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Expanding the application space of lithium battery technology will require electrode materials 

that exhibit performance metrics which outperform their modern counterparts. The availability of 

prospective next-generation electrode materials to meet this demand is promising, as the group 

IV semiconductors Si and Ge exhibit an order of magnitude higher capacity for lithium storage 

than traditional electrode materials. However, there exist several issues related to the 

compatibility between these candidate electrode materials and components that presently make 

up a battery, problems that can be mitigated by the impractical use of expensive and toxic 

fluorinated compounds. This thesis focuses on the molecular nature of stability and instability 

mechanisms between group IV semiconductor composite electrodes and their surrounding solid 

and liquid matrices, with specific attention on the electrode interface. First, we distinguish 

cycling behavior of Si anodes by the interfacial chemistries that develop as a function of the Si 

lithiation state and fluorine content using vibrational spectroscopy. Next, we probe the cycling 



performance of germanium nanowire anodes in the solid-state and learn that electrochemical 

accessibility to crystalline Li15Ge4 and amorphous LixGey phases determine their cycle life. We 

further observe that surface functionalization of Ge nanowires eliminates the need for fluorinated 

compounds in the battery, highlighting a strategy to circumvent the barriers described earlier. 

Because the dynamics of electrochemical phenomena are strongly affected by the high local 

fields at the electrode interface, we end with a novel quantitative analysis of the electric fields 

present at the electrode/electrolyte junction with the use of a systematic calibration of electrolyte 

solvents to electric fields. We expect these results to lend guidelines that better inform the design 

rules for batteries utilizing next-generation, high capacity active materials. 
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Chapter 1: Introduction 

1.1 Motivation and Context 

  The concept of converting potential energy to electricity can be made possible through a variety of 

mechanisms: hydroelectricity, compressed air and flywheels are a few examples that provide energy on 

demand, but exhibit drawbacks in terms of geographical constraints, poor precision control and size 

restrictions.1-4 Alternatively, storing energy in the form of chemical bonds is attractive due to the 

portability of liquid fuels, capacitors and batteries. Combustion of liquid fuels results in the release of 

greenhouse gases,5 while capacitors are limited in their storage of charge by the surface area of electrodes. 

In comparison, batteries offer a zero-emission energy source whose charge storage mechanism manifests 

from surface and bulk contributions. 

 Among different battery chemistries, lithium benefits from a low ionization energy and light atomic 

weight, enabling the largest amount of available energy (519 kJ/mol)6 when compared to other alkali-

metals. Additionally, lithium ion (Li-ion) batteries are more economically competitive than other battery 

formats (nickel-cadmium, lead-acid) for the reason they provide the highest energy stored on investment.7  

Briefly described, a battery contains two electrodes: an anode and cathode. Because this thesis focuses on 

anodes, we will highlight the comparison of next-generation anode materials against graphite, as it is the 

archetypal active material in use as an anode in modern batteries. The solid matrix of an electrode 

contained within a battery, herein referred to as a composite electrode, is composed of a homogeneous 

combination of an active material (the material that electrochemically stores Li+) with electrically-

conductive additive and polymeric binder, all of which are attached to a current collector. The liquid 

matrix, herein referred to as the electrolyte, shuttles Li+ between electrodes within the battery. Since the 

first Li-ion batteries were demonstrated in the 1970’s,8-9 advances in the scientific understanding of the 

synergy between the active material and its surrounding composite and electrolyte matrices10-16 

culminated in their market availability in the 1990’s by Sony corporation.17 Additional feats in the 

purification of active materials and enhanced fabrication processes of composite electrodes18-20 have 

further expanded the technological applications of Li-ion batteries, most recently highlighted by their 

adoption within the automotive industry.21-23 

 While future applications of Li-ion batteries are projected to include residential microgrids24-25 and 

aerospace applications,26 modern electrode materials are incapable of supporting such high energy 

applications.27-28 Advances described in the previous paragraph have been on active materials that are the 

same basic chemical composition as they were decades ago,29-30 which are now operating at their limits of 
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available energy and power. Therefore, continuing the expansion of Li-ion battery technology into new 

industries requires modern active materials be replaced with next-generation, high energy counterparts.  

 The electrochemical storage of Li with group IV semiconductor anodes (Si and Ge) was first 

demonstrated as a proof of concept near the beginning of the 21st century.31-32 Perhaps the biggest 

difference between these active materials and conventional graphite anodes is the mechanism of Li 

storage through a process that involves alloying, rather than intercalation in the case of graphite.33 As the 

interatomic distance between adjacent Si/Ge atoms is too small to accommodate Li within their crystalline 

lattice, the solid-state characteristics of these active materials undergo substantial changes before and after 

a lithiation cycle; individual Si/Ge atoms coordinate approximately 4 Li atoms per unit cell,34-36 resulting 

in a volume expansion of ~300% and an irreversible conversion of their crystalline phase to an 

amorphous phase.37 In bulk Si/Ge active materials, this volume expansion occurs a biaxial direction, 

generating a strain energy at the boundary between the lithiated and non-lithiated solid phases that 

fractures it to an extent the local bonding network is lost.38-41 Scientific breakthroughs on the study of 

nano/micro-structured Si and Ge revealed the critical dimensions at which the abovementioned material 

fracture does not occur (diameters of <150 nm for Si and ~1.2 µm for Ge),42-46 due to volume expansion 

in a circumferential direction to mitigate mechanical fracture and strain energy. Furthermore, it has been 

observed that different nanostructured geometries can produce different lithiation and de-lithiation 

rates.47-50  

 Despite enabling greater retention of Li redox activity within Si/Ge active materials by their confinement 

to the nanoscale, there exist several barriers to their practical use in working batteries that mirror previous 

difficulties experienced in the development of graphite anodes. Integrating Si/Ge active materials into a 

composite electrode format using materials and methods adopted for graphite has been largely 

unsuccessful due to incompatibilities between the binder component and active material,51-54 while 

electrolytes that enabled robust cycling performance for graphite anodes do not impart stable cycling 

behavior to group IV nanostructured counterparts.55-57 Improvements to the cycling performance of Si/Ge 

active materials have been most frequently achieved using fluorinated electrolyte additives,58-68 but 

concerns with the high expense of fluorinated compounds69-70 and their potential toxicity71 make them 

impractical solutions to produce cost-effective and safe batteries. 

1.2  Scope and objective 

 The scope of this thesis is to bring into focus the analysis of battery electrode interfaces and the effect of 

chemically functionalizing them, with the objective to link such findings to bulk operability of Si and Ge-

containing electrodes in devices. Interface science provides a powerful probe to study electrochemical 
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phenomena. Recent advances to analytical instrumentation and computational capabilities have resolved 

concentration profiles of electrolyte solvents at the electrode/electrolyte junction to deviate from their 

bulk ratios,72-74 electrolyte energy levels renormalize on an electrode surface,75-77 and high interfacial 

electric fields on the order of MV/cm appear to be present.78-79 In the context of group IV semiconductor 

battery materials, if the material interface can be studied and tailored to better understand operating 

mechanisms of next-generation batteries at a molecular level, then such findings can be used to better 

guide the development of next-generation battery materials.  

We use the remaining sections of chapter 1 to outline the operating physics of batteries, as well as the 

electrochemical methods used to interpret their performance. Chapter 2 describes vibrational spectroscopy 

and highlights the interface-selectivity of measurements used throughout chapter 3, where we leverage 

vibrational spectroscopy to investigate the chemical dynamics of fluorinated and non-fluorinated 

electrolyte solvents at the surface of nano-Si active material. Based on our results, we distinguish the 

stability and instability mechanism between each electrolyte solvent at nano-Si interfaces in chapter 3 and 

demonstrate their chemistries at the surface of nano-Si are significantly different at specific degrees of Si 

lithiation. Furthermore, we discover the existence of new compounds on the electrode surface after the 

first electrochemical cycle. Results from this study are the first to validate specific theoretical descriptions 

of electrolyte instability on electrode surfaces. 

 In chapter 4, we extend the scientific trajectory from the electrode interface into the lattice of interface-

functionalized Ge nanowire (NW) composite electrodes, highlighting the degree to which solid-state 

behavior of lithiation and de-lithiation processes are affected by the electrolyte composition. We showed 

for the first time that the cycle life of Ge NW composites can be improved without the need for 

fluorinated electrolyte components with alkane passivation included as part of the active material 

synthesis. Furthermore, our results demonstrate a dependence of battery cycle life on the processing 

technique of the electrode composite, an important consideration as industries become involved with 

mass-production of electrode composites containing these materials. 

 As the processes described in the above two projects rely upon the application of macroscopic potentials 

to cycle the battery, this dissertation ends with a systematic calibration of electrolyte solvents to electric 

fields in chapter 5; further background related to this project is included in section 2.4. Using results from 

the calibration dataset, we produce a novel model to calculate fields at archetypal electrode/electrolyte 

junctions. 

1.3: Operating principles and mechanisms in batteries 
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 Batteries contain two electrodes, a cathode and anode, each of which contain different active materials as 

part of their composite electrodes and are marked with a positive and negative terminal. The total energy 

of a battery is partly a manifestation of the difference between the chemical potential of Li in the cathode 

(positive terminal) and anode (negative terminal),80-82 providing a spontaneous driving force to power an 

external load when a battery is in its fully charged, ready-to-use state. Figure 1 formalizes these processes 

visually, where the spontaneity of this driving force (and thus, extractable energy) can be registered with a 

voltmeter connected to the two terminals of a battery, a concept formally quantified by: 

ΔGº = 
𝜇𝑐−𝜇𝑎

−𝑛𝐹
 = ΔVcell  (1.1) 

Where (ΔGº) is the Gibbs free energy, n the number of electrons involved in the reaction Li+ + e- 

→ Li (n=1), F is Faradays constant (96485 
𝑐𝑜𝑢𝑙𝑜𝑚𝑏𝑠

𝑚𝑜𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
), Vcell is the cell voltage and µc/a represent the 

chemical potential of Li in the cathode and anode, respectively. 

 

Figure 1: Macroscopic representation of the spontaneous driving force for a charged battery and 

its relationship to the cell voltage, signified by the difference in chemical potentials of Li in the 

solid phases of each electrode. 

 Electrochemically, redox activity of Li+ between each electrode occurs in equal and opposite reactions to 

maintain charge balance as the battery operates. While electrolytically charging a battery to its highest 

state of energy for later use (corresponding to a large potential difference), the lithiation reaction Li+ → Li 

occurs at the anode and the opposite reaction (de-lithiation, Li→Li+) occurs at the cathode; Figure 1 

represents the result of a de-lithiated cathode and a lithiated anode after electrolytic charging. While the 

battery powers a device, the cathode is lithiated and anode de-lithiated spontaneously due to the 

difference in potential between both electrodes. Oftentimes, this process is referred to as discharging the 

battery. Both charging and discharging processes are only possible when both electrodes are in contact 

with an electrolyte, an ion-conducting matrix comprised of a lithium-containing salt and medium that 

solvates lithium ions during charging and discharging of the battery. As the battery powers an external 
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load, µc/a changes as a function of the lithium concentration in the solid phases of both the cathode and 

anode active materials: 

𝜇𝑐/𝑎 = 𝐸0 − 𝑘𝑇 ∙ 𝑙𝑛 [
𝑥

1−𝑥
] (1.2) 

 Where E0 is the standard potential of the Li/Li+ redox couple, k is the Boltzmann constant, T is 

the temperature and x the ratio of active sites populated with lithium to the available sites to populate with 

lithium.83 Therefore, changing this ratio by electrolytic charging or spontaneous discharging of the battery 

will change the voltage of the cell and affect the amount of energy that can be delivered to an electrical 

load by the following expression: 

ΔVcell = 
ΔG

∆[𝐿𝑖]
 (1.3) 

 The concentration of Li within the solid phase of an active material is the other determinant of the total 

energy contained within a battery, and represents the amount of charge that can be extracted from the 

lithiated electrode. Referencing a unit cell containing the maximum amount of Li atoms coordinated to 

the active material produces an accurate estimate of its gravimetric energy (in units of mAh/g). For 

example, the theoretical capacity of graphite is calculated based on the LiC6 phase,84 when graphite is at 

its most highly lithiated state: 

(
1 𝑚𝑜𝑙 𝐿𝑖

6 𝑚𝑜𝑙 𝐶
) (

6 𝑚𝑜𝑙 𝐶

72𝑔
) (

96485 𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑠

𝑚𝑜𝑙 𝑒−
) (

1𝑚𝑜𝑙 𝑒−

𝑚𝑜𝑙 𝐿𝑖
) (

𝐴𝑚𝑝𝑒𝑟𝑒 ∙ 𝑠𝑒𝑐𝑜𝑛𝑑

𝐶𝑜𝑢𝑙𝑜𝑚𝑏
) (

1 ℎ𝑜𝑢𝑟

3600 𝑠𝑒𝑐𝑜𝑛𝑑𝑠
) (

1000 𝑚𝑖𝑙𝑙𝑖𝐴𝑚𝑝𝑒𝑟𝑒𝑠

𝐴𝑚𝑝𝑒𝑟𝑒
) =

372 𝑚𝐴ℎ

𝑔
 (1.4) 

 Formation of the LiC6 phase follows different stages that are dominated by enthalpic and entropic 

components embedded in the expression of ΔG: 

ΔG = ΔH – TΔS (1.5) 

Where the enthalpic component ΔH expresses the site energy within the active material lattice for 

inserting Li+,85-86 expressed in units of eV/atom (equivalent to 100 kJ/mol); ΔS represents the entropy of 

mixing within the active material lattice.87 Continuing with the example of graphite, the pathway involved 

in the lithiation of carbon to the LiC6 phase will begin with the formation of phases associated with lower 

site energies (and thus, different potentials) where lithium can be inserted or extracted. For instance, the 

LiC12 phase requires less electrical potential energy to form than the LiC6 phase.88 This information is 

important to consider because it demonstrates that the number of charges stored in an active material (and 

thus, the concentration of Li in its lattice) is voltage-dependent.  Due to the previously mentioned 

amorphization of the Si/Ge crystalline network, identifying the different stages and phases of 

lithiation/de-lithiation in the group IV semiconducting active material series remains a complex 
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endeavor.89-90 However, it is agreed upon that the highest state of lithiation for both active materials are 

likely to be the crystalline Li15Si4 and Li15Ge4 phases that form at approximately 10 mV (vs. Li/Li+).91-97 

Nevertheless, identifying the intermediate stages is a useful and active area of research for guiding the 

geometric optimization of nanostructures.98-103 

Equipped with an understanding that the voltage and number of vacancy sites within the active material 

lattice determine the energy of the battery, a final solution for expressing the total energy of a battery is 

formalized: 

E= P⦁t (1.5) 

 Where E is energy (units of Joules), P is power (units of Watts, embedding the voltage and 

amount of charge stored by the active material) and t is time (units of hours). 

 Similar to the above principles describing the energetics of active materials in the solid-state, corollaries 

can be drawn to energetics at the electrode/electrolyte junction. From thermodynamic considerations, 

electrolyte stability is implicated in the expression of free energy and the high local electric fields at the 

electrode interface.104-105 Additionally, the energetics of Li+ transfer at the electrode/electrolyte junction 

and the coordination environment of Li by its solvating medium is expressed in enthalpic terms.106-109  

1.4: Battery Cycling and Data Analysis 

 When a battery is operating, electrons are transferred between the cathode and anode at a constant current 

(referred to as galvanostatic mode, blue trace of Figure 2), and current is used to satisfy the electrical load 

requirements imposed by the application. The current load is determined based on the known amounts of 

active material in the composite electrode. For example, the full theoretical capacity of a composite 

electrode containing 1.3 micrograms of graphite active material could be utilized in five hours under a 

constant current expressed below: 

(
372 𝑚𝐴ℎ

𝑔
) (

1 𝑐𝑦𝑐𝑙𝑒

5 ℎ𝑜𝑢𝑟𝑠
) (

0.0013 𝑔 𝑎𝑐𝑡𝑖𝑣𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑏𝑎𝑡𝑡𝑒𝑟𝑦
)  = 500 µA (1.6) 

 Consequently, the voltage of the electrode will change in response to maintain the desired current (black 

trace of Figure 2) by using the available work as described by Eq. 1.1 The voltage profile over time 

indicates whether the active material is undergoing lithiation or de-lithiation; lithiation of the material 

occurs as the voltage moves toward potentials close to 0 V vs. Li/Li+ (corresponding to LiC6 from cycling 

data displayed in Figure 2) while de-lithiation occurs when the voltage moves away from 0 V vs. Li/Li+. 

When the voltage plateaus over a given period of time (between hours 3-5, for example), the site energy 

for a lithiation/de-lithiation event is achieved and the voltage remains constant until all sites are 
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populated/de-populated. In the case where an active material experiences a current load that is expected to 

deplete its theoretical energy in an hour, the expression to use is the charge rate (c-rate). For example, in 

Figure 2 (black trace), the graphite anode is fully lithiated in 5 hours and fully de-lithiated in 5 hours for 

its first cycle as previously calculated in Eq. 1.6. In its second cycle, the time increases to 10 hours each 

for the lithiation and de-lithiation processes to occur; Figure 2 (blue trace) shows how the galvanostatic 

current changes to adjust for the different c-rates (C/5 and C/10, respectively). 
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Figure 2: Galvanostatic cycling of a graphite anode at a c-rate of C/5 and C/10. The denominator 

of each c-rate expresses the time required to fully lithiate or de-lithiate the active material. 

 Because the responding variables of a battery cycling in galvanostatic mode are voltage, time and charge, 

several methods of data analysis are possible. Frequently, the total charge per cycle is divided by the mass 

of active material within the composite to extract specific capacity (mAh/g); it’s value and retention over 

each cycle often serve as a robust descriptor for the success an electrode/electrolyte system can have in 

the long term. Both capacity and capacity retention are plotted below in Figure 3. 
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Figure 3: Gravimetric (specific) lithiation capacity of a graphite anode and capacity retention 

(lithiation capacity normalized to the second cycle, C/C2) for 25 cycles. 
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 At a mechanistic level, the change in voltage as a function of time and/or current as displayed in Fig. 2 is 

often translated to a plot known as a differential capacity (dQ/dV) plot,110-112 where the first derivative of 

charge per unit voltage (dQ/dV) is plotted against the operating voltage window. This analytical method 

relates points in a typical voltage profile with the accessibility of solid-state phases within the active 

material that can electrochemically store lithium. As an example, Figure 4a reveals the points where 

derivatives are taken to create the differential capacity plot in Figure 4b for the graphite anode presented 

in this section. In graphite, these points are related to the activation of different phases (i.e. LiC12, LiC6),84, 

113 and the areas within each peak correspond to the amount of charge that contributes to the overall 

capacity of the lithiation and delithiation processes. 
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Figure 4: a) Polarization of a graphite anode towards 0 V vs. Li/Li+, promoting the lithiation of 

graphite along points a-c; points d-f indicate de-lithiation. Each point precedes a plateau indicating 

the applied voltage matches the lattice site energy required for lithiation/de-lithiation. The amount 

of charge contained within solid phases are recognized with Figure 4b. 
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Chapter 2: Vibrational Spectroscopy 

2.1: Preface 

 The goal of this chapter is to describe the underlying principles of vibrational spectroscopic techniques 

relevant to chapters 3 and 5. An overarching theme throughout this chapter is the effect that optical 

electromagnetic fields (E-fields) of light have upon a molecular functional group of interest. In section 

2.2, vibrational infrared and Raman spectroscopies are distinguished from each other through their linear 

responses to an E-field. Section 2.3 describes the effect of increasing the E-field magnitude to change the 

response of a vibrational reporter to be non-linear. Finally, section 2.4 details how the alignment between 

a vibrational reporter and electric field of single polarity (by a fixed DC bias) will manifest in different 

spectroscopic line shapes through the vibrational Stark effect. 

2.2: Linear Spectroscopies 

 Spectroscopy refers to the study of matter by excitation with electromagnetic radiation, the energy of 

which can range from the X-ray and ultraviolet/visible to the far infrared and microwave regimes. In 

vibrational spectroscopy, the resonant excitations occur in the mid-infrared (2500 - 25000 nm) region.114 

The mechanism of excitation is a coupling between the transition dipole moment of a functional group 

within a molecule and the oscillating E-field of light:  when the frequency of the light matches the 

resonance frequency of the vibration, energy can be delivered to the molecular system as the vibrational 

mode is excited from its fundamental state (v0) to higher levels (v1, v2 etc.).115 The spacing between the 

energy levels of each vibrational state is represented by the quantization of an anharmonic potential well 

that accounts for the potential energy associated with the internuclear separation between the atoms 

comprising the molecular vibration.116 When the energy of the light is increased outside of the infrared 

and into the visible regime, vibrational transitions cannot be resonantly excited as the mass of the nuclei 

precludes rapid motion. However, the electrons are much lighter and their movement can be modulated 

by the oscillating E-field, which leads to an induced polarization in the material. This concept is more 

formally expressed by: 

µ⃑ 𝑖𝑛𝑑 = αE⃑⃑    (2.1) 

Where the induced dipole moment µ⃑ 𝑖𝑛𝑑 is instantaneously formed by coupling between the 

polarizability α and E-field. Because the E-field of light is oscillating, the induced dipole will also 

oscillate and lead to the formation of secondary waves.117 The majority of these waves oscillate with the 

same frequency as the incident E-field and is the origin of scattering. However, if the movement of nuclei 

in the material is associated with a change in α, secondary waves with a shift in frequency can also be 
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produced. This non-resonant phenomenon leads to inelastic scattering, called Raman scattering, and 

results in transitions between energy levels of the vibrational modes. The scattered photon will either lose 

energy (Stokes Raman) or pick up energy (anti-Stokes Raman), and the relative efficiency of the two 

depends on the population densities in the ground state vs. excited state of the sample; at room 

temperature the Stokes signals are several times stronger than the anti-Stokes due to the higher population 

of the v0 state per the Boltzmann distribution.118  

To summarize, there are two main mechanisms for the excitation of vibrational modes with 

electromagnetic waves. For resonant transitions mediated via the transition dipole moment, the E-field 

frequency must match the spacing between energy levels, and it can be shown that the vibration must 

exhibit a nonzero derivative of the molecular dipole moment at the equilibrium internuclear distance. For 

nonresonant transitions mediated via the transition polarizability α, light of any frequency can be used and 

the vibration must exhibit a nonzero derivative of the molecular polarizability at the equilibrium nuclear 

separation. The IR and/or Raman activity of a molecular group is also related to its symmetry,119 a 

concept that will be further discussed in section 2.2. 

 

Figure 1: Spacing between vibrational energy states confined to an anharmonic potential well. 

Infrared absorption (Figure a) occurs from the vibrational ground state v0, while an anti-Stokes 

Raman scattering process (Figure b) occurs from a v1 state (produced by thermal energy) and 

relaxes down to v0 from a virtual excited state.   

Because the incident E-field of light induces molecular vibrations in many molecules at once within a 

sample, a more practical expression of Eq. 2.1 is the polarization response, P, representing the sum of 

induced dipole moments per unit volume: 

P = ɛ0𝜒(1)E  (2.2) 

 Where ɛ0 is the vacuum permittivity and 𝜒(1) is the linear first order susceptibility, which is related 

to the macroscopic average of α. 
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2.3: Non-linear vibrational Sum Frequency Generation spectroscopy 

 The above description of the molecular dipole approximation and induced polarization express a linear 

relationship between P and E, therefore invoking the term linear spectroscopies; vibrational infrared and 

Raman are linear spectroscopies. Spontaneous Raman scattering is incoherent because the vibrations that 

yield a signal does not exhibit a well-defined phase relation with each other. However, if the phase of 

their vibrations are resonantly driven by a laser, the anti-Stokes Raman photons will be coherently 

produced,120-121 which can yield signal enhancement. This process is utilized in vibrational sum-frequency 

generation (v-SFG) spectroscopy, which operates under a scenario where both infrared and visible lasers 

are temporally coincident upon a sample and phase-matched,122 resulting in a synchronized infrared 

absorption and anti-Stokes shift enhancement. This process produces a photon at the sum of the incoming 

light frequencies (Figure 2) and is aptly termed sum-frequency generation.  

 

Figure 2: Vibrational sum-frequency generation process. Infrared light induces a vibrational 

excitation from v0→v1, whereupon visible light upconverts the energy of the photon to emit at the 

sum-frequency of both incident photons to a virtual excited state, relaxing back to v0 by an anti-

Stokes shift. 

 Unlike linear spectroscopies, the ability to produce v-SFG requires the E-fields of light are comparable to 

the fields experienced by electrons in the molecule, requiring the use of high-power lasers.123 This is 

realized by the use of a short-pulsed laser, which leads to enormous peak power intensities for each pulse 

of light. In effect, the E term expressed in the previous equations becomes too large to be expressed with 

a linear relationship to the polarization response. As one might assume, this kind of vibrational 

spectroscopy is termed non-linear spectroscopy. The effect of the high E-fields of light is more formally 

expressed as an expansion of Eq. 2.1: 

µ⃑ 𝑖𝑛𝑑 = αE + ß (Evis ⦁ EIR) (2.3) 
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 Where the ß term represents the molecular hyperpolarizability, or the degree of polarization of a 

dielectric to an E-field. The E-fields of light are now separately represented by Evis and EIR. As v-SFG 

spectroscopy also measures the response of an ensemble of molecules within a volume to the electric 

fields of light as linear spectroscopies do, the ß term is better represented with 𝜒𝑖𝑗𝑘
(2)

, termed the second 

order susceptibility. 𝜒𝑖𝑗𝑘
(2)

 is a rank 3 tensor with i, j, and k representing all combinations of the Cartesian 

coordinates (x, y, and z) describing the field components of the produced SFG response,124 as well as Evis 

and EIR. By analogy to the transition from Eq. 2.1 to Eq. 2.2, one can then redefine Equation 3 to account 

for the induced non-linear polarization: 

P = ɛ0 (𝜒(1)⦁E +𝜒𝑖𝑗𝑘
(2)

⦁ Evis ⦁ EIR) (2.4) 

 The term responsible for the generation of SFG includes 𝜒𝑖𝑗𝑘
(2)

, and Eq. 2.4 can be simplified to: 

ISFG = P2 = |𝜒𝑖𝑗𝑘
(2)

⦁E𝑣𝑖𝑠E𝐼𝑅|
2
 (2.5) 

Where ISFG is the intensity of the v-SFG signal. In a v-SFG experiment, a collection of the 𝜒𝑖𝑗𝑘
(2)

 

tensor elements are probed, which contribute to the vibrational activity induced by a specific polarization 

combination.125 The notation for the incident and emitted light is by convention listed in order of 

decreasing photon energy (i.e. pps= p-polarized v-SFG, p-polarized Evis and s-polarized EIR). 

Consideration of the light polarizations is important because the molecular orientation relative the 

cartesian coordinates defined by the E-field directions affects their v-SFG response in a given polarization 

combination. Figure 7 establishes this system using an example at an interphase between an electrode an 

electrolyte solvent; the carbonyl functional group of a representative carbonate electrolyte solvent is used 

because it is a consistently referenced functional group throughout this dissertation. Both s-polarized 

infrared light and p-polarized visible light are temporally coincident upon the electrode/electrolyte 

junction; the electric field of s-polarized light oscillates about the x-y axis, while p-polarized light 

oscillates about the x-z axis. The photon emitted at the sum-frequency can be measured in s or p-

polarization. Using the established coordinate system in Figure 7 reveals a new point group of symmetry 

along the surface normal for an ensemble of molecules that adsorb with a preferred tilt, but arbitrary 

azimuthal and twist angles: C∞. This is a common symmetry for molecules on surfaces, which simplifies 

the interpretation of v-SFG experiments by limiting the range of nonzero 𝜒𝑖𝑗𝑘
(2)

. It is from this point group 

that vibrational activity will be discussed below.  
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Figure 3: A laboratory coordinate system is established to provide axes for the polarization 

combination of light to be defined (pps in the above depiction). This reveals a C∞ axis of symmetry 

at the junction between a solid surface and C=O group. 

 In principle, various combinations of incident s- and p-polarized light from Evis and EIR should in total 

probe 27 tensor elements of 𝜒𝑖𝑗𝑘
(2)

 because it describes the mixing of three beams with three spatial 

directions each (33=27). In practice, however, only 13 of these elements are v-SFG active for C∞ 

symmetries;126 the rest must be zero. This can be shown by the application of symmetry operators to the 

C∞ axis that must result in a scenario that yields an equivalent induced polarization, P. For example, 

consider an attempt from the experimentalist to probe 𝜒𝑥𝑥𝑥
(2)

 (using the ppp polarization combination): By 

changing the x-direction of incident beams in the laboratory coordinate system from +x to -x (Figure 4a to 

4b); group theory would describe this as a rotational operation, equivalent to a 180º rotation about the z-

axis. Due to the C∞ symmetry of the sample, 𝜒𝑥𝑥𝑥
(2)

 = 𝜒−𝑥𝑥𝑥
(2)

 must hold. By switching the direction with 

which the incident electric field of light traverses, PSFG→-PSFG, changing the sign of the left-hand side in 

Eq. 2.4. Likewise, Evis→-Evis and EIR→-EIR, which means there will be no net switch in sign on the right-

hand side in Eq. 2.4. In other words, Eq. 2.4 predicts both a switch and a preservation in sign, which can 

only be correct when 𝜒𝑥𝑥𝑥
(2)

= 0, so no v-SFG spectrum will be generated for this tensor element. Despite 

this, the polarization combination of ppp is often used because it probes the highest number (4) of the 13 

active tensor elements in a single spectral collection, giving good prospect for nonzero signals.127 

Applying the example summarized in Figure 8 to the 27 available tensor elements, one can see that for 

odd numbers of x and y (Table 2.1), there will be no v-SFG activity for molecules exhibiting C∞ 

symmetry. 
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Figure 4: Equal and opposite polarities of Evis and EIR fields (between Figures a and b) do not 

maintain the equality P = 𝜒𝑥𝑦𝑧
(2)

, making this tensor element SFG-silent. 
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(2)

, 𝜒𝑥𝑦𝑦
(2)

 

sps 𝜒𝑦𝑧𝑦
(2)

, 𝜒𝑦𝑥𝑦
(2)

 

ssp 𝜒𝑦𝑦𝑧
(2)

, 𝜒𝑦𝑦𝑥
(2)

 

sss 𝜒𝑦𝑦𝑦
(2)

 

Table 1: Specification of SFG-active and silent (underlined) 𝜒𝑖𝑗𝑘
(2)

 modes, as well as the polarization 

combination of light needed to probe each mode. Adapted from Ref. 126 

 The inspiration to use v-SFG in this work originates from the high interface specificity of the technique, 

a property that can be illustrated with phase relationships of the P response for molecules in various 

organizations.126 Recalling that 𝜒𝑖𝑗𝑘
(2)

 represents the polarization (P) response from an ensemble of 

molecules, it should be recalled that the dipole moments are coherently oscillating in response to the Evis 

and EIR fields as discussed in section 2.2. At interfaces, the preferred orientation adopted by molecules 

due the surface interactions lead to a constructive interference and an enhanced v-SFG signal.128 

However, in isotropic environments, the existence of opposite orientations for the molecules lead to 

destructive interference and no detectable signal. This concept can be visualized by considering cases a 

and b in Figure 9, representing a region at the electrode/electrolyte interphase (9 a) and away from the 



21 

 

electrode/electrolyte junction (9 b, representing an ideally isotropic environment). In Figure 8a, the 

oriented C=O groups will result in a coherent and constructive polarization response, while destructive 

interference occurs for vibrational modes in the isotropic system (8b). 

 

Figure 5: a) the preferential orientation of molecules at an interface enables dipole moments to 

oscillate in phase from coincident IR and Vis photons, enabling v-SFG. b) in an isotropic 

environment, the phase relation leads to destructively interfering polarization responses that 

prevent the emission of photons at the sum of IR and Vis frequencies. 

2.4: Vibrational Stark effect spectroscopy 

 While section 2.2 focuses on the effect of strong oscillating electric fields upon a chromophore, an effect 

of strong DC electric fields upon it is a change to its absorption profile. Johannes Stark was the first to 

observe this effect over a hundred years ago,129 birthing the field of Stark effect spectroscopy. In the 

context of vibrational spectroscopy, the vibrational Stark effect (VSE) has been described for infrared 

absorbers most, the theoretical basis of which has been most notably deconvoluted by Boxer and 

colleagues for the past several decades.130-132  

 As described in section 2.1, the transition energy from the ground to excited state (v0 → v1) of a 

molecular vibration possessing a permanent dipole moment requires the incident electric field of light to 

match the spacing between these energy levels. Unique to each of these states is extent of charge 

separation between positive and negative poles of the dipole; at the higher vibrational energy level v1, 

there is an increase to the bond length d. As a result, the vibration of interest has a larger dipole moment 

in the v1 state than the v0 state (Figure 9). The transition energy therefore is directly correlated with the 

difference in dipole moments between the v0 and v1 energy levels. This difference, represented with Δµ⃑ , 
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was traditionally expressed in units of Debye (D), but over the past several years is now more formally 

referenced in units of cm-1/(MV/cm); 1D= 16.8 cm-1/(MV/cm).132 

 

 

Figure 6: Between the ground and first vibrational energy states of a C=O stretching vibration, its 

dipole moment changes (represented with the symbol ⇸) due to an increase in charge separation 

(q) over a bond distance d. 

 The mechanism with which the absorbance profile of a vibrational mode changes while under the 

influence of static DC fields is by perturbation of the transition energy (Figure 7a).133-134 Assessed in two 

extremes (7 b), the vibrational transition energy changes due to the C=O dipole moment being more or 

less stabilized by its vector aligning parallel or antiparallel to an electric field vector, manifesting in a 

shift in absorption energy to lower (red) or higher (blue) values. The value of Δµ⃑  therefore associates a 

shift in transition energy (a shift in peak absorption) to the magnitude of a field projected onto it. Direct 

measurements of the value of Δµ⃑  are made with a DC power supply and infrared spectrometer to calibrate 

shifts in vibrational absorption energy,135-136 whereupon the vibrational reporter can be used as a 

molecular voltmeter in applications where vibrational peak shifts are hypothesized to be a consequence of 

strong electric fields on the order of MV/cm.  
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Figure 7: a) between the v0 and v1 energy levels, a DC electric field shifts the vibrational transition 

energy to higher (blue) and lower (red) values. b) depending on the orientation of the difference 

dipole vector relative to the DC field vector, the dipole moment is more or less stabilized, resulting 

in a blue or red shift. 

 Applications of the vibrational Stark effect had been popularized by their use in the calculation of 

electrostatic fields within enzyme active sites.137-138 Recently, the transferability of Stark effects to study 

electrochemical processes has realized in energy materials, significantly advancing the understanding of 

electrocatalysis,139-142 photovoltaic efficiencies,143-153 and redox potentials.154-155 This has been particularly 

useful because the calibration of a chromophore to electric fields requires the application of MV/cm upon 

the chromophore in Stark effect spectroscopy, which are similar in magnitude to those predicted as at 

electrochemical interfaces.156-157 
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Chapter 3: 

Operando Sum-Frequency Generation Detection of Electrolyte Redox Products at Active Si 

Nanoparticle Li-Ion Battery Interfaces 

This chapter contains the work published originally in “Operando Sum-Frequency Generation Detection 

of Electrolyte Redox Products at Active Si Nanoparticle Li-Ion Battery Interfaces” by Olson, J. Z.; 

Johansson, P. K.; Castner, D. G.; Schlenker, C. W., in Chemistry of Materials 2018, 30 (4), 1239-1248 

10.1021/acs.chemmater.7b04087 

3.1 Overview 

 For the first time on nanoparticle-based Si electrodes, we monitor electrochemical reduction products of 

ethylene carbonate (EC) and fluoroethylene carbonate (FEC) using interface-sensitive operando 

spectroelectrochemical sum-frequency generation (SFG). We observe SFG signatures that suggest carbon 

monoxide (CO) evolution on nano-Si proceeds at distinct lithiation potentials for different electrolyte 

solvents. EC reduction to yield CO occurs at potentials associated with silicon’s most highly lithiated state 

(10mV), whereas FEC is reduced to CO at 10mV and 500mV (vs. Li/Li+). These results suggest that EC 

reduction is more sensitive than FEC to the lithiation state, validating previous computational predictions 

describing the reduction of both solvents. Our results suggest that low molecular weight oligomers that 

readily diffuse from the interface are formed during cycling, leading to SEI instability and an absence of 

SFG signal.  Only upon prolonged EC reduction at 10mV do we observe SFG signatures for poly(EC), 

which we hypothesize are due to the formation of higher molecular weight chains that remain on the 

electrode surface during SFG acquisition. Potential-dependent FEC reduction to Li2CO3, LiF and CF-

containing moieties evidently induces the predominant stabilizing effects to the interface, irrespective of 

the lithiation timescale. These results provide new, precise insight on the stability of high-capacity anodes. 

3.2 Introduction 

 Silicon-based Li-ion battery anode materials are attractive as high-capacity replacements for conventional 

graphite anodes.158-159 However, fundamental problems ranging from surface passivation to volume 

expansion continue to prevent widespread integration of silicon into modern technologies. Nanostructured 

silicon is a promising solution to mitigate volume expansion and pulverization associated with single crystal 

Si electrode cycling.159-161 Currently, silicon nanoparticle-based anodes continue to suffer from drastic 

capacity fade that arises due to the evolution of electrochemically reactive species at the 

electrode/electrolyte interface. The integrity and composition of this solid-electrolyte interphase (SEI) 

layer, a mosaic structure induced by electro-reduction of a solution-phase electrolyte system on the solid-

phase surface of an electrode, manifest in ionic conduction and electronic resistance. It is known that these 

traits are heavily influenced by the type and purity of the electrode material in contact with the electrolyte,19, 
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56, 162 as well as components of the composite architecture.15, 54, 66, 163-164 Understanding the electrochemical 

evolution of molecular and polymeric species that form at the interface between a nanostructured Si 

electrode and a prospective electrolyte component is vital, as incompatible electrode/electrolyte 

combinations result in severe capacity fade. It is therefore extremely compelling to characterize the 

molecular processes and structural attributes that contribute to device failure in order to identify possible 

molecular design motifs to mitigate these degradation pathways. 

 Fluoroethylene carbonate (FEC), an electrolyte additive that appears to prolong the cycle life of Si anodes, 

has been considered as one possible solution to Si anode capacity fade.60, 165 However, the underlying 

chemistry that governs FEC’s mechanism of action remains unclear. Methods such as X-ray photoelectron 

spectroscopy (XPS), time-of-flight secondary ion mass spectrometry and neutron scattering have been used 

to help clarify the mechanisms responsible for the apparent stability enhancements that result from adding 

fluorinated co-solvents to electrolyte mixtures. These methods largely reveal SEI compositions comprising 

LiF and species with fewer oxygen-containing moieties in the SEI when compared with electrolyte 

solutions containing no FEC.166-171   

 Experimental vibrational characterization and computational analysis of the SEI formed from electrolyte 

solvent reduction suggests that polymerized structures (polycarbonates and conjugated networks)172-177 and 

inorganic salts10, 178-181 form as major byproducts on electrode surfaces. Polycarbonates can be generated by 

volatile nucleophiles182 formed during solvent reduction, reacting with intact solvent molecules.183 With EC 

as an electrolyte solvent, resulting polymers and oligomeric precursors are typically soluble in carbonate-

based electrolytes and have a range of molecular weights.56, 162, 173, 184-187 The solubility of inorganic salts is 

highly dependent on the structures that form; alkyl carbonate salts with longer chain lengths dissolve more 

readily in carbonate solvents,188-189 and have been experimentally observed.190-191 Additionally, inorganic 

salts may decompose on highly reducing surfaces rich in lithium content, propagating the polymerization 

of soluble moieties such as poly(EC).192-193 The well-characterized solubility of such byproducts thus 

contributes to the capacity fade of a device, as the Faradaic processes to generate a robust SEI are ‘lost’ to 

dissolution in the solvent over time. 

 Assessing the electrochemical evolution of buried electrode interface species in Li-ion batteries is a 

notoriously challenging problem.194-195 There are few techniques that can provide compositional 

information with interface sensitivity under the native operational conditions of the battery. Many of the 

air-sensitive species that develop at the native electrode cannot be readily observed using most ex situ 

surface analyses, while most bulk operando techniques lack the sensitivity to interrogate the true interface. 

However, sum-frequency generation (SFG) vibrational spectroelectrochemistry provides the ability to 
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characterize electrochemical processes at the molecular level by probing vibrational modes that are infrared 

(IR) and Raman active of molecules that are preferentially ordered at an electrode interface. This technique 

is thus particularly attractive for monitoring heterogeneous electrochemical reactions at electrode 

interfaces.  

 With regard to electrochemical energy storage devices, Ye and colleagues used SFG to infer the preferential 

orientation that carbonyl groups of carbonate solvent molecules adopt at cathode72, 196 and carbon-based 

electrode197 surfaces in the absence of electrochemical cycling. They also found cyclic carbonates at a 

higher concentration on the electrode surfaces even when used as a co-solvent with linear carbonates. The 

Dlott group employed SFG to monitor the spectroelectrochemical evolution of EC’s electrochemical 

reduction on copper and gold surfaces,178-179 consistent with the presence of lithium ethylene dicarbonate 

(LiEDC) as a structural component of the SEI, using its CH2 mode at 1410 cm-1 as a vibrational marker. 

The Somorjai group observed similar effects on H-terminated, boron-doped single crystal silicon wafers 

while monitoring the reduction of DEC,198 and in a separate study identified that the differences in 

homogeneity of SEIs formed on intrinsic single-crystal Si from fluorinated and nonfluorinated ethereal 

electrolyte solvents were the result of variations in molecular orientation before electrochemical cycling.199  

 The identity of gas molecules that are generated as a result of electrochemical bond-breaking in battery 

formulations are intimately linked to the mechanisms of SEI formation. Computational models of solvent 

reduction suggest that varying amounts of CO, CO2, ethylene, and molecular hydrogen may be liberated as 

a result of the Faradaic processes that generate the SEI from carbonate-based electrolyte solvents.193, 200 One 

factor controlling the composition of evolved gases from EC and FEC is the number of electrons initiating 

the reduction process. One-electron reduction is typically associated with CO2 evolution, while two-

electron reduction is associated with CO2 and/or CO formation (interface chemistry appears to be a major 

factor determining these ratios).183, 201-205 CO has been predicted to comprise a significant fraction of 

evolved gas molecules during FEC reduction on Si anodes during early stages of SEI formation.206-207 

Another important variable controlling the type and amount of gas evolved is the ratio of materials 

comprising the electrolyte formulation and supporting electrolyte salt, effects which have been studied by 

computational methods208 and experimentally observed by bulk mass spectrometry methods.174-175, 209-217 

While the observed relative concentrations depend on measurement method, applied potential, electrolyte 

composition, and electrode surface chemistry, we associate liberation of small molecules such as CO with 

electrochemical carbonate solvent reduction reactions. 

 Here we measure the electrochemical reaction products formed at the interface between concentrated 

electrolyte solutions and Si nanoparticle-based electrode materials used in device-level composite 
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architectures by applying time- and potential-dependent electrochemical SFG. While gases such as CO2, 

ethylene, and hydrogen have also been predicted theoretically and observed experimentally as major 

byproducts of electrolyte solvent reduction, their SFG activity is dependent on chemisorption that breaks 

their centrosymmetry (further described in Appendix A)  and the vibrational modes218-219  are located within 

energy regions that induced damage to the Si electrode in our setup. This issue also precluded our analysis 

of the SEI in the C-H stretching region as characterized by Somorjai and colleagues when monitoring the 

reduction of EC on Si-H (100) single crystal electrodes.198 To overcome these challenges, we studied the 

vibrational modes in the spectral region of 1300 cm-1 – 2000 cm-1. As summarized in Figure 1, using EC as 

the electrolyte solvent, we observe molecular signatures that are indicative of CO and poly(EC) at potentials 

associated with the highest lithiation state of Si. Using FEC as the solvent, CO is liberated even at the lowest 

lithiation state of Si, resulting in the preferential formation of LiF at low lithiation states; both LiF and 

Li2CO3 are formed at the highest state of lithiation. Our work highlights a strong correlation between 

molecular-level analyses at battery material interfaces and the device failure/optimization mechanisms of 

EC and FEC-based electrolytes. Additionally, we provide the first potential-dependent spectroscopic 

evidence to validate prior theoretical descriptions of solvent reduction at lithiated Si anodes.  Using 

concentrated electrolytes containing EC as a solvent, our results reveal that polymeric species form that are 

known to dissolve in carbonate electrolytes, while inorganic salts and fluorinated alkyl chains appear to 

dominate the molecular composition of the SEI at the electrode surface upon the reduction of FEC.  

 

Figure 1. Summary of reactions describing electrolyte solvent reduction occurring on Si nanoparticles 

under different reducing conditions. a) With ethylene carbonate (EC) the measured byproducts of 

electrochemical reduction are soluble polymeric species. b) Fluoroethylene carbonate (FEC) reduces to 

inorganic salts and fluorinated alkyl chains that precipitate at the electrode surface. 
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3.3 Results and Discussion 

 To ensure that the concentrated electrolytes tested within this study were suitable for device applications, 

we tested both formulations in a composite coin cell architecture. Following the first charge/discharge cycle 

(Figure 3) with the 2M LiClO4 / FEC electrolyte solution that we utilized for our operando SFG 

spectroelectrochemical measurements, we observed more robust capacity retention and higher overall 

device capacities compared to our control devices based on an EC electrolyte solvent.  Our selection of 

LiClO4 over LiPF6 was motivated by our desire to avoid interference by competing reaction pathways that 

would preclude FEC from being the sole contributor to any fluorinated species contained within the SEI in 

our operando interface studies. It is important to note that, although devices cycling with LiClO4 perform 

well, the composition of the SEI is not necessarily the same as it is for LiPF6, a commonly used salt in 

battery research.220-221 This is important because the PF6 anion is known to electrolytically decompose and 

produce fluorinated components of the SEI.170-171 Additionally, the concentration of FEC and lithium salt in 

the electrolyte can further influence cycling behavior.174, 222 This is significant because 

spectroelectrochemical SFG studies commonly require dilute electrolyte solutions due to complications 

associated with experimental geometry. Specifically, the setup for acquiring SFG spectra commonly 

comprises IR and visible laser beams that traverse the bulk of the electrolyte solution before reaching the 

electrode surface from which SFG is produced. This can result in signal loss and spectral artifacts for 

undiluted electrolyte solutions due to significant absorption of the IR beam. In such cases, the co-solvents 

used to dilute the analyte molecule of interest are not typically used in lithium ion batteries, and can actually 

adversely influence the electrode material.223 We overcame the above issues by performing SFG in internal 

reflection mode (Figure 2), so that we can use concentrated electrolyte solutions. 

 

Figure 2. a) Lithiation capacity and b) capacity retention normalized to the second lithiation cycle for the 

FEC-based electrolyte with 2M LiClO4 (black circles) and the EC-based electrolyte with 2M LiClO4 (red 

circles). 
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 In Figure 4 we compare the spectroelectrochemical SFG peaks of EC evolving in the 1300–1500 cm-1 and 

1700-1950 cm-1 regions for the Si electrode cycled 5 times at 3mV/s (see Figure A.2 for associated 

voltammogram). The lack of signal in the 1300-1500 cm-1 (4a) range indicates that LiEDC and Li2CO3, 

some of the more commonly characterized insoluble inorganic SEI salts, have not precipitated with a 

preferred orientation at the surface. It is therefore possible that soluble species of longer chain length and 

oligomers have formed, contributing to device failure with the EC-based battery in Figure 3. The observed 

evolution of a non-resonant (χ𝑁𝑅
(2)

) signal upon cycling throughout this work may be due to a change in the 

electronic structure of the Si electrode. Interference between χ𝑁𝑅
(2)

 and a resonant SFG signal can yield 

asymmetric line shapes including dips as well as peaks,224-227 which may lead to apparent shifts of the 

resonant peak positions. Fitting of the data captured after 5 cycles using Eqs. 1 and 2 revealed that the C=O 

vibration of the EC is centered at about 1840 cm-1, resulting in a minimum followed by a peak. The fitting 

parameters for all experiments with EC are tabulated in Table 1. 

 

Figure 3. Cycle-dependent SFG profile developed with the use of EC as an electrolyte solvent. a) After 5 

cycles, it is clear that no SFG activity for ordered lithium alkyl carbonates exists on the electrode surface; 

b) only a signal for EC at 1840 cm-1 is present. 

 To further study the evolution of chemical species as the electrode is lithiated at specific potentials for 

longer periods of time during the first cycle, we implement the potential scan/hold protocol that we 

described in the experimental section. As seen in Figure 5, substantial changes arise in the carbonyl 

stretching region of the SFG spectra depending on the applied potential, in comparison to voltammetric 

cycling without any potential hold steps. The prominent feature at 1940 cm-1 forms at the most reducing 

potential. Previously characterized interactions of CO on strongly reducing alkali metals (Li, Na, and K) in 

low-temperature, matrix-phase measurements manifest in IR absorption between 1920-1990 cm-1, 

associated with the formation of Lix(CO)y aggregates and/or oxycarbon anion (CxOx
2-) species due to the 
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instability of CO at the metal surface.228-229 Furthermore, the vibrational spectra of CO on alkali metals 

supported on Si are rich in absorptivity at  1970 cm-1.230 Moreover, the vibrational frequency of CO is 

known to exhibit a redshift to 1930-1980 cm-1 on silicon clusters,231 in contrast to its position at 2080 cm-1 

on crystalline silicon.232 Based on these observations of redshifted IR absorption for CO upon interacting 

with alkali metals and given the lithiated silicon cluster-like chemical motifs that are known to persist after 

electrochemical cycling and restructuring of the electrode interface,96-97 we associate the new SFG signal 

that appears in the 1924-1975 cm-1 spectral range of our measurements with the liberation of carbon 

monoxide. As previously mentioned, it is likely that subsequent chemical reactions take place after CO is 

formed; computational studies have described the instability of neutral CO on Li at room temperature.42 

Thus, it is likely that the reducing potentials used in this study induce subsequent CO chemistry to form 

Lix(CO)y aggregates and/or oxycarbon anion species, which contribute to the SFG signal that we observe. 

While isotopic labeling that would be required to determine the precise coordination environment and 

chemical identity of these CO-associated species228 is beyond the scope of this study, the vibrational peaks 

in the 1924-1975 cm-1 spectral range are consistent with the presence of a carbon monoxide-associated 

species in our samples. 

 The peak appearing at 1758 cm-1 (Figure 5b) is consistent with the generation of high molecular weight, 

soluble poly(EC) species observed by Shi and colleagues.56 Evidently, the timescales of poly(EC)’s 

solvation and diffusion from the electrode surface therefore appear to be longer than the duration of our 

experiment. Similar potential-dependent results were previously observed on Si anodes, when soluble 

byproducts of carbonate-based electrolyte transesterification233 were measured on the electrode surface.57 

Nevertheless, the established solubility of poly(EC) in carbonate electrolytes implies that at least one failure 

mechanism with a concentrated EC-based electrolyte proceeds via poly(EC) buildup and eventual 

dissolution. Polymerization of EC at the electrode surface has also been reported through an unstable, 

adsorbed dianion of carbon monoxide (CO2-) formed from an electrochemically reduced molecule of the 

carbonate solvent at the electrode surface as an alternative reaction pathway to those described above.234-236  
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Figure 4. SFG signals as a function of potential used in scan/hold protocol, captured at OCP following 

electrochemical cycling. a) Limited spectral evolution is seen regardless of potential. b) At a potential of 

0.5 V, the interfacial signature for intact EC (1840 cm-1) has clearly decreased. At 10 mV, a spectrum 

indicative of poly(EC) at 1758 cm-1 and carbon monoxide at 1940 cm-1 has developed. 

 

Assign. (cm-1)* OCP Cycle 5a 1.2Vb 0.01 Vb 

 

COc 

ωk 

Γk 

AK 

 

- 

 

- 

 

- 

1940 

60.7 

1.19 

EC 

(C=O) 

ωk 

Γk 

AK 

1837 

9.0 

0.11 

1840 

10.2 

-0.19 

1838 

12.2 

0.12 

1840 

11.8 

-0.15 

Poly(EC) (C=O) ωk 

Γk 

AK 

 

- 

 

- 

 

- 

1758 

49 

0.42 
a voltammetric cycling protocol    b scan/hold protocol      *unit for ωk and Γk c as described in refs. 83-86 

Table 1: parameters used to fit SFG spectra in Eqs. A.1.1 & A.1.2, using EC as an electrolyte solvent 

 While a larger signal for the peak that we associate with CO exists, no new peaks appear in the 1300-1500 

cm-1 region at longer lithiation timescales. These results indicate that the highly reducing electrode surface 

associated with lithiating Si at longer timescales provides an environment that promotes poly(EC) formation 

at the electrode interface.177, 192-193 Starting at 0.5 V, the absence of a C=O mode for intact EC (as part of the 

cyclic structure) and absence of poly(EC) suggests the formation of low molecular weight oligomers,186 as 

the spectroscopic characterization of electrochemically-produced poly(EC) observed by Shi and colleagues 

has a high molecular weight.56 Voltage-dependent formation of high molecular-weight polycarbonates is 

known to be obtainable at potentials close to lithiation of the electrode,237 which would be consistent with 

the appearance of poly(EC) at 10 mV in our measurements. 
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 Adapting the same set of voltammetric cycling tests using FEC as an electrolyte solvent, we recover several 

unique differences in electrochemical and vibrational signatures when compared to EC. Firstly, the 

voltammogram (Figure A.3) exhibits greater Faradaic behavior beginning at potentials near 1.2 V. Secondly, 

the cycle-dependent SFG profiles (Figure 6) differ from the EC-derived SEI in the 1300-1500 cm-1 region. 

The SFG-active vibrational modes spanning the 1420 – 1500 cm-1 region that grow in after each cycle are 

indicative of Li2CO3,59, 175, 238 and include the asymmetric stretches of the C-O bond.239-241 As in the case of 

the EC based electrolyte, the absence of a peak at 1410 cm-1 indicates a lack of a ordered species with SFG 

active CH2 scissoring modes, such as LiEDC. Also similar to EC, the C=O stretch vibration at about 1878 

cm-1 interferes with χ𝑁𝑅
(2)

, creating a line shape with a minimum followed by a peak, with a small shoulder 

in this case near 1924 cm-1 that we ascribe to the early formation of CO. 

 

Figure 5. SFG characterization of the SEI generated with voltammetric cycling at the Si/FEC junction, 

collected at OCP. In addition to the FEC carbonyl stretch at 1878 cm-1 spectral signatures emerge post-

cycling at 1440-1450 cm-1 associated with Li2CO3 (a) and at about 1924 cm-1 for CO (b). 

 As seen in Figure 7, scan/hold conditions result in substantial changes to the electrode interface, beginning 

already at 0.5 V for FEC, at which CO is readily formed. This result appears to be consistent with 

computational efforts that have analyzed the reactivity of carbonate solvents, which suggest that the 

decomposition pathways for FEC are independent of the degree of electrode lithiation.207, 242 Conversely, 

the voltage-dependent EC reduction mechanism appears to be more sensitive to the lithiation state of the 

electrode, 201, 243-244 which may explain why no CO is observed at the electrode surface after the 0.5 V 

scan/hold step; other gases may be preferentially evolving at less reducing potentials with EC as the 

electrolyte solvent. More importantly, the polycarbonate signals that we observed for EC are absent at all 

reducing potentials for FEC. Additionally, the 1300-1500 cm-1 region indicates the SEI components remain 

intact at long lithiation times. This improved SEI fidelity is reflected in the signal magnitude after the 
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scan/hold protocol being approximately the same as in post-cycle 1-5 (red trace) of Figure 6a. Table 2 lists 

peak positions and their corresponding fitting parameters. 

 

Figure 6. First cycle analysis of the alkyl dicarbonate a) and carbonyl b) region using FEC as an electrolyte 

solvent, captured at OCP. After a scan/hold at 0.5 V, it is clear the electrolysis of FEC initially at the Si 

electrode interface has begun, resulting in CO-associated species detectable at roughly 1975 cm-1. After 

scan/hold at 10 mV, a peak at 1431 cm-1 also emerged, indicative of Li2CO3.  

 

Assign. (cm-1)* OCP Cycle 1a Cycle 3a Cycle 5a 1.2Vb 0.5Vb 0.01Vb 

Li2CO3 

(C-O asymm.) 

ωk  

Γk  

Ak 

- 

1449 

22.8 

0.23 

1445 

21.1 

0.22 

1445 

22.3 

0.23 

- - 

1431 

10.6 

0.12 

COc 

 

ωk  

Γk  

Ak 

- - - 

1924 

18.1 

0.03 

- 

1975 

51.4 

0.56 

1965 

36.8 

0.23 

FEC 

(C=O) 

ωk  

Γk 

Ak 

1880 

12.6 

0.07 

- - 

1878 

10.0 

-0.11 

1883 

8.2 

0.08 

1878 

11.1 

-0.06 

1878 

12.6 

-0.09 
a voltammetric cycling protocol    b scan/hold protocol    *unit for ωk and Γk 

c as described in refs. 83-86 

Table 2: parameters used for fitting SFG spectra in Eqs. A.1.1 & A.1.2, using FEC as an electrolyte solvent 

 The presence of LiF as part of the SEI is commonly regarded as a stabilizing contributor to capacity 

retention in Si anodes.245-246 In Figure 8 we present the F1s XPS spectrum for the formation of LiF as a 

function of applied potential. Under potential scan/hold experiments to 0.5 V and 10 mV, the LiF peak 

dominates the spectrum. The shoulder at less reducing potentials (starting at ~687.5 eV) correlates with 

binding energies found in other works associated with the presence of C-F bonds from FEC reduction, as 

the presence of fluorine (from FEC) has been postulated to result in the incorporation of C-F bonds within 
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the SEI structure in the form of fluorinated alkyl chains of varied length, terminated with carbonate or 

carboxylate groups that coordinate lithium ions.59, 168, 177, 247-248 The apparent shift to lower binding energy 

of the C-F bond at 10 mV is likely due to the degree of fluorination of the carbon network,249 while any 

broadening of the peak is likely reflective of an ensemble of C-F bond types; those with more covalent 

character are at higher binding energies, while those with more ionic character are at lower binding 

energies.250-251  

 

Figure 7. F 1s XPS profile of the potential-dependent SEI formed on Si nanoparticle electrodes using FEC 

as the electrolyte solvent. The C-F peak that appears in the F 1s spectrum between 686-687.5 eV suggests 

the presence of fluorinated organic species form under mildly reducing potentials (a), while the signal at 

685eV indicates the formation of LiF dominates under more harshly reducing potentials (b & c). 

3.4 Conclusion: 

 Using vibrational sum frequency generation (SFG) spectroscopy, we monitor the interfacial 

electrochemical products generated between silicon nanoparticle electrodes and concentrated organic 

carbonate-based electrolytes. We demonstrate that the early electrochemical reduction cycles of ethylene 

carbonate (EC) on lithiated Si nanoparticle electrodes precipitate few if any stable SEI components that are 

observable by SFG. We also show that the generation of CO is sensitive to the degree of lithiation. These 

findings suggest that EC reduction liberates oligomeric products that are soluble in the electrolyte solution, 

some of which appear to polymerize at higher charge densities to form poly(EC), another soluble species. 

Substituting FEC for EC stabilizes the Si electrode by concomitantly generating LiF, Li2CO3 and fluorinated 

alkyl chains that appear to suppress the formation of soluble moieties. It appears that carbon monoxide 

forms as a byproduct also of FEC reduction, but at less-reducing potentials than required for EC. Although 

we have observed chemical species over a large spectral window, there may exist additional components 

that lack the properties necessary to be SFG active or that appear in other spectral regions. Nevertheless, 
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our results provide vital new insights into the electrochemical reduction of concentrated organic carbonate-

based electrolyte systems at alloyed semiconductor nanoparticle electrode interfaces. These results also 

validate computational descriptions of voltage-dependent reactions that these electrochemical solvents can 

undergo at the electrode/electrolyte junction. As a forward-looking application of these results, tailoring the 

active material interface with oxygen-free carbonaceous networks before electrochemical cycling may 

stabilize the performance of high-capacity, next-generation electrode materials. 

3.5 Appendix A: 

Experimental methods and supporting information for chapter 3 
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Chapter 4: Germanium Nanowire Battery Electrodes with Engineered Surface-Binder Interactions 

Exhibit Improved Cycle Life and High-Energy-Density Without Fluorinated Additives 

4.1 Overview: Nanostructured Group-IV materials hold great promise as high-capacity conversion 

electrodes for electrochemical energy storage. In the previous chapter it was concluded that in order to 

stabilize their cycling performance, the intentional incorporation of fluorinated electrolyte additives, such 

as fluoroethylene carbonate (FEC), has been deemed necessary to mitigate the recurrence of irreversible 

reactions that form the solid-electrolyte interphase (SEI) layer between the electrode and the electrolyte. 

This highlights the critical importance of interfacial chemistry for robust electrochemical systems. Yet, 

the surface chemistry of the active material is often neglected prior to electrode fabrication. Here we 

investigate the electrochemical cycling of germanium nanowire composite conversion electrodes with 

controlled surface chemistry, formulated with an array of polymeric binders, operating in the presence 

and in the absence of fluorinated electrolyte additives. We demonstrate that controlled electrode surface 

modification, when paired with certain binders, significantly improves the capacity retention and 

longevity of germanium nanowire-based electrodes in the complete absence of fluorinated compounds. 

Moreover, for certain surface chemistry/binder pairings, the inclusion of fluorinated additives was 

actually observed to degrade electrode performance while non-fluorinated additives (such as vinylene 

carbonate, VC) resulted in optimal device performance. These observations highlight that the active 

material surface chemistry can influence the components of the SEI layer that affect cycle life in addition 

to the reductive decomposition of electrolyte solvents and additives. In addition, we systematically 

investigate the often-overlooked impact of different electrode slurry preparation techniques on the 

performance of germanium nanowire composite electrodes fabricated with different polymeric binders. 

4.2 Introduction: 

 Group-IV materials, such as silicon and germanium, continue to garner increasing interest as prospective 

replacements for  graphite as  negative electrode materials in lithium ion (Li-ion) batteries due to their order 

of magnitude higher gravimetric lithium storage capacities of 3579 mAh/g and 1384 mAh/g, respectively.252 

Both silicon and germanium undergo large volume changes (~300%) upon lithiation,37 which can cause 

capacity loss through electrode fracture, deleterious irreversible reactions that trap lithium ions, and 

electrode delamination from the current collector. Strain and electrode fracture associated with these 

volume changes can be reduced by nanostructuring the active electrode material,31, 37, 160, 253-259 particularly 

for nanowires.37, 91, 260-261 Nanowires produced via colloidal, solution-based methods have been integrated 

as active materials in devices as freestanding fabrics262 and as components within a composite electrode.263-

266 Composite electrodes are most commonly obtained by preparing a slurry of active material, conductive 

carbon, and polymeric binder in some optimized ratio.  



45 

 

 Ongoing strategies to improve the cycle life of conversion electrode materials in composite architectures 

often hinge on controlling the solid-electrolyte interphase (SEI) layer167, 238, 248, 267-270 composition and 

stability, an example of which is described in chapter 3 of this dissertation. The SEI layer is a heterogeneous 

coating of inorganic and organic compounds that forms as electrolyte solvents undergo electrochemical 

redox processes to form decomposition products at the electrode-electrolyte interface. Both the active 

material and composite electrode components at the electrode-electrolyte interface can influence the 

composition and stability of the SEI layer during electrochemical cycling.270 The continued growth of the 

SEI layer throughout cycling can lead to the trapping of mobile ions within the layer as well as increased 

ionic resistance, leading to increasing electrochemical impedance.173 Additionally, the redox byproducts of 

electrolyte solvents may be soluble in the electrolyte itself, forming a soluble (rather than solid) electrolyte 

interface.56, 233, 271-272 Thus, a robust SEI layer is necessary for stable cycling, but the continued growth of 

the SEI layer, which can occur if fresh electrode surface is exposed, can result in poor capacity retention.  

 Electrolyte solvents and additives have been shown to strongly influence the cycle life of silicon- and 

germanium-based electrodes by altering the SEI layer composition, thickness, and ionic conductivity.60, 167, 

172, 238, 264 Additional strategies have focused on modifying the mechanical and conductive properties of the 

polymeric binder to enhance its ability to accommodate large volume changes and maintain adhesion to the 

current collector as well as enhance charge transport, respectively.53, 273-278 Polymeric binders can also 

influence the composition of the SEI layer by undergoing different degrees of swelling with the electrolyte 

solvent, either facilitating or inhibiting reactions at the interface between the binder and the active 

material.277, 279-280 

 The relative reduction potentials of electrolyte solvents and additives largely govern which electrochemical 

decomposition products are formed first, establishing the innermost portion of the SEI layer, closest to the 

active material surface.281-282 The subsequent composition and morphology of the SEI ultimately affects 

capacity retention.55, 283-286 In particular, incorporating the FEC additive has consistently been demonstrated 

to be advantageous – and often considered necessary – in numerous alloying conversion electrode systems, 

including silicon, germanium, and antimony-based electrodes; however, these studies are often performed 

using materials that likely have surface oxides present due to how the materials are produced and 

handled.264, 287-288 Without surface functionalization or active coating processes, a native oxide layer forms 

on Group IV active materials after brief air exposure upon removal from their growth chamber. This native 

oxide is particularly important, as it has been proposed to affect the electrochemistry of the SEI layer.289-291 

Moreover, for germanium nanowire-based composite electrodes using nanowires with oxide-terminated 

surfaces, FEC has appeared to be a critical electrolyte additive for retaining cell capacity and cycle life.264 

Alternatively, alkanethiol functionalized germanium nanowire-based electrodes were recently 
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demonstrated to have excellent capacity retention over extended cycling using a conventional electrolyte 

without FEC.263 Thus, despite the clear importance of interfacial surface chemistry for conversion 

electrodes, investigations of nanowire conversion electrodes with careful, well-defined surface chemistry 

are somewhat limited, likely due to the added difficulty and expense of etching and tailoring nanowire 

surface chemistry after air exposure.292  Likewise, the role of various electrolyte additives has yet to be 

explored on oxide-free germanium nanowire electrode surfaces. By comparing electrolyte additives that 

are structurally similar and undergo similar reductive decomposition pathways, we reveal how the 

electrochemical performance of oxide-free, surface-functionalized germanium nanowires correlates with 

electrolyte compositions.  

 Here, we use supercritical fluid-liquid-solid (SFLS)-grown germanium nanowires as a model material 

system to understand the effects of surface chemistry on conversion-type electrode materials. The SFLS 

process enables in situ surface-functionalization, eliminating potentially expensive and unwieldy acid 

etching steps and interface oxidation from air exposure. Moreover, since the entire synthesis is carried out 

in an easily evaporated, volatile organic solvent (toluene in this case), functionalized nanowire surfaces 

have intrinsically well-defined surface chemistries, without the need for intensive processing steps to purify 

samples and remove oily high-boiling-point solvents. We capitalize on the controlled thermal 

hydrogermylation of the native germanium nanowire surfaces in situ,293 and subsequently incorporate these 

functionalized nanowires into composite electrodes with different polymeric binders and electrolyte 

additives to explore how engineering the interfacial chemistry of functionalized nanowires influences cycle 

life for composite conversion electrodes. We observe both an electrolyte and fabrication-dependent capacity 

retention manifests by de-lithiation from amorphous and crystalline domains of Ge nanomaterial.  

4.3 Results and Discussion: 

 Figure 1a shows TEM images of germanium nanowires prior to integration into composite electrodes. The 

high resolution TEM image in Figure 1a and the corresponding FFT (inset) indicate that the SFLS-grown 

Au-seeded germanium nanowires are single-crystalline prior to lithiation, as expected. Germanium 

nanowire composite electrodes fabricated using PAA as a binder (Figure 1b) along with a range of 

electrolyte additives, demonstrate ~1100 mAh/g gravimetric capacities after 50 cycles, which is close to 

the theoretical specific capacity of germanium, confirming the high quality of these composite electrodes. 

Although the presence of a large specific capacity is a significant metric for the evaluation of device 

performance, we also use capacity retention (Figure 1d) as a metric to normalize and compare the extent of 

degradation between electrodes that may have slight variations in absolute capacity.  
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Figure 1. (a) TEM images of gold-seeded 1-octene hydrogermylated germanium nanowires and (inset) FFT 

of a high-resolution TEM image. (b) Specific gravimetric capacity of germanium nanowire electrode 

composites fabricated via manual mixing, using PAA as a binder, and 1 M LiPF6 in 1:1 w/w EC:DEC with 

different additives: white (no additive), gray (FEC), and black (VC), cycled at a rate of C/10. (c) Depiction 

of a 1-octene hydrogermylated germanium nanowire with different electrolyte additives and (d) the capacity 

retention of germanium nanowire composite electrodes fabricated with PAA and cycled at a rate of C/10 

with different electrolyte additives: white (no additive), gray (FEC), and black (VC) squares. Structural 

formulas of PAA, FEC, and VC are included for reference. 

 Interestingly, for the hydrogermylated nanowires implemented in this study, including FEC as an 

electrolyte additive adversely affected the capacity retention and cycle life (Figure 1d) of the electrode, 

consistently resulting in the poorest performing devices that employ this particular surface chemistry/binder 

pairing. Quantitatively, our devices using neat electrolyte solvents without additives (1:1 EC:DEC + 1M 

LiPF6) consistently exhibit greater capacity retention after fifty cycles (83%) than devices that included the 

FEC additive (73%). While this performance is comparable to the performance of devices containing 

alkanethiolate-passivated nanowires cycled in the absence of FEC that used PVDF as a binder,263 our results 

are in stark contrast to previous studies on surface-oxidized Ge nanowires,264 which showed that FEC was 

critical for robust cycling and capacity retention. 
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 There has been much discussion in the literature related to the decomposition of fluorinated additives 

leading to the formation of LiF in the SEI layer, with numerous sources detailing an enhanced accumulation 

of LiF that could be advantageous with respect to mitigating or etching potential surface oxide,294-296 but 

for unoxidized functionalized electrode surfaces, including fluorinated additives yields no apparent benefit. 

In fact, using non-fluorinated VC as an electrolyte additive results in the greatest overall capacity retention 

for our hydrogermylated germanium nanowire devices (96%). Devices that included VC as an electrolyte 

additive showed high coulombic efficiencies reaching 99.5%  (Figure C2). Importantly, it has been shown 

that both additives investigated here, VC and FEC, undergo similar reductive decomposition pathways.174-

175, 297 The reductive decomposition mechanism of FEC has been postulated to result in the generation of 

both VC and lithium fluoride (LiF),175, 298-299 whereupon VC has been described to continue electrochemical 

reduction to form unique polymeric structures that form at the electrode surface.172 These decomposition 

products are then ultimately integrated into the SEI layer, the composition of which plays a key role in the 

sustained performance of high capacity conversion electrodes.  

 To further elucidate the impact of fluorinated compounds on the capacity retention of alkane-functionalized 

germanium nanowire composite electrodes with controlled surface chemistry, additional electrodes were 

cycled in the complete absence of all possible source of fluorine. The standard electrolyte salt, LiPF6, was 

replaced with LiClO4, and the fluorine-free PAA binder was employed once again – as opposed to the 

widely used, fluorine-containing PVDF binder system. Although fluorine-free cells formulated without 

electrolyte additives exhibited continuous capacity decay (Figure 2, white squares) with a capacity retention 

of 83% after 50 cycles, when the fluorine-free additive, VC, was included as an electrolyte additive (black 

squares), capacity retention improved to 98%, consistently resulting in our best overall device performance 

with absolutely no fluorine present anywhere in the electrochemical system. These observations strongly 

suggest that the polymeric network created by the reductive decomposition of VC is much more important 

for generating a robust SEI layer than forming LiF for electrodes made using germanium nanowires with 

unoxidized alkane-functionalized surfaces. Previous data on bare Ge nanowires cycled with a VC 

electrolyte additive in the absence of binder300 reveal a lower capacity retention (~75%) within the first 15 

cycles than what was observed in this study, suggesting that alkane functionalization and/or the inclusion 

of PAA binder imparts greater cycling stability to the active material. 
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Figure 2. Capacity retention of fluorine-free germanium nanowire-based composite electrodes fabricated 

via manual mixing with PAA as a binder, using lithium perchlorate as an electrolyte salt without electrolyte 

additives (white squares) and with VC (black squares). Structural formulas of the lithium perchlorate 

electrolyte salt and PAA binder are included for reference. 

 In an effort to better distinguish the different mechanisms of capacity retention that occur during cycling, 

differential capacity plots (Figure 3) from the devices shown in Figure 1 were analyzed to see how the 

electrochemical events in each composite changed over the course of 50 cycles for each electrolyte 

formulation. Negative values along the ordinate in these plots correspond to lithiation, sweeping the voltage 

from 1 to 0.01 V, while positive values along the ordinate correspond to delithiation as the potential is swept 

from 0.01 to 1 V. For all electrolyte formulations, there is a sharp peak during the first cycle, corresponding 

to a two-phase transition at 0.37 V associated with lithiation of crystalline germanium,301-302 but this peak 

does not appear in subsequent cycles. As such, this initial feature is ascribed to the lithiation-induced 

amorphization of crystalline germanium. In all subsequent cycles, the lithiation of amorphous germanium 

(a-Ge) proceeds via three broad peaks at 0.55 V, 0.4 V, and 0.2 V, which are characteristic of amorphous 

LixGey. Delithiation of lithiated germanium exhibits a distinctive peak at ~0.5 V, which corresponds to the 

delithiation of crystalline Li15Ge4. In past work,264 capacity retention in germanium nanowire electrodes has 

been primarily associated with preserved delithiation peak intensities at ~0.5 V as cycling proceeds. Indeed, 

less efficient capacity retention was observed for devices that showed a decrease in this sharp delithiation 

peak following extended cycling. In addition, a broad delithiation shoulder centered near 0.4 V (e.g. Figure 

3a) evolves over an increasing number of cycles for certain electrolyte compositions. Although this broad 

shoulder has not specifically been assigned previously for germanium alloying electrodes, by making an 

analogy to studies of silicon lithiation and delithiation,303 we suggest that this feature corresponds to 

delithiation from amorphous domains of the active material  (a-LixGey). 
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Figure 3. Total differential capacity plots of 1-octene hydrogermylated germanium nanowire composite 

electrodes that employ PAA as a binder, EC/DEC + 1M LiPF6 as an electrolyte with (a) no electrolyte 

additive, (b) FEC additive included, and (c) VC additive included. The color scale at the rightmost side 

represents the evolution of the differential capacity profile over 50 cycles among all electrolyte/binder 

combinations. 

 As can be seen from the plots in Figure 3, a comparison between the performance of germanium nanowire 

composite electrodes with different electrolyte additives demonstrates that the major lithiation and 

delithiation features of the total differential capacity plots are similar over the course of the first twenty 

cycles. However, the device without electrolyte additive (Figure 3a) shows a substantial decrease in the 

intensity of the sharp Li15Ge4 delithiation peak at ~ 0.5 V over extended cycling, along with the concomitant 

formation of the broad delithiation shoulder at ~ 0.4 V, corresponding to delithiation from a-LixGey as 

discussed above. Interestingly, these additive-free devices maintain better capacity retention than devices 

that include the FEC additive (Figure 1d), despite the decrease in peak intensity at 0.5 V, likely due to the 

emergence of a-LixGey as an additional source of delithiation capacity to compensate for the loss of Faradaic 

activity from the crystalline Li15Ge4 phase.  

 Including electrolyte additives (Figure 3b and Figure 3c, corresponding to FEC and VC) suppresses the 

ability to delithiate from a-LixGey domains, as evidenced by the absence of the broad shoulder at ~0.4V 

over 50 cycles. Although the inclusion of FEC is often observed to result in improved capacity retention, it 

does not appear to be necessary for improving capacity retention in our hydrogermylated germanium 

nanowire-based devices (Figure 1d). Additionally, the three features associated with the lithiation of a-Ge 

for the additive-free and FEC-containing devices (Figure 3a and Figure 3b) shifted to slightly lower 

potentials, while including VC as an additive (Figure 3c) maintained the position of the original three a-Ge 

lithiation peaks; this behavior is consistent with results of fluorine-free devices as well (Figure B3a). 

Moreover, when VC was used as an additive (Figure 3c, Figure B3b), there was little change in the position 

or intensity of any peaks over the course of 50 cycles. Furthermore, when VC was included, the crystalline 

Li15Ge4 delithiation peak at 0.5 V decreased the least out of the three device architectures (Figure 3c). 
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Although including VC resulted in the best performing devices, it is clear from the differences between the 

additive-free and FEC-containing devices (Figure 3a and 3b), in context with their capacity retention 

(Figure 1d), that overall capacity retention cannot be attributed to a single morphological habit (i.e. 

crystalline or amorphous domains of the active material). The device without any electrolyte additive 

(Figure 3a) leads us to believe that functionalizing the active material interface produces an SEI that 

minimizes the loss of capacity retention by comparison to unfunctionalized surfaces cited in this 

manuscript. 

 Importantly, the mechanical characteristics of binders can also affect composite electrode stability. 

Although this study focused on the use of PAA as a binder material, the highly fluorinated PVDF binder 

system is one of the most widely used polymeric binders for conversion electrode materials, including 

germanium nanowire composites.263-264 Nonetheless, PAA has recently been implemented for silicon-based 

composite electrodes, with high capacity retention upon extended cycling.304-306 The impressive 

performance of PAA composites has been attributed to the large elastic modulus of PAA,307 hydrogen 

bonding of the carboxylate groups with native surface oxide present on silicon electrode materials,277, 308 

decreased swelling due to decreased electrolyte uptake,309 and higher adhesion strength with the copper 

current collector.310 However, because the germanium nanowire surfaces employed in this study have been 

functionalized in situ with an alkane monolayer to prevent surface oxidation, the observed benefits of using 

PAA as a binder largely appear to be due to its superior mechanical characteristics, such as the ability to 

withstand high strain from volume expansion of the active material and improved adhesion to the current 

collector, as opposed to the hydrogen bonding of the PAA carboxylate groups with an oxidized electrode 

surface. 

 Since polymeric binders are known to influence the mechanical stability and the SEI layer composition of 

composite electrodes,53, 276-278, 307 we performed a direct comparison between the performance of PAA- 

(Figure 4b) and PVDF-based (Figure 4c) germanium nanowire composite electrodes. Importantly, we 

observed that the electrode processing technique chosen to prepare the electrode slurry (Figure 4a) 

drastically affects the performance of the device depending on the binder that is being used. As such, we 

investigated the implementation of two commonly used processing techniques for each polymeric binder: 

(i) manual mixing with a mortar and pestle and (ii) magnetic stirring in a glass vial. To our knowledge, 

there has not been a comparison of electrode preparation techniques for these types of highly anisotropic, 

conversion negative electrode materials. We demonstrate that choice of electrode processing technique is 

particularly critical for devices formulated using PVDF as a binder, and that magnetic stirring is overall a 

better choice for germanium nanowire-based composite electrode devices fabricated using either binder 

system. These results show that optimization of nanowire-based composite electrodes is highly dependent 
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on slurry preparation, composite architecture, and careful selection of a polymeric binder. This highlights 

the importance of optimizing electrode processing methods for composite electrode systems.   

 For PAA-based devices (Figure 4b), high capacity retention was achieved (>70%), irrespective of the 

electrode slurry preparation that was chosen, although magnetic stirring gave rise to composites that 

exhibited much better overall capacity retention. This effect is exacerbated significantly when PVDF is 

used as a binder, with PVDF-based devices exhibiting extremely poor capacity retention (~40%) when 

manual mixing is used to process the nanowire composite electrodes. Despite the apparent superiority of 

magnetic stirring over manual mixing, it is important to note that it is much easier to create devices with 

identical mass loadings using manual mixing for PAA-based electrodes (Figure B4), likely due to the 

heterogeneity of the magnetically stirred PAA/NMP dispersion, immediately prior to doctor-blading onto 

the current collector. Nonetheless, all devices prepared using PAA exhibited robust specific capacities and 

capacity retention, irrespective of variations in the specific active material loading in cells punched from 

different regions of the current collector. The observed variations are likely due to differences in electrode 

slurry viscosity with the different binders, and likely warrants further optimization of electrode slurry 

processing for highly anisotropic structures that are prone to flocculation in low viscosity solutions.280, 311-

312  

 

 

Figure 4. (a) Characteristic image of a germanium nanowire composite slurry (prepared via either magnetic 

stirring or manual mixing) doctor-bladed onto a copper foil. (b,c) Capacity retention of germanium 

nanowire-based electrodes using either (b) PAA or (c) PVDF as a binder, EC/DEC as the electrolyte, LiPF6 

as the electrolyte salt, and different electrolyte additives for the two different electrode processing 

techniques. Circles represent magnetically stirred electrode slurries, while squares represent manually 
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mixed electrode slurries. Unfilled symbols correspond to no electrolyte additive, gray fill corresponds to 

the use of FEC as an additive, and black fill indicates the use of VC additive.  

 Despite the inclusion of FEC, (Figure 4c, red outlined-gray squares), there was little improvement in 

capacity retention (36% vs. 37% capacity retention after 50 cycles) for PVDF-based devices prepared using 

manual mixing, which is somewhat surprising, given that fluorinated electrolyte additives have been shown 

to drastically improve capacity retention in both silicon and germanium nanomaterial-based composite 

electrodes.167, 174, 257, 313-314 However, previous investigations that have integrated these materials into 

composite electrodes have typically employed magnetically stirred electrode slurries,263-264 and indeed, we 

found that when using PVDF as a binder, magnetically stirring the electrode slurry drastically improved the 

capacity retention of our devices (Figure 4c, red outlined circles), which is in agreement with previously 

published results.263-264 Nonetheless, in our hydrogermylated germanium nanowire composite electrodes 

prepared via magnetic stirring with PVDF (Figure 4c), we did not see the same improvement upon addition 

of FEC that had been previously reported in other studies of analogously processed, unfunctionalized 

germanium nanowire composite electrodes.264 This observation builds on a growing body of evidence that 

actively functionalizing the surface of electrode materials could reduce the need for fluorinated additives 

to achieve high capacity retention, especially in conversion electrode systems.263, 292 Moreover, when VC 

was used as an electrolyte additive for PVDF-based composites, we observed comparable performance to 

PAA-based devices that also employ VC. This strongly suggests that the formation of a robust SEI layer, 

in the absence of native oxides at the electrode surface, is strongly enhanced mainly due to the polymeric 

reductive decomposition products of VC. 

 For completeness, we also extend the total differential capacity analysis to devices prepared via magnetic 

stirring in the presence and absence of electrolyte additives for both polymeric binder systems in Figure 5. 

All devices show similar electrochemical features, but the three broad peaks associated with the lithiation 

of a-Ge again shift to slightly lower potentials for the additive-free devices (Figure 5a,d) and devices with 

FEC additive (Figure 5b,e), which is similar to the observed shifts in manually mixed PAA devices (Figure 

3a,b). The devices with VC (Figure 5c,e) maintain the same peak potentials for the lithiation of a-Ge 

throughout cycling, as before. 
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Figure 5. Total differential capacity plots of magnetically-stirred germanium nanowire composite electrode 

devices fabricated with EC/DEC electrolyte, LiPF6 as the electrolyte salt, (a-c) PAA or (d-f) PVDF as the 

binder, and a range of electrolyte additives (a, d) no additive (b, e) FEC additive and (c, f) VC additive. 

Total differential capacity plots of magnetically-stirred germanium nanowire composite electrode devices 

fabricated with EC/DEC electrolyte, LiPF6 as the electrolyte salt, (a-c) PAA or (d-f) PVDF as the binder, 

and a range of electrolyte additives (a, d) no additive (b, e) FEC additive and (c, f) VC additive.  

 Notably, all germanium nanowire-based PVDF devices that were prepared by magnetically stirring (Figure 

5d–f) showed a decrease in the magnitude of the c-Li15Ge4 delithiation feature at 0.5 V, with Figure 5e 

displaying a slight shift of this peak to lower potentials as the electrode is cycled. In addition, PVDF-based 

devices with VC and without additive (Figure 5d,f) show the gradual appearance of the broad shoulder at 

0.4 V discussed previously, indicative of delithiation from a-LixGey. This suggests that including VC as an 

electrolyte additive mitigates overpotential and, for PVDF devices, enables access to the delithiation of a-

LixGey as an additional source of capacity. Including VC in this composite architecture does not completely 

suppress the evolution of the broad shoulder at 0.4 V, even though the crystalline delithiation peak at 0.5 V 

does not decrease as dramatically as it does when electrolyte additives are absent. This indicates that 

formulations which enable the amorphous delithiation transition (0.4 V), while also maintaining the 
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crystalline delithiation peak (0.5 V) could help to improve the cycle life of these high-capacity composite 

conversion electrodes. 

4.4 Conclusion: 

 We demonstrate that high-capacity composite conversion electrodes formulated with unoxidized, 1-

octene hydrogermylated germanium nanowires do not require commonly used fluorinated additives, such 

as FEC, in order to maintain robust capacity retention. Devices with controlled surface chemistry 

fabricated in the complete absence of fluorinated compounds consistently demonstrated among the best 

capacity retention and overall performance, while the inclusion of FEC often led to decreased capacity 

retention. In contrast, reductive decomposition of the nonfluorinated VC additive led to consistently 

superior device characteristics. Total differential capacity plots showed delithiation from a-LixGey as an 

additional source of capacity for some cell architectures, with the beneficial characteristics of the PAA 

binder being attributed to its intrinsic mechanical properties, rather than its ability to hydrogen bond with 

native surface oxides. In addition, we demonstrate that although both PAA and PVDF can be used as 

binders for germanium nanowire-based composite electrodes, the resultant device characteristics are 

highly dependent on the electrode processing technique that is chosen, particularly for PVDF-based 

devices. Most importantly, we demonstrate that FEC is not necessary to achieve robust capacity retention 

in high-capacity conversion electrodes, as long as the active material surface chemistry is carefully 

controlled. These results suggest that actively controlling chemical functionalization of the electrode 

surface of the active material in nanostructured electrode composites may be a general tool for controlling 

the active material/bind interactions that influence cycle life in next-generation high capacity conversion 

electrodes. Additionally, our results suggest that standardizing composite preparation methods may be 

critical for directly comparing the merits of new nanostructured composite formulations. 

4.5 Appendix B: 

Experimental details and supporting information 
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Chapter 5: Stark Tuning Rates of Organic Carbonates Used in Electrochemical Energy Storage 

This chapter contains the work published originally in “Stark Tuning Rates of Organic Carbonates Used 

in Electrochemical Energy Storage Devices” by Olson, J. Z.; Schneider, S. H.; Johansson, P. K.; Luk, T. 

S.; Schlenker, C. W., in J. Phys. Chem. C 2019, 123 (18), 11484-11492 10.1021/acs.jpcc.9b01501 

5.1 Overview:  

Lithium ion batteries frequently employ carbonate-based electrolyte solvents to support reversible lithium 

ion storage in response to electric fields applied to the electrode/electrolyte junction. While these fields are 

critical for controlling beneficial and deleterious electrochemical reactions alike, quantifying their 

magnitude is a persistent challenge that inhibits our fundamental understanding of high-voltage 

electrochemical energy storage devices. In this study, we utilize complementary experimental techniques 

of vibrational Stark spectroscopy and vibrational solvatochromism in conjunction with molecular dynamics 

simulations to determine the vibrational sensitivity (Stark tuning rate, Δµ⃑ ) of the carbonyl group (C=O) in 

response to an electric field for diethyl carbonate (DEC), ethylene carbonate (EC), and fluoroethylene 

carbonate (FEC). We first determine that the response of the C=O group in each solvent to an externally 

applied electric field exhibits a second-derivative line shape characteristic of the linear Stark effect. We find 

the magnitude of this response to be unique for each carbonate solvent based on a field-frequency 

calibration; Δµ⃑ 𝐷𝐸𝐶 = 0.37 cm-1/(MV/cm), Δµ⃑ 𝐸𝐶  = 0.31 cm-1/(MV/cm), and Δµ⃑ 𝐹𝐸𝐶 = 0.57 cm-1/(MV/cm). 

We then leverage two electrostatic expressions to converge upon an angle-dependent equilibrium (open 

circuit) interfacial field for archetypal Li-ion battery electrode/electrolyte junctions. Based upon this 

convergence model, which depends explicitly on the dielectric function of the electrode interface and the 

projection of the field onto the dipole axis of the C=O group, we estimate local fields spanning 

approximately 30-50 MV/cm at LiCoO2 and 84-132 MV/cm at graphite interfaces. This quantitative 

benchmark of Δµ⃑   for some of the most commonly used electrolyte solvents lays the groundwork for 

proofing future electrostatic materials design strategies, for example, by controlling electrochemical 

reaction dynamics using extrinsic interface modifiers. 

 

5.2 Introduction 

Variations in local electric fields appear to control reactivity in chemical systems ranging from 

biochemistry to materials science.131, 137, 315-318 In the context of energy conversion and storage materials, 

quantifying the field magnitudes at the interfaces of photoelectrodes146, 148, 151-153 and electrocatalysts319-320 

by spectroscopic methods has provided both fundamental scientific understanding of material properties 

and new design principles for advanced device applications. Interface electrostatics are also known to play 

a major role in the viability of next-generation battery electrode materials. Examples include, among others, 
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suppressed dendrite formation in Li metal batteries using monovalent cations,321-322 monitoring intercalation 

in metal-oxide cathodes,323 mitigating active material dissolution in Li-S composites,324 and interpreting 

capacity losses.325 While computational predictions yield estimated field strengths at the 

electrode/electrolyte junction in the MV/cm range,77, 105, 326-328 the interfacial electric fields in archetypical 

rechargeable battery systems have yet to be experimentally quantified. 

Spectroscopically-active reference materials, calibrated against fields of known value, have been key to 

quantifying local electric fields at several model electrode interfaces. For example, recent work by Dawlaty 

et al.,329  Lian et al.,139 and Hildebrandt et al.330-331 quantified local fields at model electrochemical interfaces 

by monitoring the vibrational frequency shift in response to applied electric field magnitudes on the order 

of several MV/cm for nitrile moieties tethered on gold electrode surfaces. Furthermore, the Dawlaty group 

has proposed a formalism to estimate the field strength at electrode interfaces that accounts for the presence 

of an image dipole within an electrode as a way to more accurately represent the dielectric anisotropy 

experienced by the molecule at the electrode/electrolyte junction.141 It is worth noting that this treatment 

relies on knowing the vibrational reporter’s sensitivity to electric fields under the conditions described by 

the Onsager model332 (isotropic dielectric surrounding a molecule), as well as both the refractive index and 

dielectric of the molecule of interest. Results separately published by Grey et al.333 and Somorjai et al.78 

reveal shifts in the vibrational frequency of the C-H stretch of carbonate electrolyte solvents at capacitor 

and battery electrode interfaces under an applied voltage. Such results highlight the importance of the model 

proposed by Dawlaty in the context of energy materials. However, the minimal sensitivity of the C-H 

stretching mode to an electric field tends to limit its versatility in quantifying local field strengths within 

the electrochemical double layer. A more sensitive vibrational reporter would be ideal to extract such values. 

More recently, the line shape and peak position of carbonyl (C=O) modes in linear and cyclic carbonates 

were observed to change near the interface of an electrode as it cycled (i.e. under the influence of local 

electric fields).334 The importance of these observations is amplified by the fact that carbonate-based 

electrolyte formulations are consistently used as workhouse electrochemical platforms in energy storage 

devices since their physicochemical properties afford a wide parameter space for voltage and temperature 

optimization.335-337 Considering the abovementioned changes in vibrational activity of carbonate solvents 

at  material interfaces, here we show that the C=O group of carbonate solvents can serve as a sensitive 

complementary reporter to gauge interfacial electric field strengths.132, 338 By analogy to the utility of such 

measurements applied to other energy material systems,144-145 we expect these results to provide a powerful 

lens through which to proof design strategies aimed at exerting kinetic control over electrode/electrolyte 

compatibility in next-generation electrochemical energy storage systems. 
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5.3 Background 

The interaction between an external applied field and vibrational reporter can be understood on the basis 

of standard perturbation theory, and is associated with the vibrational Stark effect (VSE).130-131, 339 Using 

infrared spectroscopy, one can compare spectra with and without an applied electric field to monitor the 

VSE response of a reporter moiety by using a technique known as vibrational Stark spectroscopy (VSS).132, 

135 When the relationship between the applied field and response of the vibrational reporter follows a linear 

trend (as is traditionally observed in VSS for many high frequency local modes) the difference spectrum 

will correspond to a second derivative of the zero-field peak line shape; this response is depicted in Figures 

1a-c. One can then fit the VSS data with a derivative line shape to extract a value of the vibrational mode’s 

sensitivity to the applied field, termed the Stark tuning rate (Δµ⃑ , units in cm-1/(MV/cm)).131, 340 As the 

response of a vibrational reporter informs on the local field at its position in the active environment, rather 

than the externally applied field, it is necessary to incorporate a local field correction factor ( f ). The variable 

f has no effect on the general line shape of the difference spectrum, but affects the relative determination of 

Δµ⃑ , resulting in the expression of the tuning rate as |Δµ⃑ |𝑓.132 Thus, the VSS experiment provides an avenue 

to qualify the mechanism of interaction between fields and a molecular group. However, complementary 

experimental techniques are required to extract an unambiguous quantitative value of Δµ⃑ . 

One approach to quantify Δµ⃑  of a reporter moiety is vibrational solvatochromism, combined with 

molecular dynamics (MD) simulations that provides the absolute electric fields experienced by a solute in 

a series of solvents with varying dielectric constants.341 In contrast to VSS, the solvatochromic shifts are 

measured in the absence of an externally applied field and the local field factor is thus excluded. The 

systematic red-shift of the vibrational reporter in solvents of increasing solvent fields provides a field-

frequency calibration curve that allows one to directly map an observed peak position to a solvent field in 

condensed phase systems. This provides an avenue to determine electrostatic fields, for example, within the 

active site of an enzyme. In our case, we are particularly interested in the magnitude of electric fields 

established at electrode interfaces. 

Herein, we provide Stark tuning rates for the C=O groups of the common battery electrolyte solvents 

(Figure 1d) diethyl carbonate (DEC), ethylene carbonate (EC), and fluoroethylene carbonate (FEC) using 

both VSS and the solvatochromic field-frequency calibration approaches. We see that under the separate 

influence of solvent and applied electric fields commensurate with those suggested in computational studies 

of electrode interfaces,342-343 the sensitivity of the C=O stretch is unique for each carbonate and follows the 

linear Stark effect illustrated in Figure 1. In particular, we demonstrate that the sensitivity of the C=O mode 

(0.37 cm-1/(MV/cm)) as an electrode interfacial field reporter for DEC is close to three times more sensitive 

than its C-H mode (<0.15 cm-1/(MV/cm)).78 As an example of the utility of our findings, we estimate the 
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magnitude of the interfacial field at an archetypal battery electrode/electrolyte junctions from literature to 

be in the MV/cm range at open circuit potential. Our estimates are based on electrostatic interactions with 

molecules described with the VSE model and the Onsager-like model/reaction field theory for the metal-

dielectric interface developed by Dawlaty.141 In effect, these results present a framework for quantifying 

local electric fields at interfaces relevant to energy storage materials.  

 

Figure 1. (a) An electric field applied to an isotropic frozen solution leads to broadening of the vibrational 

mode due to an equal proportion of molecules oriented parallel and antiparallel to the applied electric field 

vector, thereby exerting either a stabilizing or destabilizing field on the bond vector, changing the resulting 

vibrational frequency as depicted in Figure (b). Arrows denote the case of parallel and antiparallel 

orientation of the field with respect to the bond dipoles, resulting in either a red shift (parallel) or blue shift 

(antiparallel). The difference between the field-on and field-off spectra yields a line shape that is congruent 

with a second derivative of the zero-field spectrum (c). The compounds analyzed in this study: ethylene 

carbonate (EC), fluoroethylene carbonate (FEC) and diethyl carbonate (DEC) are shown in panel (d). 

 

5.4 Results: 

 To determine whether the linear Stark effect manifests among all carbonate solvents, we first utilized 

vibrational Stark spectroscopy (VSS) to measure spectra of each carbonate solvent in a frozen glass and 

calibrated their sensitivities to an externally applied electric field. As observed in Figure 2a, the C=O stretch 

of DEC absorbs at ~1740 cm-1 in the absence of an applied external electric field. With the application of 

an external electric field (Figure 2b), the resulting Stark spectrum exhibits a line shape resembling the 

second derivative of the zero-field absorption spectrum in accord with Figure 1, suggesting that the primary 

mechanism of response to an electric field is via the linear Stark effect (∆𝜇 ). The magnitude of the VSE 
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scales with the product of the magnitude of the tuning rate |∆𝜇 𝐷𝐸𝐶| and the local field correction factor f, 

which yields a combined value of 1.06 cm-1/(MV/cm). 
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Figure 2. (a) FTIR spectra of 100 mM DEC in 2-MeTHF at 77K with fits to the carbonyl under no applied 

field. (b) Stark spectrum of DEC under the application of an external field, scaled to 1 MV/cm. The best fit 

(red trace) and 2nd derivative (blue trace), as well as the product of Δµ⃑   and f, are included. 

 Because linear carbonate solvents are often combined into an electrolyte blend with cyclic carbonates, 

we expand this work to include field calibrations for the C=O group in FEC and EC. In the absence of an 

applied field, peaks and their corresponding fits to the C=O mode of FEC, EC and 98 %-deuterated EC 

(D4-EC, for peak assignment) within the 2-methyltetrahydrofuran glassy matrix (Figure 3, a-c) are 

consistent with literature values.344  Spectra for EC and FEC both exhibit shoulders adjacent to their 

fundamental C=O mode. We observe two peaks in the EC spectrum, one at 1775 and another at 1790 cm-1. 

In FEC, two modes are observed at 1805 and 1835 cm-1. Based on previous characterization of cyclic 

carbonate molecules and their halogenated derivatives with vibrational spectroscopy, we associate the C=O 

modes of EC and FEC to be at 1790 and 1825 cm-1, respectively. Spectral overtone peaks from skeletal 

breathing modes in the 800-900 cm-1 range appear near the C=O modes of EC and FEC due to Fermi 

resonance.345-346 Replacing 98 % of the hydrogen atoms on EC with deuterium significantly lowers the 

amplitude of Fermi resonance, as demonstrated by comparing Figures 3b and 3c. 
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Figure 3. FTIR spectra of 100 mM FEC, EC and D4-EC in 2-MeTHF at 77K with fits (red traces) to the 

carbonyl mode of EC and FEC (black dots). The Fermi resonance remains in the D4-EC spectrum, but with 

considerably smaller amplitude relative to the non-deuterated EC. 

 

 We display Stark tuning rates obtained for the cyclic carbonates using VSS in Figure 4. Again, we observe 

that under the influence of an externally applied electric field, the resulting spectra exhibit primarily second 

derivative line shapes, indicative of the vibrational frequency shift arising primarily from the linear Stark 

effect.130, 338 The Stark spectrum of non-deuterated EC suffers from significant interference from Fermi 

resonance (Figure C1), resulting in a qualitatively poor fit. Despite this, the calculated product |∆𝜇 𝐸𝐶|𝑓 is 

similar between EC and D4-EC. This is in agreement with previous observations that although 

overtone/Fermi resonant modes undergo changes when subjected to an applied electric field, the influence 

of Fermi coupling on the determined Stark tuning rates is negligible and primarily manifests in imperfect 

spectral fitting rather than acting upon a physical mechanism that would perturb the sensitivity to an electric 

field.340   
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Figure 4. Results of VSS: raw data (black dots) for FEC (Figure a) and D4-EC (Figure b), scaled to an 

applied field of 1 MV/cm. The line of best fit (red trace) for all VSS spectra closely matches the second 
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derivative line shape (blue line) of the absorbance spectra without an applied field. The Stark tuning rates 

are listed at the bottom of each panel as the product of |Δµ⃑ | and f. 

 As an alternative approach, the Stark tuning rate (∆𝜇 ) can be determined by combining vibrational 

solvatochromism measurements with molecular dynamics (MD) simulations to calculate the electric field 

exerted by the solvent onto the C=O bond dipole. The resulting electric field-frequency calibration curves 

do not propagate the local field correction factor, f, since there is no externally applied field as in the results 

from the previous section.347 Accordingly, we obtain precise values of the Stark tuning rates (Δµ⃑ ) for DEC, 

EC, and FEC, which are lower than the apparent Stark tuning rates from the VSS experiments (i.e. f  > 1). 

As anticipated, Figure 5 demonstrates that the Stark tuning rates for all carbonate solvents are lower than 

those obtained with VSS. The values of f in VSS for each carbonate molecule in the 2-MeTHF matrix are 

provided in Table 1 and fall within the generally observed range of values for carbonyls and nitriles.330, 338, 

348 It is noteworthy that FEC exhibits a markedly lower correction factor, which may be due to subtle 

differences in the solvation environment at 77K; the molecular structure of the three carbonates are likely 

to affect the subsequent solvent organization around the solute. As discussed above, while the Fermi 

resonance affects the C=O peak position and intensity, attempts to utilize a perturbation model to suppress 

this interference349-352 result in corrected frequencies with a lower coefficient of determination (R2) when 

fit by linear regression (Figure C2, Table C3 for absorption values). Expanding the range of solvent fields 

for DEC does not change the Stark tuning rate significantly (Figure C4), indicating that the number of data 

points in Figure 5 is sufficient to calculate reliable Stark tuning rates. 

 

Figure 5. (a) Example of solvatochromic results from calibration of the C=O group in DEC. (b) Electric 

field-frequency calibration curve for FEC, EC, and DEC. A linear relationship between solvent field and 

peak position is observed, consistent with the linear Stark effect, and the slope corresponds to |Δµ⃑ |, in units 

of cm-1/(MV/cm). Frequencies and calculated electric fields are presented for all carbonates and solvents in 

Tables C1 and C2, respectively. 
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Table 1: Summary of Stark tuning rates (|Δµ⃑ | and |Δµ⃑ |f), determined herein, and local field correction 

factors (f) among all carbonate electrolyte solvents. Local field corrections factors are determined from 

comparison of the Stark tuning rates measured from vibrational Stark spectroscopy (|Δµ⃑ |𝑓) and the field-

frequency calibration (|Δµ⃑ |) as shown in Figure 5b. 

 With the values of Δµ⃑  for these electrolyte solvents in hand, we describe examples of their application to 

quantify fields at cathode and anode electrode interfaces relevant to electrochemical energy storage. 

Beginning with archetypal cathode interfaces, it has been previously determined that the C=O group in 

DEC at the interface of LiCoO2 is red shifted to 1737 cm-1 at open circuit.72 The equilibration process 

between these materials includes the formation of a space charge layer by solvation of Li+ from LiCoO2 by 

DEC,353 establishing an electrochemical double layer at the electrode/electrolyte junction; it is the field 

confined at this solid/liquid junction which makes it compelling to quantify Δµ⃑  for organic carbonates as 

possible in situ interfacial electric field reporters. These spectroscopic results were observed using 

vibrational sum frequency generation (SFG), the same interface-sensitive spectroscopic technique 

employed to observe the vibrational Stark shifts (and therefore electrostatic fields) at operating 

electrochemical interfaces of battery materials.78 Furthermore, a redshift of the C=O has been observed 

within the multilayer structure extending out from the LiCoO2/DEC junction at a resting potential,354 but to 

a lesser magnitude, indicating the possibility of a decaying potential drop.  The absorption of neat DEC 

solvent appears at 1746.4 cm-1 (Figure C5b), while the gas-phase peak appears at 1756 cm-1.355 As 

equilibrium with carbonate solvents at lithiated interfaces has been described to include electrostatic 

processes,354, 356-358 we leverage the above values in Table 1 to the VSE model (Eq. 1) and compare with an 

Onsager-like interfacial model proposed by Dawlaty et al. (Eqs. 2 and 3) to calculate the magnitude of the 

electrostatic field. Since we have observed that the linear Stark effect manifests among all the carbonate 

solvents, the peak shift can be interpreted as:  

∆𝜈  = −𝑓|𝛥µ⃑ | ∙ 𝐹⃗𝐶=𝑂 = −𝑓|𝛥µ⃑ ||𝐹⃗𝐶=𝑂| = −𝑓|𝛥µ⃑ ||𝐹⃗𝑖𝑛𝑡| cos𝛽    (Eq. 1) 

Where ∆𝜈  is the observed shift in peak position of the C=O group between the gas-phase (representing 

zero field) and at the electrode interface,72 Δµ⃑  is the Stark tuning rate that could be either from the VSS or 

field frequency calibration; the former would propagate the local field correction factor (f) as included, 

while 𝛽  is the angle between the electrostatic field, |𝐹⃗𝑖𝑛𝑡| (expected to be from the LiCoO2 electrode 

Electrolyte 

Solvent 

 |𝚫µ⃑ |  

(cm-1/(MV/cm)) 

f |𝚫µ⃑ |f  

(cm-1/(MV/cm)) 

DEC 0.37 2.86 1.05 

EC (D4) 0.31 3.09 0.96 

FEC 0.57 1.47 0.84 
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interface), and the field projected onto the C=O, 𝐹⃗𝐶=𝑂, through the C=O’s Δµ⃑ . Inspired by recent hypotheses 

that the tilt angle (𝛽) of electrolyte solvents at electrode interfaces have an influence on Li+ transport and 

cycling efficiency of electrode materials,73, 199 it may be useful to connect the angle-dependent electrostatic 

fields sensed by the C=O group |𝐹⃗𝐶=𝑂| at an electrode surface in this work to quantify this effect in future 

studies. The transition dipole moment and 𝛥µ⃑  are generally expected to be colinear, which has been 

confirmed in several cases.338, 347 Since the transition dipole for a symmetric stretching mode lies parallel 

to the oscillator bond axis, 𝛥µ⃑  can be assumed to be parallel to the C=O bond. Therefore, as the local 

electrostatic field sensed by the C=O probe (|𝐹⃗𝐶=𝑂|) can be quantified from the frequency shift of -19 cm-1 

in the VSE (as described by Eq. 1), the absolute interfacial field (|𝐹⃗𝑖𝑛𝑡|) may be determined if the tilt angle 

between the C=O bond axis and the surface normal is known. As such, |𝐹⃗𝑖𝑛𝑡| cos (𝛽) represents the 

orientation-dependent electrostatic field sensed by the C=O group, at an electrode interface. The field 

experienced along the C=O bond of DEC can be calculated from Eq. 1 to fall within a range of values that 

depends on the contribution of f. For example, implementing the field-frequency calibrated value of 

|∆𝜇 𝐷𝐸𝐶| in Table 1 results in |𝐹⃗𝑖𝑛𝑡| cos(𝛽) = 51.6 MV/cm registered by the C=O group, or more generally 

|𝐹⃗𝑖𝑛𝑡|cos(𝛽)= 
51.6

𝑓
 MV/cm, which yields an interfacial field of 18 MV/cm when propagating the Stark tuning 

rate from VSS (Table 1). 

 A separate estimate of electrostatic fields at an electrode interface can be calculated by an interfacial 

Onsager model,141 which more formally describes the electrostatic field within an electrochemical double 

layer at the electrode/electrolyte junction. In contrast to Eq. 1, the interfacial Onsager model incorporates 

the field projection specifically from an electrode surface, confined over a finite length. For dipoles oriented 

perpendicular to an electrode interface (𝛽 = 0), values of |𝐹 𝑖𝑛𝑡| with this model are calculated by the 

following equation:   

|𝐹 𝑖𝑛𝑡|(ɛ) =  
2𝜇⃑⃑ 

𝜋𝜖0𝑙
3 [

(𝑛2+2)(1+𝜁(𝜀))

3𝑛2+9−(𝑛2−1)𝜁(𝜀)
]  (Eq. 2) 

Where 𝜇  represents the dipole moment of DEC (1.07D),359 𝜁(𝜀) an infinite sum representing the potential 

profile induced by the dielectric (𝜀 = 2.83),360 n the refractive index of DEC (n= 1.68, obtained via √𝜀 ), 

and 𝑙 is the cavity length.361-362 Under the assumption that the electrostatic field drop is over a length 𝑙 =

2𝑎, where 𝑎 is the C=O bond length (1.22 Å), Eq. 2 yields |𝐹 𝑖𝑛𝑡| = 83 MV/cm. As the solutions to calculate 

|𝐹 𝑖𝑛𝑡| between Eq. 1 (18-51.6 MV/cm) and 2 (83 MV/cm) do not converge, we quantitatively assess 

possible reasons below. 
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 As previously mentioned, a concept distinguishing Eq. 2 from Eq. 1 is the incorporation of a field 

projected by an electrode interface over a finite distance. Thus, the possibility of a different cavity length 

would change the overall magnitude of |𝐹 𝑖𝑛𝑡| calculated in Eq. 2. Additionally, it has been consistently 

observed that carbonate solvents at electrode interfaces adopt preferential orientations.72-73, 197 To account 

for these effects, a more general version of Eq. 2 has been derived141 for arbitrary dipole orientations: 

|𝐹 𝑖𝑛𝑡(ɛ)| = 
2𝜇⃑⃑ 

𝜋𝜖0𝑙
3 [

(𝑛2+2)(1+0.577𝜁(𝜀)+(1+1.4226𝜁(𝜀)) cos2 𝛽))

7𝑛2+17−(𝑛2−1)(0.577𝜁(𝜀)+(1+1.4226𝜁(𝜀)) cos2 𝛽)
]  (Eq. 3) 

Where all parameters are defined as in Eq. 2, with the addition of 𝛽 representing the dipole tilt angle 

relative the surface normal. Figure 6 shows the dependence of Eq. 1 on the tilt angle (red line and pink 

region) and |𝐹 𝑖𝑛𝑡(ɛ)| for Eq. 3 (blue). The pink region further expresses how Eq. 1 shifts for a range of 

f values. A lower limit for f is 1, while the correction factor for DEC based on comparison of VSS and field-

frequency calibration (Table 1, f = 2.86) represents the upper boundary. As previously measured values of 

𝛥µ⃑  appear to suffer from a local field factor f,141, 363 we implement a simple estimate131 of f (f = (𝜀 + 2)/3 = 

1.61) within the illustrated range of values in Fig. 6 to estimate an intermediate between the boundaries of 

f=1 and f=2.86 and highlight it with a red line. The blue curves show Eq. 3 with three different cavity 

lengths, 𝑙 = 2𝑎, with 𝑎 being 1.22 Å, 1.51 Å, and 2.05 Å. The latter represents the maximum cavity length, 

beyond which the two methods do not converge for any tilt angle. For shorter cavity lengths, Eq. 3 

converges with Eq. 1 and Figure 6 highlights two such cases with dashed lines, under the assumption that 

f = 1.61. When 𝑎 = 1.22 Å, the extracted values for the electrostatic field and 𝛽 are 52 MV/cm and 52°, 

while 𝑎 = 1.51 Å yields 37 MV/cm and 31°. Although the absolute orientation of DEC on the LiCoO2 

surface is not known, dimethyl carbonate (DMC) has been observed to orient preferentially on LiCoO2 and 

the tilt angle on carbon surfaces have been measured as approximately 34°.72, 197 Considering these 

observations for DMC, a tilt angle within 31° to 52° is reasonable for DEC on LiCoO2. Further refinements 

of the cavity length and f values may yield additional precision in estimating the local electrostatic field and 

tilt angle (𝛽). While the overall magnitudes of the fields will be affected by the choice of f, when comparing 

among a given carbonate solvent, these changes will at least be self-consistent and can be easily propagated 

into the uncertainty of the local field factor if desired. The values of optical constants ɛ and n (obtained 

from ellipsometry, see Figure C5) may be used to calculate different values of f and more precisely validate 

the orientation of DEC on electrode surfaces with mathematical treatments used for interface-sensitive 

spectroscopy.364 
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Figure 6.  (a) The distribution of interfacial electrostatic field values between Eq.  1 (red trace) and Eq. 3 

(blue trace) converge at 37-52 MV/cm with tilt angles (ß) between 31°-52° from surface normal (as seen in 

Figure b). An estimate of f = 1.61 determined by previous reports131 as (ɛ+2)/3, produces the solid line in 

the range of fields produced by boundaries in Equation 1. Increasing the cavity length l in Eq. 3 to 2.44 Å 

corresponds to |𝐹 𝑖𝑛𝑡(ɛ)| = 52 MV/cm as a convergence point with Eq. 1; raising it to 3.02 Å corresponds 

to |𝐹 𝑖𝑛𝑡(ɛ)|= 31 MV/cm. A value of 4.10 Å is the largest cavity length that would converge with the 

maximum f (2.86) incorporated into Eq. 1. 

The EC molecule has also been experimentally observed to shift in absorption energy on graphite 

interfaces, where the equilibration mechanism was suggested to be an effect of electrostatic fields.365 

Previous analysis of chemical phenomena within the double layer of the graphite electrode/electrolyte 

junction suggested the electrostatic potential comprises a majority of the interfacial forces in operating 

batteries.366 Extending our protocol above to calculate interface fields of a common anode material at open 

circuit, Figure S6 shows that interfacial fields between ~84-130 MV/cm are present at a tilt angle between 

approximately 40°-60°. While there does not appear to be any reference of the orientation of EC on graphite, 

a structurally similar cyclic carbonate (vinylene carbonate, distinguished from EC by a double bond 

between adjacent carbons) orients at approximately 53º on graphite surfaces.197 Under non-equilibrium 

conditions (i.e. charging/discharging of the battery), the intercalation of Li+ into graphite has been estimated 

to require an electrostatic field  of 360 MV/cm at the interface.79 

A few assumptions are inherent in the calculations above, for instance that the carbonates exhibit one 

preferred orientation. In cases where the molecules exhibit a bimodal distribution (which has indeed been 

demonstrated for a few carbonate systems),197 Eq. 3 has to be expanded to include the contributions from 

each orientation. The total interfacial field must further be consistent with the parameters in Eq. 2 for each 

orientation-dependent peak position observed experimentally. The preceding narrative also assumes that 

electrostatic forces are the only contributions to electrolyte dynamics on cathode and anode electrode 

surfaces, however, chemisorption and physisorption processes are also known to occur at the 

electrode/electrolyte junction.354, 356, 358, 367 Such forces may modulate the overall magnitude of the 
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electrostatic contributions quantified above, requiring evaluation on a case by case basis. Nevertheless, 

spectroscopic evidence demonstrates that electrostatic fields appear present at interfaces relevant to 

electrochemical energy storage.78 This report provides the Stark tuning rates for more sensitive reporters of 

the local fields under operating conditions, when compared to the previously used C-H stretching 

vibrations. Additionally, the combination of several experimental methods and the convergence with 

electrostatic models provide an interval over which the interfacial electric field in the MV/cm range appear 

to be physically meaningful. Quantifying chemisorption and physisorption phenomena will lend further 

accuracy to the field and tilt angle estimates that this method can provide. We anticipate that these results 

will yield a quantitative benchmark for understanding the dynamic response of new and existing 

electrode/electrolyte junctions, for example, in using operando vibrational spectroscopy to monitor the 

evolution of interfacial electric fields in electrochemical cells. For such investigations based on vibrational 

sum-frequency generation spectroscopy, it is important to note that the fields measured in this work are of 

the same order of magnitude as the ratio between 𝜒(2) and 𝜒(3) (i.e. 109 to 1010).227 This means that 3rd-

order effects may contribute significantly to the signal, which can affect the data interpretation. For 

example, mixing of 𝜒(2) and 𝜒(3) can have severe effects on the signal strength and line shape, depending 

on their relative phases, which are related to the SFG coherence length and the Debye screening length.368  

 

5.5 Conclusion 

 We have demonstrated that the IR absorption of carbonyls in carbonate-based electrolyte solvents can be 

sensitive electric field reporters at electrochemical interfaces relevant for energy storage devices. Our 

approach combines the complementary techniques of vibrational Stark spectroscopy (VSS) and vibrational 

solvatochromism. Mapping vibrational frequencies from vibrational solvatochromism to electric fields 

calculated using MD simulations, we have obtained a direct field-frequency calibration to quantify the 

absolute electric fields that are sensed by these solvent molecules at the electrode/electrolyte junction. Using 

these approaches, the C=O group’s response to an electric field is observed to be consistent with the linear 

Stark effect for diethyl carbonate, ethylene carbonate, and fluoroethylene carbonate. Applying the Stark 

tuning rates of DEC and EC to vibrational characterization of model Li-ion battery junctions, local fields 

on the order of 10-102 MV/cm are estimated from a convergence between two separate models for solving 

electrostatic fields.  

 These findings lend a tractable metric to quantify the electrostatic forces at electrode interfaces under 

dynamic78, 333 or resting197, 369 potentials. From a technological standpoint, a thorough understanding of the 

field at the electrode/electrolyte junction may ultimately lead to new design principles for energy storage 

materials in a manner similar to that proposed recently by Leung et al. to widen the electrochemical stability 
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window for archetypal lithium-ion battery electrolyte solvents by controlling the electrostatics at the 

liquid/solid junction using dipole-modified interfaces.328 The concept of modulating the electric fields 

across the electrode/electrolyte junction has been adopted in other electrochemical systems,149, 370 however, 

transferring such a platform to electrochemical energy storage materials would require an intimate 

understanding of how an extrinsic interfacial chemical modifier controls the local electric field within the 

operating device. Such strategies would likely provide new avenues for controlling the faradaic efficiency 

of batteries; improving the ratio of charge extracted to charge injected in active electrode materials to help 

mitigate deleterious interfacial side reactions.270, 371 

 Most recently, compelling next-generation electrode chemistries  have exhibited shifts in the 

overpotential of redox reactions.372-373 These results provide further evidence that extrinsic control of 

interfacial electrostatic interactions can provide a strategic design space for controlling redox activity. While 

the research groups cited were able to successfully demonstrate the relevance of this concept, they 

acknowledge the value of the interfacial field is unknown. Therefore, we anticipate that the Stark tuning 

rates and field-frequency calibration curves of the workhorse battery electrolyte solvents that we have 

reported here will provide a platform for experimentally characterizing these interface fields and possibly 

lead to controlling their magnitude in active electrochemical devices.  

5.6 Appendix C:  

Experimental methods and supporting information for chapter 5 
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Appendix A  

Experimental Methods 

 Silicon nanoparticles (50 nm, Alfa Aesar) were used for both device characterization and operando studies. 

For SFG measurements, the electrolyte solution consisted of 2M LiClO4 (Alfa Aesar) dissolved in pure 

FEC (Aldrich, Solvay) and EC (BASF); these solutions were also tested in devices. Composite electrodes 

consisted of a 60:20:20 ratio of active material, conductive carbon (Targray), and polyacrylic acid binder 

(Aldrich). For operando studies, a CaF2 prism (ISP Optics) was coated with a 6 nm layer of Ni, followed 

by 30 nm Si, both via electron-beam evaporation. Depth profiling by XPS confirmed that the working 

electrode surface contained no Ni within the XPS instrument resolution (Figure A1). Silicon nanoparticles 

were then deposited by spin-casting onto the Si/Ni-coated face of the prism at 1000 rpm from a suspension 

in isopropyl alcohol. The operando cell, assembled entirely inside of an argon-filled glove box (<0.1 ppm 

O2 & H2O), consisted of a Kel-F sample holder with a 316-stainless-steel screw bored through the bottom. 

Li metal was pressed onto the screw head to serve as the counter/reference electrode. The electrolyte was 

housed in a 200 µm-deep well. The periphery of the reservoir contained a butyl rubber gasket to maintain 

an airtight seal. The Si np/Ni-coated CaF2 prism was pressed and secured into the pre-cut well after pipetting 

the electrolyte into it. A strip of nichrome ribbon was placed on the edge of the well before securing the 

prism. Pressure from an overhead cap was maintained with a set of four screws (see schematic in Figure 1 

for the fully assembled cell) to ensure an airtight seal from the ambient environment. Voltammetric 

measurements were performed with an Autolab PGSTAT 302N at a scan rate of 3mV/s from the open circuit 

potential (OCP) using lithium metal as a counter/reference electrode. To obtain voltage-dependent 

compositional information of the SEI, voltammetric experiments were repeated with potentiostatic scanning 

at 3mV/s from OCP to potentials of 1.2 and 0.5 V, then held for 20 minutes; the final scan to 10mV was 

held for 10 minutes. This protocol will be referred to as ‘potential scan/hold’ throughout the results and 

discussion section. After each potential scan/hold, the voltage was swept back to OCP. Devices were cycled 

using a MACCOR 4000 galvanostat at a rate of C/20 for SEI formation, followed by C/10. All potentials 

are referenced to the Li/Li+ redox couple. 
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Figure A.1. a) Cross-sectional depiction of in-situ spectroelectrochemical sum frequency generation (SFG) 

cell, b) SFG spectral acquisition setup. c) Molecular structures of fluoroethylene carbonate (FEC) and 

ethylene carbonate (EC). 

 The SFG spectrometer was based on an EKSPLA picosecond system. The 532 nm visible beam was 

generated by frequency doubling of a short-pulsed Nd:YAG laser (32 ps pulse width and 50 Hz repetition 

rate), which also functioned as the pump for an OPG/OPA/DFG system that generated a tunable IR beam. 

With incidence angles of 62° (visible) and 60° (IR) relative the surface normal, the beams were overlapped 

with a spot size of ~1 mm2 on the sample, where the energies per pulse were 20 µJ for the visible and 40-

80 µJ for the IR (depending on the wavenumber). All the SFG spectra were recorded in the ppp polarization 

combination (SFG, visible, and IR all p-polarized), using a spectrograph with a photomultiplier tube 

detector collecting 700-900 acquisitions per step with an IR step size of 2 cm-1. We overcame the issue of 

IR beam attenuation and sample degradation by analyzing the electrode interface in internal reflection mode 

(Figure 2), using defocused IR and Visible laser pulses with lower pulse power densities to minimize sample 

degradation. 

In our spectral analyses of the SFG results, we used the relations below to fit the data:122  

𝐼𝑆𝐹𝐺 = |𝜒(2) ∙ 𝐸𝜔𝑉𝑖𝑠 ∙ 𝐸𝜔𝐼𝑅|
2
  Eq. A.1.1 

where 𝐸𝜔𝑉𝑖𝑠
 and 𝐸𝜔𝐼𝑅

 are the visible and IR electric fields, and 𝜒(2)is the second-order susceptibility for 

SFG of the material, which can be described by 

χ(2) = χ𝑁𝑅
(2)

+ ∑
𝐴𝑘

𝜔𝑘−𝜔𝐼𝑅−𝑖Γ𝑘
𝑘   Eq. A.1.2 

where χ𝑁𝑅
(2)

 is a nonresonant contribution, and 𝜔𝐼𝑅 is the IR wavenumber. 𝐴𝑘 is the amplitude for the kth 

resonant mode, while the corresponding peak wavenumber and half width are given by 𝜔𝑘 and Γ𝑘, 

EC
FEC EC
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respectively. The ability to obtain vibrational SFG depends on both the molecular hyperpolarizability of the 

probed species and the overall sample symmetry. For a vibration to be both IR and Raman active (thus 

having a nonzero hyperpolarizability), it is required that the individual molecule is non-centrosymmetric. 

Expanding this concept to an ensemble of molecules (for example, those molecules within an SEI), it is 

furthermore necessary that those molecules exhibit a non-centrosymmetric, non-isotropic arrangement in 

the sample. Key to understanding this selection rule is the fact that the SFG process is even-ordered and 

coherent; a more thorough description of these principles is summarized elsewhere.122 For isotropic samples 

with a random orientation of molecules, the phase-relations between the SFG fields from the probed 

vibrations will thus be such that they cancel each other out. Therefore, the probed molecule needs to be 

ordered (i.e. have a preferred orientation and not be isotropically arranged) to be detectable with SFG. This 

is a ubiquitous requirement for SFG, regardless of whether the centrosymmetry is broken by an interface 

or not. This is also the origin for the surface sensitivity of SFG, as molecules in the bulk of a liquid normally 

are isotropically arranged, while surface interactions at interfaces often lead to a preferential molecular 

orientation. For conclusions based on the relative signal strengths and spectral features in various 

polarization combinations, it is essential to include the nanoparticle geometry in the analysis.374-376 This is 

not crucial in our case, since we look at the evolution of specific peaks in a single polarization combination 

(ppp) and the spectral analysis can thus be performed as for flat interfaces.376 

XPS analysis was performed using a Kratos Axis Ultra DLD photoelectron spectrometer, with a take-off 

angle (defined as the angle between the surface normal of the sample and the axis of the analyzer lens) of 

0° and a monochromatized AlKα X-ray source operated at 15 mA and 15 kV. Spectra were acquired without 

charge neutralization. The lens mode was set to hybrid and the aperture to slot for all spectra. The surface 

composition was measured by survey spectra (1.0 eV step size) supplemented with detailed spectra for 

lower intensity peaks (0.3 eV step size), with an analyzer pass energy of 80 eV. For high resolution spectra 

(0.1 eV step size) the spectrometer pass energy was 20 eV. Data analysis was performed using CasaXPS 

software version 2.3.15. For depth profiling, the ion beam dose is 0.125 µA for 200 seconds over a 3x3 

millimeter area. The sputter rate was calibrated from a known thickness of anodized tantalum oxide (60 

nm).  

The sample for XPS analysis of the SEI consisted of the same interface used in SFG measurements, with 

the substitution of a glass slide for the CaF2 prism as the electrode substrate. The electrode was subjected 

to the same series of potential scan/hold measurements in a beaker containing the 2M LiClO4 solution and 

a lithium ribbon counter electrode inside of an argon-filled glove box. After completion of the 

electrochemistry, the electrode was rinsed with diethyl carbonate, removed from the glove box, then 

immediately placed into the Kratos Axis antechamber. 
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Supplementary Information 

 

 

A.2: X-ray photoelectron spectroscopy depth profile of evaporated Si overlayer with Ni underlayer 

(substrate: glass). Details on the sample preparation and data acquisition are provided in the Materials 

and Methods section of the manuscript. The sputter time was converted to depth using a sputter rate 

determined from a 60 nm thick film of anodized tantalum oxide. 
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A.3: Voltammagram of EC + 2M LiClO4 at 3mV/s 
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A.4: Voltammagram of FEC + 2M LiClO4 at 3mV/s. The inset indicates greater Faradaic activity 

beginning at 1.2V than in the case of EC 
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Appendix B 

Experimental Details 

 Materials. All materials were used as received without further purification. 1-dodecanethiol (≥98%), 

fluoroethylene carbonate (99%), hydrogen tetrachloroaurate (III) trihydrate (≥99.99% trace metals basis), 

lithium metal ribbon (99.9% trace metals basis, 0.75-mm thickness), lithium hexafluorophosphate (99%), 

N-methyl-2-pyrrolidone (anhydrous, 99.5%), 1-octene (98%), poly(acrylic acid) (average MW: 1800), 

sodium borohydride (99.99%), toluene (anhydrous, 99.8%), and vinylene carbonate (≤ 2% BHT as 

stabilizer, 97% ) were purchased from Sigma Aldrich. Chloroform (HPLC grade, 99.9%), toluene (Certified 

ACS, 99.8%), and Whatman glass fiber separators (19-mm diameter discs, grade gf/f) were purchased from 

Fisher. Diphenylgermane (>95%) was purchased from Gelest. Ethanol (200 proof) was purchased from 

Decon Laboratories. Copper foil (9-μm thickness) and poly(vinylidene difluoride) (≥99.5%, average MW: 

600,000) were purchased from MTI. Conductive carbon (Vulcan® XC72R) was obtained from Cabot 

corporation. Lithium perchlorate (anhydrous, ≥99%) was purchased from Alfa Aesar. Diethyl carbonate 

(≥99%) and ethylene carbonate (99%) were purchased from BASF. CR2032 type coin cell components 

were purchased from Pred Materials International.  

Germanium Nanowire Synthesis and Passivation. Dodecanethiol-passivated gold (Au) nanocrystals were 

prepared in a mixture of deionized water and toluene via the Brust method.377 Germanium nanowires were 

synthesized via SFLS-based growth, and surface functionalized in situ via thermally initiated 

hydrogermylation with 1-octene.293 In a typical reaction, a cylindrical 10-mL titanium reaction vessel was 

transferred into a nitrogen atmosphere glovebox, sealed, and placed in a heating block at 380°C. Keeping 

the exit valve closed, the reactor was pressurized to 900 psig using anhydrous toluene. A precursor mixture 

containing 1.7 × 10-2 mg/mL Au nanocrystals and 3.3 × 10-2 M diphenylgermane was prepared in anhydrous 

toluene (385:1 Au:Ge molar ratio). The mixture was loaded into a sealed stainless-steel piston and 

subsequently injected into the pre-pressurized and pre-heated reactor (900 psig, 380°C) at a rate of 0.5 

mL/min for forty minutes. After nanowire growth, the temperature was then decreased to 220°C for surface 

hydrogermylation. Nanowire surface functionalization was carried out by injecting 12 mL of 2.1 M 1-

octene in anhydrous toluene into the reactor at a rate of 0.5 mL/min for twenty minutes. The reactor 

temperature was then sealed and held at 220°C for 2 hours, followed by isochoric cooling to room 

temperature. Nanowires were collected with toluene. All germanium nanowires used in this study were 

hydrogermylated with 1-octene. Nanowires were washed three times in glass vials with a 2:2:1 ratio of 

toluene:chloroform:ethanol, and centrifuged at 2355 RCF for ten minutes. The resulting high-aspect-ratio, 
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single-crystalline germanium nanowires produced via this method have diameters ranging from 10 to 100 

nm and lengths ranging from micrometers to millimeters. 

Materials Characterization. Transmission electron microscopy (TEM) images were acquired with a FEI 

Technai G2 F20 Supertwin TEM, operating at 200 kV. Digital Micrograph software was used to generate 

Fast Fourier Transforms (FFTs) of high-resolution TEM images. Galvanostatic measurements were 

performed with a MACCOR 4200 galvanostat programmed to cycle between 0.01 and 1 V vs. Li/Li+. The 

reported specific capacities are based on mass loading of active material, reported rates are based on the 

theoretical capacity of germanium (1384 mA·h· g-1), and the reported capacity retention is relative to the 

second cycle. All electrodes were tested in duplicate. 

 

Figure B.1. SEM images of (a) 1-octene hydrogermylated Ge nanowires before incorporation into 

a composite electrode and (b) a composite electrode (70:10:20 mass ratio of Ge NWs:conductive 

carbon:PAA) fabricated via manual mixing with a mortar and pestle.  

Germanium Nanowire Electrode Preparation and Coin Cell Assembly. Germanium nanowire synthesis 

and surface functionalization is included in the Supporting Information. Germanium nanowire electrodes 

were prepared through two different methods (manual mixing with a mortar and pestle or magnetic stirring 

in a glass vial), but all composite electrodes were fabricated with a mass ratio of 70% germanium nanowires, 

10% conductive carbon, and 20% polymeric binder – either poly(acrylic acid) (PAA) or poly(vinylidene 

difluoride) (PVDF). In a typical “manual mixing” electrode preparation, 50 mg of germanium nanowires 

and 7 mg of conductive carbon additive were combined with 1.5 mL of 9.5 mg/mL polymeric binder (PVDF 

or PAA) in N-methyl-2-pyrrolidone (NMP) and mixed for ten minutes with a mortar and pestle (manual 

mixing). The wet slurry was then deposited onto a copper substrate and doctor bladed (25.4-µm thickness). 
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The wet composite electrode on the copper current collector was then placed on a hot plate preheated to 

80°C to evaporate the NMP solvent. Figure B1 compares the nanowires before and after integration into a 

composite matrix via manual mixing. 

 In a typical “magnetic stirring” electrode preparation, germanium nanowires, conductive carbon, and 

polymeric binder (PVDF or PAA) were combined with 1.5 mL of NMP in a 3 mL scintillation vial and 

magnetically stirred at 1900 RPM for at least 16 hours. A glass Pasteur pipette was used to transfer the 

slurry to the copper current collector, which was then doctor bladed to a 25.4-µm thickness and placed onto 

a hot plate at 80°C until the solvent evaporated. 

 A 15-mm diameter C.S. Osborne hole punch was used to punch out electrodes, which were then dried 

overnight in a vacuum oven at 100°C that was held at a pressure below 50 mbar. Electrodes were weighed 

and transferred into an argon-filled MBraun glove box for further assembly into coin cells. Briefly, the 

electrode on the current collector, the glass fiber separator, and the plastic spacer were placed in the 

stainless-steel cup, consecutively. Then 100 μL of the electrolyte solution [1 M LiPF6 in 1:1 w/w EC:DEC 

(ethylene carbonate: diethyl carbonate), with or without 5% w/w additive (FEC and VC)] was added 

dropwise onto the glass fiber separator to saturate it. The lithium foil, stainless-steel spacer, stainless-steel 

spring, and stainless-steel cap were then added to complete the half-cell assembly. A crimper (MTI 

Corporation) was used to seal the half-cell, whereupon it was transferred to a MACCOR testing unit for 

cycling. 

Supplementary Information 

 

Figure B.2. Coulombic efficiencies of germanium nanowire composite electrodes fabricated via 

manual mixing, using PAA as a binder, and 1 M LiPF6 in 1:1 w/w EC:DEC with different 

additives: white (no additive), gray (FEC), and black (VC), cycled at a rate of C/10. 
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Figure B.3. Total differential capacity plots of 1-octene hydrogermylated germanium nanowire 

composite electrodes that employ PAA as a binder, and EC/DEC + 1M LiClO4 as an electrolyte 

with (a) no electrolyte additive and (b) VC additive included. The color scale at the rightmost side 

delineates the evolution of the differential capacity profile over the first 50 cycles for each device. 

 

Figure B.4. Variations in the apparent specific capacity of electrodes doctor-bladed from 

manually mixed (squares) or magnetically mixed (circles) PAA slurries, due to spatial 

inhomogeneities in active material loading for devices punched from different regions of the 

copper foil. White, gray, and black symbols correspond to devices without additive, with FEC, and 

with VC, respectively. 
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Appendix C 

Experimental details 

The apparatus and methodology for VSS is described in detail elsewhere.135 EC was obtained from BASF, 

deuterated ethylene carbonate (D4-EC, 98% purity) from Cambridge Isotope Laboratories, FEC from 

Solvay, and DEC from BASF. For sample preparation, each electrolyte solvent was dissolved in 

2-methyltetrahydrofuran (ACROS Organics) to a concentration of 100 mM. Each solution was pipetted 

between two Ni-coated (4.5 nm) CaF2 windows (1 mm thickness, 12.7 mm diameter, FOCteck Photonics), 

with a spacer of approximately 27 µm between the electrodes. The capacitor path length was determined 

using interferometry. After the electrolyte solvents were pipetted between the electrode plates, the cell was 

immediately immersed in liquid nitrogen housed within the cryostat described previously.135 Spectra were 

collected by averaging 64 scans each in the absence and presence of an externally applied field, and Stark 

tuning rates were determined from the contribution to the Stark spectrum of numerical fits of the zeroth, 

first, and second derivative contributions of the best-fit Voigt profile of the experimental absorbance 

spectrum.131, 133, 340  

 For solvatochromic analysis, 1 M solutions of the carbonates (excluding D4-EC) were prepared in 

chloroform (CHCl3, sigma), dichloromethane (DCM, Fisher Scientific), dimethylsulfoxide (DMSO, EMD), 

tetrahydrofuran (THF, sigma), 1,3-dioxolane, (DOL, Sigma), toluene (Tol, Alfa Aesar) and acetonitrile 

(ACN, sigma) and subsequently analyzed using ATR-FTIR spectroscopy. All spectra were collected on a 

Nicolet 8700 FTIR spectrometer using a liquid nitrogen-cooled MCT detector, averaged over 32 scans with 

1 cm-1 resolution. The peak value and line shape for all C=O vibrations were determined with Voigt fits. 

Parameterization of electrolyte solvents molecules, MD equilibration and production, and determination of 

solvent electric fields from MD simulations were performed as previously described.338 Fixed charge force 

field parameters for organic solvents were taken from Caleman et al.378 (Table C2) summarizes the 

calculated solvent fields exerted onto the C=O. 

Optical constants were obtained using an infrared variable angle ellipsometer housed in the Center for 

Integrated Nanotechnologies at Sandia National Laboratories. Spectra were collected 

at the CaF2 prism/liquid interface under anhydrous conditions at room temperature with 4 cm-1 resolution 

in reflection mode at a fixed angle of 60°. Spectra were averaged over 100 scans. The refractive index n of 

the liquid was extracted by fitting experimental data (ellipsometric ψ and Δ angles) to a series of 

generalized causal oscillators using an iterative Marquardt-Levenberg algorithm. Values from these 



90 

 

measurements were then used for calculating interfacial field magnitudes using equations described in the 

discussion section.  

 

Supplementary Information 

Table C1. Average peak position of C=O modes for all carbonate solvents. 

Carbonate Solute (Solvent) Average Peak Position (cm-1) 

DEC (THF) 1746.36 

DEC (dibutyl ether) 1749.05 

DEC (acetonitrile) 1744.64 

DEC (chloroform) 1741.16 

DEC (dichloromethane) 1743.01 

DEC (diglyme) 1749.49 

DEC (1,3-dioxolane) 1744.75 

DEC (toluene) 1745.70 

DEC (hexane) 1748.78 

EC (THF) 1811.31 

EC (chloroform) 1807.40 

EC (dichloromethane) 1807.81 

EC (toluene) 1812.78 

EC (1,3-dioxolane) 1808.95 

FEC (THF) 1838.61 

FEC (chloroform) 1836.02 

FEC (dichloromethane) 1834.64 

FEC (dimethylsulfoxide) 1828.52 

FEC (1,3-dioxolane) 1836.35 

 

 

Table C2. Solvent field values used for field frequency calibration 

 DEC EC FEC 

Solvent Average Std. Dev. Average Std. Dev. Average Std. Dev. 

1,3-dioxolane -9.97 10.44 -33.54 10.56 -32.28 10.51 

acetonitrile -10.64 10.99     

chloroform -18.95 15.57 -36.32 13.02 -32.55 13.18 

dibutyl ether -1.67 5.24     

dichloromethane -15.59 13.19 -35.84 16.17 -34.08 11.90 

dimethylsulfoxide     -44.30 12.19 

hexane -0.08 0.74     

tetrahydrofuran -5.50 7.30 -25.48 8.00 -26.16 8.01 

toluene -4.86 6.27 -19.83 7.14   

diglyme -8.94 9.19     

 

As shown in Table 1, the Stark tuning rate of FEC is nearly twice as large as that of EC based on the 

slope of the field-frequency calibration (Figure 5b), though they differ by only a single atom distant from 

the carbonyl probe. Comparison of identical solvent calculations as shown in Table S2 indicates that the 
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average electric field for EC and FEC are nearly identical, consistent with the similarity in overall 

structure, but the experimental frequency shifts are nearly twice as large across the solvent span for FEC 

per (MV/cm) in Figure 5b. Whether this is due to discrepancies between the parameterization of the 

carbonate solvents in MD simulations (i.e. requiring higher level calculations to determine the atomic 

charges), or a suggestion that the overall bond displacement is more sensitive in the case of FEC, remains 

to be determined. As may be expected for a local high frequency mode such as a carbonyl, the C and O 

atom of EC and FEC exhibit nearly identical atomic charges consistent with their overall structures. The 

simple 1-dimensional model for describing the linear Stark effect and the Stark tuning rate as presented in 

reference 37 is |Δ𝜇|=q*Δd, where q is the bond’s charge and Δd is the change in bond length between the 

vibration’s first-excited state and ground state. In this model, either the overall charge of the bond or bond 

displacement will lead to a significant change in |Δ𝜇|. As previously mentioned, the overall charge at the 

O and C atoms of the C=O are nearly identical for EC and FEC at the level of theory used herein, 

suggesting that this difference then arises from the bond displacement. This could in principle be modeled 

using the anharmonic shift as determined from 2D-IR, though this is beyond the scope of this manuscript. 
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Figure C.1. Stark spectrum of EC in 2-MeTHF scaled to 1 MV/cm. Raw data is shown as black dots, The 

line of best fit (red trace) is qualitatively similar to the 2nd-derivative of the absorbance spectrum. The 

Stark tuning rate is listed in the bottom right in units of cm-1/(MV/cm). 
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Figure C.2. Corrected C=O frequencies with use of a perturbation model.  

 

 

Carbonate Solute (Solvent) Average C=O peak position 

corrected for fermi resonance 

(cm-1) 

EC (toluene) 1806.06 

EC (chloroform) 1797.31 

EC (dichloromethane) 1798.83 

EC (dioxolane) 1802.37 

EC (THF) 1803.35 

FEC (dioxolane) 1833.85 

FEC (chloroform) 1831.38 

FEC (dichloromethane) 1830.33 

FEC (dimethylsulfoxide) 1822.93 

FEC (THF) 1835.06 

Table C3. frequencies corresponding to corrected C=O modes, using a perturbation model referenced in 

sources351-352, 379 

An example of the effect different solvents have on changes to both the position and amplitudes of the 

C=O stretch and FR mode is plotted below. For clarity, only two spectra are plotted in Figure 2 for EC 

(1M EC dissolved in THF and ACN) ; spectral data for all solvents is recorded in table C3. Briefly 

described, the perturbation model has been used to extract an unperturbed C=O frequency (δ0) through the 

coupling constant (W), calculated by the difference (δ) between the observed vibrational frequencies of 

the FR (ν+) and C=O (ν-) modes and their intensity ratio (R). As an example of this concept, consider the 

following plot with intensity and absorption (I and ν+/-) variables labeled: 
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Figure C.3. The intensities of the carbonyl (IC=O) and Fermi resonant (IFR) modes, for EC change when 

solvated by acetonitrile and tetrahydrofuran (ACN and THF, respectively). The absorption values also 

shift. 
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δ0 = [δ2 - 4W2]1/2  

 

-20 -15 -10 -5 0
1740

1742

1744

1746

1748

1750

W
a
v
e
n

u
m

b
e
r 

(c
m

-1
)

Solvent Field (MV/cm)

R
2
 = 0.97

DEC

𝜈 =0.395(𝐹 𝑖𝑛𝑡 ) + 1748.91 

 

Figure C.4. Expanding the range of solvent fields for DEC, used as an example because it exhibits no FR 

interference, changes its tuning rate by ~5% and exhibits a lower coefficient of determination (R2). 
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Figure C.5. (a) Infrared ellipsometry of DEC, exhibiting the refractive index (n, open circles) and 

dielectric constant (ɛ, open squares) as a function of wavenumber. (b) Absorption spectrum of DEC, from 

which optical constants were obtained.  
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Figure C.6. The C=O mode of EC red shifts by 40 cm-1 (from 1868 cm-1 in the gas phase345 to 1820 cm-1 

on the surface of graphite365). Using optical constants of the electrolyte solvent ɛ = 89.6,380 refractive 

index n = 1.419,381 dipole moment µ = 4.81D382 and C=O bond length of 1.15 Å,383 the application of Eq. 

1-3 resolves fields between 83.9-132.1 MV/cm between angles of 39.4-60.6°, respectively. The value 

representing the red line is when f=2. 
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