroethylene carbonate (FEC), which improves stability by creating 

a thinner, denser, SEI layer. 57–60  

1.1.4 Cathodes and Si Anode Full Cell Batteries 

LFP has high thermal stability, operates at a voltage of 3.4 V, has a high thermal 

and structural stability, and is made from abundant and inexpensive starting materials.43,61–

65 Combined with a Si anode, a full cell using a LFP cathode would have a 155 mAh/g 

capacity, as calculated by Equation (1). This is a 55% increase over current LiCoO2-

graphite batteries. However, LFP suffers from low electronic conductivity, slow Li+ 

diffusion, and a capacity of only 170 mAh/g.9,62,65 In order to overcome these limitations, 

researchers have found that nanostructuring and carbon coating LFP is necessary.61,63,65  

There have been few demonstrations of a full cell battery using Si as the anode and 

LFP as the cathode.66–68 One of the primary problems these cells experience is high initial 
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capacity loss, and Li loss to the anode SEI, which results in poor stability.66 This problem 

has previously been studied in Si-LiCoO2 full cells, which found that Li+ loss at the anode 

was the primary source of capacity loss.69 Because the capacity of Si is so much higher 

than intercalation cathode materials, the cathode has to be very thick in order to match the 

anode capacity, which can hinder rate capability as Li+ diffusion takes longer.70 Having an 

anode-to-cathode capacity ratio close to 1 is important for maximizing the Li utilization 

within the cell.71   

Sulfur has an extremely high capacity, of 1673 mAh/g, giving a full cell capacity 

with Si of 1102 mAh/g, calculated from Equation (1), nearly 10 times that of current 

technology. However, there are several technical difficulties to the practical use of S, as it 

has high electrical resistance, experiences large volume change of 80% during lithiation, 

and has high irreversible capacity loss.14 During lithiation, long polysulfide chains are 

reduced by Li to Li2S via intermediate lithium polysulfides. These lithium polysulfides are 

soluble in battery electrolytes, and experience a cycle of dissolution and deposition during 

battery cycling.14 However, dissolved species can passivate the anode, which increases 

impedance, corrodes the Li metal anode, and reduces the amount of S that can be used for 

energy storage.14 One strategy to reduce polysulfide migration to the anode is using a 

carbon interlayer in conjunction with a S cathode.72–77 The interlayer can be made from a 

conductive material that with adsorb the dissolved polysulfides and reactivate them in 

subsequent cycles, which prevents them from migrating to the anode surface and increases 

active material utilization.14,78 The interlayer is positioned between the cathode and the 

separator.  

S cathodes are incompatible with traditional carbonate electrolytes because the 

sulfur anions will react rapidly with the carbonates.16,79–81 Instead, glyme based electrolytes 

are used because they are less reactive with the S anions.16 Lithium nitrate (LiNO3) is an 
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important additive to glyme electrolytes for S battery function.55,56,82–84 LiNO3 can form a 

protective layer of LixNOy on the Li metal anode, in a half cell, which prevents anode 

reaction with polysulfides, and it can oxidize degredation species in the electrolyte to 

prevent further reaction.55,56 LiNO3 is progressively consumed in the formation of a 

passivation coating on the anode side and is reduced irreversibly on the cathode side at 

voltages below 1.6 V, which ultimately leads to the total consumption of LiNO3 and low 

battery performance.82,84  

There has been a great deal of research interest into Si-S full cells.47,71,79,83–89 

Common problems faced by these full cell batteries were insufficient Li+ ions due to Li+ 

consumption by the SEI, S migration from the cathode to the anode, incompatibility 

between the Si anode and the glyme electrolyte, unbalanced anode-to-cathode capacity, 

and excess electrolyte, which results in diffusion of the active material away from the 

cathode.71,83,84,87 

1.2 INTRODUCTION TO NANOWIRE SYNTHESIS* 

Nanowires are a class of one-dimensional (1D), thread-like materials with a 

nanoscale diameter and a high aspect ratio. As shown in Figure 1.3, they are crystalline, 

with a diameter of 10-100 nm and a length of 1-10 µm. Nanowires exhibit different 

properties from the bulk material, such as diameter-dependent quantum confinement in the 

radial direction and improved strength and flexibility.90–92 There are many potential 

applications for semiconductor nanowires, including textiles,92,93 field-effect transistors,94 

photovoltaics,95 chemical sensing,96 and LIBs.7,29,30,37,38,59 They are particularly attractive 

                                                 
* The work contained in this chapter is the subject of a scholarly article that is currently in preparation. 

Authors on this work include Emily R. Adkins, Hyun Gyung Kim, Reken N. Patel, Andrew L. Heilman, 

and Brian A. Korgel. Emily Adkins was responsible for writing the sections included in this dissertation, 

making the figures, and editing the completed document.  
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for battery applications because their 1D shape creates a convenient path for charge 

transport in the electrode.   

 

Figure 1.3 Transmission electron microscope (TEM) images of Au seeded SLFS grown 

(a) Si and (b) Ge nanowires. Scanning electron microscope (SEM) images 

of Au seeded SLFS grown (c) Si and (d) Ge nanowires 

Growth of a 1D crystalline semiconductor material by vapor-liquid-solid (VLS) 

synthesis was first demonstrated by Wagner and Ellis in 1964.97 They discovered the 

possibility of growing Si “whiskers” from a gold (Au) seed particle and a Si precursor in 

the vapor phase. This synthetic technique was further improved upon by Trentler et. al. in 

1995 upon the discovery of solution-liquid-solid (SLS) synthesis of III-V 

semiconductors.98 By using a solution phase solvent it was possible for the synthesis to be 

done at significantly lower temperatures. The supercritical fluid-liquid-solid (SFLS) 

synthesis developed by Holmes et. al. allowed for the creation of Si nanowires with a 

narrow diameter distribution.99 This technique was later extended to the synthesis of Ge 

nanowires.100  
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In the naming scheme for reaction mechanisms, the first term (ie., vapor, solution, 

or supercritical fluid), refers to the state of the solvating reaction media, the second refers 

to the state of the metal seed particle-semiconductor alloy, and the third is the state of the 

resulting nanowire growth. In an SLS or SFLS reaction, a metal seed and a semiconductor 

precursor are introduced into a reactor in hot solvent together. The reaction temperature 

needs to be sufficiently high for the semiconductor precursor to decompose. This is 

depicted in Figure 1.4 using solution synthesized Au seeded Si nanowires as an example.101 

In region I, of the Au-Si binary phase diagram, the Si precursor decomposes and liberated 

Si atoms begin to alloy with the Au seed nanoparticle. In region II, the Si-Au alloy becomes 

a liquid droplet. As Si incorporation into the liquid Au-Si particle continues and reaches 

supersaturation, in region III, the Si atoms start to precipitate and crystallize. The 1D 

nanowire morphology develops naturally as the only crystalline growth develops at only a 

single interface between the alloy droplet and the semiconductor crystal.90  

 

Figure 1.4 Cartoon depiction of the SFLS growth of Au seeded Si nanowires on an Au-Si 

binary phase diagram. 
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1.2.1 SLFS Synthesis Growth Considerations 

SFLS reactions occur at higher temperature than SLS, above the super critical 

temperature for the chosen solvent. SFLS syntheses occur at temperatures of 380oC or 

higher and pressures of at least 6.9 MPa, which is well above the critical point of the most 

commonly used solvents, toluene (Tc = 319oC, Pc = 4.1 MPa), benzene (Tc = 289oC, Pc = 

4.9 MPa), and hexane (Tc = 235oC, Pc = 3.0 MPa). This allows for a greater range in choice 

of seed metal and a high reactant diffusion coefficient, which reduces unwanted 

nanocrystal growth and increases nanowire yield.99,100 If the temperature of the reaction is 

above the eutectic temperature, then the seed metal-semiconductor alloy is in the liquid 

state and the reaction mechanism is referred to as SLS or SFLS (depending on the state of 

the solvating media). If the temperature is below the eutectic temperature, then the 

synthesis mechanism is SFSS or SSS. Solid-phase seeding can occur due to two possible 

effects: catalytic seeds such as Ni, Co, and Fe that can help promote precursor 

decomposition which lowers the growth temperature, or the nanoscale diameter of the seed 

particles allows for easier solid-state diffusion of the precursor.100,102  

The SFLS growth of semiconductor nanowires can be highly sensitive to changes 

in parameters. Through extensive study, the impact of precursor, solvent, concentration, 

temperature, and metal seed has been fine tuned to produce high quality 

nanowires.39,99,103,104 Precursor decomposition kinetics are a determining factor in 

nanowire quality and yield. The precursor needs to decompose sufficiently fast to produce 

nanowires, but too quickly results in the formation of spherical semiconductor particles.100 

Aryl semiconductor precursors can be used to produce nanowires because they undergo a 

disproportionation reaction during decomposition.104 This occurs due to the resonance 

effect of the benzene ring, which lowers the activation energy for disproportion. Because 
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there is no similar effect in alkyl precursors, they are not sufficiently reactive to produce 

nanowires.  

Semiconductor precursor decomposition is significantly affected by the solvent in 

which the reaction takes place.103 Aromatic solvents help to stabilize the disproportionation 

reaction and thus produce a higher yield of nanowires. Benzene has been shown to produce 

the highest yield and quality of nanowires, though today we use toluene out of safety 

considerations.103 Although the Si/Au eutectic temperature is 363oC, the Si nanowire 

reaction must be carried out at above 450oC for sufficient precursor decomposition to 

produce Si nanowires. Any higher than 500oC and there will be a high degree of 

carbonaceous by-products.104 Furthermore, there is a threshold concentration of 120 mM 

phenylsilane (419 µL in a 30 mL injection cylinder) below which no nanowires will be 

formed. The growth temperature of Ge nanowires is significantly lower than for Si, 380oC, 

because aryl germanes are more reactive than aryl silanes.104  

Different metal catalyst particles can be used to seed SFLS nanowire growth. 

Nanowires can also be seeded using metal particles formed in-situ by the decomposition 

of a metal salt.39,105 SFLS Si nanowire growth has been demonstrated with many different 

metal salts including gallium, tin, and indium.106 SFSS Si nanowire growth can be 

accomplished using a copper metal salt. The choice in metal seed particle will affect the 

yield and quality of the nanowires produced and influence the molar ratio of metal to silicon 

necessary to produce nanowires. Au-seeded SFLS reactions require a relatively low ratio 

of Au-to-Si of only 1:1000 in order to produce wires.103 In comparison, a high ratio of Sn 

to Si, nearly 1:22, is required.107 Similar to Si, different metal catalysts can be used to seed 

Ge nanowire growth. Solution Ge nanowire growth has been demonstrated with Ni and Au 

nanoparticles.100,108  
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1.2.2 Nanowire Surface Passivation 

SFLS grown Ge nanowires can passivated directly in the reactor in a single step by 

hydrogermylation or thiolation.109,110 This technique can be used for many different 

passivations and functionalizations including alkenes, thiols, and polyethylene 

glycol.109,111 The same process cannot be used for the SFLS grown silicon nanowires made 

from phenylsilane due to the polyphenyl silane shell on the surface of the nanowires. Ge 

nanowires are highly susceptible to oxidation and organic monolayer passivation has been 

shown to protect the nanowire surface.109 Passivation can also effect nanowire performance 

in devices. For example, thiol passivated Ge nanowires perform better than bare Ge 

nanowires in batteries.112 

1.3 DISSERTATION OVERVIEW 

Changes in LIB electrode materials are required to meet the needs of emerging 

large-scale high-power applications such as extended range electric vehicles and grid 

storage for solar power. Si and Ge are potential options for future anodes, as they store 

significantly more Li+ than graphite. However, they still face significant challenges before 

they are practically useful. The research in this dissertation endeavors to understand how 

the structure and surface chemistry of Si and Ge materials impact their performance in 

LIBs.  

Chapter 2 studies two group IV clathrates in LIBs, Na0.5Si136 and 

Na0.5(Si0.9Ge0.1)136. Both materials exhibited superior reversible cycling performance 

compared with previous clathrate battery studies. Analysis of differential capacity plots 

revealed that the clathrates amorphized during the first lithiation, resulting in high Li 

capacity, but degraded over repeated cycling.  

Chapters 3 and 4 examine the impact surface modification has on nanowires as 

battery materials. In Chapter 3, Ge nanowires with different surface functionalizations were 
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studied in LIBs. Passivation impacted nanowire performance and stability during cycling 

and altered the resulting SEI layer composition. In chapter 4, SiNWs with a silicon oxide 

(SiOx) shell were observed in situ during lithiation and delithiation using transmission 

electron microscopy (TEM). Pores form in the amorphized silicon upon the first 

delithiation. We propose that this is caused by a high barrier to vacancy migration in the 

SiOx shell, which prevents vacancies formed during delithiation from transporting through 

the shell to the nanowire surface.  

Chapter 5 examines two full cell systems using SiNW anodes and either carbon 

coated LiFePO4 or sulfur (S) cathodes. While all materials show high capacity and stability 

in half cell tests, they faced significant hurdles in stable full cell performance. Specifically, 

we studied the impact different prelithiation methods have on SiNW anode performance, 

the influence of capacity matching on full cell performance, and whether species transfer 

from the cathode to the anode impacts SEI formation. The goal of this work was to 

highlight common difficulties in next generation full cell batteries with SiNW anodes, and 

better understand the difference between Si anode performance in a full versus half cell. 

Finally, Chapter 6 summarizes the results from these studies and suggests future 

research directions. 
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Chapter 2: High Capacity Group IV Type II Clathrates for Lithium Ion 

Batteries† 

2.1 INTRODUCTION  

Lithium ion batteries (LIBs) dominate the market for portable electronics because 

they offer the highest power density of any available battery technology. However, changes 

in electrode materials are required to meet the needs of emerging, large-scale, high-power, 

applications such as extended range electric vehicles and grid storage for solar power.1–5  

Silicon (Si) and germanium (Ge) are attractive anode materials for next generation batteries 

because they have significantly higher capacities, 3579 mAh/g and 1624 mAh/g, 

respectively, compared with current graphite anodes, 372 mAh/g.3  

Group IV alloy clathrates are interesting potential anode materials because their 

electronic properties are uniquely tunable. Clathrate materials are formed at high 

temperature or pressure around guest atoms that serve as a template for the formation of 

cage-like structures.6 Inorganic clathrates can take the form of two different crystalline 

structures, referred to as type I and type II. Type I has the structure A8X46 and type II has 

the structure A24X136 where A is the guest atom and X is the Group IV element. The 

electronic properties of the clathrate can be tuned by changing guest atom concentration, 

which alters the carrier concentration of the material.7,8 In this way clathrates can be altered 

to behave as insulators, semiconductors, or metals.6,8 Removal of guest species from the 

type II clathrates can be achieved via heating under vacuum, resulting in an intrinsic 

semiconductor, that has garnered interest for photovoltaic applications.6 The band gap can 

                                                 
† The work contained in this chapter is the subject of a scholarly article that is currently in preparation. 

Authors on this work include Emily R. Adkins, Taizhi Jiang, Andrew L. Heilman, Lakshmi Krishna, 

Reuben T. Collins, and Brian A. Korgel. Emily Adkins was responsible for planning the research, 

performing the battery experiments, with some help from Drew Heilman, analyzing the battery data, 

researching and writing the completed document.  

 



 27 

further be altered by alloying two Group IV elements.7 Group IV clathrates have previously 

been investigated for their unique thermoelectric and optical properties, but there has been 

only limited research into their application in LIBs.6,7,9–15 Previous studies demonstrated 

the feasibility of reversible Si clathrate lithiation, but suffered from poor cycling stability 

and low capacity.13,14,16 

Here, we report detailed electrochemical cycling data for two different type II 

clathrate materials. We examined a Si and an alloyed Si-Ge clathrate with Na0.5Si136 and 

Na0.5(Si0.9Ge0.1)136 structures, respectively. This is the first demonstration of battery cycling 

capability of an alloyed clathrate. Both samples have a high phase purity, of greater than 

94 wt.% type II clathrate. Clathrate battery performance was tested in half-cells and 

exhibited charge capacities of 3434 mAh/g and 2814 mAh/g for the Na0.5Si136 and 

Na0.5(Si0.9Ge0.1)136 samples, respectively. Both materials exhibited superior reversible 

cycling performance, particularly compared with previous clathrate battery studies. 

Analysis of differential capacity plots reveals that the clathrates amorphized during the first 

lithiation, allowing for increased Li storage. This high capacity and stability is due to the 

type II phase purity of the samples which is a unique feature of the synthetic method used 

in this study. This research demonstrates the battery capability of Si and alloyed Si-Ge 

clathrates, opening the doors for future study into the impact altering the alloy ratio has on 

battery performance.  

2.2 EXPERIMENTAL DETAILS 

2.2.1 Chemicals 

Lithium hexafluorophosphate (LiPF6, ≥99.99%), ethylene carbonate (EC, 99%), 

diethyl carbonate (DEC, ≥99%), poly(acrylic acid) (PAA), 1-methyl-2-pyrrolidinone 

(NMP, 99.5%), and ethanol (99.9%) were purchased from Sigma-Aldrich. Conductive 
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carbon super C65 was purchased from TIMCAL. Fluoroethylene carbonate (FEC, ˃98%) 

was purchased from TCI America. Lithium foil (1.5mm, 99.9%) was purchased from Alfa 

Aesar. Celgard 2400 membranes (25 μm) were purchased from Celgard. Copper foil (9 μm 

thick) and coin cells (2032 stainless steel) were purchased from MTI Corporation. All 

purchased chemicals used for battery making and testing were used as received without 

any further purification. 

2.2.2 Clathrate Synthesis  

Si and Si-Ge alloyed type II clathrates were synthesized by thermal decomposition 

of the precursor Na(SixGe1-x) at 395oC for 72h in a cold-wall reactor as previously 

published.7 Synthesis of the precursor phases is achieved by ball milling Si and Ge 

precursors with NaH, then heating the resulting mixture under argon flow, also described 

in the same reference.  

2.2.3 Electrochemical Testing 

To prepare a battery slurry, clathrate powder was combined with PAA and C65 at 

a ratio of 70/20/10 for a total mass of ~30 mg. To this 0.12 mL of NMP and 2 mL of ethanol 

were added and mixed by probe sonication for 10 min. The solution was then dried in a 

rotovap to remove extra liquid at 700 torr and 35oC until the slurry was more viscous, 

similar to the consistency of syrup. Slurries were then doctor bladed onto Cu foil (200 µm 

gap) and dried at 150oC overnight under vacuum. Anodes were cut out of the foil using a 

9 mm diameter hole punch. The typical mass loading was 0.40 ± 0.11 mg/cm2 and 0.55 ± 

0.08 mg/cm2 for the Si and Si0.9Ge0.1 clathrates, respectively. Coin cells were assembled in 

an argon filled glovebox (<0.1 ppm O2) using Li foil as the counter electrode. Electrolyte 

solution was prepared using 1 M LiPF6 in 1:1 EC:DEC with 5 wt.% FEC and Celgard 2400 

membranes were used as separators. Coin cells were crimped to ensure a tight seal and 
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removed from the glovebox for galvanostatic testing on an Arbin BT-2143 test unit. Half 

cells were cycled between 0.01 mV – 2.0 V vs. Li/Li+. Capacities are reported based on the 

weight of the clathrate material.  

2.2.4 Characterization 

Scanning electron microscope (SEM) images were taken using a Zeiss Model 

SUPRA 40 VP SEM system operated at 2.0 kV. X-ray diffraction (XRD) was performed 

with a Bruker D2 diffractometer in a theta-2 theta configuration and Cu-Kα (λ = 1.54 Å) 

radiation.  

2.3 RESULTS AND DISCUSSION 

Two type II group IV clathrates were synthesized for battery testing, SEM images 

shown in Figure 2.1a-b. The first clathrate had a composition of NaxSi136 with x<0.5 and a 

phase purity of >94 wt.%, the balance being diamond Si. This was determined by XRD, 

shown in Figure 2.1c, and by Rietveld refinement, shown in Figure A.1. The second 

clathrate had a composition of Nax(Si0.9Ge0.1)136 with x<0.5 and a phase purity >98.5 wt.%, 

the balance being crystalline SiGe. 
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Figure 2.1 Scanning electron microscope (SEM) (a, b) images of the (a) Na0.5Si136 and (b) 

Na0.5(Si0.9Ge0.1)136 clathrate powders. (c) Powder XRD patterns for both 

clathrates.  

Both clathrate samples were tested in half cells versus Li metal. Preliminary testing 

of the Na0.5(Si0.9Ge0.1)136 clathrate, shown in Figure A.2 in Appendix A, was done at an 

applied current density of 0.025 A/g (approximately C/50), as previously used for clathrate 

battery testing in literature.13 The initial charge capacity was 2733 mAh/g, though by the 

20th cycle the capacity had decreased by nearly 50% to 1392 mAh/g. This is significantly 

better performance than previous Si type II clathrate battery studies demonstrated at the 

same current density.13,15 Table A.1 in Appendix A includes the battery performance data 
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of other clathrates reported in literature for the purpose of comparison. Both Na0.5Si136 and 

Na0.5(Si0.9Ge0.1)136 clathrates were then tested at a higher applied current density of 0.125 

A/g (approximately C/10), as shown in Figure 2.2a. Under these conditions, the Na0.5Si136 

clathrate showed an initial charge capacity of 3434 mAh/g and retained 50% capacity by 

the 50th cycle. The Na0.5(Si0.9Ge0.1)136 clathrate exhibited similar performance, with a lower 

initial charge capacity of 2814 mAh/g, and 50% capacity loss in the first 50 cycles. 

However, capacity loss occurs more slowly in subsequent cycles, to 893 mAh/g after 200 

cycles which is 32% of initial capacity (Figure A.3 in Appendix A). The capacity decline 

in the early cycles is likely due to structural changes taking place in the battery as the 

clathrate amorphizes. The Na0.5(Si0.9Ge0.1)136 clathrate showed significantly better 

Coulombic efficiency than the Na0.5Si136 clathrate, 84% for the first cycle, and greater than 

97% for subsequent cycles. In comparison, the Na0.5Si136 clathrate had a first cycle capacity 

of 83% and only increased to 93% for subsequent cycles.  



 32 

 

Figure 2.2 Charge capacity (■) and Coulombic efficiency (□) of Na0.5Si136 (blue) and 

Na0.5(Si0.9Ge0.1)136 (black) clathrate batteries cycled at (a) a current density of 

0.125 A/g, (b) various current densities from 0.125 A/g to 2.5 A/g, (c) a 

current density of 1.25 A/g. 

To determine the rate capability of the clathrate materials, batteries were cycled at 

different applied current densities, as shown in Figure 2.2b. Tested at a high applied current 

density of 2.5 A/g, the capacity of both clathrate materials dropped to only 380 mAh/g. 

The Na0.5Si136 clathrate, again, had a lower Coulombic efficiency than that of the 

Na0.5(Si0.9Ge0.1)136 at all applied current densities.  

Both clathrates, when tested at an applied current density of 1.25 A/g, exhibited 

high stability and capacity, greater than 1000 mAh/g for the first 100 cycles, as shown in 

Figure 2.2c. The first cycle was done at a lower current density, of 0.125 A/g, to form a 
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stable solid electrolyte interphase (SEI) layer to passivate the active material surface to 

protect it from reaction with the electrolyte and improve subsequent cycling stability.17 

There was less fade than experienced at a lower applied current density, as capacity never 

dropped below 50% of the second cycle capacity. The Na0.5(Si0.9Ge0.1)136 clathrate had a 

higher capacity, for the first 60 cycles, but after that the difference was negligible.  

Figure 2.3 shows voltage profiles and differential capacity plots for the Na0.5Si136 

and Na0.5(Si0.9Ge0.1)136  clathrates cycled at an applied current density to 0.125 A/g (cycling 

data shown in Figure 2.2a). The voltage profiles for both clathrates, shown in Figure 2.3a 

and c, exhibits a lithiation plateau that from the second cycle onward shifts to lower 

potentials as cycling progresses. This indicates that a higher over-potential is necessary to 

initiate lithiation. The first delithiation plateau is found at 450 mV, corresponding to the 

delithiation potential of Li15Si4.
18  

The differential capacity plots for the same batteries are shown in Figure 2.3b and 

d. During the first cycle, both clathrates exhibit a sharp lithiation peak near 200 mV and a 

smaller, broader peak at 100 mV. Crystalline Si usually shows a single lithiation peak at 

100 mV and the sharp 200 mV peak is consistent with the presence of silicon oxide on the 

sample.18,19 Because the lithiation peak of silicon oxide was intense, it is possible there was 

a significant amount of silicon oxide present on the surface of both samples, which had 

been stored in air prior to battery making. Both clathrates amorphize during the first cycle. 

This is seen in the second cycle differential capacity plot, where the lithiation potentials 

move slightly higher to 300 mV and just over 100mV, characteristic of a-Si, and then shift 

to lower potentials with successive cycles.20 Previous modeling has shown that further Li 

insertion amorphizes the Si clathrate and eventually the crystalline Li15Si4 (c-Li15Si4) phase 

is reached.13 This is confirmed in the first cycle delithiation plot that exhibits a single peak 

at 450 mV, characteristic of the delithiation of c-Li15Si4.
18,21  
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During subsequent cycles, the clathrates exhibit slightly different delithiation 

peaks. The Na0.5(Si0.9Ge0.1)136 clathrate (Figure 2.3d) delithiation peak moves to lower 

potentials and broadens, more closely resembling the delithiation peaks of amorphous Si 

(a-Si), which occur at 300 mV and 500 mV.18,22 The disappearance of the 450 mV peak 

indicates that there is capacity fade and a lower extent of lithiation in each cycle as c-Li15Si4 

is no longer formed.  

The Na0.5Si136 clathrate exhibits a single delithiation peak at 450 mV for the first 

10 cycles (Figure 2.3b). This sharp peak indicates that the Si is fully lithiating to the 

crystalline phase of c-Li15Si4, which is further confirmed in Figure 2.2b by the high 

capacity exhibited during these cycles. Following cycle 10, as seen in Figure A.4 in 

Appendix A, the peak begins to broaden and shift to a lower potential. Although there is 

still a prominent peak at 450 mV, in cycle 20, a broad shoulder begins to develop at around 

300 mV, consistent with the delithiation of a-Si.18,20 By cycle 50, the delithiation behavior 

for the Na0.5Si136 and Na0.5(Si0.9Ge0.1)136 clathrates are comparable and indicative of only 

a-Si.  

There do not appear to be any peaks present in the differential capacity plot that can 

be solely attributed to Ge, of the Na0.5(Si0.9Ge0.1)136 clathrate (Figure 2.3d). Characteristic 

peaks for the lithiation of Ge would be at 350 mV and a smaller yet still sharp peak at 150-

200 mV.23 The 350 mV peak is not exhibited in the differential capacity plot for the 

Na0.5(Si0.9Ge0.1)136 clathrate. Delithiation of Ge occurs at 500 mV in the first cycle, but the 

peak shown by the clathrate is at a lower potential, closer to the discharge potential of c-

Li15Si4.
23 This is due to the very low Ge content in the sample. 
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Figure 2.3 (a) Voltage profiles for Si clathrate batteries cycled at a current density of 0.125 

A/g. (b) Differential capacity profiles for the same battery at different cycles. 

(c) Voltage profiles for Na0.5(Si0.9Ge0.1)136 clathrate batteries cycled at a 

current density of 0.125 A/g. (d) Differential capacity profiles for the same 

battery at different cycles.  

The high capacity and stability of these clathrate materials is due to the phase purity 

of both samples. The Na0.5Si136 clathrate had a phase purity of >94 wt.% type II and the 

Na0.5(Si0.9Ge0.1)136 clathrate was >98.5 wt.% type II. Previous research has found that type 

I Si clathrates do not alloy with Li during battery cycling, resulting in a low capacity, as 

the clathrate is acting as an intercalation host.14,16 In other experiments of type II clathrates, 
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the phase purity was lower, about 80 wt.% type II with the balance being type I.13 Thus, 

the high concentration of type I clathrate would result in a lower total capacity for the active 

material. The high phase purity of the clathrate samples tested in this study is due to the 

synthetic procedures use to make them. The cold-wall reactor used promotes formation of 

type II clathrate through reducing the local Na vapor pressure in the reactor.7 Additionally, 

the higher Na0.5(Si0.9Ge0.1)136 sample phase purity is due to the presence of Ge. It has been 

previously suggested that type I Si-Ge clathrates may be unstable with a small guest atom 

like Na, thus they do not form during synthesis and a high type II phase purity is possible.7  

Now that the reversible LIB capability of alloyed Si-Ge clathrates has been 

demonstrated, future research can focus on the impact altering the Si-Ge ratio has on 

battery performance. Ge has a higher rate capability than Si in batteries, so by increasing 

the Ge content it might be possible to improve the clathrate rate capability.23 Furthermore, 

the Na0.5(Si0.9Ge0.1)136 clathrate had a higher Coulombic efficiency at lower applied current 

densities, if the added Ge is the cause of the higher Coulombic efficiency then there might 

be further improvement as more is added, though this requires further study. One difficulty, 

however, is that the high phase purity of the clathrate samples is not achievable for all Ge 

concentrations. Between the region of y = 0.15 – 0.5 for Na0.5(Si1-yGey)136, there is a large 

amorphous content of the sample due to diffusion limitations for phase separation.7 It is 

unclear how this difference would impact battery performance.   

2.4 CONCLUSIONS 

This work demonstrated that high capacity, reversible cycling of type II clathrates 

is possible. Half cell testing showed high initial charge capacities of 3434 mAh/g and 2814 

mAh/g for the Na0.5Si136 and Na0.5(Si0.9Ge0.1)136 clathrates, respectively. Both materials 

exhibited superior reversible cycling performance when compared with previous clathrate 
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battery studies. Even at a high applied current density of 1.25 A/g, both clathrates exhibited 

a charge capacity greater than 1000 mAh/g and were very stable. Differential capacity plots 

showed that both clathrates amorphized during battery cycling and formed the c-Li15Si4 

phase after fully lithiating. The high type II phase purity of the Na0.5Si136 and 

Na0.5(Si0.9Ge0.1)136 samples was critical for stable cycling. Both samples had a high phase 

purity, of greater than 94 wt.% type II clathrate, due to the reaction conditions under which 

the materials were synthesized. This research demonstrates the battery capability of Si and 

alloyed Si-Ge clathrates, opening the doors for future study into the impact altering the 

alloy ratio has on battery performance. 
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Chapter 3: In-Situ Surface Passivated Germanium Nanowires for 

Lithium-Ion Batteries‡ 

3.1 INTRODUCTION 

To meet the future needs of technologies such as extended-range electric vehicles 

and renewable energy storage, lithium ion batteries (LIBs) with higher energy and power 

density will be necessary.1–3 This will require the use of new electrode materials capable 

of holding more Li ions than those currently used. Traditional LIBs are made using a 

graphite anode, which only has a capacity of 372 mAh/g, but by upgrading to Li alloy 

materials such as germanium (Ge) or silicon (Si) it is possible to increase capacity to 1624 

mAh/g or 3579 mAh/g, respectively.4–6 Ge is of particular interest because it has 

demonstrated a high rate capability and better stability than Si.7  

The surface chemistry of electrode materials can have an impact on battery 

performance in many different ways, such as improved conductivity, reduced Li+ ion 

transport, and improved interaction with the binder.8–13 The surface chemistry of the active 

material is important because, during cycling, the anode will react with the electrolyte, 

forming a passivating solid electrolyte interphase (SEI) layer on the surface.2 This layer is 

crucial to stable battery function, as it protects the anode surface from further direct 

reaction with the electrolyte and prevents degradation of the active material.4,9 However, 

if the SEI layer is not robust, it will continually crack during electrode expansion and 

contraction, exposing new active material surface to the electrolyte and building a thicker 

SEI layer, which can hinder Li+ transport and increase electrical resistance.4,14 The SEI 

layer can also trap a significant amount of Li+, resulting in irreversible charge loss.15 While 
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this is unavoidable in the first cycle, upon initial SEI formation, if a stable SEI layer is 

formed, further electrolyte degradation will ideally be prevented.14 The composition of the 

SEI layer is also crucial to its effectiveness, and is dependent on the electrolyte used. The 

resulting SEI layer, in a battery cycled with a traditional carbonate electrolyte, consists 

primarily of carbonate byproducts, as well as LiF formed by decomposition of the salt 

additive.16   

The surface of an active material can alter the electrochemical reaction between 

electrode and electrolyte, impacting the SEI composition, and ultimately the overall battery 

performance. One way to modify the active material from reaction with the electrolyte, is 

passivation.  Ge nanowires (NWs) passivated with organic monolayers have improved 

corrosion resistance.8,17–19 This protection would be useful in a battery environment, as 

electrolyte with lithium hexafluorophosphate (LiPF6) often has a trace amount of 

hydrofluoric acid present initially due to reaction with atmospheric contaminants.20 

Furthermore, passivation can be used to alter electronic properties of the material and add 

functionality.18,21 Systematic experimentation looking at the impact of several surface 

passivations is necessary to understand the impact the active material surface chemistry 

has on SEI composition and battery performance.  

Here, we report the battery performance of Ge NWs with different surface 

passivations. The nanowires were synthesized using a supercritical-fluid-liquid-solid 

(SFLS) technique that allowed for in-situ passivation. Nanowire battery performance was 

tested in half-cells and the resulting SEI layer studied using X-ray photoelectron 

spectroscopy (XPS). Surface passivation was found to have an impact on initial SEI 

formation, which in turn affected battery performance and rate capability. Although 

unpassivated nanowires had higher storage capability, they experienced degradation during 

cycling and low rate capability. DDT passivated nanowires performed with lower capacity 
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at high rates and with lower stability in all tests. Adding an organic alkene monolayer 

improved stability, even at high cycle rates. Anodes with different surface 

functionalizations exhibited different first cycle SEI compositions, though after extended 

cycling these differences were minimal. This research shows that the interaction between 

the nanowire surface, polymeric binder, and SEI formation is complex and must be 

optimized in conjunction to achieve the best results.  

3.2 EXPERIMENTAL DETAILS 

3.2.1 Chemicals 

Diphenylgermane (>95%) and phenylsilane (>95%) were purchased from Gelest, 

Inc. 1-dodecene (95%), 1-dodecanethiol (>98%), 11-mercaptoundecanoic acid (>95%), 

lithium hexafluorophosphate (LiPF6, ≥99.99%), ethylene carbonate (EC, 99%), diethyl 

carbonate (DEC, ≥99%), poly(acrylic acid) (PAA), 1-methyl-2-pyrrolidinone (NMP, 

99.5%), anhydrous toluene (99.8%), chloroform (99.9%), and ethanol (99.9%) were 

purchased from Sigma-Aldrich. Conductive carbon super C65 was purchased from 

TIMCAL. Fluoroethylene carbonate (FEC, ˃98%) was purchased from TCI America. 

Lithium foil (1.5mm, 99.9%) was purchased from Alfa Aesar. Celgard 2400 membranes 

(25 μm) were purchased from Celgard. Copper foil (9 μm thick) and coin cells (2032 

stainless steel) were purchased from MTI Corporation. All purchased chemicals were used 

as received without any further purification. 

3.2.2 Nanowire Synthesis 

Gold (Au) nanocrystals with an average diameter of 2 nm, capped with 1-

dodecanethiol (Aldrich, >98%), were prepared using the method of Brust et al. and stored 

in anhydrous toluene.22 Germanium nanowires were synthesized by the super critical fluid–

liquid–solid technique which has been previously published.23 Reactants were prepared in 
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an argon glovebox in order to minimize air exposure. A reaction solution of 28 mL was 

prepared with 0.5 mg of gold nanoparticles in a 20 mg/mL solution, 36 mM 

diphenylgermane, 24 mM phenylsilane and anhydrous toluene. Previous research has 

shown that the addition of phenylsilane as a phenyl group scavenger improves the quality 

and yield of the nanowires.24 Prior to synthesis, a 10 mL titanium tubular reactor was filled 

with argon in the glovebox and then connected to a high pressure liquid chromatography 

(HPLC) pump on one end and a micrometer valve on the other. The reactor was then heated 

to 380oC and pressurized to 6.9 MPa. The reactant solution was fed to the reactor at 0.5 

mL/min for 40 min and the outlet pressure is maintained at 6.9 MPa.  

Immediately after the synthesis the reactor was sealed and cooled for the 

passivation. For dodecanethiol and mercaptoundecanoic acid passivation, the temperature 

was set at 80oC and for dodecene passivation to 220oC.17,18 An injection solution in 

anhydrous toluene was prepared in the glovebox. For dodecanethiol and dodecene, 4 mL 

of chemical were added to 8 mL of toluene, and for mercaptoundecanoic acid, 1 g of acid 

was added to 12 mL of toluene. After the temperature stabilized, 10 mL of passivation 

solution was injected into the reactor at a rate of 0.5 mL/min. The solution was injected 

until the pressure increased to 6.9 MPa and was held at temperature and pressure for 2 hrs. 

The reactor was then allowed to cool to room temperature.   

After cooling, the nanowires were centrifuged at 8000 rpm for 5 minutes. The 

supernatant was then disposed and the nanowires were washed using chloroform, toluene, 

and ethanol at a 2:1:1 ratio. The nanowires were then centrifuged and washed two more 

times. The resulting nanowires were stored in chloroform.   
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3.2.3 Electrochemical Testing 

To prepare a battery slurry, GeNWs were dried by rotovap at 700 torr and 30oC. 

The nanowires were then combined with PAA and C65 at a ratio of 70/20/10 for a total 

mass of ~30 mg. To this 0.12 mL of NMP and 2.5 mL of ethanol were added and mixed 

by probe sonication for 30 min. The solution was then rotovapped to remove extra liquid 

at 700 torr and 35oC until the slurry was more viscous. Slurries were then doctor bladed 

onto Cu foil (200 µm gap) and dried at 150 oC overnight under vacuum. The typical mass 

loading was approximately 0.5 mg/cm2. Anodes were cut out of the foil using a 9 mm 

diameter hole punch. Coin cells were assembled in an argon filled glovebox (<0.1 ppm O2) 

using Li foil as the counter electrode. Electrolyte solution was prepared using 1 M LiPF6 

in 1:1 EC:DEC with 5 wt% FEC and Celgard 2400 membranes were used as separators. 

Coin cells were crimped to ensure a tight seal and removed from the glovebox for 

galvanostatic testing on an Arbin BT-2143 test unit. Half cells were cycled between 0.01 

V – 2.0 V vs Li/Li+. Capacities are reported based on the nanowire weight of the anode 

material and rates are reported based on C = 1211 mAh/g. This cycle rate is determined by 

the 70% weight fraction of the nanowires times the theoretical capacity of 1624 mAh/g 

plus 20% contribution from the carbon additive and binder times 372 mAh/g. 

3.2.4 Characterization  

Attenuated total reflectance fourier transform infrared spectroscopy (ATR-FTIR) 

was used to confirm the attachment of ligands in nanowire passivation. A Thermo 

Scientific Nicolet 6700 with a diamond ATR crystal accessory (PIKE MIRacle™) was 

used. The spectrometer chamber was purged with nitrogen, and IR spectra were recorded 

from dried nanowires. Transmission electron microscope (TEM) images were taken using 

a FEI Tecnai Spirit Bio Twin operated at 80 kV. Samples were prepared by depositing 
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them on a 200mesh lacey-carbon copper TEM grid. Scanning electron microscope (SEM) 

images were taken using a Zeiss Model SUPRA 40 VP SEM system operated at 2.0 kV.  

Ex-situ analysis of cycled electrodes was performed using a Kratos AXIS Ultra 

DLD spectrometer to do x-ray photoelectron spectroscopy (XPS). Because many of the 

species that form on the surface of an electrode are air sensitive special care was taken to 

reduce oxygen exposure. Coin cells were opened in the glovebox and electrodes rinsed 

with DEC. They were transferred to the XPS ultra-high vacuum (UHV) chamber via a 

pressure-to-vacuum transfer of environmentally sensitive samples (PV-TESS) interface 

(designed by the Texas Materials Institute, University of Texas, Austin, U.S. Patent 

Application Serial No. 14/445,650 filed July 29, 2014. The resolution for the survey scan 

was 1 eV, and the high-resolution region data was collected every 0.1 eV. Sputtering was 

carried out using Argon ions with an approximate 2.5µA current measured at the sample. 

The spectra were analyzed using CasaXPS software (version 2.3.16, Casa Software Ltd.). 

Sample charging was corrected for by shifting the F1s, Li-F peak to a binding energy of 

685.1 eV. A DDE anode cycled at 1C for 123 cycles, DDT and MUA at varying cycle rates 

for 80 cycles, and pristine anode cycled at 1C for 152 cycles were analyzed in the XPS. 

The differing cycle lengths does not impact the chemical species formed on the surface as 

seen in both the XPS spectra data and the atomic fraction data in Figures 3.7 and 3.8.  

3.3 RESULTS AND DISCUSSION 

Ge nanowires would be tested both with and without surface passivation in 

batteries. The synthesized Ge NWs were long, straight and crystalline, as shown in Figure 

3.1.  
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Figure 3.1 (a) SEM and (b) TEM of Ge NWs after synthesis, but without surface 

passivation.  

Three different surface passivations were tested: 1-dodecene (DDE), 1-

dodecanethiol (DDT), and 11-mercaptoundecanoic acid (MUA) (Figure 3.2a). These 

passivations were chosen because they had either different groups bonded to the nanowire 

surface (DDE and DDT) or a different terminal group (MUA and DDT), allowing for 

isolation of different variables and comparison. Figure 3.2b-c shows the reaction scheme 

for the attachment of the three passivation chemicals to the NW surface. In the thermal 

hydrogermylation reaction (Figure 3.2b), the double bond of 1-dodecene is cleaved and the 

carbon bonds with Ge on the surface.17 In the thiolation passivations (Figure 3.2c), the 

sulfur will bond with the Ge on the NW surface. Surface passivation was done in-situ in 

the reactor immediately following synthesis to prevent formation of a surface oxide that 

would inhibit passivation.  
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Figure 3.2 (a) Chemical structures for the three passivations. (b) Reaction scheme for 1-

dodecene (DDE) passivation. (c) Reaction scheme for 1-dodecanethiol 

(DDT) and 11-mercaptoundecanoic acid (MUA) passivation.  

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

was used to confirm the attachment of ligands in nanowire passivation. Figure 3.3a shows 

the normalized transmittance spectra for the 1-dodecene and 1-dodecanethiol passivation. 

The dashed line indicates the asymmetric CH2 stretching (2918 cm-1 and 2920 cm-1 for 1-

dodecene and 1-dodecanethiol respectively) and the symmetric CH2 stretching (2850 cm-1 

for both).  C-S and C-S-H stretches have weak absorption in IR spectra and were not 

observed.25 Figure 3.3b shows the FTIR spectra for the NWs passivated with 11-

mercaptoundecanoic acid as indicated by the presence of the carboxylic acid C=O stretch 

at 1710 cm-1.  
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Figure 3.3 (a) ATR-FTIR spectra of Ge NWs passivated with 1-dodecene and 1-

dodecanethiol. Dashed lines indicated the symmetric and asymmetric CH2 

stretching peak positions. (b) ATR-FTIR spectra of Ge NWs passivated with 

11-mercaptoundecanoic acid. 

Passivated and unpassivated (labeled “pristine”) Ge nanowires were tested in half 

cells versus Li metal. Figure 3.4 shows battery data for Ge NW anodes made using PAA 

as a binder tested at different rates. Capacities are reported based on the weight of NWs 

used in the electrode. At a cycle rate of C/10 (C = 1221 mAh/g), as shown in Figure 3.4a, 
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all four NW anodes exhibit relatively stable cycling. Pristine nanowires exhibit the best 

capacity, with a capacity at 100 cycles of 1478 mAh/g, though they have the lowest 

Coulombic efficiency, 88.6% for the same cycle. DDT passivated nanowires exhibited the 

lowest capacity, with a 100th cycle capacity of 1277 mAh/g. The NWs with the highest 

Coulombic efficiency were the MUA passivated, with a Coulombic efficiency at 100 cycles 

of 96.9%; these NWs also showed very stable cycling, as they retained 86.4% of capacity 

after the same number of cycles.  

In Figure 3.4b, nanowires were tested at an increased cycle rate of 1 C, with a single 

first cycle done at C/10, to form a robust SEI layer. The faster cycle rate lead to lower 

capacities and higher Coulombic efficiencies. This occurs because at higher C-rates the Ge 

is not fully lithiated and delithiated, resulting in limited volumetric expansion and this 

better efficiency.26 Although DDE and MUA passivated NWs exhibited lower capacities 

than DDT and pristine NWs, they had very stable cycling. The capacities at 100 cycles for 

DDE and MUA were 727 mAh/g and 636 mAh/g, respectively. Even after 200 cycles the 

DDE batteries still retained 96% of 2nd cycle capacity, and the MUA batteries 81% of 3rd 

cycle capacity (Figure B.1 in Appendix B). DDT and pristine GeNWs exhibited a decline 

in capacity during the first 100 cycles. At 100 cycles, the DDT and pristine GeNW batteries 

had capacities that were 75% and 79% of 2nd cycle capacity, respectively. This decline in 

capacity was consistent across multiple DDT and pristine GeNW batteries tested at this 

rate, as seen in Figure B.2 in Appendix B. 

Further testing was done to determine the rate capability of the nanowires. The 

batteries were tested at varying cycle rates from C/10 to 10 C for 10 cycles each, as shown 

in Figure 3.4b. All anodes demonstrated capacity even at high rates of 10 C. DDE 

nanowires exhibited the best performance at this cycle rate, with a capacity of 568 mAh/g. 

DDT and MUA passivated nanowires had the lowest capacities at the fastest cycle rates 5C 
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and 10 C. Pristine nanowires exhibited the best cycling performance at C/10 both before 

and after faster cycling, as expected from the C/10 cycle data in Figure 3.4a, though again 

had the lowest Coulombic efficiency.  

 

Figure 3.4 Charge capacity (■) and Coulombic efficiency (□) of passivated Ge NWs 

cycled at (a) a rate of C/10, (b) a rate of 1 C and (c) various cycle rates from 

C/10 to 10 C for 10 cycles each, where 1 C = 1211 mAh/g. 

Voltage profiles for the rate test data are shown in Figure 3.5. The profile shapes 

are similar for all passivations and lithiation plateaus shift to lower potentials as cycle rate 

increases, though this is less significant for nanowires that performed better at high rate, 

such as DDE (Figure 3.5b). This indicates that a higher over-potential is necessary to 

initiate lithiation.  
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Figure 3.5 Voltage profiles for LIBs with (a) pristine Ge nanowires, (b) DDE, (c) DDT, 

and (d) MUA passivated Ge NWs at cycle rates ranging from C/10 to 10 C. 

The voltage profiles correspond to the 2nd cycle data in Figure 3c with 1 C = 

1211 mAh/g. The same legend shown in (a) is used for all plots.  

Figure 3.6 shows differential capacity plots for the pristine and passivated Ge NW 

batteries cycled at C/10 (cycle data shown in Figure 3.4a). During the first cycle, pristine, 

DDT and MUA Ge NW batteries exhibit a sharp lithiation peak near 250 mV. The first 
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cycle behavior of the DDE nanowires is slightly different, showing a large lithiation peak 

at 350 mV and a smaller peak at around 225 mV. This indicates a lower overpotential is 

necessary to induce lithiation. Both behaviors are consistent with previously reported 

differential capacity data for Ge nanowires.5,7,27,28 First cycle lithiation peaks are sharper 

than in subsequent cycles, corresponding to the lithiation of crystalline Ge. In later cycles 

the Ge has amorphized and broad peaks appear, for all nanowires, at 450 mV and 200 mV.7 

Delithiation of Ge occurs at 500 mV and is indicated by a sharp peak.7 This peak gradually 

decreases in size and sharpness with subsequent cycling, for all nanowires, which is 

indicative of capacity fade. 
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Figure 3.6 Differential capacity profiles for LIBs with (a) pristine nanowires, (b) DDE 

passivation, (c) DDT, and (d) MUA at a cycle rate of C/10 with 1 C = 1211 

mAh/g.  

To determine the impact surface passivation has on SEI layer formation, XPS was 

used for chemical analysis. Measurements were taken after a single cycle, and after a longer 

cycle time (>80 cycles). All anodes were analyzed in the delithiated state and rinsed with 

DEC for 15 minutes before XPS analysis to remove any Li salts from the electrode surface. 

Figure 3.7 compares the XPS scans for anodes after a single cycle and after a longer cycle 

time. The C 1s scan (Figure 3.7a) for all three passivations and the pristine nanowires 
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shows a strong signal at 284.9 eV, corresponding to the presence of aliphatic carbon, as 

expected due to the addition of conductive carbon and the passivation.29 The second peak, 

present in all samples, is at 286.6 eV, attributed to carbon atoms bound to a single oxygen.29 

The final peak, again present to some degree in all samples, is at approximately 290 eV, 

and is due to the presence of a carbonate species.30 These peaks arise due to the presence 

of decomposition products of the carbonate electrolyte. The main reduction products of EC 

and DEC are reduced to ROCO2Li and Li2CO3.
30,31  

While similar chemical species are present on the surface of the different electrodes, 

the relative ratio of the peaks gives us insight into the different compositions. Figure B.3 

in Appendix B presents high resolution elemental XPS scans of the C 1s orbital with peak 

deconvolution envelopes shown for the batteries after 1 cycle. These convolutions are used 

to determine the relative compositions of species present in each sample. The MUA 

passivated electrode has a strong carbonate peak, relative to the C-C peak, indicating a 

higher composition of Li2CO3, which is a highly efficient passivating species because it is 

less soluble in the electrolyte solvents.14 DDT and MUA passivated electrodes have a 

broader peak from 288-290 eV, which can indicate the presence of several types of 

carbonates.30 The MUA passivated electrode is the only sample to show a peak at 283 eV 

which can be attributed to another decomposition product, LiCH2R.32 Looking at the XPS 

after the electrode has experienced extended cycling, we see very little difference between 

the four electrodes. The carbonate, ethereal, and alkoxy carbon signals have become a 

broad slope, due to the presence of many different species.  

The O 1s scan (Figure 3.7b) is dominated by Li2CO3 after a single cycle showing a 

strong signal at 532 eV.29 This peak is present in all samples, though the Li2CO3 peak in 

DDT has a broader shoulder at around 533 eV. This can be attributed to the presence of Li 

alkyl carbonates.29 This observation is in agreement with the alkyl carbonate C 1s peak, 
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which is relatively larger for this. This may indicate a higher degree of carbonate electrolyte 

decomposition in this sample after a single cycle. This shoulder grows in all four samples 

after a longer cycling time. The F1s scan (Figure 3.7c) exhibits a peak for LiF at 685.1 eV 

for all samples.29 A peak at 687.2 eV for both the DDE and MUA passivated samples due 

to the presence of remaining LiPF6 salt. The presence of LiF is due to the decomposition 

of LiPF6 during cycling.29 All samples show a strong LiF peak after extended cycling.   
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Figure 3.7 High resolution XPS elemental scans for batteries after 1 cycle (darker lines) 

and >80 cycles (lighter lines) (a) C 1s, (b) O 1s, (c) F 1s.  
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The variability in SEI composition between samples changes significantly between 

the 1st cycle and after a longer cycle time. First cycle SEI layer formation is crucial, since 

a robust SEI layer could ideally prevent further electrolyte degredation.14,16 Surface 

passivation will have the most impact on this initial SEI formation since it is occurring 

directly on the nanowire surface. Figure 3.8a shows the atomic elemental composition of 

each sample after a single cycle. DDE has a high C content of 50%; by contrast MUA only 

has 18%. This is because the DDE sample had a significantly lower F content, 6%, than 

the other samples. From Figure 3.7c, this sample had a much lower LiF signal, and a 

comparatively higher fraction of LiPF6, though the Li atom percent is low, 16%, so it is 

unlikely there was unreacted salt on the surface of the sample. This data indicates that the 

DDE sample had lower Li salt decomposition in the first cycle, compared with other 

samples, as LiF is one of the main decomposition products of LiPF6.
16,33

   

The higher Ge content of the MUA sample, 7%, may be indicative of a thinner SEI 

layer formed after a single cycle than the other samples, if the thickness is less than the 

XPS penetration depth of ~10 nm.16 The MUA sample had a very high Li and F atomic 

percent, and a comparatively high ratio of LiPF6 to LiF, so it is possible that there was 

some unreacted salt present on the surface in the XPS.  

There is a high degree of variability between the atomic composition of the samples 

after the first cycle, but after a longer cycle time (Figure 3.8b) we see very little difference 

between the samples. With subsequent cycles, the electrolyte decomposition will form an 

SEI layer thick enough to cover that initial variability. 
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Figure 3.8 Elemental film compositions for batteries after (a) 1 cycle (b) >80 cycles.  

It is difficult to definitively connect performance and passivation for each of the 

passivated and unpassivated GeNWs, but there are some general conclusions that can be 

drawn from the data. The DDT passivated nanowires performed with worse stability for 

every test, at all rates.  For 1 C tests the DDT nanowires performed better, but with lower 

stability than the DDE or MUA nanowires. The higher presence of Li alkyl carbonates 

observed in the DDT NW XPS data following the first cycle indicates more electrolyte 

decomposition. A thicker SEI layer can hinder Li ion diffusion and trap Li, decreasing 
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storage capacity.4,14,34 These findings differ from previously published results that found 

DDT passivated GeNWs performed significantly better than unpassivated GeNWs.8 One 

possible reason for this difference was the use of poly(acrylic acid) (PAA) as a binder in 

place of polyvinylidene fluoride (PVdF). It was previously theorized that PVdF could form 

a stronger bond with the DDT passivation than with the oxidized nanowire surface of an 

unpassivated GeNW.8 This would create an electrode with higher structural stability that 

could better withstand volume expansion and contraction. The same enhanced binding is 

not seen when PAA is used as a binder. PAA was chosen as the binder for this study 

because it has been proven to be a superior binder over PVdF in Si and Ge anodes.26,35–37 

PAA has strong reactions with the native surface oxide on active materials through 

carboxylic and hydroxyl groups which are then reduced to lithium carboxylates during 

cycling forming a stable SEI layer.37  

DDE passivated GeNWs exhibited lower capacities than other passivations, but had 

very stable cycling, particularly at high rates of 10 C. Even though the DDE passivation 

would protect the NW surface from oxide formation, it does not appear that it inhibited 

surface functional groups of the PAA from interacting with the nanowires to create a strong 

network and an SEI layer that allowed for stable cyling. For applications with a need for 

high cycle stability at different rates, but at the expense of capacity, DDE nanowires would 

be best. The MUA passivated electrode had a higher composition of Li2CO3, following the 

first cycle, and may have a thinner SEI layer, as seen from the higher Ge content than other 

samples. While the MUA samples had lower capacities at low cycle rates, they showed 

very stable cycling, indicative of an effective SEI layer.  

Finally, this research has shown that pristine NWs can compete with passivated 

NWs. The pristine NW samples had the highest capacity at low cycle rates, but at the 

expense of lower Coulombic efficiency and a decline in capacity throughout cycling. 
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However, even at high cycle rates of 10 C, the pristine NW sample still had capacity and 

recovered to full capacity upon a return to the C/10 rate. The added benefits of using PAA 

as a binder, seemed to outweigh any disadvantages higher surface oxidation might cause, 

and, indeed, the surface oxidation is important for strong PAA adherence to the nanowires.  

3.4 CONCLUSIONS 

These battery experiments examine the impact surface passivation has on battery 

Ge NW battery performance. Each of the nanowire passivations resulted in different 

cycling behavior and capability. Pristine nanowires exhibited the best capacity at slow 

cycle times, but consistently had the lowest Coulombic efficiency. MUA nanowires had 

lower capacity than unpassivated nanowires, but the highest Coulombic efficiency. DDE 

exhibited low capacity at 1 C, but with extremely stable cycling and the best performance 

at a high cycle rate 10 C. DDT passivated nanowires performed with lower capacity at high 

rates and with lower stability in all tests. Previous research that found that DDT had 

enhanced performance due to improved binding with PVdF, but the same effect was not 

seen with PAA. Nanowires with different passivations had very different SEI compositions 

in the first cycle, but were largely the same by the 100th cycle. This research shows that the 

interaction between the nanowire surface, polymeric binder, and SEI formation is complex 

and must be optimized in conjunction to achieve the best results. The best surface chemistry 

with one binder might be different with another. Ideally, in the future, NWs with different 

passivations could be used for different performance needs. 
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Chapter 4: In Situ TEM of Oxide Shell-Induced Pore Formation in 

(De)lithiated Silicon Nanowires§  

4.1 INTRODUCTION 

Future technologies will require improvements in the energy density, rate 

capability, cost, and safety of lithium ion batteries (LIBs).1–3 Silicon (Si) is an attractive 

next generation anode material because it is inexpensive, abundant, and has a high 

theoretical gravimetric storage capacity of 3579 mAh/g, nearly ten times that of present 

graphite electrodes.4 However, Si experiences massive volume expansion, of nearly 310%, 

when fully lithiated and suffers from low conductivity.5 Nanostructured Si can largely 

withstand lithium-induced volume change without pulverization, but the continual 

expansion and contraction leads to loss of electrical connection between the nanowire and 

the conductive additive and lowers Columbic efficiency over time.6–11  

One strategy that has been used to improve the performance of nanostructured Si, 

is the addition of a surface coating layer.12–17 Coatings that have been investigated include 

silicon oxide (SiOx), carbon, alucone, and TiO2, among others.15–18 A surface coating can 

increase conductivity, improve mechanical stability, and protect the active material from 

reaction with the electrolyte.  In particular, silicon oxide is an interesting coating because 

it can be grown on the Si surface easily and at a controllable thickness. Ex situ TEM studies 

have found this shell limits volume expansion during lithiation, while coin cell experiments 

show this improves cycling stability, though reduces the capacity.12,17 There are still 

questions as to exactly how the shell improves stability and the impact reduced lithiation 

has on structural changes during battery cycling.  

                                                 
§ The work contained in this section is the subject of a scholarly article that is currently in preparation. 

Authors on this work include Emily R. Adkins, Taizhi Jiang, Langli Luo, Chong-Min Wang, and Brian A. 

Korgel. Emily Adkins was responsible for planning the research, synthesizing the materials, directing the 

in-situ TEM experiments, analyzing the data, researching and writing the completed document. 
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In situ TEM allows real-time direct investigation of morphology changes that occur 

during cycling that are not easily understood through ex situ techniques, such as pore 

formation,  preferential lithiation, and self-limiting lithiation.18–21 This technique has been 

used to determine the impact a surface coating has on nanowire battery cycling such as, 

inducing pore formation, limiting volume expansion, and increasing the lithiation 

rate.14,16,22 These findings help develop a fundamental understanding of the relationship 

between the properties, structure, and performance of Si-based anodes. 

In this paper, we examine the morphology changes that occur in Si nanowires 

coated with an SiOx shell as they undergo lithiation and delithiation by in situ TEM. The 

oxide shell constrains the expansion of the nanowire and prevents complete lithiation.  The 

nanowire retains a crystalline Si core. When the nanowire is delithiated, pores are observed 

to form in the amorphized Si.  The SiOx shell prevents migration of vacancies formed 

during delithiation to the nanowire surface. The vacancies aggregate and form pores. These 

in situ studies provide insight into the impact an SiOx shell has on structural changes 

experienced by a Si nanowire during cycling.   

4.2 EXPERIMENTAL DETAILS 

4.2.1 Chemicals  

Trisilane (>99%) was purchased from Voltaix, LLC.  Anhydrous toluene (99.8%), 

chloroform (99.9%), 1-dodecanethiol (Aldrich, >98%), and ethanol (99.9%) were 

purchased from Sigma-Aldrich. All purchased chemicals were used as received without 

any further purification. 

4.2.2 Nanowire Synthesis  

Si nanowires were synthesized by super critical fluid–liquid–solid (SFLS) growth 

following published procedures.23 Gold (Au) nanocrystals with an average diameter of 2 
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nm, capped with 1-dodecanethiol, were prepared using the method of Brust et al. and stored 

in anhydrous toluene.24 The nanowire synthesis was performed in a nitrogen glovebox to 

minimize air exposure of pyrophoric reactants. A 10 mL titanium tubular reactor was 

connected to a high-pressure liquid chromatography (HPLC) pump then heated to 490oC 

and pressurized to 13.8 MPa. A reaction solution was prepared with 27.5 mg of gold 

nanoparticles in a 50 mg/mL solution, 2.01 M trisilane and anhydrous toluene. Caution! 

Trisilane is pyrophoric and must be handled under inert conditions. The reactant solution 

was fed to the reactor at 3 mL/min. Once the reactor has repressurized to 13.8 MPa, the 

inlet valve was closed and held at 490oC for two minutes. After cooling, the nanowires 

were centrifuged at 8000 rpm for 5 minutes. The supernatant was then discarded and the 

nanowires washed using chloroform, toluene, and ethanol at a 2:1:1 ratio. The nanowires 

were then centrifuged and washed two more times. The resulting nanowires were stored in 

chloroform.   

4.2.3 Oxide Shell Growth 

Immediately after synthesis, nanowires have only a thin oxide shell. To examine a 

wider range of oxide shell thicknesses, an oxide shell was grown on the wires. This was 

done using a Mettler-Toledo Thermogravimetric Analyzer/DSC1 (TGA). Nanowires were 

prepared by depositing approximately 4 mg of nanowires into a 70 μL alumina crucible 

(Mettler-Toledo). In the TGA, the temperature was ramped up to 100oC at a rate of 

15oC/min under nitrogen flow and held for 20 minutes, to allow any residual solvent to dry. 

The temperature was then increased to the set point of 800oC. The gas flow was switched 

to air at a flowrate of 10 mL/min and the sample held at this temperature for 3 hours. After 

3 hours the samples were allowed to cool.  
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4.2.4 In Situ TEM Measurements  

In situ TEM measurements were made using a Nanofactory TEM holder inside a 

Titan 80-300 scanning/transmission electron microscope (S/TEM). Samples were dropcast 

by micropipette onto a platinum probe wire as a working electrode and inserted into the 

holder. The counter electrode was a tungsten probe mounted with lithium metal prepared 

in a glovebox (Figure 2c). A small amount of Li2O was allowed to grow on the surface 

during transfer from the glovebox to the TEM vacuum which was used as a solid state 

electrolyte.19 Inside the TEM, the nanowire probe was moved using a piezo-positioner and 

brought into contact with the lithium. To lithiate/delithiate the wires, a voltage was applied 

between -5V to 2V vs Li/Li+. This is a larger voltage window than would be needed in a 

traditional lithium ion battery due to slow ion diffusion through the solid electrolyte.19 

4.3 RESULTS AND DISCUSSION 

Figure 4.1a shows TEM images of a typical Si nanowire used in the in situ battery 

studies.  The nanowire has a crystalline Si core with a thin SiOx shell that is formed by 

heating the nanowires to 800oC under constant air flow. The nanowires are several 

micrometers long, straight, crystalline, and have an average diameter of 42 nm with an 

oxide shell thickness of 11 nm. Many nanowires exhibit twins that run down the length of 

the nanowires, as observed in the nanowire in Figure 4.1a.  The crystalline Si core of the 

nanowire has a higher image contrast than the SiOx shell, making it possible to measure 

the shell thickness, which for the nanowire in Figure 4.1 is 8 nm thick.  Figure 4.1c shows 

a scanning transmission electron microscopy (STEM) high-angle annular dark-field 

(HAADF) image of a Si nanowire with an SiOx shell on the surface and the associated 

energy dispersive X-ray spectroscopy (EDS) maps (Figure 4.1d-e) which show the Si core 

and the oxide shell.  
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Figure 4.1 (a) TEM images showing an 8 nm thick oxide shell grown on the Si nanowire 

surface. This nanowire has a twin defect along its length. (b) A magnified 

image of the same wire more clearly shows the SiOx shell. (c) STEM HAADF 

image of a Si nanowire with an SiOx shell with associated EDS mapping of 

the (d) O and (e) Si distribution. Elemental analysis shows the nanowire has 

a Si core and an oxide shell   

Si nanowires with an SiOx surface shell were lithiated in situ in an all-solid 

nanobattery assembled in the TEM, as depicted in Figure 2.2c and described further in the 

Section 4.2.4. Figures 4.2 a-b show a time series of TEM images of a Si nanowire with an 

SiOx shell as it undergoes lithiation and delithiation (See accompanying video file 

LithiationVideo_1.mp4 listed in Appendix C). Lithiation initially occurs on the surface of 

the nanowire and then proceeds radially into the core.  This mechanism of surface-into-

core lithiation is well-established for Si nanowires.25,26  
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Figure 4.2 TEM images of a Si nanowire with an SiOx shell taken during the first (a) 

lithiation and (b) delithiation cycle. The nanowire experiences 132.6% 

volume expansion and retains a crystalline core of 24 nm diameter at the end 

of lithiation. (See accompanying video file LithiationVideo_1.mp4 listed in 

Appendix C) (c) A cartoon of the in situ TEM nanobattery set up. (d) A higher 

magnification TEM image of pores that form in the amorphous Si region of 

the nanowire after delithiation.  

Lithiation causes axial and radial expansion of the core-shell nanowire volume by 

an average of 130%. Volume expansion is found by measuring the diameter and length of 
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the nanowire before and after lithiation. Length expansion is determined by tracking two 

points on the nanowire during lithiation and measuring the distance as it changes. Length 

can be difficult to track due to bending of the nanowire out of the imaging plane. Table C.1 

in Appendix C has statistics from three Si nanowires with an intact SiOx shell. If the SiOx 

shell is initially defect free, it will remain intact during cycling. In the nanowire shown in 

Figure 4.2a, the total diameter increases during lithiation from 60 nm to 100 nm, 

corresponding to a volume expansion of 132.6%. This is significantly less than the 310% 

volume expansion a fully lithiated Si nanowire without a shell would experience.6  

An intact and uniform oxide shell constrains the volume expansion and prevents 

complete lithiation of the nanowire. This results in a thin residual crystalline Si core which 

remains even after prolonged applied voltage. In the nanowire shown in Figure 4.2a, the 

crystalline core shrinks from a pre-lithiation diameter of 42 nm to 24 nm after lithiation. 

This observation is consistent with coin cell data showing that Si anodes with an SiOx 

surface-coating layer have reduced specific capacity during cycling.12,17 The crystalline 

core is still visible after delithiation (Figure 4.2b) and during a second lithiation as well 

(Figure C.1 in Appendix C). During the second lithiation, the crystalline core eventually 

becomes no longer visible. It is not clear whether this is because it has amorphized, or due 

to the limited phase contrast between the core and the lithiated SiOx shell and the increased 

roughness of the SiOx shell.  

Nanowires with an intact SiOx shell exhibit pore formation upon the first 

delithiation. Figure 4.2d shows a magnified view of the pores that appear in the Li-Si region 

of the nanowire during delithiation. During delithiation, the nanowire volume begins to 

shrink as Li is extracted. Following a continued applied voltage, pores become visible in 

the part of the nanowire that has previously shrunk. These pores are small and densely 

packed, similar to those formed in a Si nanoparticle with an oxide shell after delithiation.16 
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The volume of the nanowire following delithiation is 43% greater than the initial volume 

before lithiation. This expansion is due to the pore volume remaining within the nanowires 

after lithium removal, as well as some degree of lithiation-induced plastic deformation.27 

During the second lithiation, the pores disappear in the nanowire and then reappear upon 

deltihiation (Figure C.1 in Appendix C). The volume of the nanowire following the second 

delithiation has expanded by 26% from the first delithiation, indicating the pores have 

increased in diameter more than is visible. TEM images showing nanopores after the first 

and second delithiations are found in Figure C.2 in appendix C. Figure 4.3 shows a time 

series of TEM images of an additional Si nanowire with an SiOx shell that exhibited pore 

formation. (See accompanying video file PoreVideo_2.mp4 listed in Appendix C).  
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Figure 4.3 TEM images of a Si nanowire with an SiOx shell showing the formation of 

pores in the nanowire during the first delithiation. (See accompanying video 

file PoreVideo_2.mp4 listed in Appendix C.) 

The SiOx shell of some nanowires burst during lithiation. An existing defect in the 

oxide shell causes the burst during lithiation. The burst SiOx shell results in significantly 

more volume expansion, an average of 253%. Table C.1 in Appendix C has statistics from 

four Si nanowires with an SiOx shell that burst. These nanowires did not exhibit pore 

formation and did not retain a crystalline core. Figure 4.4 shows a time series of TEM 
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images of a Si nanowire with an SiOx shell that bursts during the first lithiation (See 

accompanying video file BurstWireVideo_3.mp4 listed in Appendix C). The burst occurs 

extremely quickly, between 110s and 111s. This nanowire experiences a volume expansion 

of 273% upon lithiation and does not retain a crystalline core. The burst relieves the buildup 

of compressive stresses created during Si lithiation and allows the nanowire to fully 

expand. Further time series TEM images of Si nanowires an SiOx shell that burst during 

lithiation can be found in Figures C.3 and C.4 and the video file BurstWireVideo_4.mp4 

listed in Appendix C. 

 

Figure 4.4 TEM images showing a Si nanowire with an SiOx shell that bursts during the 

first cycle of lithiation. (See accompanying video file BurstWireVideo_3.mp4 

listed in Appendix C.) This nanowire experiences a volume expansion of 

273% upon lithiation and does not retain a crystalline core. 

The oxide shell must be intact and present for pores to form. Nanowires with an 

oxide shell that burst completely did not form pores upon delithiation as shown in Figure 

C.3. The impact of the oxide shell is shown in the time series of TEM images in Figure 4.5 

(See accompanying video file BurstWirePoresVideo_5.mp4 listed in Appendix C). This 

nanowire burst at a single point at 295 s and portions of the shell remained intact as the 
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nanowire lithiated and delithiated. In the part of the nanowire with a damaged shell no 

pores are seen during delithiation. In the part with a complete oxide shell, pore formation 

is visible.  

 

Figure 4.5 TEM images showing a Si nanowire with an SiOx shell that bursts at a single 

point during the first lithiation.  (See accompanying video file 

BurstWirePoresVideo_5.mp4 listed in Appendix C). A portion of the 

nanowire shell remains intact and pores begin to form only in this part of the 

nanowire during delithiation. 

Pore formation has been observed before using in situ TEM.16,20,28,29 Pore formation 

occurs when Li diffusion is fast and requires significantly less energy to occur than self-

diffusion in the host material. This results in an accumulation of vacancies that aggregate 

into pores.20,22 Pore formation is not typically seen in Si nanowires because the migration 

barrier for vacancies in Si, another way to describe self-diffusion, 0.45 eV, is close to the 

diffusion barrier for Li in amorphous lithiated Si, 0.47 eV.22 In an uncoated Si nanowire, 

vacancies migrate to the surface of the nanowire during delithiation before pores can 

nucleate. With an SiOx shell present, the vacancies need to migrate through the shell to the 
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surface, to avoid pore formation. The diffusion barrier of Li transport in lithiated SiOx is 

approximately 0.72 eV.30 The vacancy diffusion barrier for Li2Si2O5 is 2.41 eV.30 

Theoretical modeling has shown that this barrier decreases as the SiOx lithiates further to 

Li2SiO3 and then Li4SiO4, 1.19 eV and 0.91 eV respectively.30  

To know the vacancy diffusion barrier in the lithiated oxide shell, it is helpful to 

know the final Li concentration. The SiOx shell is an active participant in the lithiation 

reaction. The shell volume increases by 145% during lithiation and visibly roughens during 

subsequent cycles (Figure 4.6b). The reaction mechanism between Li and SiOx is not fully 

understood, and there are many different possible products, including Li2Si2O5, Li4SiO4, 

Li2O, Si, and LixSi.13 Previous in situ TEM research found Li4SiO4 and Li2O to be the only 

crystalline phases present in a fully lithiated silicon oxide shell.13 In the present study, the 

only crystalline species after lithiation, seen in the electron diffraction pattern in Figure 6a, 

is Li2O. It is unclear whether this Li2O can be attributed to reactions occurring in the shell 

or to diffusion of the Li2O electrolyte along the nanowire surface from the counter 

electrode.  

 

Figure 4.6 (a) TEM electron diffraction pattern of a Si nanowire with an SiOx shell after 

delithiation, which shows the only crystalline species present is Li2O. (b) A 

magnified TEM image of the SiOx shell on a Si nanowire after delithiation 

that shows a visibly rough surface. The SiOx shell is an active participant in 

the lithiation reaction and becomes rougher during the course of the battery 

cycle.  
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Even with the final lithiated composition of the shell uncertain, the vacancy 

diffusion barrier is still significantly higher than the energy barrier for Li transport in the 

Si core. Figure 4.7 illustrates the mechanism of pore formation in SiOx shell nanowires. As 

Li diffuses out of the lithiated Si, vacancies form and are unable to migrate to the surface 

of the nanowire. These vacancies accumulate and nucleate into pores as more Li diffuses 

out of the nanowire. The impact a shell can have on pore formation in a nanowire during 

delithation has been observed before in Ge nanowires.22 During delithiation, a denser Ge 

crust will form on the surface of the nanowires as vacancies close to the surface migrate 

out. This denser crust then creates a barrier for further vacancy migration to the surface. In 

contrast, pore formation is not seen in alucone coated Si nanoparticles because the surface 

coating has higher ionic and electrical conductivity than SiOx.
16 Pore formation is further 

encouraged by the interface between the SiOx shell and the Si core, which is a pathway for 

faster Li diffusion compared with in the Si bulk.22,31,32 This creates a higher concentration 

of vacancies to nucleate into pores.  
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Figure 4.7 A schematic showing the pore formation mechanism in a Si nanowire with an 

SiOx shell. During lithiation, the lithiation front moves first along the 

nanowire surface (1) and then inward toward the core (2). The nanowire 

reaches a point of maximum lithiation with a remaining crystalline core. Upon 

delithiation, vacancies form in the lithiated amorphous Si region. These 

vacancies are unable to migrate to the surface of the nanowire due to the SiOx 

shell and nucleate into pores as more Li diffuses out of the nanowire. 

4.4 CONCLUSIONS 

These in situ TEM experiments confirmed that an intact SiOx shell on a Si nanowire 

can limit the volume expansion of the Si during lithiation and cause pore formation during 

delithiation. The constrained volume expansion during lithiation causes incomplete 

lithiation of the nanowire and retention of a crystalline Si core. During delithiation, the 

SiOx shell prevents vacancy migration to the surface of the nanowire, causing pore 

formation in the delithiated, amorphous Si region. Pore formation was not seen in 

nanowires with an incomplete or burst SiOx shell. These results indicate that the 

interactions between a Si nanowire core and a shell are complex and can have a significant 

effects on changes in nanowire structure during battery cycling. In situ TEM observation 
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during cycling fully elucidates the impact an added shell has during lithiation and 

delithiation.     
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Chapter 5: Si Anodes with Lithium Iron Phosphate and Sulfur 

Cathodes: Impact of Prelithiation Method and XPS Analysis**  

5.1 INTRODUCTION 

Lithium ion batteries (LIBs) with higher energy and power density are needed to 

meet the increasing demands of portable electronic devices, extended-range electric 

vehicles, and renewable energy storage.1–6  An LIB operates by shuttling Li+ ions back and 

forth between two electrodes, and the amount of Li+ that these electrode materials can store 

determines the charge storage capacity of the battery, QT.  To increase the performance of 

the LIB, both the anode and cathode capacities, QA and QC, require improvement since: 

CA

CA

T
QQ

QQ
Q


  (1) 

Using common cathode and anode materials of lithium cobalt oxide (LiCoO2) and 

graphite, with capacities of 137 mAh/g,5,7 and 372 mAh/g,1,5 respectively, the typical LIB 

capacity is ~100 mAh/g, as shown in Figure 5.1.  The charge storage capacity of the anode 

could be increased by nearly a factor of ten by changing to silicon (Si),5,8–14 and a number 

of emerging cathode materials exist with higher capacity than LiCoO2, including both 

intercalation and conversion materials like LFP and S.   

                                                 
** The work contained in this chapter is the subject of a scholarly article that is currently in preparation. 

Authors on this work include Emily R. Adkins, Taizhi Jiang, Andrew L. Heilman, Sheng-Heng Chung, 

Jieun Hwang, Jaehoon Kim, Arumugam Manthiram, and Brian A. Korgel. Emily Adkins was responsible 

for planning the research, synthesizing Si nanowire materials, performing battery experiments using 

materials provided by collaborators, with some help from Drew Heilman, analyzing the battery data, 

researching and writing the completed document. 
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Figure 5.1 Charge storage capacity TQ , of LIBs fabricated using different cathode 

materials with capacities 
CQ , plotted as a function of the capacity of the anode 

AQ : LiCoO2 (137 mAh/g), LiFePO4 (170 mAh/g), and sulfur (1673 mAh/g). 

Many challenges face the use of Si in batteries,8 including, perhaps most 

significantly, the large volume expansion of nearly 300% required to reach the fully 

lithiated state.15 The expansion of Si reduces the volumetric charge storage capacity of the 

anode, but even on this basis, a Si anode has ~200% higher capacity than graphite, 2194 

Ah/L and 719 Ah/L, respectively.16 Si nanoparticles and nanowires can tolerate the 

expansion without significant degradation,13,17,18 but the instability of the solid electrolyte 

interphase (SEI) layer has proven to be a challenge to solve.   The continued accumulation 

of SEI during battery operation results in irreversible trapping of Li+, which results in a 

gradual loss of capacity.19  In half-cells cycled against lithium metal, both Si nanowires 

and nanoparticles have exhibited long-term stability,1,3,13,20,21 but the gradual loss of Li to 

the SEI layer often goes unnoticed in these half-cell tests because of the nearly unlimited 

supply of Li in the cell, unless the battery is operated for more than a thousand cycles. The 

repeated expansion and contraction of the Si destabilizes the SEI layer.3,22  While some Li+ 
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loss naturally occurs during the first cycle when the SEI layer forms, continued electrolyte 

degradation must be prevented.23 The gradual loss of Li to the SEI layer in an LIB with a 

cathode material is an especially significant problem.24  Additional Li must be incorporated 

into the anode during battery fabrication either by adding stabilized Li metal particles,25–27 

or lithiated Si nanoparticle additives,28 or by pre-lithiating the nanowires, 

electrochemically or using direct contact with Li, as shown in Figure 5.2a.29,30 

 

Figure 5.2 Schematic describing full cell preparation. (a) Prelithiation of a Si anode by 

contact with Li foil prior to full cell assembly was done in the glovebox using 

two glass slides and paper binder clips. (b) S cathodes were used in 

conjunction with a carbon interlayer, which is positioned between the cathode 

and separator in the full cell. Full cells are made using two spacers to create 

even pressure within the coin cell. 

Many new types of cathodes can be combined with SiNW anodes.31 Intercalation 

materials common in LIBs,32 include commercially-used “second generation” materials 

like transition metal oxides and polyanion compounds, LiNi0.8Co0.15Al0.05O2 (NCA), 

LiMn2O4, LiNi0.33Mn0.33Co0.33O2 (NMC), Li4Ti5O12 (LTO), and LiFePO4 (LFP), which 

have theoretical capacities between ~150-280 mAh/g.31,32 These materials exhibit high 

structural stability, high voltage (between 3.4-4.0 V), and are relatively inexpensive.  

Intercalation materials with significantly higher storage capacity that are still under 
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development include vanadium and molybdenum oxides with >300 mAh/g and >600 

mAh/g, respectively.33–35  Conversion materials that undergo a reaction with Li+ offer 

significantly higher battery capacity, like metal flourides, with capacities between 500-700 

mAh/g,36 and selenium, which has a gravimetric capacity of 678 mAh/g.37,38 Compared to 

intercalation compounds, there are added challenges to using these materials because of 

the changing structure and chemical bond-breaking that must be accounted for in the 

battery design.31  Of the conversion cathodes, sulfur (S) has the highest known capacity, of 

1,675 mAh/g.6,39–42  Herein, we test full cell LIBs consisting of Si anodes and two different 

emerging cathode materials: LFP and S.   

LFP has high structural and thermal stability, an operating voltage of 3.4 V, and is 

made from abundant and inexpensive starting materials.5,43–47 LFP suffers from low 

electrical conductivity and slow Li+ diffusion, which can be overcome, to some extent, by 

nanostructuring and coating with carbon.43,45,47,48  LFP has a capacity of 170 mAh/g31,44,47 

and combined with a Si anode would provide a full cell with a capacity of 155 mAh/g.49   

There have been a few demonstrations of a full cell battery using Si as the anode 

and LFP as the cathode.50–53  Primary problems experienced by these cells include the high 

initial capacity loss and Li+ loss to the anode SEI, which has resulted in poor cycle 

stability.50  This problem has also been observed in Si-LiCoO2 full cells, in which the 

irreversible loss of Li+ to the anode SEI was the primary source of capacity loss.54 Because 

the capacity of Si is so much higher than that of the intercalation cathode materials, the 

cathode must be very thick to match the anode capacity, which ends up hindering the rate 

capability due to slow Li+ diffusion.55  Balancing the Li capacities of the anode and cathode 

is needed to maximize the Li utilization within the cell.56   

Sulfur has a much higher capacity than LFP (1673 mAh/g) and if combined with 

Si, could enable LIBs with an exceptionally high capacity of 1102 mAh/g.57  There are 
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several significant technical challenges facing the combined use of S and Si in a LIB.  First 

of all, S has a high electrical resistance.  It experiences a large volume change (~80% upon 

lithiation) during cycling. It has also exhibited high irreversible capacity loss.6 During 

lithiation, long polysulfide chains are reduced by Li to Li2S via intermediate lithium 

polysulfides.  The lithium polysulfides dissolve in the battery electrolyte and lead to a cycle 

of dissolution and deposition during battery cycling.6  However, dissolved species can 

irreversibly passivate the anode, which increases impedance, corrodes the anode active 

material, and reduces the amount of S that can be used for energy storage.6 One strategy to 

reduce polysulfide migration to the anode is to use a carbon interlayer in conjunction with 

a S cathode, as shown in Figure 2b, where it is positioned between the cathode and the 

separator.58–63 The interlayer can be made from a conductive material that adsorbs the 

dissolved polysulfides and reutilizes them in subsequent cycles, which prevents them from 

migrating to the anode surface and increases capacity.6,62 

The typical carbonate electrolyte used in LIBs cannot be used with S cathodes 

because sulfur anions react rapidly with carbonates.40,64–66 Glyme-based electrolytes have 

a lower reactivity for S anions and can be used.40 Lithium nitrate (LiNO3) has been an 

important additive to glyme electrolytes for S battery function.67–71 LiNO3 forms a 

protective layer of LixNOy on the Li metal anode (in a half cell), which prevents reaction 

with polysulfides, and oxidizes degradation species in the electrolyte.69,70 LiNO3 is 

progressively consumed in the formation of a passivating coating on the anode and is 

irreversibly reduced on the cathode side at voltages below 1.6 V.67,71 This ultimately leads 

to the total consumption of LiNO3.  

Because of the potentially drastic increase in full cell capacity that Si-S full cells 

promise, and because of the many differences from current full cells, there has been a great 

deal of research on Si-S full cells.24,55,56,68,71–78 Common problems have been identified, 
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including insufficient Li+ ions due to Li+ consumption by the SEI, S migration from the 

cathode to the anode, incompatibility between the Si anode and the glyme electrolyte, 

unbalanced anode-to-cathode capacity, and excess electrolyte, which results in diffusion of 

the active material away from the cathode.56,68,71,72 However, there is still a lack of 

understanding as to how the anode SEI chemistry changes in a full cell with a S cathode 

and how it is impacted by changes in cell configuration, such the addition of an interlayer. 

In this study, we reveal some common challenges in making LIBs with SiNW 

electrodes that occur for different cathode materials. Prelithiation of the SiNW anode was 

crucial to improve the capacity and stability of battery cycling for both LFP and S cathodes. 

The prelithiation process was also found to strongly influence battery performance and 

better results were achieved when SiNWs were prelithiated electrochemically at a 

controlled rate, compared to prelithiation of SiNWs by direct contact with Li. Prelithiation 

of SiNWs by direct contact with Li foil occurred very rapidly, with 60% of total lithiation 

taking place in 15 minutes. These prelithiated anodes showed lower capacity and less stable 

performance than batteries without contact prelithiation, indicating that a stable SEI layer 

is not formed at this high rate. In the case of the batteries made with a S cathode, no sulfides 

were observed in the SiNW SEI layer. This indicates that the change in cell configuration 

to include a carbon interlayer successfully prevented polysulfides from migrating to the 

anode during battery cycling.  This is important because the reaction of dissolved 

polysulfides with a Li metal anode in half cells to form Li2S has been shown to reduce 

cycle stability over time.68 The XPS results also indicated SiNW-S and SiNW half cells in 

glyme electrolyte fully consumed the LiNO3 additive during cycling. This results in 

degradation of the Li salt additive, bis(trifluoromethane) sulfonamide lithium (LiTFSI), 

that can contaminate the anode and reduce battery stability. SiNWs that had cycled in full 

cells with a S cathode had even higher levels of LiTFSI degradation than SiNW half cells.  
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5.2 EXPERIMENTAL DETAILS 

5.2.1 Chemicals  

Trisilane (>99%) was purchased from Voltaix, LLC. Bis(bis(trimethylsilyl)amino) 

tin (Sn(HMDS)2, 99.8%), anhydrous toluene (99.8%), chloroform (99.9%), ethanol 

(99.9%), lithium hexafluorophosphate (LiPF6, ≥99.99%), ethylene carbonate (EC, 99%), 

diethyl carbonate (DEC, ≥99%), poly(acrylic acid) (PAA), 1-methyl-2-pyrrolidinone 

(NMP, 99.5%), 1,3-dioxolane (DOL, ≥99.5%), diomethoxymethane (DME, 99%), 

bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, ≥99.95%) and were purchased from 

Sigma-Aldrich. Lithium nitrate (LiNO3, >99%) was purchased from Acros Organics. 

Conductive carbon super C65 was purchased from TIMCAL. Fluoroethylene carbonate 

(FEC, ˃98%) was purchased from TCI America. Lithium foil (1.5mm, 99.9%) was 

purchased from Alfa Aesar. Celgard 2400 membranes (25 μm) were purchased from 

Celgard. Copper foil (9 μm thick) and coin cells (2032 stainless steel) were purchased from 

MTI Corporation. All purchased chemicals were used as received without any further 

purification. 

5.2.2 Silicon Nanowire Synthesis 

Si nanowires were synthesized by super-critical fluid–liquid–solid (SFLS) growth 

following published procedures.79 The synthesis was performed in a nitrogen glovebox to 

minimize air exposure for pyrophoric reactants. A 10 mL titanium tubular reactor was 

connected to a high pressure liquid chromatography (HPLC) pump then heated to 490oC 

and pressurized to 13.8 MPa. A reaction solution was prepared with 27.5 mg of gold 

nanoparticles in a 50 mg/mL solution, 2.01 M trisilane and anhydrous toluene. Caution! 

Trisilane is pyrophoric and must be handled under inert conditions. The reactant solution 

was fed to the reactor at 3 mL/min. Once the reactor has repressurized to 13.8 MPa, the 
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inlet valve was closed and held at 490oC for two minutes. After cooling, the nanowires 

were centrifuged at 8000 rpm for 5 minutes. The supernatant was then discarded and the 

nanowires washed using chloroform, toluene, and ethanol at a 2:1:1 ratio. The nanowires 

were then centrifuged and washed two more times. The resulting nanowires were stored in 

chloroform.   

5.2.3 Carbon Coated Lithium Iron Phosphate Synthesis 

Carbon coated LFP particles were synthesized using a high-pressure free-meniscus 

coating process.48 A coating solution was made using liquid carbon dioxide and sucrose 

octaacetate (SOA). The particle synthesis technique has been previously reported.48 The 

SOA-coated LFP particles were then calcined at 750oC for 10 hr in Ar and H2 (5%) gas to 

form c-LFP.  To prepare a battery anode slurry, c-LFP combined with polyvinylidene 

fluoride binder (PVdF) and carbon black (C65) at a ratio of 70/20/10 for a total mass of ~1 

g. 3 mL of N-methylpyrrolidinone (NMP) were added and mixed by probe sonication for 

10 min. The slurry was then doctor bladed onto Al foil (200 µm gap) and dried at 80oC 

overnight under vacuum. 

5.2.4 Sulfur Cathode and Microporous Carbon Interlayer 

Sulfur cathodes were assembled using 70 wt% precipitated sulfur, 20 wt% carbon 

black (Super P), and 10 wt% PVdF binder in NMP which was then slurry cast onto Al foil 

and dried overnight at 50oC. The microporous carbon interlayers were prepared by 

combining carbon black and polytetrafluoroethylene binder (PTFE) followed by roll-

pressing. Both of these processes are previously published, with further details included.80   

5.2.5 Electrochemical Testing  

To prepare a battery anode slurry, Si nanowires were combined with PAA and C65 

at a ratio of 70/20/10 for a total mass of ~30 mg. To this 0.12 mL of NMP and 2 mL of 
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ethanol were added and mixed by probe sonication for 10 min. The solution was then 

rotovapped to remove extra liquid at 700 torr and 35oC until the slurry was more viscous, 

similar to the consistency of syrup. Slurries were then doctor bladed onto Cu foil (200 µm 

gap) and dried at 150oC overnight under vacuum. Anodes were cut out of the foil using a 

9 mm diameter hole punch.  

Coin cells were assembled in an argon filled glovebox (<0.7 ppm O2) using Li foil 

as the counter electrode. Carbonate electrolyte solution was prepared using 1 M LiPF6 in 

1:1 EC:DEC with 5 wt% FEC. Sulfur cathode-compatible glyme electrolyte was prepared 

using 1M LiTFSI in 1:1 DOL:DME with 0.1M LiNO3. Only 50µL of electrolyte is added 

to SiNW-S full cells. Celgard 2400 membranes were used as separators. Full cells were 

made using an extra spacer to ensure even pressure within the coin cell. Coin cells were 

crimped to ensure a tight seal and removed from the glovebox for galvanostatic testing on 

an Arbin BT-2143 test unit.  

Silicon anode half cells were cycled between 0.01 mV – 2.0 V vs Li/Li+. C-LFP 

cathode half cells were cycled between 2.5 V – 4.5 V vs Li/Li+. Sulfur cathode half cells 

were cycled between 1.8 V – 2.8 V vs Li/Li+. C-LFP cathode - SiNW anode full cells were 

cycled between 2.5 V – 4 V vs Li/Li+. Sulfur cathode - SiNW anode full cells were cycled 

between 1.5 V – 2.8 V vs Li/Li+. For half cells, Coulombic efficiency is defined as 

delithiation/lithiation of the electrode of interest. For a full cell, Coulombic efficiency is 

discharge/charge. Applied current densities are reported per gram of active electrode 

material. 

5.2.6 Characterization 

Scanning electron microscope (SEM) images were taken using a Zeiss Model 

SUPRA 40 VP SEM system operated at 2.0 kV or a FEI Quanta 650 SEM with EDS. Ex-
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situ analysis of cycled electrodes was performed using a Kratos AXIS Ultra DLD 

spectrometer to do x-ray photoelectron spectroscopy (XPS). Because many of the species 

that form on the surface of an electrode are air sensitive, special care was taken to reduce 

oxygen exposure. Coin cells were opened in the glovebox and electrodes rinsed with 

electrolyte solvent. They were transferred to the XPS ultra-high vacuum (UHV) chamber 

via a pressure-to-vacuum transfer of environmentally sensitive samples (PV-TESS) 

interface (designed by the Texas Materials Institute, University of Texas, Austin, U.S. 

Patent Application Serial No. 14/445,650 filed July 29, 2014. The resolution for the survey 

scan was 1 eV, and the high-resolution region data was collected every 0.1 eV. The spectra 

were analyzed using CasaXPS software (version 2.3.16, Casa Software Ltd.). Sample 

charging was corrected for by shifting the C1s, C-C peak to a binding energy of 285.0 eV. 

All spectra were fitted with Gaussian-Lorentzian (30% Gausssian) functions and a Shirley-

type background. The SiNW electrodes from the SiNW-S full cell and from the SiNW half 

cell cycled for >250 cycles before reaching a point of minimal capacity. The Li metal anode 

from the S half cell cycled for 140 cycles. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Half Cell Performance 

In this study three different electrodes were studied: a SiNW anode, a carbon coated 

LFP cathode, and a S cathode with a microporous carbon interlayer. Figure 5.3 shows 

electron microscope characterization of each material. The S cathode is made using a pure 

sulfur powder (Figure 5.3a) combined with carbon black and polyvinylidene fluoride 

binder.80 This electrode is used in conjunction with a microporous carbon interlayer (Figure 

5.3b) to capture polysulfides formed during cycling.6 SiNWs (Figure 5.3c) were 

synthesized via a supercritical fluid-liquid-solid (SFLS) mechanism using trisilane as the 
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Si precursor and tin as the metal seed.20,81,82 Nanowires have diameters of 100 – 200 nm 

with lengths of approximately 10 µm, and are highly tortuous. The other cathode material 

investigated was carbon-coated LFP microspheres, as shown in Figure 5.3d. Carbon 

coating on the LFP was formed by calcinating sucrose octaacetate ligands on the LFP 

surface.48 The micron-sized LFP particles are aggregates of nanosized particles, as seen in 

TEM images in Figure D.1. The carbon coating on each nanoparticle is extremely thin, 

previous studies have found it to be approximately 2 nm thick.48 EDS mapping (Figure 

5.3e) confirms the presence of carbon on the LFP particles.  

 

Figure 5.3 SEM images of the (a) S cathode, (b) microporous carbon interlayer, (c) SiNWs, 

and (d) carbon-coated LiFePO4. (e) EDS mapping of the P, C, O and Fe in the 

sample; scale bars represent 5µm. Elemental analysis confirms the presence 

of carbon.  
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All electrodes were first tested in half cells versus Li foil to determine their 

individual performance. Results are shown in Figure 5.4. SiNW anodes were tested in two 

different electrolytes: a glyme electrolyte, compatible with a S cathode, and the traditional 

carbonate electrolyte used in batteries. The S compatible electrolyte used in this study is a 

1:1 mixture of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (glyme) with 1 M LiTFSI 

and 0.1 M LiNO3.  Glyme based electrolytes are not typically used in full cell batteries 

today due to ready decomposition at high potentials, around 4.0 V, making them 

incompatible with traditional transition metal oxide cathodes.83 However, because the S 

cathode has a lower operating voltage, of 2.1-2.3 V,  they are suitable for this application.6 

The traditional electrolyte used was 1:1 EC:DEC mixture with 1 M LiPF6 and 5 wt.% added 

FEC. Capacities are reported based on the weight of nanowires used in the electrode. Both 

SiNW electrodes were tested at an applied current density of 250 mA/g (~C/10), as shown 

in Figure 5.4a. The SiNW anode exhibited more stable performance in the carbonate 

electrolyte, with a capacity at 50 cycles of 2499 mAh/g compared with 1591 mAh/g in the 

glyme electrolyte. Anode performance in the carbonate electrolyte also had a higher 

Coulombic efficiency, over 97% compared with 93% in glyme electrolyte. Voltage profiles 

for the glyme electrolyte half cell are shown in Figure 4d. Voltage profiles for the SiNW 

half cell cycled in carbonate electrolyte are found in Figure D.2. Both voltage profiles show 

that the lithiation plateau moves to a lower potential as cycle number increases, indicating 

a greater overpotential is needed to initiate lithiation. Lower SiNW anode reversibility with 

a glyme electrolyte compared with a carbonate has been previously observed and is 

attributed to higher degradation of electrolyte componenets.70 

A S cathode was tested in a half cell in conjunction with the microporous carbon 

interlayer and the glyme electrolyte. Capacities are reported based on the weight of S used 

in the electrode. Sulfur cathode half cells were tested at an applied current density of 100 
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mAh/g (~C/10) (Figure 5.4b). The cathode exhibits relatively stable cycling. It has a 

maximum discharge capacity in cycle 5 of 1462 mAh/g, which is typical behavior for a S 

cathode. The increase in capacity after the first cycle is due to an activation period of the 

active material.84 The discharge capacity at 100 cycles was 936 mAh/g, which corresponds 

to a capacity retention rate of 64%. Figure 4e shows voltage profiles for the S cathode. The 

discharge plateaus occur at approximately 2.35 V and 2.1 V and are stable with increasing 

cycle number. The two plateaus are due to the conversion of octasulfur (S8) formed during 

cycling to Li2S4 and then Li2S4 to Li2S.6   

A c-LFP cathode was tested in a half cell with carbonate electrolyte. Capacities are 

reported based on the weight of c-LFP used in the electrode. C-LFP half cells were tested 

at an applied current density of 17 mAh/g (C/10) (Figure 5.4c). The cathode exhibits very 

stable cycling. It has an initial discharge capacity of 135 mAh/g, with a discharge capacity 

at 100 cycles of 134 mAh/g. Figure 5.4f shows voltage profiles for the c-LFP cathode. The 

discharge plateau occurs at 3.38 V and charge plateau of 3.45 V after the first cycle. There 

is no change in the voltage of this plateau over repeated cycling.  
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Figure 5.4 Capacity (■) and Coulombic efficiency (□) of half cells and their associated 

voltage profiles. (a) SiNW anode half cells tested using glyme and carbonate 

electrolytes, (b) voltage profile for the SiNW anode using glyme electrolyte, 

(c-d) S cathode half cell, and (e-f) c-LFP cathode half cell. The same legend 

shown in (b) is used for (d, f).  
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5.3.2 Prelithiation Method  

In a full cell battery, the supply of Li+ ions is limited and there are many ways to 

introduce additional Li+ to the battery. Two different methods of lithiating the SiNW anode 

prior to fabrication were tested. Contact prelithiation is a popular method because it is a 

fast, easy, and potentially scalable technique that does not require changes in the existing 

battery electrode formulation.29,68,71,75,76 SiNW anodes were also prelithiated on a battery 

tester at an applied current of 200 mA/g.  

Full cells were tested at several different anode-to-cathode capacity ratios. Having 

a capacity ratio close to 1 is important for maximizing the Li utilization within the cell. 

Both systems faced hurdles in achieving a ratio close to 1. It was difficult to match SiNW 

anode and LFP cathode capacity, given that the maximum Si capacity is 20x greater than 

the maximum LFP capacity. The LFP cathodes had to be very thick in order to match the 

anode capacity, which can hinder Li+ diffusion rates.55 SiNW anodes had a lower mass 

loading, about 0.22 mg/cm2, and c-LFP cathodes had a higher mass loading, on average 

3.90 mg/cm2. In contrast with LFP full cells, it was difficult to process anodes with SiNWs 

that were thick enough to match the S cathode capacity. The S capacity is about half that 

of Si and the cathodes had an average mass loading of 2.52 mg/cm2. Si anodes were 

fabricated to have an average mass loading of 1.04 mg/cm2. 

The extent of contact prelithiation as a percentage was found by subtracting the first 

cycle lithiation capacity from the delithiation capacity divided by the delithiation 

capacity.30 Figure D.3 shows the extent of lithiation as a function of time the anode is held 

in contact with the Li foil for both carbonate and glyme electrolytes. In as little as 15 

minutes, the anodes were approximately 60% lithiated for both electrolytes. By 30 minutes, 

the anodes were nearly completely lithiated. A short, 15 minute, prelithiation of the SiNW 

anode was chosen for SiNW-LFP full cell testing and 30 minutes for SiNW-S full cell 
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testing. A longer time and higher extent of prelithiation was chosen for S full cells since 

this was the only source of Li+ in the full cell.  

The SiNW-LFP full cell was first tested without prelithiation, to determine how the 

limited Li+ resource impacts cycling, seen in Figure 5.5a. The full cell showed poor 

stability and steep decline within the first 20 cycles. At 100 cycles, only 14% of 2nd cycle 

charge capacity was retained. Initial Coulombic efficiency was only 52% and 1st cycle 

capacity loss was over 50%. Repeating this experiment with different anode-to-cathode 

capacity ratios, yielded similar low capacity and stability results. (Figure D.4a). Even at 

the capacity ratio closest to 1, there was still a steep decline in performance to 20% capacity 

retention by cycle 100.  

Contact prelithiated SiNW anodes paired with c-LFP cathodes demonstrated more 

significant capacity fade than the full cells without a prelithiated anode (Figure 5.5a), but 

also had rapid capacity fade. Other SiNW anodes were prelithiated on a battery tester in a 

half cell at an applied current of 200 mA/g to the cutoff voltage of 100 mV and then 

removed to put in a SiNW-LFP full cell. This significantly improved full cell battery 

stability, as shown in Figure 5.5a. Initial charge capacity was 152 mAh/gLFP and for the 

first 20 cycles, capacity retention was high, 93% compared with 2nd cycle charge capacity. 

However, after 20 cycles, there was a steep decline in battery performance, dropping to 

73% retention by cycle 50. The voltage profile of the SiNW-LFP full cell (Figure 5.5b) 

shows a high degree of voltage slip. In the first cycle, there is a discharge plateau at 3.11 

V, and charge plateau at 3.5 V. By the second cycle the charge plateau has decreased to 

3.47 V, where it remains for the rest of the cycles. The discharging plateau continually 

moved lower, even within the first 10 cycles, when capacity retention was still very high. 

This indicates the need for an overpotential to delithiate the SiNW anode.  
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The drop in performance after the first 20 cycles was likely due to Li+ consumption 

by the SEI layer. Coulombic efficiency of the full cell was only 95%, indicating that some 

Li+ was lost during each cycle. Instabilities in the SiNW electrode could also impact 

performance. The SiNW half cell tested with carbonate electrolyte exhibited some voltage 

slip to lower lithiation plateaus over extended cycling (Figure D.2) while the c-LFP half 

cell had extremely stable voltage profiles (Figure 5.4f). Comparing these results with 

another SiNW-LFP full cell, with a different anode-to-cathode ratio, shown in Figure D.4c, 

the full cell with a lower ratio of 1.21 performed better than the 1.87 ratio full cell.  

 

 

Figure 5.5 (a) Charge capacity (■) and Coulombic efficiency (□) of SiNW-LFP full cells 

of different prelithiation methods. “Contact” prelithiated SiNW anodes were 

held in contact with Li foil for 15 minutes to lithiate them prior to full cell 

assembly. “Tester” anodes were prelithiated on the battery tester at an applied 

current density of 200 mA/g to 100 mV in a half cell, then disassembled. Full 

cell batteries were cycled at an applied current density of 17 mA/gLFP. (b) The 

voltage profiles of the “Tester” prelithiated full cell. 

Next, the full cells using a S cathode and a SiNW anode were examined. SiNW-S 

batteries were cycled at an applied current density of 100 mA/g. Batteries that were 

prelithiated by contact with Li had low initial capacity and steep initial decline in capacity, 
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as seen in Figure 5.6a. Additional tests were done for several anode-to-cathode capacity 

ratios which showed similar performance at all ratios (Figure D.4b).  

SiNW anodes were also prelithiated on a battery tester at an applied current of 200 

mA/g to the cutoff voltage of 10 mV, which corresponds approximately to 100% of total 

capacity.  These conditions greatly improved SiNW-S full cell battery capacity (Figure 

5.6a). The full cell reached a maximum capacity of 792 mAh/gS in the 4th cycle. However, 

there was a significant amount of fade, to 360 mAh/gS by cycle 100, approximately 45% 

capacity retention. The voltage profile of the SiNW-S full cell prelithiated using the battery 

tester (Figure 5.6b) shows a high degree of voltage slip. In the second cycle, there are 

discharge plateaus at 1.76 V and 2.1 V which continually slip lower with each cycle. These 

results were compared with other “Tester” prelithiated SiNW-S full cell batteries of 

different anode-to-cathode capacity ratios. All batteries showed significant fade regardless 

of ratio, shown in Figure D.4d.  
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Figure 5.6 (a) Charge capacity (■) and Coulombic efficiency (□) of SiNW-S full cells 

prelithiated by different methods. “Contact” prelithiated SiNW anodes were 

held in contact with Li foil for 30 minutes before assembly into a full cell. 

“Tester” prelithiated batteries were prelithiated using a battery tester at an 

applied current density of 200 mA/g to 10 mV. Full cell batteries were cycled 

at an applied current density of 200 mA/gS. (b) The voltage profile of the 

“Tester” prelithiated full cell. 

The method of prelithiation has a strong impact on full cell battery performance. 

SiNW anodes were tested in half cells to determine how contact prelithiation affected 

SiNW performance. Figure 5.7a shows the charge capacity of a Si anode prelithiated by 

contact with Li foil, tested in a half cell with a carbonate electrolyte. After 15 minutes of 

prelithiation, the anode exhibits high capacity, cycling stably at 3000 mAh/g, but with a 

Coulombic efficiency of only 88%. This is significantly worse than performance by a 

SiNW anode in carbonate electrolyte half cell without prelithiation, which had a Coulombic 

efficiency over 97% (Figure 5.4a).  

SiNW anodes tested in a half cell with the glyme electrolyte after contact 

prelithiation showed similar poor performance. After 30 minutes of prelithiation, the SiNW 

anode tested in a half cell battery with glyme electrolyte cycles stably at 1670 mAh/g till 

only cycle 30, then begins to decline, shown in Figure 5.7b. This is a low capacity for a 
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SiNW anode and poor stability, compared with SiNW anodes tested in a glyme electrolyte 

without prelithiation (Figure 5.4a).  

Contact prelithiation alters the formation of the SEI layer in the first cycle. First 

cycle SEI formation is crucial to stable battery performance, as the SEI protects the 

electrode surface from further reaction with the electrolyte.23 Formation of an incomplete 

or unstable SEI layer in the first cycles can result in further Li consumption as the SEI layer 

cracks and reforms in subsequent cycles.19,85,86 For this reason, most studies do an initial 

conditioning cycle at a lower rate, to form a stable SEI layer, before proceeding to a higher 

cycle rate. Because the SiNWs were lithiated to 60% of theoretical capacity in only 15 

minutes, this corresponds to an applied current density of 7.2 A/g, compared with the 

applied current density normally used for a conditioning cycle, which is 0.25 A/g. When 

SiNW anodes were prelithiated on a battery tester at a rate of 200 mA/g to 10 mV, this 

ensured not only a higher degree of lithiation, but formation of a more stable SEI layer, 

which improved full cell performance. 
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Figure 5.7 Charge capacity (■) and Coulombic efficiency (□) of (a) a SiNW anode 

prelithiated mechanically for 15 minutes and tested in a half cell with 

carbonate electrolyte, and (c) SiNW anodes prelithiated mechanically for 

different times and tested in a half cell with sulfur electrolyte. All batteries 

were cycled at an applied current density of 250 mA/g. 

5.3.3 XPS Analysis of SiNW SEI layer 

SiNW-S full cells suffered from high capacity loss and low stability, even when the 

SiNW anode was prelithiated at a controlled rate on a battery tester. XPS was used to 

analyze the SEI layer of a SiNW anode cycled in a SiNW-S full cell, to better understand 

how the cathode impacts the anode chemistry and thus performance. For comparison, two 



 102 

other electrodes were examined: a Li metal anode that cycled in a S half cell, and a SiNW 

electrode that cycled versus Li metal. After removal from the coin cell, samples were 

carefully transferred in an air free environment to the XPS no ensure the samples were not 

exposed to oxygen. The elemental atomic composition of species in the SEI layer of each 

electrode are listed in Table 5.1.  

Table 5.1 Surface elemental composition (at. %) after extended cycling determined by 

XPS, of species on SiNW and Li metal electrode surfaces.  

 F 1s O 1s N 1s C 1s S 2p Li 1s 

SiNW Electrode, SiNW Half Cell 25.8 30.0 5.3 17.4 10.5 11.1 

Li Anode, S Half Cell 22.6 20.8 4.2 25.9 7.1 19.5 

SiNW Anode, SiNW-S Full Cell 31.9 21.3 4.0 27.4 9.7 4.7 

Si was not detected for any samples, indicating that the SEI layer was thicker than 

the XPS penetration depth of ~10 nm.86 The full cell anode has a higher concentration of 

fluorine (F) in the SEI layer than the SiNW and Li metal half cell electrodes, 23% and 41% 

higher, respectively. The only F source in the battery is the LiTFSI salt. All three electrodes 

were rinsed with electrolyte solvent prior to XPS analysis, so the F signal cannot be from 

excess salt on the surface. Thus, the concentration of F is indicative of the degree of salt 

decomposition.70 The presence of salt decomposition products is corroborated by looking 

at XPS high resolution elemental scans. The high resolution C 1s XPS scans of all three 

electrodes, shown in Figure 5.8, have a peak at 293 eV, corresponding to the -CF3 

group.69,70,87 The source of this peak are initial LiTFSI decomposition products, 

Li2NSO2CF3 and LiSO2CF3.
88 These compounds can be reduced further to form LiCF3 and 

LixCFy which may also contribute to this peak.70,87,88  

The shoulder on the C-C peak, present for all three electrodes, at ~287 eV, can be 

attributed to ethereal and alkoxy carbons that are the reduced species of DOL, 
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(CH3CH2OCH2O-)n and (CH2CH2O-)n.
69,70,88,89  In the Li metal anode and SiNW from a 

full cell, this peak is fairly broad indicating there are many contributing species. The O-

C=O species present at 291 eV corresponds to the formation of HCO2Li during the 

decomposition of DOL.69,87,88 The Li metal anode and the SiNW anode from a SiNW-S 

full cell show a higher composition of oxidized carbon species than the SiNW half cell. 

This is indicates greater decomposition of DOL during cycling.88 Peak deconvolutions for 

the C 1s spectra of all three electrodes are found in Figure D.5.   

It appears the interlayer was successful at preventing Li polysulfides formed during 

cycling from migrating to the anode, in both the half and full cells.  The S 2p spectra, shown 

in Figure 8 for all three electrodes, did not show sulfide or elemental sulfur, which would 

be found between 167-162 eV (Figure D.6 shows XPS survey spectrum of the region with 

no species present). The primary species in the S 2p spectra of the Li metal anode and 

SiNW-S full cell anodes were R2SO4 species, with a peak at ~169.5 eV, which are formed 

by the oxidation of LiTFSI decomposition products by LiNO3.
69,70 The SiNW half cell 

electrode also showed a peak at ~168 eV which corresponds to sulfite products with some 

contribution from the -NSO2CF3 decomposition product of the LiTFSI.70,90 While it is 

possible polysulfides were able to cross through the interlayer, only to be oxidized by the 

LiNO3 to LixSOy, this is unlikely. Previous examination of a Si anode in a Si-S full cell, 

found that after 50 cycles, peaks corresponding to the Li2S phase appeared, even with a 

LiNO3 additive.68  Peak deconvolutions for the S 2P spectra showing the 2p1/2 and 2p3/2 

contributions for each oxidative state for all three electrodes are found in Figure D.5.  

Bridging sulfur (-S-S-) was seen on the surface of the full cell S cathode, as expected, 

Figure D.7.90  
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Figure 5.8 High resolution XPS scans of the C 1s, S 2p, and N 1s regions, for half cell and 

full cell SiNW electrodes, and the Li metal anode of a S half cell. 

The N 1s spectra for all three electrodes, seen in Figure 5.8, shows a single peak at 

~400 eV. This corresponds to the LiTFSI sulfone amide decomposition products such as 

Li2NSO2CF3.
69,70 There is neither a peak at 407 eV, which would indicate remaining 

LiNO3, nor a peak at ~405 eV where R-NO2 would be found.70   

NOx or RNO2 groups are the principle decomposition products of LiNO3 and 

protect the anode surface during battery cycling, preventing reaction with polysulfides.70,91 

LiNO3 also oxidizes degradation species in the electrolyte.69,70 LiNO3 is irreversibly 

progressively consumed during cycling. In these experiments, the lack of RNO2 peaks 

indicates that after the LiNO3 was consumed, further electrolyte decomposition products 

deposited on the anode surface and covered any RNO2 species.67,70 Further evidence that 

the LiNO3 was fully consumed during cycling by all three electrodes after extended 

cycling, is the high F content. LiNO3 prevents the decomposition of LiTFSI, but once it 

has been consumed during extended cycling, the LiTFSI will decompose and the F content 
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of the SEI will increase.70 Previous studies found that, after electrodes in this same 

electrolyte had cycled more than 250 times, the F content increased from 4% after 1 cycle 

to 22%.70 LiNO3 consumption during battery cycling is greater in full cells than in half 

cells because of the wider voltage window used in experiments, here 1.5 V – 2.8 V, which 

results in irreversible reduction of LiNO3 on the cathode side at voltages below 1.6 V.67 

LiNO3 also continuously passivates the anode SEI layer, resulting in a thickening SEI layer 

till the LiNO3 is consumed.67 Further study is needed to determine how many battery cycles 

occur before the LiNO3 is consumed, and what is the optimized concentration of additive.  

5.4 CONCLUSIONS 

In conclusion, two different full cell systems were examined that revealed common 

challenges to integrating SiNW anodes. Even though these two systems have several 

differences, notably the electrolyte, they faced the common issue of low cycle stability due 

to Li consumption in the SEI layer. Prelithiation of the SiNW anode was crucial to improve 

the capacity and stability of battery cycling for both LFP and S cathodes. Better results 

were achieved when SiNWs were prelithiated electrochemically at a controlled rate, 

compared to prelithiation of SiNWs by direct contact with Li. While lithiation on a battery 

tester allowed for better control of the lithiation rate and extent, future work will be needed 

to develop a method that is more scalable. XPS analysis was done to better understand how 

the SEI layer formed in SiNWs is affected by a S cathode. No sulfides were observed in 

the SiNW SEI layer, indicating the addition of a carbon interlayer successfully prevented 

polysulfides from migrating to the anode during battery cycling. XPS results showed 

SiNW-S full cells fully consumed the LiNO3 electrolyte additive during cycling, resulting 

in high levels of LiTFSI degradation that can contaminate the anode and reduce battery 

stability. Further study is needed to determine how many battery cycles occur before the 
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LiNO3 is consumed, and what is the optimized concentration of additive. These studies 

demonstrate the importance of not only testing electrodes in half cell batteries, but to 

optimize the full system for the best performance.   
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Chapter 6: Conclusions and Future Directions 

6.1 CONCLUSIONS 

Changes in lithium ion battery (LIB) electrode materials are the demands of high-

power applications and improve safety, next generation LIBs require improved energy 

storage materials required to meet the needs of emerging large-scale high-power 

applications such as extended range electric vehicles and grid storage for solar power. 

Silicon (Si) and germanium (Ge) are potential options for future anodes, as they store 

significantly more Li+ than graphite. However, they still face significant engineering 

challenges before they are practically useful. The alloying process results in significant 

volume change during cycling, leading to mechanical fracture and poor stability.7 

Strategies to improve stability and capacity include nanostructuring materials and 

experimenting with surface coatings or modifications.1–7 This work builds upon these 

previous investigations and endeavors to understand how the structure and surface 

chemistry of Si and Ge materials impact their performance in LIBs.  

6.1.1 Group IV Type II Clathrate Lithium Ion Batteries 

Two different group IV type II clathrates were studied in Li ion batteries, Na0.5Si136 

and Na0.5(Si0.9Ge0.1)136. This work demonstrated that high capacity, reversible cycling of 

type II clathrates is possible. Half cell testing showed high initial charge capacities of 3434 

mAh/g and 2814 mAh/g for the Na0.5Si136 and Na0.5(Si0.9Ge0.1)136 clathrates, respectively. 

Both materials exhibited superior reversible cycling performance when compared with 

previous clathrate battery studies. Even at a high applied current density of 1.25 A/g, both 

clathrates exhibited a charge capacity greater than 1000 mAh/g and were very stable. 

Differential capacity plots showed that both clathrates amorphized during battery cycling 

and formed the c-Li15Si4 phase after fully lithiating. The high type II phase purity of the 
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Na0.5Si136 and Na0.5(Si0.9Ge0.1)136 samples was critical for stable cycling. Both samples had 

a high phase purity, of greater than 94 wt.% type II clathrate, due to the reaction conditions 

under which the materials were synthesized. This research demonstrates the battery 

capability of Si and alloyed Si-Ge clathrates, opening the doors for future study into the 

impact altering the alloy ratio has on battery performance. 

6.1.2 In-Situ Surface Passivated Germanium Nanowire Batteries 

Battery performance of germanium (Ge) nanowires (NWs) with different surface 

passivations was tested. The nanowires were synthesized using a supercritical-fluid-liquid-

solid technique that allowed for easy in-situ passivation. Three different functionalizations 

were tested in comparison with pristine nanowires: dodecene (DDE), dodecanethiol 

(DDT), and mercaptoundecanoic acid (MUA).  Each of the nanowire passivations resulted 

in different cycling behavior and capability. Pristine nanowires exhibited the best capacity 

at slow cycle times, but consistently had the lowest Coulombic efficiency. MUA nanowires 

had lower capacity than unpassivated nanowires, but the highest Coulombic efficiency. 

DDE exhibited low capacity at 1 C, but with extremely stable cycling and the best 

performance at a high cycle rate 10 C. DDT passivated nanowires performed with lower 

capacity at high rates and with lower stability in all tests. Previous research that found that 

DDT had enhanced performance due to improved binding with PVdF, but the same effect 

was not seen with PAA. Nanowires with different passivations had very different SEI 

compositions in the first cycle, but were largely the same by the 100th cycle. This research 

shows that the interaction between the nanowire surface, polymeric binder, and SEI 

formation is complex and must be optimized in conjunction to achieve the best results. The 

best surface chemistry with one binder might be different with another. Ideally, in the 

future, NWs with different passivations could be used for different performance needs. 
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6.1.3 In Situ TEM of Oxide Shell Silicon Nanowires 

In situ transmission electron microscope (TEM) experiments confirmed that an 

intact silicon oxide (SiOx) shell on a Si nanowire can limit volume expansion of the Si 

during lithiation and cause pore formation during delithiation. The constrained volume 

expansion during lithiation causes incomplete lithiation of the nanowire, retaining a 

crystalline Si core. The SiOx shell prevents vacancy migration to the surface of the 

nanowire during delithiation, causing pore formation in the delithiated, amorphous, Si 

region. Pore formation was not seen in nanowires with an incomplete or burst SiOx shell. 

In situ TEM observation during cycling fully elucidates the impact an added shell has 

during lithiation and delithiation.    

6.1.4 Full Cell Batteries Using Silicon Anodes  

Two different full cell systems were examined that revealed common challenges to 

integrating SiNW anodes. Even though these two systems have several differences, notably 

the electrolyte, they faced the common issue of low cycle stability due to Li consumption 

in the SEI layer. Prelithiation of the SiNW anode was crucial to improve the capacity and 

stability of battery cycling for both LFP and S cathodes. Better results were achieved when 

SiNWs were prelithiated electrochemically at a controlled rate, compared to prelithiation 

of SiNWs by direct contact with Li. While, lithiation on a battery tester allowed for better 

control of the lithiation rate and extent, future work will be needed to develop a method 

that is more scalable. XPS analysis was done to better understand how the SEI layer formed 

in SiNWs is affected by a S cathode. No sulfides were observed in the SINW SEI layer 

indicating the addition of a carbon interlayer successfully prevented polysulfides from 

migrating to the anode during battery cycling. XPS results also indicated SiNW-S full cells 

fully consumed the LiNO3 electrolyte additive during cycling resulting in high levels of 

LiTFSI degradation that can contaminate the anode and reduce battery stability. Further 
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study is needed to determine how many battery cycles occur before the LiNO3 is consumed, 

and what is the optimized concentration of additive. These studies demonstrate the 

importance of not only testing electrodes in half cell batteries, but to optimize the full 

system for the best performance.   

6.2 FUTURE DIRECTIONS 

6.2.1 Full Cells 

To realize the full benefits of a higher capacity anode the storage capacity of the 

cathode must increase as well. While there are many different next generation cathodes 

that are being explored, there are some universal problems that must be addressed for Si 

anodes to be used in a full cell system. Irreversible consumption of Li by the SEI layer 

formed on the SiNW surface results in poor cycling stability and loss of capacity.8–12 To 

counter this effect, SiNW anodes must be prelithiated. There are several possible 

prelithiation techniques, including using a Li metal additive,13–15 mixing Li and Si 

nanoparticles to make a LiSi additive,16 prelithiation using a battery tester, and mechanical 

prelithiation.17,18 For SiNW anodes to be widely adopted, there must be a prelithiation 

method that is fast, easy, and potentially scalable and that does not require changes in the 

existing battery electrode formulation. 

6.2.2 Liquid In Situ TEM 

In situ TEM studies are traditionally done in an open cell, either with a drop of ionic 

liquid electrolyte on the counter electrode, or using solid Li2O as the electrolyte.19 In 

particular, the all-solid battery has the advantage of high contrast and resolution of the 

active material during lithiation. Over time, the electron bean will cause the ionic liquid 

electrolyte to degrade.19 However, there are several drawbacks to using an open cell. It is 

impossible, using this configuration, to learn more about the interaction between the active 
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material and the electrolyte as well as the formation of the SEI layer in real time. 

Furthermore, in this technique, the electrolyte is only in contact with a single point of the 

active material, not along the length of the nanowire like in a real battery. This might alter 

the structural changes that take place in the material during lithiation.  

Researchers have developed a sealed liquid cell that can be used inside the TEM to 

examine active materials in more realistic conditions, shown in Figure 7.1.20–23 In this 

configuration, silicon nitride (Si3N4) membranes supported on Si chips create a sealed cell 

that can enclose any liquid electrolyte inside the TEM. The Si3N4 is very thin, ~50 nm thick, 

and allows transmission of the electron beam.23 Using this set up it is possible to better 

understand SEI formation and growth during battery cycling. This technique could be used 

in the future to better understand the impact surface functionalization of NWs and 

electrolyte additives have on SEI formation. 

 

Figure 6.1 Illustration of a sealed liquid cell battery.22   

6.2.3 Other Ions 

Li has relatively low abundance in the Earth’s crust and the rate which Li demand 

has increased over recent years has raised concerns that the world Li supply will run out in 
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the next century.24 Researchers have already begun to investigate sodium (Na) and 

magnesium (Mg) as replacement active materials.25,26  

Na is more abundant than Li, comprising nearly two percent of the Earth’s crust, 

and significantly less expensive to produce. Graphite does not reversibly host Na ions, 

leading researchers to investigate alloy materials from group IV.26 However, because Na+ 

ions have a larger ionic radius than Li+ ions, the accompanying volume expansion is more 

than twice as large as that experienced in LIBs.26 Accommodating this volume change and 

overcoming poor solid-state Na+ ion diffusion are two key issues that researchers have to 

consider when studying new negative electrode materials. Room temperature Ge anodes 

for NIBs have been experimentally demonstrated and studied using in situ TEM, but further 

work can be done to improve their capacity and stability.27–30 A few reports have been 

made of room temperature sodiation of Si, but the capacity was extremely low and 

unstable.31–33 

Magnesium is an attractive replacement material for Li because it is significantly 

more abundant and less air sensitive.34 It has a smaller ionic radius and higher theoretical 

capacity than Na. Additionally, because Mg is divalent, it can undergo two-electron 

reduction and has a volumetric capacity that is close to twice as high as that of Li, 2062 

and 3837 mAh/cm3 for Li and Mg respectively. Previous research has already found that 

MIBs can be made using Sn, antimony, and bismuth.35,36 However, they suffered from poor 

stability and low rate capability. Theoretical has suggested Ge is a potentially attractive 

anode material has a theoretical capacity in MIBs of 1476 mAh/g and a low dopant Mg 

migration barrier of Ge is around 0.7 eV.37 
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APPENDICES 

Appendix A†† 

A.1 SUPPORTING FIGURES 

Reitveld refinement results. Figure A.1 shows the powder XRD pattern and 

Reitveld refinement for (a) Na0.5Si136 and (b) Na0.5(Si0.9Ge0.1)136 clathrates. The 

material in (a) was NaxSi136 with x<0.5 and a phase purity of >94 wt.%, the balance being 

diamond Si. The second clathrate in (b) had a composition of Nax(Si0.9Ge0.1)136 with 

x<0.5 and a phase purity >98.5 wt.%, the balance being crystalline SiGe. 

 

Figure A.1 Powder XRD pattern and Reitveld refinement for (a) Na0.5Si136 and (b) 

Na0.5(Si0.9Ge0.1)136 clathrates. 

Battery results from literature. Table A.1 compares the battery performance of 

other clathrates reported in literature. Most studies focused exclusively on one type of 

clathrate, with Ref. 4 being the exception. To the best of our knowledge, this paper reports 

                                                 
†† The work contained in this chapter is the subject of a scholarly article that is currently in preparation. 

Authors on this work include Emily R. Adkins, Taizhi Jiang, Andrew L. Heilman, Lakshmi Krishna, 

Reuben T. Collins, and Brian A. Korgel. Emily Adkins was responsible for planning the research, 

performing the battery experiments, with some help from Drew Heilman, analyzing the battery data, 

researching and writing the completed document.  
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significantly better battery performance than has previously been observed with clathrate 

batteries. Capacities were estimated as best possible from graph data included in papers.  

Table A.1 Comparison of the capacity from this work with previously reported clathrate 

battery results from literature.  

Clathrate 

Type Current 

Density 

(mA/g) 

Cycles 

Initial 

Capacity 

(mA/g) 

Final 

Capacity 

(mAh/g) 

Year Ref 
I II 

Ba8Al8.54Si37.46 100% - 50 20 400 * 260 * 2015 1 

Ba8Al16Si30 100% - 25 100 410 * 150 * 2017 2 

Na~1.3Si136 2% 98% 2 1 1550  - 2012 3 

Na8Si46/Na24Si136 20% 80% 25 5 2500  171  2013 4 

Na0.5(Si0.9Ge0.1)136 - 98.5% 
25 30 2750 * 1100 * 

2018 
This 

study 
50 150 2815 * 1131 * 

Na0.5Si136 - 94% 50 150 3435 * 901 * 

* These papers reported capacity in mA/gclathrate. The other papers did not specifically 

mention their reporting basis.  

Additional battery data. Figure A.2 shows battery results for the Si0.9Ge0.1 

clathrate tested at an applied current density of 0.025 A/g (approximately C/50). This initial 

test was done for comparison with previous literature results that used the same applied 

current density.4 Initial charge capacity was 2733 mAh/g, though by the 20th cycle the 

capacity had decreased by nearly 50% to 1392 mAh/g.  
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Figure A.2 Charge capacity (closed squares) and Coulombic efficiency (open squares) of 

the Si0.9Ge0.1 clathrate cycled at current density of 0.025 A/g. Battery 

capacity had faded by over 50% by the 30th cycle.  

Figure A.3 shows extended battery cycling data for the Si0.9Ge0.1 clathrate tested at 

the applied current density of 0.125 A/g (approximately C/10). While 50% of total capacity 

is lost in the first 50 cycles, capacity loss occurs more slowly in subsequent cycles, to 893 

mAh/g after 200 cycles which is 32% of initial capacity. 
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Figure A.3 Charge capacity (closed squares) and Coulombic efficiency (open squares) of 

the Si0.9Ge0.1 clathrate cycled at current density of 0.125 A/g cycled for 200 

cycles. After the first 50 cycles capacity loss occurs more slowly. 
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Additional differential capacity data. Figure A.4 shows additional differential 

capacity data for the Si clathrate cycled at an applied current density of 0.125 A/g between 

cycles 10 – 50. Following cycle 10, the peak at 450 mV begins to broaden and shift to a 

lower potential. Although there is still a prominent peak at 450 mV in cycle 20, a broad 

shoulder begins to develop at around 300 mV, consistent with the delithiation of a-Si.5,6 By 

cycle 50 the delithiation behavior for the Si and Si0.9Ge0.1 clathrates are comparable.  

 

Figure A.4 Differential capacity profiles for the Si clathrate cycled at a current density of 

0.125 A/g between cycles 10 – 50 demonstrating the gradual decrease and 

broadening of the peak at 450 mV. 
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Appendix B‡‡ 

B.1 SUPPORTING DATA 

Extended 1 C battery cycling data for DDE and MUA passivated GeNWs. 

Figure B.1 shows extended battery cycling data for DDE and MUA passivated GeNWs at 

a 1 C cycle rate. DDE and MUA passivated Ge nanowires exhibited extremely stable 

cycling behavior. Even after 200 cycles the DDE batteries still retained 96% of 2nd cycle 

capacity, and the MUA batteries 81% of 3rd cycle capacity. 

 

Figure B.1 Charge capacity (closed squares) and Coulombic efficiency (open squares) of 

DDE and MUA passivated Ge NWs cycled at a rate of 1 C, where 1 C = 

1211 mAh/g. Very little capacity loss occurs over 200 cycles. 
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Additional 1 C pristine and DDT passivated GeNW battery data. Figure B.2 

shows additional (a) pristine and (b) DDT passivated GeNWs cycled at 1C. Consistently, 

these batteries experienced a decline in capacity during the first 100 cycles.  

 

Figure B.2 Charge capacity (closed squares) and Coulombic efficiency (open squares) of 

(a) pristine and (b) DDT passivated Ge NWs cycled at a rate of 1 C, where 1 

C = 1211 mAh/g. Results are consistent across multiple batteries tested.  
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XPS peak deconvolution of C 1s high resolution elemental scans. Figure B.3 

presents high resolution elemental XPS scans of the C 1s orbital with peak deconvolution 

envelopes shown for the batteries after 1 cycle. These convolutions are used to determine 

the relative compositions of carbonate species present in each sample.  

 

Figure B.3 XPS peak deconvolution of C 1s high resolution elemental scans for the 

batteries after 1 cycle. 
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Appendix C§§ 

C.1 SUPPORTING DATA 

Volume expansion data. Table S1 describes the volume expansion of several Si 

nanowires with SiOx shells following lithiation. This volume expansion is found by 

measuring the diameter and length of the nanowire after lithiation. Length is determined 

by tracking two points on the nanowire during lithiation and delithiation and measuring the 

distance as it changes. Length can be difficult to track due to bending of the nanowire out 

of the imaging plane. For this reason, a couple nanowires have a shorter measured length 

after lithiation.  Nanowires with an SiOx shell that burst during lithiation are marked.  

Table C.1 Statistics of Observed Volume Expansion of Si Nanowires with an SiOx Shell 

before and after Lithiation  

Nanowire Original 

Diameter 

(nm) 

Original 

Length 

(nm) 

Diameter 

after 

Lithiation 

(nm) 

Length after 

Lithiation 

(nm) 

% 

Expansion 

Burst 

(y/n) 

1 59.5 227.4 100.0 186.3 132.6 n 

2 96.1 105.2 130.3 143.2 150.2 n 

3 130.0 400.0 184.3 439.8 121.0 n 

4 31.1 115.9 55.0 138.5 273.2 y 

5 29.0 103.4 50.3 81.2 137.6 y 

6 62.2 141.6 105.8 196.1 300.2 y 

7 113.0 80.5 194.2 109.7 302.0 y 
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Additional TEM images of a Si nanowire with a SiOx shell exhibiting pore 

formation upon delithiation. Figure C.1 shows TEM images of the Si nanowire from 

Figure 4.2 undergoing a second lithiation and delithiation cycle (See accompanying video 

file LithiationVideo_1.mp4). During lithiation, (Figure C.1a) the diameter increased from 

83 nm to 119 nm. As the nanowire lithiates the pores are no longer visible. A thin 

crystalline core, which is darker than the surrounding lithiated Si, can be seen clearly 

through the first 200s of lithiation. It is not clear whether this is because it has amorphized, 

or due to the limited phase contrast between the core and the lithiated SiOx shell and the 

increased roughness of the SiOx shell. Pores again form after the second delithiation 

(Figure C.1b, and a more magnified view in Figure C.1c). 
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Figure C.1 TEM images of a Si nanowire with an SiOx shell during a second (a) lithiation 

and (b) delithiation cycle. (See accompanying video file 

LithiationVideo_1.mp4) Prior to the second lithiation, the shell was 16 nm 

thick. Pores are not visible as the nanowire lithiates, but reappear upon 

delithiation, as seen in (c) a more magnified TEM image.  
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Figure C.2 shows TEM images of the pores formed in the same Si nanowire after 

the first and second delithiation cycles. The volume of the nanowire following the second 

delithiation has expanded by 26% from the first delithiation, indicating the pores have 

increased in diameter more than is visible. This volume expansion is found by measuring 

the diameter and length of the nanowire after each delithiation. 

 

 

Figure C.2 TEM images of Si nanowires after (a) the first delithiation and (b) the second. 

Pores are visible in each image and the diameter has increased after a second 

delithiation. 
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Additional TEM images of Si nanowires with an SiOx shell that burst during 

lithiation. Figure C.3 shows TEM images of a Si nanowire with an SiOx shell that formed 

a lengthwise crack (See accompanying video file BurstWireVideo_4.mp4). The crack 

initiates at 181 seconds and propagates along the nanowire. The nanowire experiences 

301% volume expansion upon total lithiation. The nanowire does not retain a crystalline 

core. Upon delithiation it does not form pores.  

 

Figure C.3 TEM images of a Si nanowire with an SiOx shell that bursts during the first 

lithiation. (See accompanying video file BurstWireVideo_4.mp4) The 

experiences 301% volume expansion at full lithiation and does not retain a 

crystalline Si core.  Upon delithiation, the nanowire does not form pores.  
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Figure C.4 shows TEM images of a Si nanowire with a SiOx shell and a twin defect 

during the first lithiation. Lithiation proceeds both along the interface between the SiOx 

shell and the nanowire as well as along the twin interface. A burst occurs at the gold 

nanoparticle defect in the center of the nanowire.   

 

 

Figure C.4 TEM images of a Si nanowire with a SiOx shell and a twin defect lithiating. 

Lithiation proceeds both along the interface between the SiOx shell and the 

nanowire as well as along the twin interface. The nanowire breaks into two at 

the gold (Au) nanoparticle defect in the center of the nanowire after 287 s. 

The nanowire lithiates fully and does not retain a crystalline core.   
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C.2 SUPPORTING VIDEOS 

LithiationVideo_1.mp4: Video of in situ TEM experiment showing a nanowire 

with an intact SiOx shell undergoing two cycles of lithiation and delithiation 

PoreVideo_2.mp4: Video of in situ TEM experiment showing a nanowire 

undergoing delithiation and the pore formation in the wire 

BurstWireVideo_3.mp4: Video of in situ TEM experiment showing a nanowire 

that bursts upon lithiation 

BurstWireVideo_4.mp4: Video of in situ TEM experiment showing a nanowire 

that bursts upon lithiation 

BurstWiresPoresVideos_5.mp4: Video of in situ TEM experiment showing a 

nanowire that bursts at a single point upon lithiation and then forms pores upon delithiation 
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Appendix D*** 

D.1 SUPPORTING FIGURES 

TEM images of LFP. Figure D.1 shows TEM images of the c-LFP particles, that 

are several hundred nanometers in diameter are aggregates of nanosized particles. 

 

Figure D.1. TEM images of the c-LFP sample. The micron sized particles are made up of 

nanosized LFP  
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Additional SiNW half cell battery data. Figure D.2 shows a SiNW electrode 

tested in a half cell with carbonate electrolyte at an applied current density of 250 mA/g 

(C/10). The SiNW anode exhibited relatively stable performance, with a capacity at 50 

cycles of 2499 mAh/g and a high Coulombic efficiency, over 97%. However, the lithiation 

plateau moves to a lower potential between cycles 2 – 50 indicating a greater over potential 

is needed to initiate lithiation.  

 

Figure D.2 Voltage profiles for SiNW anode in a half cell battery using carbonate 

electrolyte corresponding with the battery shown in Figure 5.4a. The battery 

was tested at an applied current density of 250 mA/g. 
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Additional SiNW contact prelithiation data. Figure D.3 shows the extent of 

SiNW lithiation as a function of the time the electrode is prelithiated in contact with Li foil 

in the presence of both glyme and carbonate electrolytes. Lithiation percentage was found 

by subtracting the first cycle lithiation capacity from the delithiation capacity divided by 

the delithiation capacity. Even at only 15 minutes of prelithiation the anodes were over 

60% lithiated, though there was a large degree of variability at each time.  

 

Figure D.3 SiNW anodes were prelithiated in contact with Li for various times for each 

electrolyte.  
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Anode-to-cathode capacity ratio. Figure D.4 shows the impact of anode-to-

cathode capacity ratio for (a,c) SiNW-LFP and (b,d) SiNW-S full cells that were (a) not 

prelithiated, (b) prelithiated contact with Li foil or (c,d) on a battery tester. Figure D.4a 

shows the battery results for SiNW-LFP full cells for a variety of different anode-to-

cathode ratios. The SiNWs were not prelithiated for these batteries. All batteries showed a 

high degree of fade and low capacity.  

Figure D.4b shows the battery results for SiNW-S full cells for a variety of different 

anode-to-cathode capacity ratios. The SiNW anodes for these full cells were held in contact 

with Li foil for 30 minutes prior to full cell assembly. While the batteries did cycle stably 

after the first 20 cycles, they exhibited low capacity, regardless of the anode-to-cathode 

capacity ratio.  

Figure D.4c shows the battery results for SiNW-LFP full cells prelithiated on a 

battery tester to 100 mV for a variety of different anode-to-cathode ratios. The full cell 

with a lower ratio of 1.21 performed better than the 1.87 ratio full cell. The higher ratio full 

cell had a Coulombic efficiency of 110% for all cycles after the first. 
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Figure D.4 Charge capacity (■) and Coulombic efficiency (□) of (a) SiNW-LFP full cells 

not prelithiated for several anode-to-cathode capacity ratios. Cycled at an 

applied current density of 17 mA/gLFP. (b) SiNW-S full cells prelithiated in 

contact with Li foil for 30 minutes prior to full cell assembly for several 

anode-to-cathode capacity ratios. The batteries were cycled at an applied 

current density of 100 mA/gS. (c) SiNW-LF full cells prelithiated on a battery 

tester for two anode-to-cathode capacity ratios. Cycled at an applied current 

density of 17 mA/gLFP. (d) SiNW-S full cells prelithiated on a battery tester 

to 10 mV for several anode-to-cathode capacity ratios. The batteries were 

cycled at an applied current density of 100 mA/gS. 
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XPS characterization of cycled battery electrodes. Figure D.5 shows the high 

resolution elemental XPS spectra for three electrodes after extended cycling: a SiNW-S 

anode, a Li metal anode from a S half cell, and a SiNW anode from a half cell. 

Deconvolutions for the C 1s and S 2p orbitals are shown. In analyzing the spectra, three 

constraints were applied: the peak spacing (1.16 eV between S 2p3/2 and S 2p1/2) peaks, the 

peak intensity ratio (0.511), and equal full width half max.1 
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Figure D.5 High resolution elemental XPS spectra for three electrodes after extended 

cycling: a SiNW-S anode, a Li metal anode from a S half cell, and a SiNW 

anode from a half cell. Deconvolutions for the C 1s and S 2p orbitals are 

shown.  



 146 

XPS S 2p results from the SiNW-S full cell. Figures D.6 and D.7 show the XPS 

analysis of the S 2p region of the SiNW anode and the S cathode that cycled in a SiNW-S 

full cell, and the Li metal anode from a S half cell, and a SiNW anode from a half cell.  

 

Figure D.6 shows the XPS survey spectrum of three electrodes zoomed in to the S 

2p region: a SiNW-S anode, a Li metal anode from a S half cell, and a SiNW anode from 

a half cell. Polysulfides would be found between 167-162 eV, but there are none present. 

It appears the interlayer was successful at preventing Li polysulfides formed during cycling 

from migrating to the anode in all three cells.  

 

Figure D.6 XPS survey spectrum of three electrodes zoomed in to the S 2p region: a SiNW-

S anode, a Li metal anode from a S half cell, and a SiNW anode from a half 

cell. Polysulfides would be found between 167-162 eV, but there are none 

present. It appears the interlayer was successful at preventing Li polysulfides 

formed during cycling from migrating to the anode in all three cells.  
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Figure D.7 shows the high resolution XPS elemental scan of the S 2p region of the 

S cathode from a SiNW-S full cell, after extended cycling. Sulfur oxides and -S-S- 

(bridging sulfur) are present. The sulfur oxides are predominately decomposition products 

of the LiTFSI salt.  

 

Figure D.7 High resolution XPS elemental scan of the S 2p region of the S cathode from 

a SiNW-S full cell, after extended cycling, showing sulfur oxides and 

bridging sulfur.    
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