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ABSTRACT OF THE DISSERTATION

Fabricating Germanium Interfaces for Battery Applications

by

Andrew Clark Serino
Doctor of Philosophy in Materials Science and Engineering
University of California, Los Angeles, 2017
Professor Paul S. Weiss, Co-Chair

Professor Bruce S. Dunn, Co-Chair

The experimental results presented herein detail the importance of material surfaces in
device performance. We have demonstrated this importance by furthering and applying our
understanding of germanium surfaces to a number of real-world applications. Pure and stable
dispersions of germanane, an “all-surface” form of germanium, were created through solid-state
synthesis followed by ultrasonication and centrifugation. These dispersions were used to
fabricate germanane-based, high-performance, Li-ion anodes with capacities of ~1100 mA-h/g,
capacity retention over 100 cycles, and Coulombic efficiency of 99%. Additionally, carborane
monolayers were self-assembled on Ge(100) and Ge(111) surfaces through carboxylic acid
tethers, and found to be capable of tuning the surface work function by ~0.4 eV without
significantly affecting surface wettability. These capabilities are important for increasing device

efficiency while minimizing complications associated with processing. Lastly, we introduce the

ii



concept of the molecular battery, a possible design using a layer-by-layer deposition approach,
and our steps toward its realization. In this pursuit, we explored the assembly of metal-organic
coordination of carborane-based linkers, as well as the capabilities of a film of benzene-based

linkers (<50 nm) as a Li-ion battery separator using a Ge anode as a tool for analyzing

performance.
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CHAPTER 1: Introduction

1.1: Lithium-Ion Batteries

Batteries have enabled the rapid development of portable electronics and reduction of our
dependence on fossil fuels. Multiple battery chemistries have been adopted over the years, but
none have been as influential as the lithium-ion battery, due to large energy-storage and cycle
lifetime capabilities that result from Li’s low atomic mass and volume. As a result, Li-ion batteries
have impacted a number of industries, including entertainment, communications, transportation,
and defense. While Li-ion batteries have dominated the energy-storage field, the rapid pace of
advances requires increasingly more powerful energy-storage devices.

The principal function of lithium-ion and other battery systems is similar. A battery is
comprised of two materials with different electrochemical potentials. For example, a common type
of lithium-ion battery is depicted in Figure 1.1, with LiCoO; as the cathode and graphite as the
anode with an ionically conductive, but electrically insulating separator between them. The overall
battery chemistry involves two separate electrochemical reactions, one at the cathode (Equation
1.1) and the other at the anode (Equation 1.2).

Co0, + Li* + e~ - LiCo0, E°=1V (1.1)

LiCs » Co + Li* + e~ E°= -3V (1.2)
In combination, they represent the overall electrochemical process (Equation 1.3).

Co0, + LiCs — LiCo0, + Cq E° =4V (1.3)
Each of these reactions has a corresponding standard potential (£?), with ~1 V and -3 V for the
cathode and anode, respectively. The overall standard cell potential is the sum of these potentials,

4 V, and describes the overall driving force within the battery. These potentials can be related to



the chemical activity of the components through the Gibbs Free Energy (G, Equation 1.4) and the

Nernst equations (Equation 1.5),
AG = —nFE (1.4)
_ o 4 RT
E=E°+ nFln Q, (1.5)

where FE is the electrode potential, R is the gas constant, n is the number of electrons involved in
the electrochemical reaction, F is Faraday’s constant, and Q is the reaction quotient.! Additionally,

the theoretical maximum energy density (ED) for an electrode can be calculated (Equation 1.6),

nFr
ED =
3.6My,

(1.6)
where M), is the molar mass. For example, the theoretical energy density for graphite according to

the reaction described in Equation 1.2 is 372 mAh/g.

There are several approaches to improving Li-ion battery performance, for example, by
improving the energy and power densities of the anode and/or cathode, or by improving electrolyte
solution stabilities. Here, we focus specifically on the anode. Graphite is an excellent Li-ion anode
material and has been used commercially for years.>? Its popularity is due to its high capacity,
good rate capability, good thermal stability, high Coulombic efficiency, low volume expansion,
and high cycle lifetime. Improving upon this material has been a difficult task, leaving researchers
to explore a number of different Li-ion chemistries. Materials like silicon and germanium have
received much attention because of their high theoretical energy densities, 3578 and 1384 mAh/g,
respectively.* ¢ These high energy density values coincide with a different type of reaction,
specifically an alloying reaction where 4 Li" ions alloy with the host atom (Si or Ge).>’ Conversely,
the lithium-graphite process is an intercalation reaction where 1 Li" ion sits at the center of a

six-carbon ring.>®



In comparing Si and Ge, the latter is more attractive for high power density applications

due to its high electron and hole mobility (3.25% Si and 3.8% Si, respectively)®!°

as well as its high
lithium diffusivity (400x Si at room temperature).'"'> Despite being more costly than some
alternatives due to a lack of concentrated Ge ore deposits, defense and aerospace applications may
still benefit from the unique high energy and power densities.

While Ge has its benefits, there are limitations preventing its implementation. For example,
Ge undergoes a significant volume expansion (400%) during lithiation, which can cause stress-
induced fracture and pulverization.'>!* This degradation leads to two possible mechanisms for
capacity loss: (i) physical separation of conductive components (i.e., fracture of Ge materials or
delamination of germanium from the current collector) and (if) continuous build-up of an
insulating solid-electrolyte-interphase (SEI). The latter occurs due to the instability of the
electrolyte solution within the potential window of the anode that continues to grow as fractures
expose new surfaces. This build-up results in electrical isolation of active material, Li diffusion
limitations, and decreases in Coulombic efficiency.

Researchers have investigated ways to improve upon germanium’s limitations through

1415 and surface control.'® The latter has

nano-structuring,®!'>!* different electrolyte compositions,
been accomplished by organic passivation and proven useful for improving Li-ion anode stability.
Yuan et al. have shown that by passivating Ge nanowires with alkanethiols increases the
interaction strength with surrounding carbon-based filler components, which helps to hold the
anode together through lithiation-induced volume expansion and contraction cycles.'® This report
exemplifies the importance of surface control for lithium-ion systems. Continued exploration of

how the Ge surface is involved and can be manipulated will likely further improve lithium-ion

anodes.



1.2: Germanium Surfaces

While germanium is a promising next-generation lithium-ion anode material, it plays an
integral role in the fabrication of a wide range of devices, including transistors, photovoltaics, and
sensors. Its low bandgap is useful for detecting and harvesting low-energy photons and its high
carrier mobility leads to highly conductive devices. These advantages have directed research
efforts into understanding how to control and to manipulate the physical and electronic properties
of germanium to advance its implementation.

Silicon still dominates many industrial applications primarily due to its ease of
processability, which is mainly attributed to its oxide (Si0z). The inherent oxide serves as a stable,
low-defect density passivation layer that offers facile manipulation through a number of different
etch processes. Additionally, SiO; has a relatively high dielectric constant, which has been
implemented in metal-oxide-semiconductor field-effect transistors.

Conversely, germanium’s inherent oxide acts as a poor passivation layer due to a large
defect density at the interface, which leads to a large number of electron trap states.'® This is a
result of the formation of a GeOx natural oxide that forms when introduced to an O> environment.
This oxide consists of +1 to +3 oxidation states, with little to no formation of the +4 state. Upon
annealing at high temperatures (=450 °C), the oxide layer is converted entirely to +2, and
subsequently desorbs from the surface leaving behind an oxide-free surface.'® Fabricating devices

by implementing an oxide layer is complicated due to this thermal instability.

Several different oxide removal and surface passivation techniques have been explored in
both gas- and solution-based systems. For this purpose, investigators have studied the effectiveness
of hydrogen peroxide (H20.), deionized water (DI), ammonium hydroxide, ammonium sulfide,

halogenetic acids, oxynitride, oxysulfide, and organic ligands. Surfaces etched with halogenetic



acids alone were found to have remnants of germanium oxide, which decreases the overall stability
of the film. Therefore, rinses with H>O> and DI followed by halogen deposition more effectively
remove residual oxide and thus result in increased stability. Sulfur passivation with ammonium
sulfide has proven to be a promising method for surface passivation, since surfaces were stable in

ambient conditions over several days.

Organic passivation of semiconductor surfaces is one of the most active areas of research
for surface control, with more work done on Si than Ge. These films covalently bind to the surface
and offer control of surface energy, electronic, optical, and biological properties in addition to
oxide control.!®'® Several binding chemistries have been established including thiol, amine, and
Grignard chemistry.'®!” Of these, thiols have been shown to self-assemble readily upon oxide-free
surfaces and are stable for several days due to the strength of the S-Ge bond;'®!":1°2? and appear

to be a promising method for organic passivation.

Self-assembled monolayers (SAMs) of thiols have been studied extensively on Au{111}
due to the strong Au-S bond and stability of Au in ambient conditions. These studies have explored
how substrate-surface and intermolecular interactions affect order and adhesion strength. For
example, implementation of amide groups increases intermolecular interaction strength by
incorporating hydrogen bonding networks, which forces molecules to pack more densely.?*-*
Additionally, surface properties can be altered through the incorporation of different head groups.
For example, surface wettability can be altered by adding a methyl or hydroxyl group to the tail
group, creating a hydrophobic or hydrophilic surface, respectively.?® Lastly, electronic properties

can be altered through the incorporation of surface normal dipole moments,*® and altering the head

group binding chemistry. A surface dipole acts as an image charge on the surface, shifting the



surface work function, while head group covalent bonding alters the highest occupied molecular

orbital (HOMO) and lowest occupied molecular orbital (LUMO).?’

The thiol-gold system has provided an important platform for studying these features,
however, studies of thiols on Ge are limited. Maboudian and coworkers demonstrated that
1-octadecanethiolate SAMs can be formed on hydrogen-passivated Ge(111). Bent and coworkers
showed this deposition could be extended to halogenated Ge(111) and Ge(100) surfaces. Films
created by first removing the oxide with H>O; and DI rinses, passivating with HCI or HBr, then
backfilling with octanethiol or octadecanethiol resulted in films that are stable in ambient

conditions for several days.

Bent and coworkers also revealed a significant difference in halogen and sulfur
concentrations between the two surfaces, which is attributed to the unique characteristics of the
Ge(100) surface. In order to reduce the number of dangling bonds, the Ge(100) surface reconstructs
into a 2 x 1 structure (Figure 1.2), resulting in the creation of surface dimers. The Ge(111) surface
maintains a 1 x 1 structure upon functionalization.'® The major difference in surface reactivity is
attributed to the nucleophilic top Ge atom and the electrophilic bottom Ge atom. Therefore, the
reactivity varies depending on the specific Ge atom, thus presenting an opportunity for differential
functionalization (Figure 1.3) and interesting surface chemistries. A number of head groups (i.e.,
hydroxyl, amine, and carboxylic acid) have been explored in vacuum to understand how the
interesting surface chemistry of the Ge(100) surface can be exploited.!®!” These head groups
preferentially bind to the Ge(100) surface over the Ge(111) surface due to the different chemical
environment of the surface dimer reconstruction. The carboxylic acid system was investigated in
greater detail by Bent et al. and Kim et al.?®2° who concluded that the carboxylic acid head group

is capable of adopting several different binding orientations (Figure 1.4).%%° First, hydrogen



dissociates from the OH group, opening a single oxygen to bind to the electrophilic atom on the
dimer (monodentate). The second oxygen group can bind to a neighboring dimer’s electrophilic
atom (end bridged bidentate). At room temperature, surfaces tend to contain both monodentate and
end-bridged bidentate configurations. The activation energy to bind to the nucleophilic atom on
the dimer can be overcome by increasing the deposition temperature or adding an annealing step
(400 K), allowing the carboxylic acid to bridge a single dimer (on-top bidentate).?®* These
binding avenues create interesting alternatives to controlling binding orientations, binding

energies, and subsequent surface properties.*°
1.3: Molecular Battery

As consumer use of lithium-ion batteries continues to grow and the applicable markets
expand, so do the battery requirements. Recently, there has been increasing demand for lithium-
ion batteries with smaller volumetric impact to power increasingly smaller
microelectromechanical devices (i.e., smart dust mote).>! These types of devices incorporate a
collection of sensors, receivers, and transmitters, all of which require a power source. Typical
battery architectures are impractical for powering these devices due to their large volumetric
impact, where the battery becomes the largest component and limits how small the device can be.
To solve this issue, researchers have incorporated three-dimensional architectures, such as

repeating parallel plates or interdigitated pillars.?*>*

While these three-dimensional architectures dramatically decrease the volumetric impact
of the lithium-ion battery, there is still significant room for improvement for decreasing the size
impact of the electrolyte separator. Since the electrolyte layer plays no role in energy storage and

only acts as a means of ion transport, decreasing the size of this separator will increase the total



energy storage per unit volume. However, decreasing the thickness of the electrolyte layer requires

uniformity and structure, thus limiting materials to the solid-state.

Solid-state electrolyte systems have been explored extensively in an attempt to exploit their
added safety benefits.>>° Common liquid Li-ion battery electrolytes consist of flammable organic
solvents because of their superior stability with battery components and the potential ranges used.
However, these batteries run the risk of catching fire, thereby limiting their potential applications.

Incorporation of a solid-state electrolyte alleviates the flammability concern.

Both organic and inorganic solid-state electrolyte systems have been explored and each
offers unique advantages. For example, organic systems tend to be less expensive, while inorganic
systems tend to be more stable.’*° Initial research into these materials focused primarily on
increasing ionic conductivity, as this was the key limitation to both organic and inorganic solid-
state systems. To overcome low ionic conductivities, researchers incorporated conductive channels
and amorphous structures to prevent ion-pathway impedance.*® Additionally, the resistance due to
ion transport impedance can be decreased by reducing the thickness of the electrolyte layer, and
thus decreasing the ion transport path length.*'** Equation 1.7 shows the relationship of ionic

resistance (R) to path length (L), ionic resistivity (p), and surface area (4).
R=PL (1.7)

Therefore, decreasing the thickness of the electrolyte layer through the incorporation of ultra-thin
film solid-state systems will increase storage capacity per unit volume, safety, and stability as well

as decrease resistance due to ionic transport limitations.



1.3.1: The Debye Length

Ideally, the electrolyte separator should be as thin as physically possible, approaching a
thickness less than 50 nm. However, new phenomena start to emerge when approaching these
length scales. One phenomenon is quantum tunneling, which involves electrons passing through a
classical barrier at nanometer length scales, and is dependent on the potential applied. As the
thickness of the barrier increases, the tunneling current becomes exponentially smaller.** This
phenomenon creates a lower limit on the thickness of the electrolyte separator, as quantum

tunneling would discharge the battery as electrons tunnel between electrodes across the separator.

A second phenomenon that emerges at these length scales is overlapping Debye lengths.
Briefly, this phenomenon occurs when two electrodes with different potentials are brought into
close proximity, causing their effective potentials to interact. The distance a potential extends from

an electrode into the surrounding electrolyte is defined by the Debye length (x/ Equation 1.8)

a— kT o
k1= /ﬁ (1.8)

where £ is the Boltzmann constant, 7 is absolute temperature, ¢ is the electrical permittivity of the
material, ¢.1s the permittivity of free space, C is the concentration of ions, z is the charge of the

ions, and e is the elementary charge.

The effect of the Debye length can be commonly seen with liquid electrolyte systems in
the double-layer capacitance (Figure 1.5), which occurs in response to an applied potential.! This
double-layer is comprised of several layers, inner and outer Helmholtz layers, and a diffuse layer.
The inner layer corresponds to absorbed solvent molecules whose dipoles align with the applied

potential. Solvated ions whose charge is opposite that of the applied potential absorb at the locus



of the outer layer. The non-specifically absorbed components in solution are distributed throughout

the diffuse layer. The thickness of the diffuse layer is described by the Debye length.!

While the Debye length is well understood for electrochemical systems,! more work is required to
understand the effects of the overlapping Debye lengths that can occur at the nanoscale. This work
extends into the field of nanoionics, which aims to understand ion transport at the nanoscale.*!
Recent work has both theoretically and experimentally explored the effects of potentials on ions
at the nanoscale in liquid-sate electrolyte systems.*# Results indicate that the activation energy
for ion transport within the Debye length is increased.* This effect would have a negative impact

51-54

on nanoscale battery performance. Some work has been done on exploring both inorganic and

organic> >’

solid-state systems as well, however, not to the same extent as liquid-based systems.
One key difference between liquid- and solid-state systems, is the larger carrier concentration,
which has a significant impact on the Debye length. For example, an organic solid-state system
that incorporates a lithium monocarborane salt, like the system tested by Udovic and coworkers,>®
with 1 ion per ~125 A3, would result in a concentration of 13.29 M. In comparison, typical liquid-
based electrolytes have a concentration of ~1 M. Using Equation 1.8, this concentration difference
would result in a decrease in the Debye length by a factor of ~3.6. While this estimates for a
specific system, the general trend holds across liquid- and solid-state systems. This trend enables

solid-state systems to attain thinner electrolyte separators than their liquid counterparts without

any influence from overlapping Debye lengths (Figure 1.6).
1.3.2: Proposed Construction

Solid-state approaches appear to be ideal for decreasing the thickness of electrolyte
separators. While both organic and inorganic systems have been explored, each has its own

drawbacks. Current organic systems lack precise thickness control, which adds variability in
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assembly. Precise control of thickness is attainable for inorganic systems; they typically require
the use of atomic layer deposition methods that are costly and difficult to perfect. Herein, we
propose the creation of a “molecular battery” by applying layer-by-layer (LBL) control of the
inorganic system to an organic system. This battery will enable the precise control of electronic
and physical properties at the molecular scale to investigate how to maximize ionic conductivity
and minimize overall thickness of the solid-state electrolyte layer. There are four major
components (Figure 1.6) to the molecular battery: (7) the anode substrate, (if) the foundation layer,

(iif) the layered solid-state electrolyte, and (iv) the polymer cathode.
Anode

The anode itself is not within the scope of this project, however, there are important factors
to consider. First, from a practical engineering perspective, it would be beneficial to use a high
theoretical energy density material. Second, and more importantly, the anode must have the
capacity for ordered, organic functionalization. As organic passivation on Ge surfaces is well-
characterized, it provides a model system for exploring various separator structures. For these

reasons, germanium is an ideal initial candidate for the anode.>
Foundation Layer

Designing a well-ordered, layer-by-layer structure requires control over assembly and the
ability to minimize defects. The first layer, or the foundation layer, is an important first step in
identifying and addressing defect sources, as any defects can propagate up through the layers.
Additionally, the first layer is an important system to test the performance of different electronic

or physical properties.

11



The thiol-Au system has been heavily studied with various tail groups® to understand how
different tail groups affect assembly. For example, the dodecanethiol (C12) on Au{111} system
adopts a 30° tilt from the surface normal, creating distinct grains and grain boundaries. This system
would be non-ideal for the molecular battery due to the significamt number of defects, which
provide access to the substrate. Conversely, carboranethiols assemble on Au{l111} without any
distinct grains and minimal defects. This assembly is due to the nearly spherical backbone and lack
of surface tilt, resulting in what appears as close-packing of balls on a surface, anchored by a thiol

head-group.®® More information on carboranes can be found in section 5.2.
Layered Solid-State Electrolyte Layer-by-Layer

Constructing a solid-state, organic electrolyte with layer-by-layer (LBL) control provides
a platform to study ionics at the nanometer scale in detail with each incremental layer and tune
molecular properties to improve performance. Previously reported molecular layer deposition
strategies of similar systems suggest that either (i) the COOH-NH; condensation reaction,’! similar
to an A-B-A-B layering process, or (ii) a layer-by-layer assembly of organics by metal-organic

35,62-67

coordination could produce ultra-thin films.

Polymer Cathode

The cathode is the last step in fabricating the full molecular battery, and is required for full-
cell testing. A Li-host polymer is a good choice for the cathode material due to the temperature
sensitivity of organics within the electrolyte layer that would add restrictions to processing.
Polypyrrole has been heavily researched and is a good choice as the cathode material, due to its
high cycle lifetime and storage capacity.®® Several avenues exist for deposition, however the

most promising method is organic chemical vapor deposition (OCVD).7%73
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1.4: Thesis Overview

1.4.1: Processing of an All-Surface Germanium Nanomaterial

Germanane (GeH) is a two-dimensional form of germanium, which shows promise for a
number of electronic devices, including transistors, supercapacitors, batteries, and photodetectors.
The favorable properties of GeH stem from the two-dimensional structure. Unfortunately, current
synthesis and exfoliation methods produce Ge particle impurities and suffer from low yields.” 2
In order to capitalize on two-dimensional specific properties for large-scale devices, a method
needs to be created to batch-purify and to exfoliate GeH. Here, we present a facile method for
producing stable single-to-multi-sheet dispersions of pure germanane. Purity and degree of

exfoliation were assessed with scanning electron microscopy, transmission electron microscopy,

and Raman spectroscopy.

1.4.2: Germanane as a Lithium-Ion Anode Material

The high theoretical energy density of alloyed lithium and germanium (Lii5Ges),
1384 mAh/g, makes germanium a promising anode material for lithtum-ion batteries. However,
common alloy anode architectures suffer from long-term instability upon repetitive charge-
discharge cycles that arise from stress-induced degradation upon lithiation (volume expansion
>300%). Here, we explore the use of the two-dimensional nanosheet structure of germanane to
mitigate stress from high volume expansion. We measured representative germanane battery
electrodes to have a reversible Li-ion capacity of 1108 mAh/g when cycled between 0.1 to 2 V vs.
Li/Li". These results indicate germanane anodes are capable of near-theoretical-maximum energy

storage, perform well at high cycling rates, and can maintain capacity over 100 cycles.
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1.4.3: Work Function Control of Germanium through Carboxyl-Carborane Surface

Passivation

Self-assembled monolayers of functionalized carborane isomers with different dipole
moments passivate germanium to modulate surface work function while maintaining chemical
environment and surface energy. To identify head groups capable of monolayer formation on
germanium surfaces, we studied thiol-, hydroxyl-, and carboxylic acid-terminated carboranes.
Monolayers were successfully formed with carboxylic acid head groups instead of the archetypal
thiol, suggesting that the carborane cluster significantly affects head group reactivity. Monolayer
characterization included X-ray and ultraviolet photoelectron spectroscopies as well as contact
angle goniometry. Using these carborane SAMs, the germanium surface work function was

tailored by 0.4 eV without significant changes to wetting properties.®
1.4.4: Progress towards a Molecular Battery

Fabrication of the molecular battery requires development of a LBL approach for
depositing organic molecules on a surface with 1-3 nm control to obtain a total thickness <50 nm.
Here, we explore a LBL approach to assembling metal-organic coordinated films, specifically
carborane-based organic linkers on Au{l11} surfaces. Additionally, benzene-based organic
linkers are explored on Au{lll} and Ge(100) surfaces for Li-ion battery applications.
Characterization methods include ellipsometry, atomic force microscopy, X-ray photoelectron
spectroscopy, electrochemical impedance spectroscopy, and cyclic voltammetry. Results show
that when common methods for LBL assembly were applied to functionalized carborane linkers,
films reached a maximum thickness of ~10 A, which corresponds to bilayer formation. The

benzene-based linker, 1,3,5-tris(4'-carboxy[1,1'-biphenyl]-4-yl)benzene, shows promise as a Li-

14



ion separator. This material exhibits electronic insulating and ionic conducting properties over the

potential window of 0.05 to 2.5 V vs. Li'/Li.

1.5: Prospects

The work presented herein aims to demonstrate the importance of material surfaces,
especially in nanostructures, and how they can be manipulated to improve device performance. In
doing so, we investigated an “all-surface” material, SAMs for surface property control, and
molecular LBL for nanoscale Li-ion battery architectures. We envision that this work will further
advance the Li-ion field, as well as a number of other device-based fields, including sensors,

photovoltaics, transistors, and spintronics.
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Figure 1.1: Schematic representation of a common lithium-ion battery architecture.
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Figure 1.2: Schematic of the Ge(100) — 2 x 1 surface reconstruction over the bulk Ge atoms
(purple). The surface reconstructs into rows of dimers, with an electrophilic “down” atom (blue)

and a nucleophilic “up” atom (red).'®
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CHAPTER 2: Processing of an All-Surface Germanium Nanomaterial

2.1: Introduction

Two-dimensional layered materials have been extensively studied for over a decade due to
phenomena that occur when electronic transport is confined within a two-dimensional plane,
leading to high technological potential. Novoselov and Geim in 2004 showed that graphite can be
mechanically exfoliated to form graphene, an atomically thin layer of carbon that it is stable in
ambient conditions, which exhibited novel electronic and other properties unparalleled by known

materials systems at the time.!

The field has expanded from graphene to many other materials, such as boron nitride,
transition metal dichalcogenides, transition metal trichalcogenides, metal halides, oxides, III-V
layered semiconductors, layered silicates, layered double hydroxides, and transition metal carbides
and nitrides,? and ranging from metallic, to semi-metallic, semiconducting, and insulating. Each
can display unique and interesting electronic behavior, such as superconductivity or charge density
wave effects. These materials generally form stacked structures of single two-dimensional sheets
that are held together via van der Waals interactions, while in-plane atoms are held together by
networks of covalent bonds, leading to anisotropic properties. Nanosheets are capable of unique
electronic, electrochemical, and photonic properties that have enabled the fabrication of

transistors, battery electrodes, magnetic, and optical devices.>®

Silicon has been the leading semiconducting material in the electronic device industry for
half a century due to its relatively high electron mobility (~1100 cm?*/V-s) and ease of highly
developed processability. Economic forces compel industry to continue to improve upon device

performance, which has been done by improving material properties, such as mobility, or by

35



increasing the numbers of transistors on single chips by scaling down the sizes of transistors.
Unfortunately, the limit of silicon’s capabilities is being reached and new structures and materials
are needed to continue improving device performance. Two-dimensional materials offer a possible
solution to this problem. While graphene, an sp® hybridized carbon material with extremely high
carrier mobility, is attractive for device fabrication, it still has problems that limits its capabilities
in transistors. For example, it lacks a natural band gap, which creates the need to create one
artificially, thereby adding a layer of difficulty and cost, as well as being difficult to dope and to

mass-produce.

Germanane shows interesting promise for device applications, with a direct band gap of
1.53 eV, low electron effective mass (0.07 m.'), and a high theoretical electron mobility of
~18,000 cm?/Vs,! which is not only higher than bulk germanium (3900 cm?/Vs) and bulk silicon,
but one of the highest mobilities of any material with a band gap.? These properties suggest that
GeH would be an ideal candidate for next-generation electronics, including transistors,

supercapacitors, batteries, and photodetectors.

To capitalize on two-dimensional properties, individual sheets must be isolated via
exfoliation or other processes, thus greatly increasing the accessible surface area, which is useful
for surface-active or catalytic applications,”® as well as confining the electronic transport to two
dimensions and reducing the effects of stacked sheets. For many two-dimensional materials, this
electron confinement affects the band structure and carrier mobility, and can lead to new
interesting phenomena such as superconductivity,’ spontaneous magnetization,'® topological

insulators,!! Klein tunneling,'? and the half-integer quantum Hall effect.!?

Extensive research has been conducted on a host of two-dimensional materials to increase

the success of exfoliation.!? Large surface area single-sheets can be mechanically exfoliated by
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adhesive tape, however, this process is slow and unreliable. If two-dimensional materials are going
to be commercially viable, they must be able to be scaled up for mass production. Large-scale
liquid exfoliation yielding well-dispersed nanosheets of a wide variety of materials can be
accomplished by ultrasonication in solvents and surfactants. The weak out-of-plane interactions
can be overcome by high-energy vibrations to exfoliate down to a single sheet.?> Such processes

can be enhanced by bubble formation during exfoliation to yield clean separations.'?

While germanane has garnered a great deal of attention recently due to its favorable
electronic and catalytic properties, current synthesis and exfoliation techniques suffer from low
yields and produce Ge particle impurities.®!*2! Cost-effective and high-throughput processing
needs to be developed before GeH can be useful in practical applications.’ Herein, we report a
facile method for large-scale solution exfoliation and purification of GeH sheets using
ultrasonication and centrifugation. This technique produces single- and multi-layered GeH
structures, which are stabilized in isopropanol (IPA). Surface chemistry can then be done on these
sheets in solution owing to better surface accessibility, or be used to directly fabricate devices,

such as a lithium-ion anode.
2.2: Fabrication Methods of Pure Germanane Dispersions
2.2.1: Synthesis

All preparation for CaGe> was done under an argon atmosphere to minimize oxidation
(oxygen and water concentrations <1 ppm). Stoichiometric amounts of Ge powder (Alfa Aesar,
99.9999%) and calcium granules (Alfa Aesar, 99.5%) were briefly homogenized via ball milling.
The subsequent powders were then loaded into an alumina crucible (Figure 2.1) and sealed in a

quartz ampoule under vacuum, with a typical loading of ~4 g (Figure 2.2), using an oxy-methane

37



torch (Type 3A-B Torch, National Torches, Premier Industries), shown in Figures 2.3 and 2.4.
Samples were annealed above the melting point of the binary elements at 1125 °C for 24 hin a
Carbolite RHF 1400 oven (Carbolite Gero Ltd.) and cooled over the next 24 h to room temperature
(Figure 2.4). Ingots of CaGe; were carefully selected from the reaction product using tweezers for
the subsequent synthesis steps (Figure 2.5) to avoid including unreacted Ge and Ca particles. The
remaining CaGe: ingots were intercalated with HCI at -20 °C for 5 days'® (Figure 2.6A) by using
a chiller water bath (VWR Polyscience 1167 Chiller / Heating Water Bath). The subsequent
product was quickly poured into a vacuum filtration flask, rinsed with water three times, and then
rinsed with IPA three times. The layered GeH powder was dried on the filtration flask (Figure
2.6B) for an additional 10 min, then dried in a septum-capped vial under vacuum for 12 h to ensure

all solvent had been removed (Figure 2.7).
2.2.2: Exfoliation and Dispersion

Germanane powder (250 mg) was dispersed in anhydrous IPA (25 mL, Sigma Aldrich,
99.5%), which had been previously purged with nitrogen gas for 1 h. The resulting mixture was
sonicated for 4 h in an ultrasonicator water bath (Branson 1510) that was maintained at 10 °C
(using the chiller water bath, depicted in Figure 2.8) to prevent thermal degradation,?? producing
a shimmering black dispersion that was purified via centrifugation for 30 min at 5000 rpm
(Eppendorf Centrifuge 5804 R) to remove larger particulates and elemental Ge impurities. The
pale red supernatant was saved for further characterization with scanning electron microscopy,
transmission electron microscopy, and Raman spectroscopy to assess the degree of exfoliation and
purity. Careful handling and storage minimized oxygen exposure and contamination during

subsequent processing and experimentation.
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X-Ray Diffraction

Powder X-ray diffraction was performed using a Bruker D8 Discover powder X-ray
diffractometer using Cux, radiation (A = 1.5418 A). The XRD spectra were then referenced to the
Joint Committee on Powder Diffraction Standards (JCPDS) for phase analysis. Air sensitive
samples were packaged in polyethylene terephthalate (PET, Polyester, Ampac) under an Ar

atmosphere.
Scanning Electron Microscopy

Germanane, dispersed in IPA, both before and after exfoliation was drop-cast onto n-doped
Si wafers. Samples imaged with a JEOL JSM-6700F field emission scanning electron microscope

with a 5 kV accelerating potential.
Transmission Electron Microscopy

Exfoliated GeH was drop-cast onto carbon-coated copper grids (-300 mesh, Electron
Microscopy Sciences) and imaged on a FEI Tecnai T12 transmission electron microscope with a

120 kV accelerating potential.
Raman Spectroscopy

Confocal Raman spectroscopy was conducted with a Renishaw inVia Raman Microscope
(Wotton-under-Edge, UK) using a 633 nm source and an 1800 mm™' grating, coupled with a Leica
DM2500 optical system and EMCCD detector. Germanane powder was imaged on a glass slide.
Isopropanol-dispersed GeH was analyzed by overfilling a polydimethylsiloxane well in a glove
box and sealing with a glass coverslip to ensure an air-free environment, taking care to eliminate

bubbles. Dried, exfoliated GeH was analyzed by drop-casting ~500 uL IPA-dispersed GeH on a
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stainless steel current collector with an area of 1 cm x 1 cm until the entire surface was covered
by a thin, red film and then dried under vacuum for 5 min. The sample was then sealed in a glass
“sleeve” using Kapton tape and glass slides to ensure the sample was not exposed to air during

transport or characterization.
2.3: Characterization of Synthesis and Dispersion of Germanane
2.3.1: Synthesis

Our synthesis of GeH sheets is based on a preparation of layered GeH described by Bianco

1.1 Diffraction measurements confirm the identity of the as-synthesized CaGe; ingots, with X-

eta
ray diffraction (XRD) patterns matching reported reference patterns (JCPDS Card #00-013-0299),
shown in Figure 2.9. There are germanium and calcium oxide impurities due to the high reactivity
of calcium with trace oxygen at elevated temperatures. Fortunately, calcium oxide is easily
removed in the subsequent HCI etching step. The resultant GeH powder contains layered structures
with widths ranging from ~1 um to 2 mm (Figure 2.10B). The XRD spectrum of the layered GeH
product (Figure 2.10C) matches previously published patterns for GeH,>!%2? exhibiting a (002)

peak at ~15.4°, corresponding to an interlayer spacing of 5.7 A (Figure 2.10A). However, the

spectrum also exhibits evidence for some crystalline Ge.
2.3.2: Impurity Identification

Multiple Raman (see Figure 2.11A) spectra of GeH powders taken prior to sonication at
random locations (I, II, and III) exhibited a broad range of peaks, which suggests multiple forms
of Ge. The peaks around 300 cm™ correspond to the E; vibrational modes observed in the spectra
of both bulk Ge and layered GeH.!®?>2* Peaks ranging from 301 to 289 cm™! indicate the presence

of other Ge particulates, which are byproducts of the GeH synthesis.?>?® The GeH Raman spectra
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also possess two distinct peaks at ~161 and ~228 cm™!, which are found in crystalline Ge and GeH,
respectively. In order to assess the lithium storage capabilities of the GeH sheets accurately, any

Ge impurities needed to be removed.
2.3.3: Exfoliation and Purification

Ultrasonication has been used extensively as a tool of exfoliation for a variety of layered
nanomaterials, and differential centrifugation is a common technique for separating mixed
materials with varying solution stability.>*” Here, we use ultrasonication to exfoliate GeH, thereby
increasing the surface area and solution stability of the nano-sized sheets produced. Larger
particulates are subsequently removed from suspension via centrifugation. The sonication and
centrifugation of as-synthesized GeH yield pale red dispersions (Figure 2.11B inset) that are
stable for at least 8 months. Raman spectroscopy was used to test the purity of GeH after these
processing steps. Isopropanol-dispersed GeH possess Raman peaks at 228.4 and 301.0 cm™ only,
while the Ge impurity peaks at 160 cm™' and below 300 cm™ disappear (Figure 2.11B).
Germanane that is drop-cast, dried, and sealed in an air-tight, glass sample holder under nitrogen
exhibits the same peak at 228.4 cm™ with a slight shift of the in-plane vibration from 301.0 to
302.3 cm™!, which more closely resembles previously reported vibrations for dried and stacked
GeH than the IPA-dispersed GeH.'® The purity of GeH is further supported with XRD
(Figure 2.11C), where characteristic bulk Ge peaks (shown in Figure 2.10B) are not present. The
GeH stacking peak observed at 16.86° corresponds to an inter-layer spacing of 5.3 A, indicating a

decrease of ~0.4 A.

Electron microscopy was used to identify the micro- and nanoscale features of the GeH
sheets and assess the degree of degradation and exfoliation. Exfoliated sheets (Figure 2.12A)

aggregate when dried and show a significant reduction in lateral size due to the forces applied by
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ultrasonication. Figures 2.12B and 2.12C show transmission electron micrographs of exfoliated
GeH. While exfoliated GeH tends to aggregate as solvent evaporates, a smaller number of isolated
single sheets or multi-layered stacks are found. Polydispersions were found to contain apparent
single sheets that ranged in lateral dimensions from ~40 to 200 nm, and multi-sheets that ranged

from ~40 nm to 1 pum.

2.4: Air-Instability

Throughout processing, observations were made noting the instability of the dispersions
when introduced to air. When a GeH suspension was introduced to air for 30 sec, the nanosheets
would flocculate within 24 h, however, we suspected that this result could be humidity dependent.
To assess the instability mechanism, we isolated potential degradation causes by focusing on

stability changes when either just oxygen or just water is included in a controlled environment.

As-synthesized GeH dispersions in IPA were prepared in 3 separate 1 mL vials, sealed in
a nitrogen environment. Next, one sample was purged with oxygen gas for 10 min and 10% (v/v)
of deionized water (that had been purge with nitrogen and sonicated for 10 min) was added via
syringe to another samples, each vial had a final volume of 1 mL. Samples were then allowed to
sit at room temperature in the dark overnight for the first observation, and for one week for the

second observation.

Figure 2.13 shows the results of the GeH oxidation study. There appears to be no change
upon the addition of O, gas after 24 h (Figure 2.13B) compared to the GeH (Figure 2.13A). The
addition of water appears to have made the GeH sheets flocculate (Figure 2.13C), however, it is

unclear whether this change in stability is due simply to interrupting GeH-IPA interactions or to

42



chemical changes to GeH. After one week, there was no change to the O» gas sample, but the water

sample appears to have become completely transparent (Figure 2.13D).
2.5: Organic Passivation of Germanane Sheets

Surface functionalization of two-dimensional sheets proves to be a promising method for
altering both electronic and physical properties, and imparting new functionality (i.e., biological
applications).?® Organic passivation of “all-surface” materials greatly impacts their electronic
properties due to the direct influence of the covalent bond of the head group and the molecules
tail-group with the entire depth of the sheet. The covalent binding of the head group will cause a
shift in both the HOMO and LUMO, thus changing the sheets effective band gap. Additionally,
the dipole moment and aromatic nature of the tail group is capable of influencing the Fermi
level.*>2° Surface passivation also changes the physical properties through altering surface energy,

and therefore the sheets’ dispersibility in various solvents.

Solution exfoliation to create dispersions of two-dimensional materials allows for large-
scale surface passivation through solution processing. This process affords the possibility of a
quick and cheap method to passivate these materials with various organic ligands to alter the
physical and electronic properties. It is foreseeable that a large library of materials is attainable
with vastly different electronic properties (i.e., HOMO and LUMO levels, p-type and n-type
doping, magnetics,*'*? Spin-Hall effects,**> and superconductivity’*) and dispersible in a wide

variety of solvents using a GeH backbone template.
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2.5.1: Procedures

In Solution Passivation

As-synthesized GeH dispersions in IPA were prepared in 1 mL vials under nitrogen. Two
separate vials of 1-decanethiol (C10) and 1,8-octanedithiol (C8DT) were prepared and purged
under a stream of nitrogen for 5 min. All vials were transferred to an in-house glove bag and were
not opened until the humidity of the bag was beneath 10%. Next, C10 and C8DT 10% (v/v) were
added to the GeH solutions, each with a final volume of 1 mL. Samples were allowed to sit at room
temperature in the dark overnight, although a light red (C10) and dark red (C8DT) precipitate
formed after ~6 h of incubation. Next, to test whether the C10-GeH sample could redisperse in a
non-polar solvent, the solution was put under vacuum for 48 h and purged with Ar for 1 h. A small
liquid aliquot remained and was treated as precipitated GeH-C10. Following the removal of IPA,
a hexane solution was prepared by purging anhydrous hexane (Sigma Aldrich) with nitrogen for
5 min along with the addition of molecular sieves to remove residual water. The hexane solution
was then syringe injected into the GeH-C10 solution. As a control, GeH powder was sonicated in

anhydrous hexane for 4 h.

Substrate Passivation

As-synthesized GeH dispersions in [IPA were prepared in sealed vials in a nitrogen
environment. A 10 mM C10 solution was prepared in a separate vial and purged under a stream of
nitrogen for 5 min. Solvent evaporation was used to deposit a thin layer of GeH on a silicon wafer,
where 3 mL of GeH in IPA was filled in a Corning tube with a well-sealed rubber top. A needle
attached to a vacuum line was then punctured through the rubber top and evacuated until all [PA

evaporated (~24 h). The substrate and C10 were then transferred to an in-house glove bag and
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were not opened until the relative humidity of the bag was less than 10%. The substrate was next

transferred and incubated in the C10 solution for 24 h in the dark.
X-Ray Photoelectron Spectroscopy

Thin films samples were transferred from the glove bag to the XPS vacuum chamber
(1 x 10 Torr) using a transfer vessel to maintain an air-free environment. Spectra were acquired
using a Kratos Axis Ultra DLD photoelectron spectrometer (Manchester, UK) with a
monochromatic Al K, source at 300 W and a 300 um x 700 um spot size. A pass energy of 20 eV
was used with a resolution of 0.1 eV for the high-resolution regions of S 2p and Ge 2p using 20
sweeps per region. All peaks were analyzed using CasaXPS software, fit using Gaussian-

Lorentzian line shapes with a Shirley background.
2.5.2: Results and Discussion
In-Solution Passivation

We hypothesize that thiols displace hydrogen atoms on the GeH surface, similar to the
observations by Maboudian and coworkers who demonstrated that 1-octadecanethiolate
monolayers could be formed on germanium substrates by first passivating in hydrogen. The thiol
head group displaced the surface hydrogen.* For GeH, we applied a similar method here by adding
various alkanethiols to GeH dispersions (Figure 2.14). Adding C8DT to GeH dispersions (Figure
2.14A) caused sheets to aggregate tightly (Figure 2.14B). The addition of C10 also caused sheets
to flocculate, however, did not aggregate as tightly (Figure 2.14C). Aggregated GeH-C10 could
then be redispersed in hexane upon removal of IPA (Figure 2.14D). The GeH powder sample that

was sonicated in anhydrous hexane was not dispersed.
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These preliminary findings suggest that thiols displace hydrogen on the GeH surface. In
the case of GeH-C8DT, sheets appear to be bound together by the organic linkers, forming a
semiconducting organic framework, however, the exact structure and crystallinity is yet to be
determined. Additionally, by displacing with organic monothiols (C10-GeH), the sheet surface
energy can be changed, enabling dispersions in other solvents.>*® These results indicate that not
only is surface passivation in solution possible, but presents opportunities for a wide range of

applications.
Substrate Passivation

X-ray photoelectron spectroscopy (XPS) was used to investigate the germanane-thiol
binding further (Figure 2.15). From the spectra, it is evident that C10 SAMs were formed on the
GeH thin films. The S 2p region is shown in Figure 2.15A, indicating the presence of 2 sulfur
doublets, with the first doublet (S 2pi2and S 2p32) at 162.3 and 163.5 eV corresponding to surface-
bound thiolate, making up 78.7% of total thiol on the surface. The second doublet at 163.4 and
164.6 eV corresponds to a small amount of unbound thiol, at 21.3%. It is likely that the unbound
thiol remains physisorbed on the surface due to insufficient rinsing. The Ge 2p peak shown in
Figure 2.15B shows evidence for two germanium oxidation states. The peak at 1212.8 eV
corresponds to the Ge*! state, owing to the Ge-H bond present in unmodified GeH.!® The peak at
1219.7 eV corresponds to the Ge** oxidation state due to Ge-S bond formation. The XPS results
support that 1-decanethiol binds to the GeH surface, however, using this method it is not clear
whether the entire available surface is covered with thiolates. The large number of Ge-H bonds
present could be due to un-thiolated surface sites or (perhaps more likely) due to buried Ge-H

bonds from germanane sheet stacking preventing thiol access. Future work should use XPS to

46



explore GeH sheets that have been passivated in solution, as well as focusing on passivating single-

sheet GeH dispersions.

2.6: Controlling Dispersions

Additional centrifugation studies were done to explore the technique’s capabilities and
whether it was possible to control the number of layered sheets in the dispersion. We hypothesized
that dispersions centrifuged at higher speeds will possess larger fractions of smaller sheets, due to
the principles behind differential centrifugation, which suggest that less stable particles will crash
out more quickly than more stable particles. This difference in stability is due to differences in
particle density, surface area, and favorable interactions with the solvent. Therefore, single sheets,
with maximized surface area and favorable sheet-solvent interactions, would be the most favorable

particle in solution. Higher centrifuge speeds should enable isolation of single-sheets in solution.

1.1.1: Procedures

Materials Processing and Instrumentation

Dispersions of GeH in IPA were centrifuged at 5, 6,7, 8, 9, 10, 12, and 14 krpm for 10 min
(MiniSpin Plus, Eppendorf) in a nitrogen glovebox and the supernatant was saved. Samples were
characterized with AFM (Bruker Dimension Icon Scanning Probe Microscope) to measure average
particle height and ultraviolet-visible spectroscopy (UV-Vis, Evolution 600 UV-Vis
Spectrophotometer, Thermo Scientific, Waltham MA) to measure concentration changes. Three
different GeH dispersions (5, 10, and 14 krpm) characterized with AFM (Bruker Dimension Icon
Scanning Probe Microscope) were diluted to 1:10 by volume with IPA. Due to the air instability

of GeH, an air-tight, Ar flow cell was used. A 15 pL aliquot of a diluted GeH dispersion was drop-
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cast on a mica substrate and dried under an Ar stream for 15 min. Data were collected using the

Peakforce tapping mode with a low argon-flow to maintain a positive pressure.

Thickness and Surface Area Determination

The average thickness of dispersed germanane sheets after centrifugation was determined
by analysis of atomic force topographs of sheets drop-cast and dried on a freshly cleaved mica
surface under a constant stream of argon gas. A semi-automated image analysis methodology was
adopted to process, to count, and to measure the germanane sheets within the image field of view.
Images were flattened using a 3-point plane fitting algorithm, followed by applying a constant
offset, on a line-by-line basis, such that reference points on the underlying substrate (determined
by eye) were all situated at a common height. Germanane sheets were identified using a
thresholding approach to select connected regions of pixels above the threshold. The number of
sheets in each stack was determined using the average height of the highest 5% of pixels within
each region. These heights (scaled by the expected height per germanane sheet, 0.56 nm) were
averaged across all germanane stacks observed within a given image, and across multiple images

analyzed, to determine the average stack size for a particular centrifugation condition.

2.6.1: Results and Discussion

Atomic force microscopy was used to measure heights of the GeH particles. Average
heights and surface areas were extracted from the micrographs using the image processing method
described above. Four, four, and two micrographs were used for 5, 10, and 14 krpm samples,
respectively (all micrographs and processed images are shown in Appendix A), and representative
micrographs are shown in Figure 2.16. Image processing identified 63, 12, and 33 particles for 5,

10, and 14 krpm samples, respectively, with average heights of 13.1, 1.4, and 2.3 nm, respectively,
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corresponding to an average layered stack of 23, 2.5, and 4.1 sheets, respectively (Figure 2.17).
The results indicate that the number of sheets in the layered germanane particles decreases with

increasing centrifugation speeds and approaches single-sheet dispersions.

Ultraviolet-visible absorption spectroscopy (UV-Vis) results show a maximum peak
intensity at ~305 nm and an absorption offset at ~510 nm, as seen in Figure 2.18A. As the
centrifuge speed increases, the intensity drops proportionally; this can be visualized better in
Figure 2.18B, where the maximum intensities at 305 nm from the various spectra is plotted against
centrifuge speed. From this plot, there appears to be a linear relationship between centrifuge speed

and absorption, corresponding to decreases in GeH concentration.

Germanane sheets are stabilized in [PA through interactions between hydrogens on the
GeH surface and the oxygen of the IPA molecule. Due to this hydrogen-binding phenomenon,
stability of sheets in solution is surface dependent. Therefore, particles with a higher degree of
surface area are more stable in solution. As the centrifugal force is increased (higher centrifugal
speeds), less stable particles are pulled from solution at higher rates than more stable particles.
While this proves to be a reliable method to producing dispersions with fewer-layered GeH
particles, this differential centrifugation causes all particles to gradually precipitate, reducing

concentration.

2.7: Conclusions and Prospects

Germanane is a promising material for next-generation devices; however, further steps are
required to enable facile, large-scale implementation. In this work, GeH was synthesized in
accordance with previously published methods and found to contain bulk germanium particle

impurities. Ultrasonication and centrifugation were used to exfoliate and to suspend germanane
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particles in solution, while simultaneously separating sheets from impurities. This technique was
expanded to show that increasing centrifugation speed decreases the number of sheets in dispersed
layered GeH particles, indicating that a dispersion of solely single-sheets may be attainable. The
mechanism of air-instability, which was only briefly explored, revealed that water causes sheets
to flocculate and eventually degrade entirely. This degradation issue needs to be explored in more
detail to determine if the initial instability is related to disruption of the interactions between IPA

and GeH or due to water-induced oxidation.

Surface functionalization of dispersed GeH nanosheets with organics was also briefly
explored. We found evidence to support that displacement of hydrogen on the germanane surface
by alkanethiols was possible. This passivation can be exploited to alter surface energy, thereby
enabling rediserpsion in other solvents. Specifically, by depositing C10, we could change the
suspension solvent from IPA to hexane. Additionally, through the use of C8DT, GeH nanosheets
can be bound together, forming a semiconductor organic framework. This surface passivation of
sheets while they are dispersed will be useful for large-scale fabrication of germanane nanosheets

with various electronic properties and surface energies.
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Figure 2.1: Schematic representation of alumina crucible used in the high-temperature solid-state

synthesis of CaGe,. One side of the crucible is capped with an alumina plug and alumina wool.
Stoichiometric amounts of calcium and germanium powder are then poured into the open end, and
capped with alumina wool and an alumina plug. Both the wool and plug are necessary to prevent
leaking of molten germanium-calcium during synthesis, as calcium leaks would devitrify the

quartz ampule.
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Figure 2.2: Quartz ampule used for high temperature solid-state synthesis of CaGez. Quartz tubes
that are previously sealed on one end (left side of pictured tube) are packed in order from left to
right, starting with alumina wool. Next, an alumina tube crucible (that had been previously packed
with germanium and calcium powder, as illustrated in Figure 2.1) is added, followed by alumina
wool, and lastly a quartz plug. Two seals are made with an oxy-methane torch (Figure 2.3), starting

with a seal around the quartz plug (Seal #1) and then the tube is closed off with Seal #2.
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Figure 2.3: Oxy-methane torch used for sealing quartz ampules. The size of the flame is a
sufficient indicator of heat produced; the pictured flame size is adequate size. The brick shown

here works well as a heat sink.
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Figure 2.4: Work area including (A) high temperature oven used for synthesis of CaGe», (B) oxy-
methane torch used for sealing quartz ampules, and (C) methane gas used for torch. Oxygen gas

is not included in this area due to safety considerations.
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Figure 2.5: Solid-state synthesis of CaGe; produced many sizes of particles. Larger ingots were
selected using tweezers for subsequent synthesis steps in order to reduce the amount of

germanium/calcium impurities in later steps.
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Figure 2.6: (A) The CaGe> ingots were placed in a 37% HCl bath at -20 °C for 5 days. The cooling
bath pictured is filled with distilled water and ethylene glycol in a 1:1 ratio. Hydrochloric acid was
poured into a 250 mL Erlenmeyer flask and allowed to chill for 12 h prior to adding CaGe». After
the intercalation step (B), the now dispersed product was quickly poured into a vacuum filtration

setup. A water bubbler was employed to capture residual HCI.

61



Figure 2.7: The final germanane (GeH) product is a powder consisting of large and fine flakes.
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Figure 2.8: Ultrasonication apparatus used to solution exfoliate germanane sheets. The same bath
chiller used previously in the CaGe, synthesis is used here, except it is filled entirely with
deionized water. The chiller cycles water through the bath sonicator to maintain a water

temperature of 10 °C and prevent thermal degradation of the sheets.
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Figure 2.9: Powder X-ray diffraction of a crushed CaGe: ingot. The peaks index to CaGe> with

some impurity peaks present (CaO and Ge).
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Figure 2.10: (A) Schematic representation of the stacked germanane structure. (B) Scanning
electron micrograph of layered germanane. (C) X-ray diffraction spectrum of as-synthesized
germanane with a stacking peak at ~15.4° corresponding to an approximate peak spacing of 5.7 A.

The remaining peaks are characteristic of elemental Ge impurities.
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Figure 2.11: (A) Raman spectra of as-synthesized germanane (GeH) powder. Three different
regions (I, II, and III) of the powder were sampled and referenced to a bulk Ge wafer (Ge). (B)
Raman spectra of exfoliated GeH dispersed in IPA (green, top) and dry GeH (blue, bottom),
enclosed between glass slides. The in-plane (IP) and out-of-plane (OP) Ge vibrations are
highlighted. The inset is a picture of the pale-red dispersion of GeH in IPA, which is stable for at
least 8 months. (C) X-ray diffraction spectra of GeH dried on a Si wafer and sealed in a

polyethylene terephthalate (PET) envelope under Ar.
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Figure 2.12: (A) Scanning electron micrograph of GeH after sonication and centrifugation. (B, C)

Transmission electron micrographs of GeH post-sonication and centrifugation, respectively.

67



(D)
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Figure 2.13: Germanane dispersed in isopropanol before (A) and after the addition of (B) Oz gas

after 24 h, (C) deionized water after 24 h, and (D) deionized water after 7 days.
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Figure 2.14: (A) Dispersion of germanane with (B) octanedithiol and (C) decanethiol added. The

decanethiol germanane sample was dried under vacuum and (D) re-dispersed in anhydrous hexane.
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Figure 2.15: High-resolution X-ray photoelectron spectroscopy of thiolated germanane thin films

deposited on a silicon wafer substrate, highlighting (A) S 2p and (B) Ge 2p.

70



wu /2
wu 'z
wu g

Figure 2.16: Atomic force micrographs of dried germanane dispersions that were previously

centrifuged at 5, 10, and 14 krpm.
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Figure 2.17: The average number of stacked sheets is plotted against centrifuge speed, showing a

decrease in stacked sheets with increased speed.
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Figure 2.18: (A) Ultraviolet-visible spectrograph containing spectra from germanane dispersions
that have been centrifuged at 6, 7, 8, 9, 10, 12, and 14 krpm, represented by black, red, blue, pink,
navy blue, and purple lines, respectively. Measurements were done between 250 and 700 nm. (B)

The maximum intensities of the various centrifuge speeds are plotted showing a linear relationship.
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CHAPTER 3: Germanane as a Lithium-Ion Anode Material

3.1: Introduction

High energy- and power-density batteries are needed for the increasing development and
demand of portable devices and electric vehicles. For use, graphite anodes (372 mAh/g) have
paved the way for current energy-storage devices. However, to maintain the current trend in battery
capabilities, we must continue to explore alternative materials and architectures. Materials like
silicon and germanium have relieved immense attention for their high theoretical energy densities,
but have notable shortcomings such as capacity fade and low Coulombic efficiencies.! Germanium
is an attractive anode material for high power density applications owing to its high theoretical
capacity (1384 mAh/g) corresponding to a LiisGes phase, high electron and hole mobility (3.25 x
Si and 3.8 x Si, respectively),”® and high lithium diffusivity (400x Si).** While germanium
remains more costly than some alternatives due to a lack of concentrated germanium ore deposits,
defense and aerospace applications may still benefit from its uniquely high energy and power

densities.

Germanium undergoes a 400% volume expansion during lithiation that can cause stress-

induced fracture and pulverization, which leads to capacity loss.>® Scaling down the dimensions

12-14 5,15-18

of the Ge anode (thin films,”"!! nanoparticles, nanowires, nanotubes,'’ nanocomposite-
carbon matrices® '?%2!) improves performance by decreasing Li ion diffusion distances, leading
to higher charge/discharge rates and circumventing fracture.?> Graphite’s ability to mitigate strain
through inter-layer expansion upon lithium intercalation, due to a lack of inter-layer chemical

bonding, is a leading factor in its relatively long cycle lifetime.?* In a similar manner, researchers

have eliminated bulk diffusion and subsequent potentially damaging phase transformations by
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developing essentially “all-surface” batteries with two-dimensional materials.>* Additionally,
these materials have the added benefit of drastically increasing surface activity and lowering the
energy barrier for diffusion, both of which lead to improved power densities. Recently, researchers
have reported the use of silicon nanosheets; however, the reported capacities still fall far short of

the theoretical maximum capacity.> 2’

Here, we investigate GeH, a stable, layered germanium hydride material, as a Li-ion anode
material in order to capitalize on its potential for high energy and power density along with
increased stability. The initial exploration into germanane as a lithium ion anode material aims to
answer several questions: (i) what electrochemical reactions occur, (ii) is the storage mechanism
the same as in bulk germanium, (iii) are there any additional storage mechanisms (Figure 3.1),
(iv) does the stacked structure help compensate stress (Figure 3.1), and (v) does maximizing

surfaces area improve the reaction rate and therefore the power density?
3.2: Fabrication of Germanane-Based Anodes

3.2.1: Assembly Procedures

Thick Film

After exfoliation, 10 wt% carbon nanofiber (CF, Sigma Aldrich) and 10 wt% carbon black
(CB, Super P, Alfa Aesar) were added to the GeH dispersion and sonicated at 15 °C for 30 min.
Immediately after sonication, the resulting black mixture was drop-cast and dried onto a mortar,
which was ground with a pestle for an additional 5 min. Separately, 10 wt% polyacrylic acid (PAA,
Sigma Aldrich) was sonicated in 0.5 mL of anhydrous 1-methyl-2-pyrrolidinone (NMP, Sigma
Aldrich, 99.5%) for 1 h and added to the GeH / CF / CB powder and ground for an additional 5

min, or until a smooth slurry was formed. We hypothesized that the oxygen atoms in the PAA
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would help facilitate hydrogen-binding between the binder and the hydrogens on the GeH surfaces.
It is worth noting here that the order of assembly matters. Germanane must be dried before adding
other components due to [PA-induced segregation. Additionally, PAA must be added after mixing
GeH, CF, and CB, and re-dispersing in NMP, otherwise the insulating PAA prevents conduction

between sections of the anode.

This slurry was applied to a stainless-steel mesh (Alfa Aesar, 400 mesh) covering an area
0of 0.5 cm % 0.5 cm and dried under vacuum at room temperature for ~12 h. The electrode covering
0.5 cm x 0.5 cm was then folded onto itself and pressed under 10,000 lbs. of force. The mass
loading of the GeH mixture on the electrodes was approximately 0.5 — 1 mg. A control sample
was prepared in a similar manner using pure Ge powder (-100 mesh, > 99.999% trace metal basis,

Sigma Aldrich), however, the powder mixture of CF and CB was only ground and not sonicated.

Thin Film

Dried, exfoliated GeH was analyzed by drop-casting ~500 pL IPA-dispersed GeH on a
stainless steel current collector with an area of 1 cm x 1 cm until the entire surface was covered

by a thin, red film and then dried under vacuum for 5 min.

Scanning Electron Microscopy

Scanning electron microscopy was used to image thick film germanane anode composites.
Carbon nanofiber, carbon black, and a mixture of carbon nanofiber, carbon black, polyacrylic acid, and
germanane in a ratio of 10:10:10:70 were pressed onto n-doped Si wafers. Samples were imaged with a

JEOL JSM-6700F field emission scanning electron microscope with a 5 kV accelerating potential.
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3.2.2: Anode Characterization and Discussion

Thick Film

Scanning electron micrographs of carbon nanofiber, carbon black, and a mixture of carbon
nanofiber, carbon black, polyacrylic acid, and germanane in a ratio of 10:10:10:70 are shown in
Figure 3.2A,B,C, respectively. Images demonstrate the advantages of fillers. Each carbon
nanofiber (Figure 3.2A) has an approximate average diameter of 100 nm with length on the order
of several microns. This high-surface area, conductive filament is useful for maintaining long-
range conduction and structure throughout the cycle-lifetime of the anode. The nano-sized carbon
black (Figure 3.2B) has an approximate average spherical diameter of 80 nm, and therefore larger
surface area per volume than the carbon nanofiber. This is useful for maintaining closer contact to
germanane sheets, and ensuring sufficient conduction. The advantages of each additive can be seen
more clearly when combined (Figure 3.2C). The germanane nanosheets are too small to be seen
at this resolution, but they coat the small CB particles, CF can be seen maintaining conduction
over long distances, and PAA coats everything, holding it together. Additionally, the CF helps the

PAA maintain integrity over long ranges, preventing sections from breaking off during cycling.

Thin Film

Due to air instability, no thin films samples were characterized by microscopy. However,
will appear similar to Figure 2.12A with higher concentrations. Electrical contact is maintained
by inter-sheet interactions and contact to the stainless steel current collector. Thin film anodes
offer poor structural and electrical support when cycled, but are easily characterization pre- and
post-cycling. Thin film samples were used for later characterization with Raman spectroscopy and

X-ray diffraction.
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3.3: Germanane Anode Performance
3.3.1: Experimental Procedures
Electrochemical Measurements

Electrochemical characterization was carried out in 3-electrode cells (Figure 3.3) using a
BioLogic VMP-3 potentiostat in an argon-filled glovebox with moisture and oxygen levels
<1 ppm. Lithium-ion cycling was done in an electrolyte solution of LiClO4 (1.0 M) in a 95:5
mixture of anhydrous PC and anhydrous fluoroethylene carbonate (FEC). Using FEC as an
additive has been shown to enhance the stability of the SEI layer.?® Lithium metal foils (99.9%,
Sigma Aldrich) served as both auxiliary and reference electrodes. Cyclic voltammetry was
performed within a window of 2.5 and 0.1 V vs. Li/Li". Respective electrodes were swept at rates
between 0.1 to 10 mV-s™!. Galvanostatic cycling (GC) experiments were performed using cutoff
voltages of 2.5 and 0.1 V vs. Li/Li" and cycled at various constant currents between C/10 to 2xC,

where C/h = 1384 mAh/g, the weight normalized maximum theoretical current for Ge per hour.
X-ray diffraction

Powder X-ray diffraction was performed using a Bruker D8 Discover powder X-ray
diffractometer using Cuk, radiation (A = 1.5418 A). The XRD pattern was then referenced to the
Joint Committee on Powder Diffraction Standards for phase analysis. A thin film germanane anode

sample was packaged in PET under an argon atmosphere.
Raman spectroscopy

Confocal Raman spectroscopy was conducted with a Renishaw inVia Raman Microscope

using a 633 nm source and an 1800 mm™' grating, coupled with a Leica DM2500 optical system
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and EMCCD detector. Thin film GeH samples were sealed in a glass “sleeve” using Kapton tape
and glass slides to ensure the sample was not exposed to air during transport or characterization.
Lithiation-induced structural changes were characterized using the thin film GeH-coated stainless
steel samples, electrochemically cycled between 0.1 and 2.5 V vs. Li/Li*, at a rate of 0.1 mV-s..
After a single, full cycle, the sample was rinsed with anhydrous propylene carbonate (PC, 99.7%
Sigma-Aldrich) three times, dried under an argon gas stream, and then under vacuum for 5 min.

The sample was finally sealed in a new glass “sleeve” for analysis.
3.3.2: Second Cycle Electrochemical Properties

Cyclic voltammograms (CVs) of GeH and bulk Ge anodes at 0.1 mV/s from the second
cycle are shown in Figure 3.4A. There are two peaks associated with lithiation: a broad peak at
~0.3 V and a sharp peak at 0.1 V. Delithiation is indicated by a broad peak between 0.4 V and
0.6 V.% These peaks correspond to the formation of several different GexLiy phases during the
lithium insertion/extraction process. There is a low intensity, broad oxidation peak at 0.95 V during
the first few cycles that decreases in intensity for subsequent cycles of the GeH sample that is not
present in CVs using bulk Ge anodes. Lithiation of Ge follows Equation 3.1, but there are several

1030 \which occur at different

lithiation steps along the way to a completely lithiated system,
electrochemical potentials. Complete delithiation of crystalline LiisGes results in an amorphous

Ge structure. The similarity between second cycle CVs of GeH and bulk Ge indicate that GeH

follows the same cycle.

. Lithation Delithiation .
Ge + Li — LijsGey — Gegmorphous + LI 3.1

Ex situ confocal Raman was used to identify structural changes in GeH after cycling against

lithium metal, as shown in Figure 3.4B. The pristine GeH anode exhibits characteristic peaks at
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227.1 and 302.3 cm’!, corresponding to the out-of-plane (OP) A; and in-plane (IP) E», Ge
vibrations, with a broad peak at ~526 cm™! that corresponds to a hydrogen vibrational mode ((Ge-
H)w).3! There is no evidence for hydrogen bending (~800 cm™) or stretching (1890 and 1975 cm'!),
possibly due to the low sensitivities of these modes. After cycling the GeH anode against lithium,
its Raman spectrum changes significantly. The OP peak disappears and the IP peak broadens and
shifts to 269.5 cm™, a shift that is known to signal the phase transition of Ge from a crystalline to
an amorphous phase. Additionally, the hydrogen wag at ~526 cm’! disappears, suggesting the
removal of hydrogen upon lithium alloying. A structural change indicative of amorphization is
further supported by XRD in Figure 3.5, where the germanane stacking peak disappears. These
results indicate that the crystalline order of the anode is lost following the initial

lithiation/delithiation cycle, becoming an amorphous Ge nanomaterial.
3.3.3: Galvanostatic Cycling

Constant current measurements (Figure 3.6) were used to determine the lithium
insertion/extraction behavior at various cycling rates and to explore the observed phase transitions
in the electrode material. The second cycle is shown in Figure 3.6A as it more accurately reflects
material performance. A multitude of side reactions occur during the first charging/discharging
cycle as evidenced by the large changes in measured capacity and Coulombic efficiency (Figure
3.6B). Galvanostatic charging at C/10 shows a maximum capacity of 1108 mAh/g. Plateaus near
0.16 V correspond to a phase boundary at room temperature between amorphous Ge nanomaterials
and Li15Ges. This phenomenon is described by Gibbs’ phase rule, which precludes changes in cell

voltage during a phase transformation.®*®

The maximum capacities for both lithiation and de-lithiation, and corresponding

Coulombic efficiencies at various C rates are plotted in Figure 3.6B. The initial capacity of
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1533 mAh/gat C/10 is greater than the theoretical maximum for Ge at room temperature. A large
portion of this measured capacity is likely a result of electrolyte breakdown and subsequent SEI
formation, therefore not representative of reversible anode performance. The extent of SEI
formation can be visualized more clearly with the irreversible capacity loss between the first and
second cycles, as shown in Figure 3.7. Interestingly, irreversible redox peaks were observed
during first CV cycle of GeH, which is explored further in a following section. These additional
redox peaks may contribute to overall charge storage in the first cycle, however the exact source

of this redox peak is worth further investigation.

3.3.4: Kinetics

The kinetics of the germanane anode were investigated with cyclic voltammetry, as shown
in Figure 3.8A, with cycling at rates from 0.2 to 50 mV/s. As the rate increases, the anodic and
cathodic peaks broaden and the cathodic peak shifts to the right. Similar effects can be seen with
bulk germanium (Figure 3.5B). This shift in potentials limits our ability to conduct b-value
analysis. Nonetheless, we can infer the charge-storage mechanism at different charge/discharge
rates by assessing the shape of the cyclic voltammogram curve. As the rate increases, the redox
peaks of the GeH anode (Figure 3.8A) begin to match those of the carbon matrix (Figure 3.8C).
This result suggests that the rate is too high for Ge-Li alloying to occur and carbon dominates any
charge storage. The bulk Ge CVs broaden and have a peak shift as well; however, much of the
original peak shape is maintained at higher sweep rates (Figure 3.8B). An advantage of the
nanostructures is better depicted in Figure 3.8D, where it is evident that a higher capacity is
achievable at higher charge/discharge rates. These results support the hypothesis that the

amorphous nanosheet structure of GeH maintains a higher reaction rate by reducing diffusion-
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based limitations; however, definitive conclusions cannot be made due to the instability of both

bulk germanium and germanane anodes.
3.3.5: Long Term Performance

The cycling performance of GeH cycled at 1C is shown in Figure 3.9, where capacity is
retained through 100 cycles. The GeH anode shows charge capacities of 819, 530, 527, 542, 525,
438, and 341 mAh/gforcycle 1, 2, 5, 10, 50, and 100, respectively. The long-term cycling for both
GeH and bulk Ge anodes are shown in Figures 3.10A and 3.10B, respectively, where insertion
and extraction are plotted together, along with the Coulombic efficiency, which stabilizes at ~99%
for both GeH and bulk Ge anodes at high cycle numbers. Previously reported silicon nanosheet

25,26,32,33

work shows rapid degradation, which is attributed to inter-layer SEI formation, a similar

mechanism may be responsible for the decay in the GeH system.
3.3.6: First Cycle Electrochemical Properties

The results discussed thus far focus on the performance of the germanane anode after the
second electrochemical cycle, yet it would be more accurate to describe them as amorphous
germanium nanosheets due to the structural change that occurs during the Ge-Li alloying/de-
alloying reaction after the first cycle. A cyclic voltammogram of germanane during the first cycle
is shown in Figure 3.11A, with distinctive reduction and oxidation peaks at 0.53 and 0.93 V,
respectively, and the Coulombic efficiency between these two peaks is ~95%. To investigate the
source of these peaks, a pristine GeH anode was swept from the open circuit voltage to 0.45 V vs.
Li/Li" (below the previously tested voltage of the first peak) and its Raman spectrum was
immediately measured (Figure 3.11B). Ex situ analysis of this sample showed that the germanane

had become amorphous by this potential. From these data, it appears that the reduction reaction is
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reversible within the first cycle and that the sample undergoes oxidation after the structure becomes
amorphous and hydrogens are removed. However, the reduction reaction no longer occurs after
the lithium-induced structural change. It is unclear what the source of this extra redox reaction is,
whether it is structural or hydrogen related. Additional studies are needed in order to elucidate the

exact mechanism for these redox peaks.

The capacity retention stabilizes at ~1110 mAh/g after the first few cycles. The total charge
storage decreases as the rate is increased, with capacities of 893, 720, 530, and 265 mAh/g for C/5,
C/2, 1C, and 2C, respectively. This capacity loss at higher rates is similar to other Ge nanomaterial
anodes,>?® and is likely a result of kinetic limitations of the host matrix. The kinetics are explored
further in the earlier kinetics section (section 3.3.4). The capacity recovered to its initial cycling
capacity when the rate was returned to C/10. The Coulombic efficiency stabilized after the first
five cycles and averaged ~98%. The large initial reduction in efficiency during the first five cycles

is most likely related to SEI formation, but the exact cause was not tested here.
3.4: Conclusions and Prospects

Herein, we report a method for purifying GeH sheets, by exfoliating and dispersing them
in isopropanol. The purified dispersions created are stable for at least 8 months, which given GeH’s
favorable electronic properties, could be useful for many device applications where a solution-
processable material is beneficial. Here, we use the purified GeH dispersion to fabricate a GeH-
carbon composite for use as a Li-ion battery anode. Results present a promising first step with high
energy densities of ~1100 mAh/g and stability over 100 charge/discharge cycles, which compares
well to previously reported nano-architectures. Scale-up and purification of the synthesis as well

as optimizing carbon composites will need to be further developed for this purpose and to explore
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kinetic capabilities alongside extra redox reactions. Thus far, the high energy density and stability

bode well for using GeH in energy storage applications.
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Figure 3.1: Schematic representing a proposed germanane Li-ion storage mechanism. Upon
lithium insertion, any remaining stacked sheets separate out-of-plane to alleviate stress.
Additionally, part of these experiments looks to identify if these sheets store through an

intercalation mechanism.
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Figure 3.2: Scanning electron micrographs of (A) carbon nanofiber (CF), (B) carbon black (CB),
and (C) a mixture of germanane (GeH), CF, CB, and polyacrylic acid (PAA) pressed onto a n-Si

substrate.
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Figure 3.3: Schematic of the electrochemical setup for germanane electrode testing. Thick film

germanane composites are depicted here, however the same setup is used for thin film testing.
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Figure 3.4: (A) Cyclic voltammograms comparing germanane (GeH) and bulk Ge anodes and (B)
ex situ confocal Raman spectra of pristine (blue, top) and Li-cycled (green, bottom) GeH anodes
show evidence for structural changes associated with delithiation-driven amorphization of the GeH
sheets. The Exg in-plane (IP) and A out-of-plane (OP) Ge vibrations and hydrogen wag ((Ge-H)w)

are highlighted.
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Figure 3.5: Powder X-ray diffraction of germanane after cycling against lithium. Germanane was

drop-cast out of isopropanol onto a stainless steel electrode. The electrode was cycled using cyclic

voltammetry from 2.5 to 0.1 V at 0.1 mV/s. Following completion, the sample was immediately

rinsed with propylene carbonate, dried under an Ar stream, and sealed in a polyethylene

terephthalate (PET) envelope to prevent oxidation. A stainless steel background was subtracted

from this spectrum for clarity.
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Figure 3.6: (A) Galvanostatic cycling of a GeH anode at various charge/discharge (C) rates. (B)
The maximum insertion and extraction capacities for the GeH anode are plotted in black squares
and red circles, respectively, with the corresponding Coulombic efficiency plotted in blue circles;
the contributions of carbon nanofiber/carbon black and PAA binder to insertion and extraction
capacity plotted in black and red lines, respectively, and represent only a small fraction of the

overall capacity.
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Figure 3.7: Galvanostatic charge/discharge curves at C/10 of germanane for the first and second
cycles, in the voltage window of 2.5 and 0.1 V vs. Li/Li", show solid-electrolyte-interphase (SEI)

layer formation.
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Figure 3.8: Cyclic voltammograms (second cycles) for (A) germanane (GeH), (B) bulk Ge, and
(C) carbon matrix cycled at 0.2, 2, 5, 10, 20, and 50 mV/s between 2.5 and 0.1 V vs. Li/Li".

Reductive capacity at different sweep rates (D) is plotted against sweep rate for GeH and bulk Ge.
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Figure 3.9: Long-term galvanostatic cycling of GeH at 1 C, showing the charge capacity (black),

discharge capacity (red), and Coulombic efficiency (blue).
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Figure 3.10: Capacities for each galvanostatic charge/discharge curve for (A) germanane and (B)
bulk Ge cycled at rates of C/10, C/5, C/2, C, 2C, C/10, and finally cycled to 100 cycles at a rate of
1C within a voltage window of 2.5 and 0.1 V vs. Li/Li". Plots also contain the Coulombic

efficiencies for each complete cycle.
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Figure 3.11: (A) Cyclic votlammogram of cycle 1 and 2 of a germanane thin film, cycled between

2.5 and 0.1 V vs. Li/Li" at 0.1 mV/s. Red circle highlights germanane specific redox peaks. (B)

Raman spectra of pristine GeH (top, blue) and partially cycled GeH, where a thin film of GeH was

swept to 0.45 mV vs. Li/Li".
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CHAPTER 4: Work Function Control of Germanium through Carboxyl-

Carborane Surface Passivation

4.1: Introduction

Recent advances in interface engineering for semiconductors have contributed to
significant improvements for electronic devices, such as transistors, photovoltaics, and sensors.!—
10 Many of these architectures require precise control of energy levels at the interface between
materials. Alignment of these energy levels provides low-resistance contacts, whereas large
misalignment causes band bending that generates internal electric fields. This internal field can be
helpful for preventing electron-hole recombination in heterojunction photovoltaics. Band
engineering can be accomplished by controlling surface work functions (WFs), which has been
demonstrated by passivating surfaces with covalently bound organic monolayers possessing
different dipole magnitudes and orientations.>> However, these monolayers also often alter the
surface energy, adding complications to the device fabrication process by changing the wetting or
adhesive properties at the material interface.>”!! The ability to tune energy level alignment with a
simple and reliable method without influencing surface energy and wetting will greatly reduce

complications across industries.!?

Recently, our group modified gold and silver surfaces with carboranethiols to tune band
alignment and thus interfacial charge-transfer resistance between metal contacts and a polymer
semiconductor with minimal effects on surface energy and wetting at the interface.'? By changing
both the placement of the carbon atoms within the cluster and the head group position on the

carborane cage, it is possible to tune the dipole moment magnitude and orientation while leaving
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the chemical environment identical between isomers.!*!® This feature makes carboranes an
attractive option for tuning surface WFs. Translating the carborane system from metal to
semiconductor systems would aid in rapid-prototyping of semiconductor devices by enabling

precision band engineering with minimal impact on processing.!’

Germanium is a promising candidate for semiconductor-based technologies owing to its
small band gap (0.67 eV) and high carrier mobility, roughly twice that of silicon. These properties
are useful for faster devices and an absorption spectrum that extends into the infrared.
Unfortunately, germanium’s defect-rich, intrinsic oxide keeps it from making a large impact on
today’s devices.!® Researchers have investigated methods for removing germanium’s oxide layer,
commonly through etching, and then depositing an organic monolayer to suppress oxide
formation. Maboudian and coworkers demonstrated this removal by etching the oxide with HF
and simultaneously passivating the surface with hydrogen. Monolayers of 1-octadecanethiolate
were subsequently formed by displacing the surface hydrogens.!® Bent and coworkers applied this
alkanethiol deposition to halogenated Ge(111) and Ge(100) surfaces.?’ They removed the
germanium oxide by H>O> and HCI or HBr etches, leaving behind halogen-passivated surfaces.
The halogen layer was then displaced by octanethiol or octadecanethiol, resulting in organic
monolayers that are stable in ambient conditions for several days. Many head groups have been
explored for Ge, however, thiol passivation remains a prominent wet chemical method for organic

SAM formation.?!

While exploring head group—surface interactions, Bent and coworkers revealed a
significant difference in halogen and sulfur concentrations between the Ge(100) and Ge(111)
surfaces, which they attributed to the unique characteristics of the Ge(100) surface.?’>? In order

to reduce the number of dangling bonds, the Ge(100) surface reconstructs into a 2 x 1 structure,
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resulting in the creation of surface dimers. The major difference in surface reactivity is attributed
to the nucleophilic top Ge atom and the electrophilic bottom Ge atom. This reactivity difference
has been studied with other possible head group chemistries on sputter-cleaned surfaces in ultra-
high vacuum. For example, alcohols and carboxylic acids were found to chemisorb selectively to
Ge(100), and not Ge(111), through hydrogen dissociation and reaction between the oxygen and

the electrophilic bottom atom in the surface dimer.?**

Herein, we investigate the deposition of icosahedral carboranes with different head groups
on Ge(100) surfaces using an H>O> and HCI pretreatment. Specifically, boron clusters with thiol,
hydroxyl, and carboxylic acid head groups attached at various vertices were studied in order to
determine suitable head group chemistries for chemisorption of carborane SAMs on germanium
with the ultimate goal of tuning the WF with minimal perturbations to surface energy. While there

1821 gur work

are established methods for germanium SAM formation using thiol head groups,
indicates these are not suited for the carborane system and instead present evidence for carboxylic
acid binding to the germanium surface. Figure 4.1A contains a schematic depicting the various
head groups and carborane isomers used in this study. Initial experiments focused on binding
positions where the head group was bound to boron vertices, specifically, 9-o-carborane (09) and

9-m-carborane (M9), as this would reduce lateral dipole-dipole interactions that could aid in

assembly and instead enable focus on head group surface reactivity.

4.2: Head Group Identification

4.2.1: Procedures

Synthesis

All molecule synthesis is described in Appendix A.
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Surface Preparation

Single-side polished, undoped Ge(100) wafers (MTI Corporation, Richmond, CA) wafers
were cleaned by sonicating in acetone for 20 min and dried under a nitrogen gas stream. They were
then rinsed with deionized water at 18.2 MQ-cm resistivity (Milli-Q from Millipore, Billerica,
MA), submerged in 30% hydrogen peroxide (Sigma Aldrich, St. Louis, MO) for 5 min, rinsed with
water again, and submerged in 37% HCI (Sigma Aldrich) for 5 min. That etch cycle was repeated
2 more times. Care was taken to ensure that there was no mixing between HCI and H>O> solutions,
due to potentially hazardous byproducts. After the last HCI step, the samples were quickly dried
under a nitrogen gas stream, and immediately transferred to a nitrogen glovebox with an oxygen
content ~0.1ppm. Solvents were purged with nitrogen for 30 min prior to use. All self-assembled
monolayer solutions were made in the glovebox in anhydrous benzene (Sigma Aldrich, St. Louis,
MO) at a concentration of 1 mM, using molecules 1-COOH-o-carborane (O1COOH),
9-COOH-o-carborane (O9COOH), 9-OH-m-carborane (M90OH), 9-SH-o-carborane (O9SH),

described above, and 9-SH-m-carborane (M9SH, Sigma Aldrich).

Both chlorine- and SAM- modified germanium surfaces were held in solution until just
before analysis, and were immediately rinsed in benzene only or benzene and anhydrous
isopropanol (IPA, Sigma Aldrich, St. Louis, MO) and dried with a nitrogen gas stream. The rinsing

and drying steps were done 3 times.
X-Ray Photoelectron Spectroscopy

Samples were transferred from the glovebox to the XPS vacuum chamber (1 x 10 Torr)

using a transfer vessel to maintain an air-free environment. Spectra were acquired using a Kratos
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Axis Ultra DLD photoelectron spectrometer with a monochromatic Al K, source at 300 W and a
300 um % 700 pm spot size. A pass energy of 20 eV was used with a resolution of 0.1 eV for the
high-resolution regions of Ge 2p, C 1s, Cl 2p, B 1s, and O 1s, using between 5 and 20 sweeps per
region. Energy scales were corrected to the C-C binding energy of 284.8 eV. All peaks were
analyzed using CasaXPS software, fit using Gaussian-Lorentzian line shapes with a Shirley

background, and finally smoothed using a Savotzky-Golay quadratic.

4.2.2: Results

X-ray photoelectron spectroscopy was used to investigate head groups binding on
germanium surfaces by taking high-resolution spectra of B 1s (Figure 4.1B) and S 2p (Figure 4.2).
For both 9-SH-m-carborane and 9-SH-o-carborane (O9SH), the lack of peaks in both the B 1s and
S 2p spectra indicate that neither bind. Expanding to the two other possible head groups, (hydroxyl
and carboxylic acid), we find that 9-OH-m-carborane (M9OH) did not show any evidence for
binding, however, presence of boron for 9-COOH-o-carborane (O9COOH) suggests SAM

formation.

With the success of O9COOH, we examined its isomer 1-COOH-o-carborane (O1COOH),
where the head group is bound to a carbon vertex instead of boron. This isomer also shows
evidence of SAM formation, however, the relative quantity of boron signal observed on the surface
by XPS analysis was lower than what was observed for O9COOH (Figure 4.1B). We hypothesize
that a strong vertically oriented dipole moment might facilitate multi-layering through head-tail
attraction. To test this possibility, we rinsed O1COOH and O9COOH Ge surfaces with a polar
solvent, isopropanol, after the benzene rinse to disrupt dipole-dipole interactions. This procedure
resulted in decreases in B 1s signal for O9COOH (Figure 4.3A) so that both OICOOH and

O9COOH are present in similar quantities, consistent with of our multi-layering hypothesis. After

105



extensive rinsing with both polar and nonpolar solvents, the presence of boron suggests that the

carborane carboxyl SAM is chemisorbed.

High-resolution XPS spectra of carboxylic acid carborane SAMs on germanium, shown in
Figure 4.3, highlight the regions for (A) B 1s, (B) CI 2p, (C) C 1s, (D) O 1s, and (E) Ge 2p.
Ge(100) surfaces modified by HCI (black trace), O9COOH (red trace), and O1COOH (blue trace)
are all shown for comparison, with fitted peak positions in the Table 4.1. These data show that
the H2O2/HCI pre-treatment successfully leaves a relatively oxide-free surface by etching away

germanium oxide and passivating the germanium surface with chlorine atoms.

Figure 4.3B highlights the chlorine region, showing that after deposition chlorine is still
present on the surface, with Cl 2pi12 and 2p3» XPS features at 198.6 and 200.3 eV, respectively.
Note that there is overlap between Cl 2p peaks and the Ge 3s plasmon peak (fitted with the purple
dotted line). The chlorine peak decreases upon O1COOH and O9COOH SAM formation, relative
to the Ge 3s plasmon background, while the chlorine peak position remains unchanged. This
reduction in signal could be a result of the displacement of chlorine ions with carboxyl groups,

attenuation from the organic monolayer, or a combination of both.

The C 1s spectra (Figure 4.3C) shows evidence for multiple carbon species. The presence
of carbon on the HCl-treated sample is attributed to C-C/C-H bonds from adventitious carbon
(284.5 eV). A similar carbon signal, slightly shifted to higher binding energies (284.8 eV), is
observed for both carborane isomers, which may be due to the higher electropositive nature of
carboranes. In addition, the peaks at 286.4 and 286.5 eV for O1COOH and O9COOH, respectively,
correspond to a C-B bond from the carborane cluster.”> The slight difference in binding energy
between isomers may be a result of different bonding configurations. The peaks at 288.5 and

288.2 eV for OICOOH and O9COOH, respectively, are a result of the presence of the carboxyl
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functional group (O-C=0) on the surface. This small difference correlates to the electronegativity
difference between isomers, with the C-C bond in O1COOH increasing binding energy and C-B

bond in O9COOH decreasing binding energy.

Both carborane systems change the O 1s spectra (Figure 4.3D) from the chlorine-
passivated system in a similar fashion. The HCl-etched control sample shows a small amount of
residual oxygen. After assembly of carborane SAMs, there are increases in peak intensity at 531.7
and 531.6 eV for OICOOH and O9COOH, respectively, due to the presence of the carboxyl
groups.?® The Cl-passivated surface contains two peaks in the Ge 2p spectra (Figure 4.3E), 1217.7
and 1218.3 eV, corresponding to elemental Ge and Ge-Cl, respectively. Samples show evidence
for Ge-O bond formation upon deposition of O1COOH and O9COOH, with shifts to higher
binding energy by 0.4 eV and 0.2 eV, respectively. The shifts observed for the isomers correspond
to a change in oxidation state from Ge*! to Ge™.?’?8 This apparent peak shift for both carborane

samples suggests that the carboxyl group is binding through a Ge-O-C bond.?®

The cause of the carboxyl group binding may be due to the presence of surface dimers on
the Ge(100) surface,?*? the electronic structure of the carborane cage, or a combination of both.
Previous work with 11-mercaptoundecanoic acid has shown that the thiol group binds to ClI-
terminated Ge(111) surfaces preferentially over the carboxyl-group.?** Aromatic backbones in
molecules have shown to have an effect on head group reactivity in metal systems;*! and a similar
mechanism may be responsible here, where the electronic nature of the carborane backbone
influences head group reactivity.? To address this issue, we deposited O1COOH monolayers on
Ge(111) using similar surface preparation procedures, and characterized samples with XPS. The
Ge(111) surface has a 1 x 1 structure, and therefore does not contain surface dimers. High-

resolution spectra show (Figure 4.4) that both boron and chlorine are still present on the Ge(111)
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surface, indicating that the carborane backbone, not surface dimers, likely induce carboxyl

binding.

4.3: Work Function Control

4.3.1: Procedures

Density Functional Theory

All density functional theory procedures and results are detailed in Appendix A.

Ultraviolet Photoelectron Spectroscopy

Measurements were performed using a Kratos Axis Ultra DLD after XPS analysis, using a
He I excitation source (21.2 eV). The spectra energy scales were calibrated to the Fermi level of
freshly evaporated Au. To obtain clean germanium surfaces, chlorine terminated germanium
surfaces were Ar ion etched using a 3.8 kV accelerating voltage, 100 pA extractor current, and a

beam current of 1.159 pA.

Contact Angle

Dynamic contact angle measurements were obtained using an automated FTA1000
Analyzer System (First Ten Angstroms, Inc., Portsmouth, VA) equipped with a 500 pL gas tight
#1750 syringe (Hamilton Co., Reno, NV) and a 27 gauge flat-tip stainless steel needle. Control

and analysis software utilized was FTA32 version 2.1.

Using the dynamic sessile drop method, the sample is brought into close proximity to the
substrate and a 4 puL droplet of deionized water is deposited on the sample with the tip needle
maintaining contact to the drop. To obtain advancing angle values, 2.5 pL of deionized water is

added and then the same volume is withdrawn to obtain receding angle values. The volume change
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occurs over a 1.25 sec time period and then the drop is static for 8.75 sec. A cycle of volume
increase and decrease is repeated a total of 8 times with 5 photographs captured per sec. The angle
between the surface and the drop was analyzed for the final 6 cycles with 30 frames after each
volume increase collected and averaged to obtain advancing contact angle as well as the same after
each volume decrease to determine receding contact angle. The standard deviation for the majority
of individual droplets throughout the analyzed cycles was found to be less than 1°. For both
OICOOH and O9COOH, four germanium substrates were passivated and characterized by
dynamic contact angle goniometry with at least two droplets per sample analyzed to determine
advancing and receding angles. Reported error is the standard deviation on the average advancing

(or receding) contact angles for the nine droplets analyzed for each sample type.
4.3.2: Results

Ultraviolet photoelectron spectroscopy (Figure 4.5A) was used to determine WF changes
on the Ge(100) surface through the chemisorption of carborane carboxylic acid. The WF is
calculated using Equation 4.1, where Av is the excitation energy of the He I photon (21.2 eV) and
Ecutofr is the high binding energy (BE) cutoff of the spectrum.! This sharp intensity drop in the

spectrum corresponds to the energy level at which electrons can no longer escape.
WF = hv - Ecutoﬁ (4'1)

The total WF change is a summation of both chemical bonding and molecular dipole
effects, but due to the similarity of the binding between O1COOH and O9COOH isomers, we can
directly compare how the molecular dipole affects surface WF. Using density functional theory
(Appendix A, Table A2) with B3LYP functional,'* we determined the dipole magnitudes and

orientations to be 3.24 D oriented towards the head group for O1COOH (Figure 4.5B) and 5.14 D
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oriented away from the head group (Figure 4.5C) for O9COOH. These differences in dipole
moment manifest themselves in a 5.22 pKa difference between O1COOH and O9COOH, with
O9COOH having a more electron-rich and O1COOH a more electron-poor head group.*? While
the net dipole of the molecules chemisorbed on the Ge surface will change, these values are useful

in making qualitative comparisons.

All surface treatments (O1COOH, O9COOH, and HCI) examined here cause increases in
the low-energy cutoff region of the spectra due to the strong effect that chemical binding has on
the Ge WF.? For reference, the clean Ge(100) surface and HCl-etched Ge(100) surface exhibit a
WF 0f4.56 eV (BE 0of 16.65 eV) and 4.13 eV (BE of 17.08 eV), respectively. Upon modifying the
HCl-etched Ge(100) surface with O1COOH and O9COOH SAMs, the WF increased to 4.39 eV
(BE of 16.82 eV) and decreased to 3.99 eV (BE of 17.22 eV), respectively. This result shows that
the different dipole between carborane isomers influence the WF of the germanium surface in a
similar fashion to Au and Ag.!? Relative to the Ge-Cl surface, the vertical component of O1COOH
points into the surface increasing the WF by 0.26 eV while the vertical component of the O9COOH
points away from the surface decreasing the WF by 0.14 eV. These data indicate that the WF can
shift by ~+0.2 eV relative to the Ge-Cl surface WF. The WF change with carborane dipole
direction agrees with past work of carboranethiol SAMs on Au and Ag.'? Additionally, following
that work, these data suggest that a mixed monolayer of carborane carboxyls could tune the WF
of Ge over a 0.4 eV range centered around 4.19 eV. Lastly, the correlation between dipole
orientation and WF change offers further verification that these carboranes are tethered to the

surface through the carboxylic acid head groups.

The advancing and receding contact angles for the O1ICOOH and O9COOH (shown in

Table 4.2), indicate that the wetting properties and surface energy of the two are not significantly
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different. The O1COOH has the smaller contact angle and a smaller molecular dipole of the
isomers used, consistent with data for M1 and M9 thiol on gold. Monolayers of M1 thiol on gold
have a smaller dipole moment (1.06 D) relative to monolayers of M9 (4.08 D) thiol on gold,
corresponding to static contact angles found to be 77.7° and 85.8°, respectively.'?> The reduced
contact angle observed for the O1COOH and O9COOH may be due to substrate roughness
(discussed in more detail in Appendix i), lower molecular packing density, or differences in
molecular orientation.?%? The nonpolar solvent hexadecane was used as well, and similarly to the
carboranethiol-Au system, the surface was completely wetted and no contact angle was

attainable.'?

The difference between the advancing and receding contact angle is hysteresis, which is
indicative of the roughness. For both the O1COOH and O9COOH samples, the hysteresis is
approximately 17°. This is only 2-3 times higher than what was observed for alkanethiols
passivating germanium substrates using the facile water/ethanol solvent deposition method that is
known to maintain the substrate roughness (~0.3 nm).5>!” The similarity of the hysteresis values

indicates that this roughening is consistent between the two samples.
4.4: Conclusions and Prospects

In summary, carborane carboxyl monolayers were formed on germanium surfaces to
modify surface WF with minimal effects to surface energy. This study finds that the carborane
cluster affects head group surface reactivity, where carboxylic acid tethers assemble rather than
thiol and hydroxyl head groups. This affinity for carboxylic acid is hypothesized to be induced by
the unique electronic character of the carborane cluster. The carborane SAMs on Ge present the
opportunity for surface WF to be tailored over a 0.4 eV range while the integrity of surface

properties, such as wetting and adhesion, are maintained. How binding angle may influence these
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surface properties and whether this angle can be controlled with an annealing phase are areas for
further exploration.?%? The results presented herein motivate future experimental and theoretical
investigations to understand how the carborane clusters affect head group—surface binding
chemistries, and whether other head group chemistries may be affected. Additionally, with the
successful WF modulation presented here, it is worth exploring how carborane SAMs may benefit

other semiconductor device systems, such as silicon*® and metal oxides.>*
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Figure 4.1: Schematic representation of 9-m-carborane (M9) with thiol and hydroxyl head groups
(M9SH and M9OH, respectively), 9-o-carborane (09) with thiol and carboxylic acid head groups
(O9SH and O9COOH, respectively), and 1-o-carborane (O1) with a carboxylic acid head group
(O1COOH). X-ray photoelectron spectra of the B 1s electron indicates only the presence of

O9COOH and O1COOH on Ge(100).
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Figure 4.2: X-ray photoelectron spectroscopy of MOSH and O9SH on Ge (100), highlighting the

S 2p region. Any signal from the presence sulfur is below instrument detection.
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Figure 4.3: X-ray photoelectron spectroscopy of 1-COOH-o-carborane (O1COOH, blue trace),
9-COOH-o-carborane (O9COOH, red trace), and HCIl etched (black trace) on Ge(100),
highlighting the (A) B 1s, (B) Cl 2p, (C) C 1s, (D) O 1s, and (E) Ge 2p regions. Dotted purple line

(B) outlines the Ge plasmon peak. Dotted black lines highlight specific peak positions.
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B 1s O1s Ge 2p Cl 2p12 Cls

HCl - - 1217.68 eV | 198.64 eV | 284.5¢eV
1218.58 eV 285.99 eV
O1COOH | 189.61 eV | 531.7eV | 1217.72eV | 198.68 eV | 284.76 eV
1218.96 eV 286.38 eV
288.45 eV
O9COOH | 189.68¢V | 531.6eV | 1217.71eV | 198.64 eV | 284.82 ¢V
1218.77 eV 286.53 eV
288.17 eV

Table 4.1: Summation of peak positions from X-ray photoelectron spectroscopy of HCl-etched
(HCl), o-1-carborane carboxylic acid-passivated (O1COOH), and 0-9-carborane carboxylic acid-

passivated (O9COOH) Ge(100) surfaces.
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Figure 4.4: X-ray photoelectron spectroscopy of 1-COOH-o-carborane (O1COOH, blue trace)
and chlorine (HCI, black trace) modified Ge (111). The (A) B 1s region shows that O1COOH is
present and the (B) Cl 2p region shows a relative decrease in intensity of Cl between Cl-passivated

and O1COOH-passivated surfaces.
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Figure 4.5: (A) Ultraviolet photoelectron spectroscopy of Ge(100) surfaces modified by 1-COOH-
o-carborane (O1COOQOH, blue trace), 9-COOH-o-carborane (O9COOH, red trace), and chlorine
(HCI, black trace), and Ar-ion-etched Ge(100) surface Ge, teal trace). Surface modification by
OI1COOH and O9COOH show a shift of 0.2 eV from chlorine passivated Ge with both shifted

lower from germanium’s native work function. Schematic representations of (B) O1COOH and

(C) O9COOH with calculated dipole magnitudes and orientations.
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Figure 4.6: Full ultraviolet photoelectron spectra of a new (as received, black trace), Ar-ion-etched
(Ge Ion Etch, red trace), HCl-etched (Ge HCI, blue trace), o-9-carborane carboxylic acid-
passivated (O9COOH, pink trace), and o-/-carborane carboxylic acid-passivated (O1COOH,

green trace) Ge(100) wafer surfaces.

124



Advancing # | Receding 0

O1COOH |56.8+5.5 39.9 + 3.6
09COOH |59.5+4.6 42.3+6.9

Table 4.2: Advancing and receding contact angles for 1-COOH-o-carborane (O1COOH),

9-COOH-o-carborane (O9COOH) on Ge(100) surfaces.
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CHAPTER 5: Progress towards the Molecular Battery

5.1: Introduction: Metal-Organic Coordinated Thin Films

The ultimate goal of fabricating a molecular battery requires ultrathin film layers of
organics on germanium (< 50 nm) with 1-3 nm control in thickness and low surface roughness.
There are a few approaches to achieving such structures (i.e., anion-cation assembly,’
condensation reaction,? and metal-organic coordinated films>?) utilizing LBL assembly method.
The LBL approach enables tailoring film thickness by the length of the molecule used. For
example, LBL growth of metal-organic multilayers composed of bi-functional alkyl chains,
specifically 16-mercaptohexadecanoic acid (MHDA, Figure 5.1 and 5.2A), with copper (II) ion
coordination deposited on Au/Si substrates produces film thickness that can be increased by 17 A
per layer.>® Additionally, these films maintain uniformity with each subsequent layer, with a film
roughness (~1.8 nm, averaged over 30 layers) comparable to that of the substrate (~1.5 nm).>’
However, these multilayer films may lack the porosity that would allow the storage and flow of

lithium ions necessary for battery applications.

Metal-organic frameworks (MOFs) also involve metal cations bound to organic linkers
through metal coordination. Frameworks self-assemble into high-porosity structures that can be
tailored by altering the length of the organic linker backbone. Additionally, the chemical nature of
the MOF can be altered by changing the metal ion or chemical components of the organic linker.
Together, these properties have made MOFs attractive materials for gas storage,® catalysis,” and

batteries. '”

While much of the research with MOFs is done with bulk powders, the use of surface-

anchored metal organic frameworks (SurMOFs) is a promising means to fulfill the stringent
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requirements of a molecular battery. Previous work has shown that LBL growth of SurMOFs
produces uniform ultrathin films.!' Tri-functional molecular linkers that assemble with copper ions
to form porous films, as in the case with Cu(Il) with 1,3,5-benzenetricarboxylate (BTC), which
belongs to the HKUST-1 system, have been explored (Figure 5.1).* These molecules can be
tethered to surfaces using alkanethiols like MHDA (Figure 5.2B).*!>"!* A central feature for the
HKUST-1 structure is the copper-paddlewheel configuration, which binds two Cu?" ions with four
organic linker molecules, forming a “node” in the crystal structure. Much of the work performed
to date on tethering HKUST-1 and MHDA multilayers has focused on understanding film growth
and its driving forces, leaving much of the backbone chemical alterations and applications fairly
unexplored. Here, we employ techniques used for the assembly of carboranes in metal-organic
multilayers (depicted in Figure 5.5A) and the formation of SurMOFs with other organic linkers in
an attempt to fabricate ultrathin films with precise control of thickness and a low degree of surface

roughness, as, which can be implemented as an organic, solid-state battery separator.
5.2: Metal-Organic Multilayers of Carboranes
5.2.1: Introduction

Designing a well-ordered, layer-by-layer structure requires control over assembly and the
ability to minimize defects. The first layer is an important first step in identifying and addressing
defect sources, as any defects may propagate up through subsequent layers. Additionally, the first
layer is an ideal system to test the effects that different electronic or physical properties have on

electrochemical performance.

The thiol-Au system has been heavily exploited to study how various tail groups affect

assembly.!® For example, C12 on Au{111} adopts a 30° tilt from the surface normal, creating
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distinct domains and grain boundaries (Figure 3A)."> This could be problematic for a molecular
battery due to the large number of defects. Conversely, carboranethiols assemble on Au{111} with
minimal defects (Figure 5.3B). This assembly is due to a spherical tail-group that defines the
structure and prevents any surface tilt, resulting in a low-defect density, close-packed assembly.'®
Additionally, the electronic structure of carboranes can be altered without influencing the chemical
environment (Figure 5.4). This electronic structure tailoring can be accomplished by altering the
position of the carbon atoms relative to the host boron cluster can be changed to create meta-,
ortho-, and para-carborane isomers (Figure 5.4A,B,C, respectively) and by adding functional
groups (i.e., head groups) to a number of vertices. Additionally, one (Figure 5.4D) or both (Figure
5.4E) carbons can be replaced by boron atoms to create anionic clusters with net -1 and -2 charges,
respectively. This ability to alter electronic environment has enabled carboranes to impact surface
alteration (see previous chapter),!” gas sensing,!® gas storage,'” and battery applications.?*?! These
favorable physical and electronic properties make carboranes an attractive option for molecular

battery studies.

The planned route for fabricating a molecular battery device is from the bottom-up, starting
with SAM formation of carboranes on a germanium surface. A possible avenue for this assembly
is discussed in the previous chapter. The next step in assembly is layer-by-layer deposition of
carboranes. Recently, carboranes have been implemented in MOF systems for gas storage
applications,'® however, they have yet to be used as SurMOFs. Here, we investigate the assembly
of bifunctional carboranes into metal-organic multilayer thin films for their eventual usage in a

molecular battery.
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5.2.2: Materials and Methods
Surface Preparation

Here, we used the reliable and well-studied thiol/Au system for LBL studies.!> Gold
substrates were prepared by first evaporating (CHA Solution — Metal Deposition e-Beam, CHA
Industries, Fremont, CA) a 5 nm Ti wetting layer on undoped, single-side-polished, 4 Si(100)
wafers (Silicon Quest Int., San Jose CA), followed immediately by evaporating 100 nm of Au. The
molecule carboxy-1,12-para-carboranethiol (PCB, synthesized by the Prof. Tomas BaSe group at
the Czech Academy of Science, Prague, Czech Republic), shown in Figure 5.1 and 5.5A, was
used for these studies, following the same established protocol as the MHDA LBL multilayer
system, due to the favorable thiol-metal bond and vertical orientation. Here, the para-carborane
configuration places both the carbons and functional groups on opposite sides of the carborane
cage, consequently, reducing the dipole moment of the molecule. Any dipole moment in the PCB
structure will be solely due to electronegativity differences between the COOH and SH functional
groups, reducing the dipole moment’s effect on assembly by limiting dipole-dipole interactions
with neighboring entities both lateral and normal to assembly. This reduction in dipole influence
will allow us to study the strength of the metal coordination with carboxyl and sulfhydryl
functional groups. Several samples were prepared to identify the optimal parameters for multilayer

formation, exploring deposition time, phase, and temperature.

Three solutions were prepared for this work to identify optimal deposition procedures for
formation of carboranes multilayers, by exploring dependence on solvent for the organic linker
(benzene or ethanol), deposition time (1 or 24 h), deposition phase (solution or vapor), and
deposition temperature (room temperature or 70 “C). Solutions of 1 mM PCB in benzene (PCB/B),

1 mM PCB in ethanol (PCB/E), and 10 mM copper (II) perchlorate hexahydrate in ethanol were
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made. Gold substrates were placed in either the PCB/B (samples A-C, E) or PCB/E solution
(sample D). After the molecular deposition, substrates were rinsed in ethanol, blown dry with
nitrogen, and then placed in the ethanolic copper salt solution. Each subsequent layer deposition
followed this PCB/Cu deposition procedure. After the desired deposition cycle, rinsing with
ethanol, and drying with nitrogen, sample thickness was immediately characterized via

ellipsometry.

Ellipsometry

Ellipsometry was carried out using a Gaertner LSE Stokes Ellipsometer with a HeNe laser
(632.8 nm) in ambient conditions. Index of refraction (ns) and extinction coefficient (ks) for the
gold substrate were modeled using these values, ns = 0.25, ks = 3.46, for evaporated gold films.
Optical properties for organic films are assumed to be nf = 1.5, kf = 0. These are commonly

accepted values for films < 100 nm.”??2?

5.2.3: Results and Discussion

Representative ellipsometry data are shown in Figure 5.5B for five different sample
preparation methods for the assembly of carborane multilayers. Sample A (black trace) was
prepared via solution-phase deposition at room temperature using PCB/B, each layer was
deposited for 1 h. Sample B (red trace) was prepared via solution-phase deposition at room
temperature using PCB/B, each layer was deposited for 24 h. Sample C (blue trace) was prepared
via vapor-phase deposition at room temperature using PCB/B, each layer was deposited for 24 h.
Sample D (purple trace) was prepared via solution-phase deposition at room temperature using
PCBV/E, each layer was deposited for 24 h. Finally, sample E (green trace) was prepared via

solution-phase deposition at 70 °C using PCB/B, each layer was deposited for 1 h.
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Previous studies on LBL SurMOFs show that the film thickness increases linearly with
deposition cycle, and the slope of progression is comparable to the organic-linker length.?* The
data presented in Figure 5.5B reveals that these PCB molecules do not follow the same trend. In
fact, it appears that only single and bilayers formed on the surface, corresponding to thicknesses
of ~5 and ~10 A, respectively. It is evident from the plot that the variations in parameters tested
had no significant effect on film thickness. From this study, it appears that the Cu coordination

alone is not enough to promote LBL assembly with the deposition parameters used.
5.3: Metal-Organic Thin Films of MOF-14 and MOF-399
5.3.1: Introduction

As discussed above, the pore size in MOFs can be expanded by increasing the size of the
organic linker backbone; for example, HKUST-1 can be extended to the copper (II) with organic
linkers 1,3,5-tris(4- carboxyphenyl) benzene (BTB)* or 1,3,5-tris(4'-carboxy[1,1'-biphenyl]-4-
yl)benzene (BBC)? as seen in the MOF-14 and MOF-399 systems, respectively. (Figure 5.1) with
additional benzene rings. Anderson and coworkers have shown that SurMOFs can be created with
these molecules, yielding films with thickness tunability and surface roughness comparable to that
of MHDA.!! Both of these organic linkers have a copper-paddlewheel configuration, similar to the
HKUST-1 system. Additionally, Long and coworkers have shown that a similar MOF organic
linker, 2,5-dihydroxyterephthalic acid, is capable of acting as a lithium ion conductor for battery
applications.?” Here, we investigate the capabilities of MOF-14 and MOF-399 for battery separator

applications.
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5.3.2: SurMOF Films

Samples were prepared through a similar bottom-up approach to that of HKUST-1
SurMOF films.* First a layer of MHDA (1 mM MHDA in ethanol) is deposited on evaporated Au
(100 nm with Ti adhesion layer) on Si substrates (Platypus Technologies, LLC, Madison WI), and
then alternating solution-phase deposition between an ethanolic solution of the organic component
(either BTB or BBC, at a concentration of 0.1 mM) and an ethanolic solution of the inorganic
component (1 mM of copper (II) acetate monohydrate). Film thickness and roughness values were

determined by ellipsometry and atomic force microscopy (AFM), respectively.

Results indicate that, on average, MOF-14 increases thickness by ~1.9 nm/layer with a
roughness of 1.5 nm (Figure 5.6 and 5.7) and MOF-399 increases thickness by ~3.2 nm/layer
with a roughness of 1.6 nm (Figure 5.6 and 5.8). While the porosity of these films is yet to be
determined, the precision in thickness control combined with an extremely low surface roughness
is promising for molecular battery applications. Here, we explore the potential of these films for
molecular battery applications by looking at lithium permittivity, via XPS, AFM, and cyclic

voltammetry, and electronic/ionic conduction, via electrochemical impedance spectroscopy (EIS).
5.3.3: Soaking MOF-14 in a Lithium Salt Solution

Initial experiments started with MOF-14, due to its superior thickness control. Film
degradation when exposed to a common battery electrolyte solvent and whether lithium could be
physically inserted by soaking in a lithium salt solution was investigated with AFM and with AFM

and XPS.
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5.3.3.1: Materials and Methods

Sample Preparation

To test the stability of the SurMOF in the common battery electrolyte solutions, Au on Si
substrates coated in 8 layers of MOF-14 (including underlying MHDA SAM) were investigated.
One sample was submerged in an equal part solution of ethylene carbonate (EC) and diethyl
carbonate (DEC) for 24 h (DEC:EC — 24 h), another in a 1 M solution of LiClO4 in DEC:EC for
24 h (LiClO4 —24 h), and a third sample in a 1 M solution of LiClO4 in DEC:EC for 48 h
(LiClO4 — 48 h). A MOF-14 sample was kept out of solution and used as a control (Pristine).
Samples were then rinsed in a DEC:EC solution and dried with nitrogen gas. Characterization of
surfaces was carried out with ellipsometry, AFM, and XPS to quantify film thickness, surface

roughness and film integrity, and to qualify chemical environment, respectively.
Atomic Force Microscopy

Samples were imaged by AFM using a Bruker Dimension Icon Scanning Probe
Microscope. The topography and mechanical properties of these substrates were simultaneously
measured using the PeakForce Quantitative Nanomechanical Property Mapping (PeakForce
QNM) mode. ScanAsyst-Air cantilevers (Bruker, spring constant of 0.4 = 0.1 N/m) were used for
all of the measurements. The peak force set point was chosen and adjusted automatically through
the ScanAsyst® imaging mode.

X-Ray Photoelectron Spectroscopy

Spectra were acquired using a Kratos Axis Ultra DLD photoelectron spectrometer (Kratos
Analytical, Manchester, UK) with a monochromatic Al K, source at 300 W and a 300 um X

700 um spot size in an ultrahigh vacuum chamber (1 x 10" Torr). A pass energy of 20 eV was
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used with a resolution of 0.1 eV for the high-resolution regions of C 1s, Cu 3p, Li 1s, CI 2p, and
O 1s, using between 5 and 20 sweeps per region. Energy scales were corrected to the C-C binding
energy of 284.8 eV. All peaks were analyzed using CasaXPS software, fit using Gaussian-
Lorentzian line shapes with a Shirley background, and finally smoothed using a Savotzky-Golay

quadratic.

5.3.3.2: Results

Ellipsometric data were plotted in a bar graph, shown in Figure 5.9 (left), with error bars
corresponding to the deviation in thickness between 5 different positions analyzed on the same
sample. The DEC:EC — 24 h sample shows a small decrease in film thickness (14.9 = 0.2 nm),
compared to the Pristine sample (16.1 £ 0.3 nm), possibly due to the removal of some surface
species or restructuring of the film. The LiClO4 — 24 h and LiClO4 —48 h samples show slight
increases in film thickness (16.1 £ 0.4 nm and 17.2 = 0.6 nm, respectively) over the DEC:EC — 24 h
sample. This change may be due to swelling that may occur when lithium is inserted into the film
and increasing the soaking time enables increased lithium insertion. The topography of the films,
as obtained by AFM, is shown in Figure 5.9 (right). Surface roughness values of 1.75, 1.67, 1.57,
and 1.51 nm corresponding to Pristine, DEC:EC — 24 h, LiClO4 — 24 h, and LiClO4 — 48 h samples,
respectively. These AFM results, coupled with ellipsometry results, support that film integrity is
maintained throughout deposition. Some protrusions are observed in the LiClO4 — 48 h sample,
possibly indicating that lithium salt deposits are forming on the surface of the film with prolonged
exposure to the lithium salt solution. These protrusions may also increase the measured film

thicknesses.

The chemical environment of the LiClO04 — 24 h sample was investigated with XPS; results

are shown in Figure 5.10. The lower deposition time sample was used to avoid any possible signal
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from salt deposits, as seen in LiClO4 — 48 h. The C 1s region, Figure 5.10A, shows evidence for
four different carbon bonds on the surface. The strongest peak at 284.8 eV corresponds to a C-C
bond, common with adventitious carbon on the surface. The shoulder at 285.9 eV corresponds to
a C-O-C bond, which indicates that DEC:EC solvent molecules are still present after drying with
nitrogen and exposure to the ultrahigh vacuum environment in the XPS chamber. It is possible that
the solvent molecules are located in pores, counterbalancing Li-ion charge.?” The last strong peak
at 288.7 eV corresponds to the presence of a O-C=0 group, due to the carboxyl groups in the
MOF-14 structure. The last feature on this spectrum is the presence of a small hump at 291.0 eV,
from m-m* transitions, indicating the presence of sp? carbon. This last feature is expected due to

the presence of delocalized electrons in the benzene rings of MOF-14.

Spectra highlighting Cu 3p, Li 1s, and CI 2p regions is shown in Figure 5.10B, C, and D,
respectively. These spectra show that all three elements are present in this film, however, it is
difficult to make claims as to the oxidation states for these elements due to the low concentrations
present and large full-width-half-max (FWHM). The Cu 3p peak is centered at 77.8 eV,
corresponding to Cu*?, which is expected from the salt (Cu(ClOa4), - 6H,0) used for deposition.
The Li 1s peak appears centered at 59.1 eV, corresponding to an oxidation state of +1. The Cl1 2p
peak is a doublet consisting of a CI 2p3» and 2p12, which adds to the size of the FWHM. The
presence of Cl is due to ClO4, possibly from both the copper and lithium salts. Lastly, the oxygen
peak (Figure 5.10E) shows evidence for two different oxygen species on the surface, with peaks
centered at 531.8 and 532.9 eV corresponding to C-O and C=0, respectively. Unfortunately,
different oxidation environments of oxygen are difficult to distinguish due to a low degree of
shifting. We expect to see other oxygen group in this spectra (i.e., ClO4), however they are likely

hidden under the other peaks. The XPS results presented are promising, showing that not only the
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MOF-14 structure is present and maintained after exposure to Li salt solutions, but that lithium is
also present. These results suggest that lithium is capable of moving through the MOF-14 thin

film.
5.3.4: Impedance Spectroscopy of MOF-14

Electrochemical impedance spectroscopy is a method to measure the electrical impedance
of a material as a function of the frequency of an applied electrical current. The technique can be
used broadly to investigate electronic and ionic conductivity and resistivity sources within a
sample. The shape and magnitude of the resulting spectrum gives information as to the degree of
conductivity. For example, a semi-circular plot indicates conduction is occurring within the
material; if there is a linear response, the material is insulating and behaving like a dielectric. Plots
can be modeled to equivalent circuits to give information about contact resistance (Rq) and charge
transfer resistance (Rcr). The contact resistance is a summation of total resistance in the circuit,
while charge transfer resistance corresponds to electrochemical processes at the interface of an
electrode.?® From these resistances, conductivity (o) can be calculated using Equation 5.1, where

¢ is the thickness of the separator and 4 is the area of the electrode.

t
RcTA

o= (5.1)

Here, we use EIS to identify whether films of MOF-14 are ionically and electronically
conductive. While high ionic conductivity is favorable for battery applications, any electronic
conduction would be detrimental for future prospects as a separation layer in a molecular battery,

as this electrical conduction would create electronic shorts.
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5.3.4.1: MOF-14 Materials and Methods
Sample Preparation

Several samples of 8-layer MOF-14 films (with underlying MHDA SAM) on Au were
analyzed by EIS (Pristine). Several more 8-layer MOF-14 samples were heated to 130 °C for 2 h
under vacuum (Annealed) to remove any possible water contamination, and then analyzed by EIS
to look for conduction changes. Heating of MOF-14 films on Au using this method has been shown
by infrared spectroscopy to remove water from the framework and AFM of heated samples has
shown that the morphology remains unchanged.!! Preliminary data collected by Anderson et al.
shows the same is true at higher heating temperatures (150 and 180 °C) and longer heat exposures
(4 and 6 h).!'! Additionally, to identify whether soaking in a lithium salt solution increases
conductivity, 8-layer MOF-14 samples were annealed at 130 °C for 2 h under vacuum, soaked in

1 M LiCIO4 in EC:DEC for 24 h (Li 24 h), and then analyzed by EIS.
Electrochemical Impedance Spectroscopy

Electrochemical impedance spectra were collected at room temperature in an Ar glovebox
with Oz and H>O concentrations <1 ppm using a Solartron 1252 frequency response analyzer at a
frequency range of 100 kHz—100 mHz and a 10 mV (rms) potential. Contacts to the MOF were
made using hanging mercury drop electrodes with contact areas of 0.0707—0.017 cm?

(corresponding to drops of 3 and 1.5 mm in diameter, respectively). An alligator clip was used to

make contact to the Au substrate.
5.3.4.2: MOF-14 Results

The EIS data for MOF-14 are plotted in Figure 5.11A, showing multiple 8-layer MOF-14:

Pristine films (black traces), 8-layer MOF-14 films annealed at 130 °C for 2 h (red traces), and 12-
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layer MOF-14 films soaked in a 1 M LiClO4 EC:DEC solution for 24 h (blue traces). The
semicircle shape indicates that there is some degree of conduction for all samples, with large
resistance changes between similar samples and different positions on the same sample.
Interestingly, resistance does not seem to be affected by the annealing step, indicating that water
is not responsible for conduction. Additionally, soaking in a lithium salt solution does not improve
the conductivity of these films to any noticeable degree. From these results, we hypothesize that
these films are showing electronic conduction, due to electron hopping.?” From Equation 1, the
data presented in Figure 5.11A, a SurMOF thickness of 16.1 nm, and an average surface area of
~ 0.044 cm? we can calculate the approximate range of conductivities for each sample. The
conductivities are 1.87 = 0.01 uS/m — 11.23 £ 0.09 uS/m, 1.67 + 0.02 uS/m — 6.98 + 0.05 uS/m,
and 1.47 £ 0.02 uS/m — 2.44 + 0.01 puS/m, for pristine, annealed, and lithium-soaked samples,
respectively. It is worth noting that these conductivities are estimations as surface areas are
different between samples. Film thicknesses tend to be slightly different with heating and Li salt
solution soaking processing steps and based on previous height change observations, which may
affect conductivity by <10%. Nonetheless, the overall degree of electrical conductivity renders all
MOF-14 films tested ineffective as an electrolyte separator. Additionally, while we expected the
conductivity to increase upon addition of lithium ions, it is unclear whether these films are
permeable to lithium ions due to the negligible change in conductivity when lithium salt is added.
The negligible change in conductivity may be a result of either the non-permeability of Li through
the MOF or that the electrical conductivity is much larger than any ionic conductivity,
overwhelming any signal due to ionic conduction. Nonetheless, if a MOF is to be used for future

battery work, an electrically insulating, ionically conductive system must be identified.
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5.3.5: Impedance Spectroscopy of MOF-399

Next, we explored the possibility of MOF-399 as a battery separator by characterizing the
conduction of the film on Au with EIS. With the same EIS procedures as for MOF-14, three
different 12-layer MOF-399 on Au samples were tested: Pristine, annealed at 130 °C for 2 h under
vacuum (Annealed), and annealed at 130 °C for 2 h under vacuum and soaked in 1 M LiClOg4 in
EC:DEC for 24 h (Li 24 h). The plot of all samples (Figure 5.11B) shows differences in line shape
compared to MOF-14. These results are characteristic of a dielectric response, indicating that there
is no electronic or ionic conduction through the films.?® Moreover, soaking films in lithium showed
no significant improvement to conductivity. This indicates that while lithium may be present, it is
not mobile. It is unclear why the conduction between MOF-399 and MOF-14 is different. It may
be a result of the longer organic spacer, which increases the spacing between copper ions, or a
much thicker film. The film thicknesses of the samples tested were 16.9 and 35.1 nm for 8L
MOF14 and 12L MOF399, respectively. While the lack of conduction is promising for molecular

battery purposes, the lithium conductivity requires further investigation.
5.4: Using MOF-399 as a Germanium Anode Surface Coating

With the promising EIS results from the MOF-399 films on Au substrates, we moved to
investigating lithium conductivity through cyclic voltammetry by employing a Li-active anode
material, specifically germanium. With cyclic voltammetry, a potential is applied between the
Ge/MOF-399 electrode (working electrode) and lithium metal (counter electrode). Since
germanium typically lithiates between 0.5 — 0.05 V vs Li/Li", the potential applied may drive
lithium through the MOF thin film. We suspect that if there is Li conduction, it will be greatly
reduced compared to bare germanium, due to the kinetic limitations of diffusing through a close-

packed organic framework.
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5.4.1: Construction of a Ge/MOF-399 Anode
5.4.1.1: Metal Contact Formation

The Ge/MOF-399 fabrication procedures are detailed in Figure 5.12. For these
experiments a p-type Ge(100) wafer with a Ni metal contact was used due to the low-resistance
contact that is formed with Ni. Single-side polished, 4” diameter, p-type Ge(100) wafers
(resistivity < 1 Q-cm) were etched in 30% hydrofluoric acid for 5 min, rinsed quickly with
deionized water, then dried under a nitrogen gas stream. Wafers were stored in a nitrogen
environment while transporting for further processing. Nickel was evaporated on the unpolished
backside of the Ge(100) wafers using a CHA Solution — Metal Deposition e-Beam (CHA
Industries). Wafers were then annealed using an MPTC Rapid Thermal Process — 600XP — Rapid
Thermal Annealer (Modular Process Technology Corp) at 500 °C for 5 min at atmospheric

pressure.
5.4.1.2: MOF-399 Layer-by-Layer

The MOF-399 thin film follows procedures discussed previously for Au. However, initial
SAM formation of MHDA on Ge(100) follows previously published work by Hohman et al.*°
Samples were prepared by first depositing a layer of MHDA (1 mM MHDA in ethanol, mixed
with deionized water in a 1:1 ratio) on Ge(100) surfaces for 24 h at room temperature. Next, the
MOF-399 layers were formed by an alternating solution-phase deposition between a solution if
0.1 mM BBC in ethanol and a solution of 1 mM of copper (II) acetate monohydrate in ethanol.
Two different film thicknesses were created: 4-layer and 12-layer. Film thickness and roughness

values were determined by ellipsometry and AFM, respectively.
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5.4.1.3: Experimental Methods
Ellipsometry

Ellipsometry was carried using a Gaertner LSE Stokes Ellipsometer with a HeNe laser
(632.8 nm) in ambient conditions. The germanium substrate was modeled using ns = 5.45 and
ks = 0.85 for bulk germanium. Optical properties for organic films are assumed to be nr= 1.5, kf=

0 7,22,23

Atomic Force Microscopy

As described in section 5.3.3.

Cyclic Voltammetry

The Ni side of the Ge anode substrates were mounted on stainless steel current collectors
using nickel paste. Electrochemical characterization of MOF-399 films on Ge and bare Ge samples
were conducted in a 3-electrode cell using a BioLogic VMP-3 potentiostat at room temperature in
an Ar glovebox with O> and H>O concentrations < 1 ppm. Lithium cycling was done in an
electrolyte solution of 1M LiClO4 in an equal part mixture of EC and DEC. Lithium metal foil
(99.9%, Sigma Aldrich) served as both auxiliary and reference electrodes. Samples were scanned

within a window of 2.5 and 0.1 V vs. Li/Li".
X-Ray Photoelectron Spectroscopy and Depth Profiling

Immediately after the 10 CV cycles on pristine Ge and Ge/MOF-399 samples, the sample
surfaces were rinsed with EC:DEC and transferred to the XPS analysis chamber. Spectra were
acquired using a Kratos Axis Ultra DLD photoelectron spectrometer (Kratos Analytical,
Manchester, UK) with a monochromatic Al K, source at 300 W and a 300 um x 700 um spot size

in an ultrahigh vacuum chamber (1 x 10 Torr). A pass energy of 20 eV was used with a resolution
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of 0.1 eV for the high-resolution regions of C 1s, Ge 3d, Li 1s, O 1s, and Cu 2p using between 5
and 30 sweeps per region. The resulting spectra uncorrected. Depth profiling was performed with
Ar-etching with an accelerating voltage of 3.8 kV, a beam current of 1.15 pA, an extractor current
of 100 pA, and a raster size of 3 x 3 mm?. High-resolution XPS was performed prior to Ar-etching,

then after every 90 s of Ar-etching, with a total etch time of 360 s.
5.4.1.4: Results and Discussion

Ellipsometry and AFM results indicate that MOF-399 films were successfully grown on
Ge(100) surfaces (Figure 5.13). Prior to processing, the bare Ge(100) surface has a low surface
roughness of 0.35 nm (Figure 5.13A). The 4-layer MOF-399 has a thickness of 15.0 + 1.0 nm and
surface roughness of 1.3 nm (Figure 5.13B), while the 12-layer has a thickness of 35.1 = 1.6 nm
and a surface roughness of 0.88 nm (Figure 5.13C). This growth corresponds to a rate
~3.0 nm/layer with a roughness of ~1.5 nm, which is comparable to MOF-399 growth on Au
surfaces. While there were only two different deposition cycles tested for this analysis, it shows

promise for migration of MOF-399 to other surfaces.

Cyclic voltammetry was used to identify whether the MOF-399 multilayer film is Li-ion
permeable under applied potentials. Lithiation of a pristine Ge(100) wafer is shown in Figure
5.14A. The first cycle involves a lithiation process that induced a phase change from crystalline
Ge to Li15sGes and a delithation process forming amorphous Ge (described by Equation 3.1). The
first lithiation process occurs between 0.31 and 0.1 V vs. Li/Li", and its corresponding CV peak is
sharp. The de-lithation process occurs at 0.65 V vs. Li/Li" and the corresponding CV peak is much
broader. Peak broadening occurs as a result of amorphism. The following lithiation/delithiation
cycles show increasing peak broadening corresponding to an increasing degree of amorphousness,

and appear to stabilize at cycle 8.
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The cyclic voltammogram of the 12-layer film of MOF-399 on Ge(100) cycled against Li
metal is shown in Figure 5.14B. This sample was cycled down to 0.05 V at 0.05 mV/s due to the
lower currents obtained. The onset of a Ge-Li alloying reaction occurs at 0.31 V vs. Li/Li" in the
first cycle and continues to increase in reaction rate (evident by an increase in current) until 0.05 V
vs. Li/Li". The de-alloying reaction occurs at 0.61 V vs. Li/Li". Peak widths of both the reduction
and oxidation peaks for the Ge/MOF-399 sample match those of the pristine sample. However, the
peak intensity and width of the Ge/MOF-399 sample increase slowly with initial subsequent

cycles, and then rapidly after cycle 8.

The presence of peaks associated with Ge-Li alloying reactions indicates that the MOF-399
multilayer is Li-permeable when an electric field is applied. The increase in peak current in the
pristine Ge sample is a result of a decrease in atomic packing density and a subsequent increase in
Li-permeability. The same phenomenon is present in the Ge/MOF-399 sample, however, the
degree of the effect is larger. This increase in Li-permeability indicates that the structure of the
multilayered film has expanded. Additionally, the smaller peak intensity for the MOF-399 coated

Ge surface indicates that the film acts as an impeding force for lithiation.

Depth profiling using XPS and Ar etching revealed distinct differences between the pristine
Ge sample and the Ge/MOF-399 sample. The C Is spectra for the pristine Ge sample are shown
in Figure 5.15A. At t = 0 (prior to starting an etch) the sample shows evidence for C-C and C-O
carbon components that are common for physisorbed solvent (EC:DEC), as well as a large C=0
component that is common for breakdown of carbonates during SEI formation.*! Att=90 s (after
the first etch cycle) evidence for the physisorbed components decreases substantially and the C=O
peak remains prominent. This C=0 peak is likely the primary carbon component forming the SEI

layer. As etching continues to t = 360 s, the C=0 peak intensity decreases substantially indicating
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that the majority of the carbon interfacial layer has been etched away. It is worth noting that there
is a large shift in binding energy after the first 90 s of etching. This shift is most likely a result of
charging phenomena. Normally, this peak shift is calibrated internally using an unaltered element
in the sample, however, that is not possible here due to the uncertainty of SEI formation and large

variability that immerges from side reactions that occur during lithiation.

Spectra from the C 1s region for the Ge/MOF-399 sample is shown in Figure 5.15B. The
t = 0 s spectrum is similar to that of the pristine sample with a large presence of C-C and C-O,
however, with reduced C=0O concentration. The presence of all carbon entities decreases as etch
time increases, reaching near-zero concentration at t = 360 s, which is similar to the carbon layer
on the pristine Ge sample. The similar etch times to remove the carbon layer between the pristine
Ge and Ge/MOF-399 samples indicates that the thickness of the carbon layers is likely similar.
Additionally, the small initial amount of C=O that is present at the surface of the film likely
indicates a degree of electrolyte solution decomposition, but minimal compared with pristine Ge

att>0.

Spectra for the Ge 3d regions for pristine Ge and Ge/MOF-399 are shown in Figure 5.15C
and 5.15D, respectively. Both samples show no evidence for the presence of Ge initially, and
increased Ge concentration as etch time increases. The pristine Ge sample shows a large degree of
GeO», which is a result of the native oxide layer on Ge. The lack of GeO> for the Ge/MOF-399 is
due to the oxide removal step during MHDA deposition. As stated previously, solution
decomposition at an electrode interface creates an insulating interfacial layer. Solution
decomposition continues until the resistance is large enough where the potential at the SEI layer-
solution interface is below the breakdown voltage of the electrolyte solution. Germanium oxide is

an insulating material and contributes to the insulating component of the SEI. Therefore, the
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overall SEI layer for the pristine Ge sample is likely a combination of germanium oxide and
carbon-based layers, where the Ge/MOF-399 sample is just carbon-based. This result indicates

that the overall SEI layer is thicker for the pristine Ge sample than the Ge/MOF-399 sample.

The Li Is spectra are shown in Figure 5.15E and 5.15F for pristine Ge and Ge/MOF-399,
respectively. These results are similar between the two samples and show that Li is present within
the surface films. Spectra for the O Is regions for prinstine Ge and Ge/MOF-399 are shown in
Figure 5.15G and 5.15H, respectively. These results complement the C 1s spectra, showing that
oxygen is present, specifically carbon-bound oxygen, and that the concentration decreases with
increases etch time. Additionally, as the concentration of carbon-bound oxygen decreases for
pristine Ge, the concentration of metal-bound oxygen increases, which is a result of germanium

oxide presence.

Lastly, the Cu 2p region for Ge/MOF-399 is shown in Figure 5.16. At t = 0, there is no
presence of Cu, indicating that any Cu was removed from the surface or is covered by SEI
formation as a result of solution decomposition. As etch time increases, the Cu signal appears and

persists with similar concentrations throughout the Ar etch, and then decreases at t = 360 s.

The stark difference in carbon species between pristine and MOF-399—coated Ge combined
with the presence of copper throughout the carbon layer indicate that the MOF-399 multilayer
survived the lithiation process. Additionally, while there was some evidence for solution
decomposition at the surface of the Ge/MOF-399 sample, it did not appear to substantially increase
the overall SEI layer thickness. Lastly, the presence of germanium oxide hints that the MOF-399
layer may act as a more stable artificial SEI than the solution decomposition-driven SEI as the

overall SEI thickness was larger for the pristine Ge sample than the MOF-399—-coated Ge sample.
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However, several more controls are needed before concrete conclusions can be drawn.
Characterization of a pristine (no lithium cycling) 12-layer MOF-399 film on Ge via depth profile
XPS would be beneficial for comparing chemical composition before and after lithiation. This
experiment will enable a more definitive analysis of the effect of lithiation and whether the film is
chemically altered. Additionally, characterization of a MHDA -passivated Ge sample would give
insight into whether germanium oxide influences solution decomposition-driven SEI film

thickness and if the MOF-399 film is more stable.
5.5: Conclusions and Prospects

In the presented work, we explored several possible systems for fabricating organic films
to be used as separators in molecular batteries. We used a thiol/carboxyl para-carborane with
copper in an attempt to assemble multilayer carboranes and found this design to be inadequate.
After several deposition cycles, we were only able to form layers up to ~ 10 A, which corresponds
to a bilayer. We hypothesize that the lack of interaction strength within the multilayer prevented
formation of thicker films. Unfortunately, these thicknesses are insufficient for application in a
molecular battery. However, it would be ideal to use carboranes if possible; therefore, it is worth
exploring other designs that increase interaction strengths. For example, by altering the placement
of carbon atoms within the carborane cage to induce dipole-dipole interactions or by using tri-
functional carboxylic acid groups, similar to the HKUST-1 system, to increase the degree of

copper coordination.

We also explored the conductivity of multilayers of MOF-14 and MOF-399 on Au through
electrochemical impedance spectroscopy. Ideally, films should exhibit ionic conduction and
electrical insulation to be applicable in a molecular battery. Here, we found that MOF-14 showed

signs of electronic conduction while MOF-399 was electronically insulating. From these results
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we concluded MOF-399 to be a more promising candidate to explore lithium permeability. To
conduct this measurement, we deposited MOF-399 on Ge and cycled against lithium using CV.
These results showed that while the MOF-399 film impeded Li-ion diffusion, the film was still
lithium permeable. Depth profiling with XPS and Ar-etching indicate that the MOF-399 film is
likely intact after cycling, prevents solution decomposition and further SEI formation, and is a
more stable artificial-SEI layer than a solution-decomposition—formed SEI layer. The results
presented herein support that MOF-399 is a promising candidate for a molecular battery insulator
and for fabricating an artificial SEI layer. Moreover, metal-organic, coordinated multilayering
appears to be a possible avenue for fabrication. This work lays the foundation for exploring metal-
organic, coordinated multilayering with other organic backbones, whose large-scale MOF

counterparts show large Li-ion conductivities.
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Figure 5.1: Schematic representation of molecules utilized for metal-organic coordinated thin
films: 16-mercaptohexadecanoic acid (MHDA), 1,3,5-benzenetricarboxylate (BTC, used in
HKUST-1), 1,3,5-Tris(4-carboxyphenyl)  benzene  (BTB, used in  MOF-14),
1,3,5-Tris(4'-carboxy[ 1,1'-biphenyl]-4-yl)benzene =~ (BBC, used in MOF-399), and

1-SH, 12-COOH para-carborane (PCB).
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Figure 5.2: Schematic representation of metal-organic-framework assemblies of (A)
16-mercaptohexadecanoic  acid (MHDA), and (B) copper (II) coordinated

1,3,5-benzenetricarboxylate (Cuz(BTC)., HKUST-1) on MHDA.
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Figure 5.3: Scanning tunneling microscopy of (A) 1-dodecanethiol and (B) m-1-carboranethiol
assembled on Au{111} shows topography of molecular assemblies. Schematic representations of
both molecules are underneath their respective micrographs. Micrographs are reproduced with

permission. !®
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Figure 5.4: Schematic representations of (A) ortho-, (B) meta-, and (C) para-carborane, all
possessing a neutral net charge, (D) carborane monoanion, possessing a net charge of -1, and (E)

dodecaborate, possessing a net charge of -2.
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Figure 5.5: (A) Schematic representation of metal-organic-framework assemblies of carboxy-
1,12-para-carboranethiol (PCB) with Cu?". (B) Thicknesses of PCB samples A (black trace)
prepared by solution-phase deposition for 1 h at room temperature using PCB in benzene, B (red
trace) prepared by solution-phase deposition for 24 h at room temperature using PCB in benzene,
C (blue trace) prepared via vapor-phase deposition for 24 h at room temperature using PCB in
benzene, D (purple trace) prepared by solution-phase deposition for 24 h at room temperature
using PCB in ethanol, and E (green trace) prepared by solution-phase deposition for 1 h at 70 °C
using PCB in benzene. Data were collected via ellipsometry. Results indicate that film thickness

up to 10 A formed, with error bars representing deviation in thickness on the same sample (n=>5).
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Figure 5.6: Thickness as determined by ellipsometry plotted with respect to the deposition cycle
for MOF-14 (black) and MOF-399 (blue) with dotted trend lines. The roughness of each deposition

cycle is plotted as the error bar.
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Figure 5.7: Atomic force micrographs of MOF-14 thin films grown on Au on Si.
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Figure 5.8: Atomic force micrographs of MOF-399 thin films grown on Au on Si.
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8 Layer MOF-14

Thickness (nm)

Figure 5.9: Bar graph (left) shows the thickness four MOF-14 film on Au samples, pristine,
submerged in an equal part solution of ethylene carbonate (EC) and diethyl carbonate (DEC) for
24 h (DEC:EC —24 h), a 1 M solution of LiClO4 in DEC:EC for 24 h (LiClO4 — 24 h),anda 1 M
solution of LiClO4 in DEC:EC for 48 h (LiClO4 — 48 h). The error bar is deviation in height across
the same sample (n=5). Atomic force micrographs (right) of the four samples show film

topography is maintained.
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Figure 5.10: X-ray photoelectron microscopy of MOF-14 that was soaked in a solution of 1 M

LiCIO4 in DEC:EC for 24 h, highlighting the (A) C 1s, (B) Cu 3p, (C) L1 1s, (D) Cl 2p, and (E) O

Is regions. The baseline is fitted using a Shirley background line shape (brown dashed-line).

162



Z" (Q x 10%)

-1.5

0.5

—— Pristine
Annealed
——Li24h

Z' (Q x 103)

(A)
MOF-14

-20
—a— Pristine (B)
1 A led
TeLizan MOF-399
-15-
-10-
-5-
) +——rr——rr—r——r—r—r——y
2 15 1 05 0 05 1 15 2

Z' (Q x 10%)

Figure 5.11: Electrochemical impedance spectroscopy (EIS) for (A) three 8-layer MOF-14 films

on Au samples: pristine (black trace), annealed at 130 °C for 2 h (red traced), and soaked in lithium

salt solution (1 M LiClO4 in EC:DEC) (blue trace). Spectra of (B) three 12-layer MOF-399 films

on Au samples: pristine (black trace), annealed at 130 °C for 2 h (red traced), and soaked in lithium

salt solution (1 M LiCIO4 in EC:DEC) soaked (blue trace).
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Figure 5.12: Schematic representation of the Ge anode / MOF-399 formation process.
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Figure 5.13: Atomic force micrographs of (A) bare Ge(100), (B) 4 layers of MOF-399 on Ge(100),
and (C) 12 layers of MOF-399 on Ge(100). Sample characterization revealed (A) roughness of
0.35 nm, (B) thickness of 15.0 + 1.0 nm as measured by ellipsometry with a roughness of 1.3 nm

as measured by AFM, and (C) a thickness of 35.1 = 1.6 nm and a roughness of 0.88 nm.
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Figure 5.14: Cyclic voltammograms of (A) a pristine Ge(100) wafer and (B) a Ge(100) wafer
coated with 12 layers of MOF-399. Scans were run for 10 cycles between 1.5 and 0.1 V vs. Li/Li"
at 0.1 mV/s for pristine Ge and between 1.5 and 0.05 V vs. Li/Li" at 0.05 mV/s for Ge with a MOF-

399 thin film coating.
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Figure 5.15: X-ray photoelectron micrographs of (A, C, E, and G) a pristine Ge substrate and (B,
D, F, and H) a Ge substrate coated with MOF-399 multilayers after 10 lithition/delithiation cycles.
High-resolution spectra were taken of the C 1s (A and B), Ge 3d (C and D), Li 1s (E and F), and

O 1s (G and H) regions.
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Figure 5.16: X-ray photoelectron micrographs a Ge substrate coated with MOF-399 multilayers

after 10 lithition/delithiation cycles, highlighting the Cu 2p region.
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CHAPTER 6: Conclusions and Prospects

In this dissertation, we have explored the importance of surfaces for devices, focusing on
germanium and lithium-ion batteries. Specifically, we have used an “all-surface” form of
germanium, germanane, as well as taken steps towards fabricating a molecular battery from an
understanding of germanium surface chemical control. This latter work led to the development of
a method to control the germanium surface work function through carborane SAMs. From the
experiments presented herein, it is evident that material surfaces play an important role in device
performance. The ability to control surfaces through organic passivation enables us to manipulate

various material properties as well as fabricate intricate nanostructures.

Here, germanane was explored for use as a Li-ion anode material. However, established
synthesis routes failed to produce the purity required for precision analysis of GeH-based anodes.
We used sonication and centrifugation as a means of creating large-scale dispersions of
germanane. This method proved useful for selectively dispersing GeH nanosheets, separating bulk
germanium impurities from solution. Additionally, the large-scale dispersions created, which will
be useful for further solution-processing techniques common to other two-dimensional materials.
For example, we have shown how GeH surfaces can be passivated with alkanethiols, thus altering
the surface energy of GeH nanosheets. This passivation technique may prove useful for controlling
air-instability issues or electronic properties of the sheets at a large scale. Additionally, this
solution processibility enables development of thin-film devices, a promising direction for this

material, due to its high carrier mobility and direct band gap of 1.53 eV.

The GeH dispersions were used to fabricate pure thin-film and carbon-GeH composite

thick-film anodes. We hypothesized that the volume-induced degradation will be reduced due to
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directionally-limited volume expansion. Representative GeH anode electrodes were found to have
a reversible Li-ion capacity of ~1100 mAh/g when cycled between 0.1 to 2 V vs. Li/Li", which is
near the theoretical maximum for germanium (1384 mAh/g). Additionally, these preliminary
experiments show that nanosheets are capable of high cycling rates, with 80% capacity retention

over 100 cycles, and 99% Coulombic efficiency.

While nanostructuring can improve performance of Li-ion anodes, the increased surface
area has the adverse effect of increasing solid-electrolyte-interphase formation. As stated above,
SEI forms on the surface of electrodes whose potentials are greater than the breakdown voltages
of the electrolyte solution. This SEI layer is then comprised of decomposed components of the
solution and other surrounding materials (i.e., anode or cathode), and acts as an electronic
“resistor” that continues to grow until the voltage drop across it is below the breakdown voltage
of the electrolyte solution. This SEI layer can impede ion flow and electrically isolate active
electrode materials, and thus be detrimental to battery performance. Therefore, increasing the
surface area of the electrodes increases the amount of SEI build-up, and subsequent SEI-specific
complications. However, the increased propensity for a larger degree of SEI formation with the
increased surface area of nanostructures does not negate the advantages of nanostructuring, but
instead illustrates the importance of controlling electrode-electrolyte interfaces (i.e., artificial
SEIs) or using electrolyte solutions that are stable in the battery’s operating voltage window (i.e.,
ionic liquids). Implementation of these strategies would not only benefit commercial battery
systems, but would also aid in removing variables in the characterization of new material and
architecture performance. Future work should explore germanane performance compared to other

germanium nanomaterials with ionic liquids to characterize structure-specific advantages.

170



Additionally, organic passivation may prove useful in fabricating artificial SEI layers.
Various head- and tail-group chemistries should be explored to create films that adhere strongly
to germanium anodes, are permeable to lithium ions, adapt to bulk volume changes, and prevent
solution degradation. This study may require using additional organic layers over the organic
passivation, where there are strong interactions between overlayers and passivation layers. It is
possible that the metal-organic films explored in Chapter 5 may prove useful for this area. These
systems can be tested initially on germanium thin films, and then extrapolated to germanium

nanomaterials.

Previous work we have conducted showed that the work function of Au and Ag surfaces
could be tuned while maintaining surface energy by using SAMs of different carboranethiol
isomers. Here, we expanded on that work to Ge surfaces. Previous research indicated that thiol
chemistry would be sufficient for anchoring carborane cages to the Ge surface, however, our
results indicate otherwise. Carboranes with different head groups (thiol, hydroxyl, and carboxylic
acid) were studied in order to identify which head groups facilitated SAM formation. Carboxylic
acid proved to be the only head group of those tested, to bind to both (100) and (111) surfaces. We
hypothesize that this selectivity in binding is due to a combination of steric and electronic effects.
Future work could explore this selectivity by testing different carborane isomers to study the
effects of pKa on binding, as well as studying molecules like benzenethiol and benzoic acid.
Additionally, our work showed that the Ge surface work function could be tailored by 0.4 eV
without significantly changing wetting properties. These results mirror the study of carboranethiols
on Au and Ag, and highlight a large advantage that carboranes can bring to electronic devices.
Carboranes offer the potential to tune energy level alignment of a wide range of materials, without

influencing wetting properties. This would aid in rapid prototyping of devices by greatly reducing
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complications in development. To support this claim further, a larger list of materials systems must
be established, which might include using the carborane carboxylic acid molecule in other popular

semiconductor systems, such as indium oxide.

Finally, we introduced the molecular battery as a potential answer to the miniaturization
demands for Li-ion batteries. The requirements and a potential design were outlined by using a
layer-by-layer deposition of organic molecules and metal-ion coordination. With the successful
deposition of carboranes on Ge surfaces, we explored carborane-based metal-organic
multilayering on Au{l11} surface and found that only bilayer was capable of forming.
Additionally, we investigated benzene-based organic linkers, specifically BTB (from MOF-14)
and BBC (from MOF-399) on Au{111} using EIS and found the BTB and BBC to be electrically
conductive and insulating, respectively. From this work, we continued to explore BBC on the
Ge(100) surface to investigate the films ionic conductivity using cyclic voltammetry. Preliminary
results indicate that multilayer films of BBC are ionically conductive under an applied potential
and are stable after several cycles. The results presented indicate a positive first step towards
realizing a molecular battery by presenting a working system (MOF-399) as well as supporting the
feasibility of using metal-organic coordination for molecular-deposition. Given the lithium
permeability of multilayered MOF-399, it is worth exploring full molecular battery assembly. This
construction can be achieved by depositing films of polypyrrole doped with a Li* salt over the
MOF-399 film using organic chemical vapor deposition. Full cell battery tests could evaluate
overall performance of this system and allow us to study how performance changes by altering the

number of layers of the separator.

Germanium’s predisposition to oxidize creates a number of challenges in processing. In

order to study Ge derived materials, atmospheric controls are required, which creates difficulties
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in scaling up. However, the methods presented here offer a good starting point. We have
highlighted several areas where surface control, and thus oxide control, can benefit devices and
how these controls can be implemented. From this work, a strong foundation has been laid to
explore germanium surfaces as well as other semiconductor surfaces for controlling properties and

fabricating nanomaterials and nanoscale devices, such as germanane and the molecular battery.
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APPENDIX A: Germanane Centrifugation Supporting Information

A.1: Atomic Force Micrographs of Dried Germanane Dispersions
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Figure A.1: Atomic force micrographs of dried germanane-isopropanol dispersions that were

centrifuged previously at 5 krpm for 30 min.
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Figure A.2: Atomic force micrographs of dried germanane-isopropanol dispersions that were

centrifuged previously at 10 krpm for 30 min.
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Figure A.3: Atomic force micrographs of dried germanane-isopropanol dispersions that were

centrifuged previously at 14 krpm for 30 min.
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A.2: Processed Germanane Atomic Force Micrographs

Figure A.4: Processed atomic force micrographs of 5 krpm samples highlighting particles.
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Figure A.5: Processed atomic force micrographs of 10 krpm samples highlighting particles.
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Figure A.6: Processed atomic force micrographs of 14 krpm samples highlighting particles.
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APPENDIX B: Carborane Supporting Information

B.1: Synthesis of Carborane Molecules

1-COOH-o-carborane: From the synthesis reported by Kahl and co-workers.! To a cooled
(-78 °C) solution of o-carborane (1.0 g, 6.9 mmol) in Et;O (9.5 mL) was added "BuL.i (4.8 mL,
7.68 mmol, 1.6 M in hexanes) in a dropwise fashion. The resultant solution was then allowed to
stir for 20 min at -78 °C, after which crushed dry ice (approx. 2.0-2.5 g) was quickly added to the
reaction mixture and allowed to continue stirring at -78 °C for 1 h before warming to room
temperature. All the volatiles were removed under reduced pressure and water was added to the
remaining residue. Hexanes (2 x 15 mL) were added to the aqueous mixture to extract any
unreacted o-carborane. Following this, the aqueous layer was acidified with 3 M HCI and the title
compound was extracted with hexanes (4 x 15 mL). The combined extracts were dried over
NaySO4 and all the volatiles removed under reduced pressure to give the title compound as a white

solid (O1COOH, Figure B1 and B2).

Yield: 0.8 g (61 %). '"H NMR (500 MHz, CDCl53): 5 1.50-3.20 (m, 10H, BH), 4.05 (s, 1H, Ccarborane-
H) 8.59 (1H, COOH); "B NMR (160 MHz): § -2.07 (d, 2B, 'Jgu = 148 Hz), -8.42 (d, 2B, 'Jpu =
152 Hz), -11.61 (d, 4B, 'Jgn = 173 Hz), -13.27 (d, 2B, 'Jgn = 178 Hz) Note: Due to the presence
of acid in CDCIs, the position for the resonance corresponding to COOH changes depending on

the concentration of acid.

9-COOH-o-carborane: From the synthesis reported by Craciun and Custelcean.? CrO; (2.6 g, 32.5
mmol) was slowly added to a solution of 9-ethyl-o-carborane® (1.0 g, 5.8 mmol) in glacial acetic
acid (14 mL) and concentrated sulfuric acid (1.4 mL) in an ice bath (5-15 °C). The solution was

stirred in the ice bath for 1 h and subsequently heated at 65 °C for 2 h. After cooling to room
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temperature, the solution was poured into ice cold water to give a white precipitate. The white
crystals were filtered off and recrystallized from methanol to give the title compound as a white

solid (O9COOH, Figure B3 and B4).

Yield: 0.63 g (57%). '"H NMR (400.1 MHz, DMSO-ds): 5 1.24-3.02 (m, 9H, BH), 5.00 (s, 2H,
Cearborane-H), 11.39 (s, 1H, COOH); "B NMR (128.4 MHz): 5 -0.46 (s, 1B), -3.41 (d, 2B, 'Jgn =

148 Hz), -9.65 (d, 4B, 'Jn = 145 Hz), -14.60 (m, 6B)

9-OH-m-carborane: From the synthesis reported by Spokoyny and co-workers.* SPhos (20.5 mg,
5 mol%), SPhos-Pd-G3 precatalyst (39.8 mg, 5 mol%), 9-Br-m-carborane (223 mg, 1 mmol) were
added to an oven-dried reaction tube and sealed with a PTFE septum cap. The reaction tube was
evacuated and backfilled with N> four times. 1,4-dioxane (2 mL) and a 1 M K3POys solution in
water (2 mL, deoxygenated by sparging with N> for 30 min) were injected. The rapidly stirring
reaction mixture was heated at 80 °C for 1 h in an oil bath. Upon completion, the reaction mixture
was extracted with Et2O (4 x 5 mL), the organics were filtered through a silica plug and solvent
removed under reduced pressure. The resulting dark brown oil was loaded onto a silica column
and washed with a 50:50 CH2Clx:hexanes mixture, the product was eluted from the column using
a 50:50 Et20O:hexanes mixture. The product containing fractions were combined and solvent

removed under reduced pressure to yield a white solid (M9OH, Figures B5 and B6).

Yield: 83 mg (52%). '"H NMR (500 MHz, CDCl): § 1.40-3.10 (m, 9H, BH), 1.61 (s, 1H, -OH),
2.74 (s, 2H, Cearboranc-H); "B NMR (160 MHz): § 8.6 (s, 1B), - 8.1 (d, 2B, 'Jsu = 162 Hz), -11.7
(d, 1B, 'Jen = 151 Hz), -15.0 (d, 2B, 'Jn = 162 Hz), - 16.9 (d, 2B, 'Jsn = 164 Hz), -20.5 (d, 1B,

Uen = 182 Hz), -27.1 (d, 1B, 'Jgn = 182 Hz).
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9-SH-o-carborane: Adapted from references 5,6. To a suspension of o-carborane (1.44 g,
10.0 mmol) and AICI3 (1.33 g, 10.0 mmol) in 30 mL dichloromethane at -78 °C, a solution of
sulfur monochloride (0.40 mL, 5.0 mmol) in dichloromethane (5 mL) was added dropwise under
an inert atmosphere. The reaction mixture was magnetically stirred overnight before quenching
with water. Extractions were performed with dichloromethane before the organic layers were
combined and removed under reduced pressure. The resulting solids were resuspended in a
solution of hydrochloric acid prior to the careful introduction of zinc dust. After stirring overnight,
the reaction mixture was quenched with water and the resulting precipitates were filtered and
purified via sublimation at 130 °C and silica column chromatography with 1:1 CH,Clx>:hexanes as

eluent (O9SH, Figure B7 and BS).

Yield: 194 mg (12%). "H NMR (400.1 MHz, CD2Cly): 5 0.42(d, Jp.=4.05 Hz 1H, S-H), 1.6-3.1
(m, 9H, B'H), 3.5 (S, lH, Ccarborane'H), 3.7 (S, lH, Ccarborane-H); llB{H} NMR (128.4 MHZ): 8 4.8,

-1.5,-8.0,-13.3, -14.3, -15.3.
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B.2: Characterization of Carboranes by Nuclear Magnetic Resonance

Nuclear Magnetic Resonance Procedures

'H and "B NMR spectra were recorded on AV 500 and AV 400 spectrometers in ambient
conditions. Bruker Topspin V3.5 software was used to process the FID data and visualize the
spectra. 'H were referenced to residual solvent resonances in deuterated solvents and are reported
relative to tetramethylsilane (5 = 0 ppm). !'B NMR spectra were referenced to Et;O-BF3 in a sealed

capillary (6 = 0 ppm).
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Figure B.1 Hydrogen nuclear magnetic resonance of 1-COOH-o-carborane in CDCls.
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Figure B.2: Boron nuclear magnetic resonance of 1-COOH-o-carborane.
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Figure B.3: Hydrogen nuclear magnetic resonance of 9-COOH-o-carborane in DMSO-de.
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Figure B.4: Boron nuclear magnetic resonance of 9-COOH-o-carborane.
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Figure B.5: Hydrogen nuclear magnetic resonance of 9-OH-m-carborane in CDCls.
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Figure B.6: Boron nuclear magnetic resonance of 9-OH-m-carborane.
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Figure B.7: Hydrogen nuclear magnetic resonance of 9-SH-o-carborane in CD>Cl.
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Figure B.8: Boron nuclear magnetic resonance of 9-SH-o-carborane.
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B.3: Density Functional Theory

Dipole moment calculations were performed with ADF 2014 Suite version 2014.047°
using TZP basis sets (Slater-type orbitals: double zeta core, triple zeta valence + 1 polarization
function). Geometry optimizations and single point calculations were performed using PBE-
D3(BJ),!!" B3LYP-D3(BJ),!*!?1* PBE0,'> and MO06,'® density functionals. Dipole moment
orientations for each density functional and carborane are listed in Table B1. Single point
calculations were performed with the substituted vertex and the antipodal vertex defining the Z-
axis, and the YZ plane defining the mirror plane of each functionalized carborane as listed in Table

B2. The Cartesian coordinates for all modeled carboranes are listed in Table B3.
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(0] Dipole [x] Iyl [z]

SH

PBE-D3(BJ) 3.75 0.69761753 -2.02337790 3.08190783
B3LYP-D3(BJ) 3.76 0.69857707 -2.03926806 3.07998822
PBEO 3.80 0.72607085 -2.05040678 3.12155451
MO06 3.76 0.68633331 -1.96946353 3.13057304
COOH

PBE-D3(BJ) 3.36 0.02519714 -0.67689966 3.29034758
B3LYP-D3(BJ) 3.24 -0.01342170 0.65789447 3.17322952
PBEO 3.37 0.01815419 -0.66460536 3.30156895
MO06 3.37 0.00588162 -0.63440538 3.31077017
09 Dipole [x] Iyl [z]

SH

PBE-D3(BJ) 5.24 0.64446826 -2.36186256 4.63162036
B3LYP-D3(BJ) 5.44 0.65385386 -2.37582172 4.85123856
PBEO 5.43 0.69030422 -2.38601933 4.83088071
MO06 5.11 0.59454144 -1.92794277 4.69062735
COOH

PBE-D3(BJ) 5.02 -0.94344730 -1.43560061 4.71673395
B3LYP-D3(BJ) 5.14 -0.68261308 -1.15677534 4.95928961
PBEO 5.17 -0.89359993 -1.31769858 4.91653076
MO06 4.97 -0.83310996 -1.20083782 4.74997079
M1 Dipole Ix] Iyl [z]

SH

PBE-D3(BJ) 1.96 0.52416668 -1.75154639 0.70188432
B3LYP-D3(BJ) 1.95 0.52204147 -1.76139729 0.66157757
PBEO 1.98 0.54561792 -1.77090327 0.68899967
MO06 1.81 0.35575413 -1.59927981 0.76714709
M9 Dipole [x] [yl [z]

SH

PBE-D3(BJ) 341 0.38944325 -0.83447575 3.27979973
B3LYP-D3(BJ) 3.59 0.38465372 -0.84122027 3.47001511
PBEO 3.56 0.39787710 -0.82292237 3.43715650
MO06 3.46 0.36310995 -0.85397928 3.33393794
Carborane Dipole [x] [yl [z]
ortho-CB

PBE-D3(BJ) 4.23 0.00035560 -2.23669758 3.58883336
B3LYP-D3(BJ) 4.27 0.00169187 -2.25599379 3.62271532
PBEO 4.31 0.00164996 -2.27739567 3.66292793
MO06 4.19 0.00004628 -2.21287112 3.56061348
meta-CB

PBE-D3(BJ) 2.68 -0.00148343 -2.27703813 1.40894095
B3LYP-D3(BJ) 2.70 -0.00050187 -2.29386751 1.42176463
PBEO 2.73 -0.00002894 -2.32236334 1.43464539
MO06 2.65 0.00142062 -2.24758244 1.39847908
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Table B.1: Dipole magnitudes and orientations calculated using density functional theory.



[0,0,0] [0,0,Z] [0,Y,Z]

OI-R B(12) c() cQ)
09-R B(9) CQ) c(n)
MI1-R B(12) c(1) c(7)
M9-R B(9) B(2) B(3)
o-carborane B(12) c(1) CQ)
m-carborane B(12) c(1) C(7)

Table B.2: The vertices that define the origin, Z axis, and YZ plane for DFT dipole moment

calculations in the reported carborane molecules.
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1-COOH-o-carborane: B3LYP-D3(BJ)

DWW DT W® O OO0 D W T

T OO IITIXI®WIWWIWIWwWT

1.47066970
-0.88772284
-1.47365773
0.00000000
0.00883851
2.32650464
0.00000000
0.88780802
-1.45715891
-2.32562892
-1.44878288
-2.47391866
0.00000000

-0.00119936
0.88827292
1.47583970
-0.89072320
-1.47495015
-0.00064168
1.44811608
2.47277320
1.45641663
-0.00207054
0.00221523
-0.00515878
0.02983732
0.00711656

-1.99326466
1.22189709
2.16608620
0.00000000
0.20302729
0.87284171
1.37505472
-1.22602368
0.46459508
0.87579493
-0.46528512
-0.77671238
0.00000000

0.02126492
1.22116510
2.16405959
-1.22480644
-1.99206509
-1.51074540
-0.46719794
-0.77951138
0.46238461
-2.57873895
2.27232379
-0.96912193
1.28593414
-0.76402587

1-COOH-o-carborane: M06
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-1.46940761
0.88327821
1.47131608
0.00000000
0.00048961
-2.30619628
0.00000000
-0.88450167
1.44216838

1.98218771
-1.21843862
-2.16250728
0.00000000
-0.21138825
-0.87687483
-1.36476267
1.22049135
-0.46473975

3.11395219
0.92877854
0.53899187
3.22137113
4.71806646
3.09948569
2.35822913
2.43968556
242626277
3.10225097
0.93746501
0.44297010
0.00000000

1.17998258
0.92924827
0.53892601
2.43975764
3.11285274
0.93512310
0.93738123
0.44250411
2.42544950
0.43279872
2.95609048
5.36966633
5.24557796
6.32083379

3.11148650
0.92796416
0.54513985
3.20715880
4.70134818
3.10622540
2.35149764
2.43313377
2.42570933
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2.30654874
1.43995130
2.46566022
0.00000000

0.00029348
-0.88294799
-1.47091200
0.88397806
1.46880227
-0.00042874
-1.44025591
-2.46596536
-1.44226684
-0.00070130
-0.00063456
0.00580432
-0.00337583
0.00569989

-0.87583392
0.46404938
0.77262086
0.00000000

-0.02513391
-1.21852035
-2.16233625
1.22084805
1.98263230
1.50449129
0.46365230
0.77189489
-0.46520804
2.57129376
-2.26227092
0.94878551
-1.29256587
0.73748748

1-COOH-o-carborane: PBE-D3(BJ)
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-1.47643756
0.88822549
1.48226766
0.00000000
0.00183630
-2.33530333
0.00000000
-0.88719620
1.45962500
2.33658567
1.44873475
2.48419700
0.00000000

-0.00040403
-0.88913406
-1.48508516
0.89178496
1.48423711
0.00141604
-1.44810055

2.00185458
-1.22364859
-2.17645899
0.00000000
-0.21332648
-0.87927867
-1.38002374
1.22858250
-0.46660595
-0.88137379
0.46661883
0.77995706
0.00000000

-0.02421647
-1.22312610
-2.17494179
1.22607364
1.99941761
1.51219092
0.46888560

3.10629654
0.93371502
0.44202576
0.00000000

1.17872620
0.92778823
0.54426395
2.43298302
3.11122939
0.92947547
0.93355425
0.44155962
2.42547042
0.42746470
2.95377023
5.35036355
5.21460998
6.29667503

3.12645953
0.93077251
0.53901424
3.23088408
4.73299922
3.11466418
2.36291918
2.44335012
2.42927611
3.11310221
0.93635076
0.43768009
0.00000000

1.19093258
0.93275604
0.54152345
2.44278515
3.12261335
0.93548551
0.93908904
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-2.48410402
-1.45768882
0.00199595
-0.00083076
0.02598248
-0.01534515
0.02378437

0.78207368
-0.46232975
2.59093113
-2.28446008
0.97044899
-1.30631216
0.74790181

1-COOH-o-carborane: PBE(O
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9-COOH-o-carborane: B3LYP-D3(BJ)

-1.47231433
0.88614016
1.47437679
0.00000000
-0.00613086
-2.32407690
0.00000000
-0.88711593
1.45279351
2.32379444
1.44658017
2.47773399
0.00000000

0.00066412
-0.88631763
-1.47484308
0.88791191
1.47353787
0.00002760
-1.44666614
-2.47784959
-1.45270496
0.00042026
-0.00103908
0.00867753
-0.02448893
0.00175243

1.99483266
-1.22028143
-2.17198934
0.00000000
-0.20354364
-0.87670751
-1.36627810
1.22479663
-0.46237386
-0.87776502
0.46666394
0.77829987
0.00000000

-0.02433215
-1.22021936
-2.17180280
1.22461489
1.99478129
1.51045613
0.46723027
0.77928086
-0.46188329
2.58367146
-2.26479289
0.96215624
-1.28438710
0.75483502

0.44153063
243326164
0.43012984
2.96810300
5.38511552
5.26243876
6.34267393

3.11891264
0.93215381
0.54695944
3.21701024
4.71371357
3.10761289
2.36047401
2.43901149
2.42729300
3.10818795
0.93552876
0.44055576
0.00000000

1.18556218
0.93226943
0.54705465
2.43887836
3.11827987
0.93309294
0.93588981
0.44105700
2.42704417
0.42869976
2.96165726
5.35841730
5.23732003
6.30645804
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-2.46556794
2.46576654
1.46969445
-0.00137621
0.89107512
1.48055175
-1.47379499
-2.32904863
0.00015870
-1.47382729
-0.00212321
-0.89001443
0.00000000
0.00000000
1.45284537
0.89221729
-0.88953702
-1.45390170
1.45045715
2.32762257
0.00125302
0.00000000
-1.45011580

0.03418620

-0.62938934

0.58505186

-0.53806474

0.77827481
0.77023286
-2.16513361
1.51156431
1.21500568
1.98385808
1.98482612
-0.88250192
-0.10908060
-2.16002815
-2.29333873
-1.22314326
-1.37825391
0.00000000
-0.47002699
-1.22775949
1.21601331
-0.46665676
0.46022332
-0.88355134
2.57147880
0.00000000
0.46883041

-0.06022027

0.97464691

-0.91708143

0.83776263

9-COOH-o-carborane: M06
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-2.45899428
2.45955743
1.47261805
-0.00163031
0.88523177
1.47584785
-1.47277051
-2.31585604
0.00081407
-1.47422414

0.76893902
0.76085434
-2.15930825
1.50477920
1.21296240
1.97492739
1.97504869
-0.87912495
-0.10852993
-2.15673363

0.41197171
0.40904497
0.50396247
0.92805722
2.42692347
3.09670964
3.10652206
3.07711966
4.27027114
0.50273006
2.91055051
0.91132970
2.34075917
0.00000000
2.41478684
0.91628664
2.43247080
2.41149338
0.92202706
3.08215612
0.41244564
3.19786240
0.92456161

1.59355387
2.18832705
2.25217214

3.14858524

0.41495500
0.41266580
0.51462187
0.92378809
2.42265618
3.09579379
3.10252123
3.07613777
4.26351363
0.51696125
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-0.00381718
-0.88425519
0.00000000
0.00000000
1.43696964
0.88841797
-0.88414921
-1.43769118
1.44208188
2.31298726
-0.00066992
0.00000000
-1.44122632

0.05287398

-0.72968436

0.71388304

-0.61194647

-2.28499674
-1.22007911
-1.37014473
0.00000000
-0.47079660
-1.22386677
1.21408575
-0.46696996
0.45811005
-0.88051997
2.56432847
0.00000000
0.46557274

-0.05544182

0.87652484

-0.82936719

0.75555310

9-COOH-o-carborane: PBE-D3(BJ)
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-2.47927747
2.47719079
1.48026823
-0.00407910
0.89206967
1.48843549
-1.48332774
-2.33858160
-0.00041752
-1.48692062
-0.00068124
-0.89387438
0.00000000
0.00000000
1.45207236
0.89383983
-0.89072371
-1.45455750
1.45078815
2.33579398

0.77981050
0.77206217
-2.17278705
1.51217925
1.21647955
1.99075648
1.99098722
-0.88765616
-0.10979324
-2.16994527
-2.30720779
-1.22361809
-1.38325845
0.00000000
-0.46909438
-1.22692558
1.21591198
-0.46794674
0.46155438
-0.88849073

2.91253954
0.91244484
2.33869474
0.00000000
2.41902476
0.91778091
2.42649546
2.41555340
0.92212879
3.08370347
0.40865683
3.18903213
0.92339916

1.59168782
2.18261972
2.23819144

3.13862128

0.41970416
0.41355845
0.50876230
0.93175306
2.43587870
3.11348019
3.12404451
3.09593040
4.29457831
0.50979401
2.92348202
0.91753407
2.34977746
0.00000000
2.42680475
0.92329420
2.44336992
2.42344392
0.92939828
3.09952153
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-0.00351699
0.00000000
-1.45174164

0.05177289

-0.91797590

0.85453165

-0.77208178

2.58562550
0.00000000
0.46862702

-0.06255140

0.70482008

-0.70961984

0.58500882

9-COOH-o-carborane: PBE(O
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-2.47254396
2.47123441
1.47088566
-0.00238896
0.88868208
1.47881754
-1.47261426
-2.32528893
0.00044212
-1.47784611
-0.00152120
-0.89023380
0.00000000
0.00000000
1.44731396
0.89068335
-0.88762337
-1.44842732
1.44854972
2.32353401
-0.00026470
0.00000000
-1.44948370

0.03802531

-0.81998566

0.74666755

-0.70125576

0.77794501
0.77062516
-2.16995756
1.51114459
1.21453653
1.98508436
1.98695751
-0.88251490
-0.10686388
-2.16532123
-2.28735784
-1.21963410
-1.36951306
0.00000000
-0.46696380
-1.22391871
1.21655731
-0.46331421
0.46127558
-0.88388832
2.57902749
0.00000000
0.46943530

-0.05278454

0.81926942

-0.77647408

0.70479184

0.41668455
3.21261709
0.93270664

1.59893607
2.19990206
2.25592356

3.16642559

0.41913236
0.41400125
0.51661872
0.92910036
243016714
3.10715175
3.11705561
3.09059285
427217117
0.51854532
2.91562244
0.91861735
2.34577391
0.00000000
2.42019443
0.92240864
2.43552741
2.41906069
0.92523101
3.09368005
0.41561847
3.19710964
0.92966142

1.59813744
2.18044962
2.25888270

3.13774956

196



1-SH-o-carborane: B3LYP-D3(BJ)
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1-SH-o-carborane: M06
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-1.46703333
0.88507512
1.47842652
0.00000000
-0.09410610
-2.31674982
0.00000000
-0.88300683
1.43952058
2.32079567
1.44908070
2.47768322
0.00000000

0.00115211
-0.88910740
-1.49004519
0.89209734
1.48603252
0.00605949
-1.44403148
-2.47051307
-1.43691081
0.01287857
-0.00560170
1.22904349

-1.46976310
0.88146811
1.47725803
0.00000000
-0.06864134
-2.30181259
0.00000000
-0.88356115
1.42860600

1.98407301
-1.22875758
-2.16723758
0.00000000
-0.15976527
-0.88465344
-1.39634432
1.21753256
-0.48460353
-0.90232958
0.45457747
0.76338892
0.00000000

-0.01323904
-1.22351820
-2.15744168
1.20864275
1.97247475
1.50415838
0.46464319
0.77683756
-0.47132475
2.57569718
-2.30349658
-0.03952196

1.97205936
-1.22335196
-2.16290847
0.00000000
-0.15621739
-0.88512319
-1.38107691
1.21376606
-0.47924717

3.12140909
0.91872509
0.52486033
3.24948926
5.03551996
3.09915629
2.34351442
2.44642091
2.43434028
3.09157072
0.94734281
0.45751393
0.00000000

1.18030538
0.92305603
0.53064897
2.45209721
3.12336315
0.94242050
0.94605034
0.45472268
2.43772501
0.44711965
2.92693241
5.24708043

3.11854436
0.92048310
0.53686220
3.22779992
5.00971474
3.10490017
2.34091402
2.43617926
2.43038820
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2.30443349
1.43967633
2.46931553
0.00000000

0.00198518
-0.88385448
-1.48334320
0.88242580
1.47131819
0.00223223
-1.43818991
-2.46546003
-1.42853459
0.00645031
-0.00285906
1.24920881

-0.89357888
0.45714351
0.76464379
0.00000000

-0.01920981
-1.22102945
-2.15759160
1.20848355
1.96587810
1.49991847
0.46145350
0.76765821
-0.47107991
2.57071536
-2.28516227
0.04017991

1-SH-o-carborane: PBE-D3(BJ)
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-1.47580952
0.88610660
1.48847252
0.00000000
-0.09333536
-2.32424483
0.00000000
-0.88472687
1.44095463
2.33232207
1.44895786
2.48910270
0.00000000

-0.00091630
-0.89035851
-1.49809767
0.89285271
1.49340457
0.00499907
-1.44522545
-2.48465147
-1.43858696

1.98916409
-1.23086361
-2.17572684
0.00000000
-0.16277901
-0.89139671
-1.40335955
1.21688172
-0.48592687
-0.90921952
0.45605979
0.76641087
0.00000000

-0.01595574
-1.22636133
-2.17045240
1.20960551
1.97901532
1.50556895
0.46457002
0.77662340
-0.47517612

3.09635563
0.94186003
0.45703073
0.00000000

1.17895928
0.92376990
0.53895933
2.44236020
3.12551152
0.93429003
0.93898880
0.44858197
2.43518588
0.44006987
2.93321762
5.19702423

3.13462606
0.91945709
0.51974688
3.25778645
5.04468347
3.11672217
2.34522225
2.45123340
2.43783795
3.10069783
0.94597756
0.45431956
0.00000000

1.19127605
0.92395099
0.53093454
2.45527967
3.13481768
0.94438205
0.94757534
0.45650861
2.44348057
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1-SH-o-carborane: PBE(O
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0.00924554
-0.00218993
1.24458882

-1.46547253
0.88302591
1.47693198
0.00000000
-0.10124629
-2.31402810
0.00000000
-0.88119488
1.43725380
2.32008892
1.44699156
2.48157443
0.00000000

0.00063355
-0.88731189
-1.48903264
0.89007926
1.48541580
0.00623070
-1.44193914
-2.47510986
-1.43478416
0.01264738
-0.00515481
1.22022649

2.58960523
-2.31691432
-0.04961020

1.98728095
-1.22590249
-2.17366588
0.00000000
-0.16028449
-0.88300649
-1.38265489
1.21886468
-0.47971921
-0.90042646
0.45658424
0.76464033
0.00000000

-0.01867510
-1.22080074
-2.16430626
1.20988561
1.97658117
1.50426344
0.46637459
0.77755805
-0.46632704
2.58099762
-2.29094108
-0.03404832

9-SH-o-carborane: B3LYP-D3(BJ)
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-2.46069026
2.46648409
1.47345868
0.00334154
0.88885635
1.47907585

0.76796958
0.77270513
-2.16363000
1.51000092
1.21405213
1.98156489

0.44936059
2.93614907
5.24167005

3.12645333
0.92338379
0.53563794
3.24238499
5.01927978
3.10883644
2.34829191
2.44318886
2.43381998
3.09815257
0.94350656
0.45272320
0.00000000

1.18576957
0.92763772
0.54210576
2.44894303
3.12632555
0.93823220
0.94280462
0.45166483
2.43763271
0.44079221
2.93423725
5.23465768

0.43184973
0.43901747
0.53419719
0.95325921
2.45652624
3.12738084
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9-SH-o-carborane: M06
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-1.48111842
-2.32934635
0.00026434
-1.46714081
0.00375331
-0.88608183
0.00000000
0.00000000
1.45279501
0.88627413
-0.88855446
-1.45049324
1.44610699
2.33072308
0.00183892
0.00000000
-1.44291725

-0.09365405

1.18545127

-2.45875233
2.45403478
1.46589072
-0.00368721
0.88335268
1.47735821
-1.47326751
-2.31602610
0.00186212
-1.46916957
-0.00491555
-0.88226219
0.00000000
0.00000000
1.43608949
0.88192946
-0.88319929
-1.43960753
1.43373438

1.98295120
-0.88183866
-0.10801659
-2.16894504
-2.29248248
-1.22951712
-1.37749463
0.00000000
-0.46744577
-1.22525149
1.21526174
-0.47081810
0.46559562
-0.88175127
2.57051691
0.00000000
0.45869817

0.00118882

-0.35325576

0.76708493
0.75951070
-2.16511815
1.50437459
1.21258989
1.97562472
1.97578892
-0.87949121
-0.10633936
-2.16028699
-2.28270240
-1.22119245
-1.36813945
0.00000000
-0.47039619
-1.22642250
1.21243246
-0.46727934
0.45637468

3.11886468
3.10031576
4.29802764
0.53462180
2.94244547
0.94132724
2.37198403
0.00000000
2.43497612
0.93689947
2.45079255
2.43649024
0.94590610
3.09831731
0.43790124
3.22547536
0.94246136

1.86263987

2.07747632

0.43474690
0.42933997
0.53876574
0.94504352
2.44171290
3.11185266
3.12099316
3.09769226
4.28568794
0.53826748
2.93932465
0.93579360
2.36510652
0.00000000
2.43686197
0.94053171
2.44774437
2.43374922
0.93877067
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2.31477153
-0.00326669
0.00000000
-1.43890149

-0.03330198

1.21638311

-0.87999005
2.56466303
0.00000000
0.46325332

-0.04881697

0.42281124

9-SH-o-carborane: PBE-D3(BJ)
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9-SH-o-carborane: PBE(
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-2.47394779
2.47953473
1.48404486
0.00223772
0.88989588
1.48676857
-1.49183418
-2.33898621
-0.00088062
-1.47743177
0.00449947
-0.88806773
0.00000000
0.00000000
1.45279299
0.88752378
-0.88958903
-1.45098841
1.44670273
2.34011721
0.00064518
0.00000000
-1.44283508

-0.09427131

1.19093887

-2.46609138
2.47365079

0.76792566
0.77480864
-2.17469395
1.51115667
1.21566116
1.98806765
1.98922516
-0.88849960
-0.10862903
-2.18106603
-2.30535667
-1.23250322
-1.38292825
0.00000000
-0.46778753
-1.22731589
1.21547718
-0.47372809
0.46677899
-0.88697318
2.58305394
0.00000000
0.45878007

-0.00827739

-0.39196719

0.76901244
0.77192919

3.09944097
0.42928427
3.21135412
0.94187332

1.86130912

2.01316924

0.43718598
0.44451609
0.54208198
0.95851295
2.46586740
3.14567070
3.13363464
3.11550976
4.32136117
0.53984249
2.95797188
0.94711350
2.38158696
0.00000000
2.44561618
0.94438305
2.46030447
2.44507756
0.95234548
3.11449144
0.44041121
3.23959505
0.94767359

1.86106495

2.05609664

0.43758797
0.44534824
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1.47467441
0.00378763
0.88746016
1.47908072
-1.47930344
-2.32543450
0.00008447
-1.47004549
0.00307355
-0.88501724
0.00000000
0.00000000
1.44813430
0.88472319
-0.88566831
-1.44555068
1.44483258
2.32651487
0.00356462
0.00000000
-1.44082495

-0.10320019

1.18261909

-2.17141062
1.51048453
1.21341219
1.98178466
1.98470215
-0.88189171
-0.10779372
-2.17404804
-2.28514801
-1.22718199
-1.36901282
0.00000000
-0.46580597
-1.22406073
1.21556695
-0.46740516
0.46546401
-0.88353833
2.57772488
0.00000000
0.46053855

-0.00456946

-0.32908450

1-SH-m-carborane: B3LYP-D3(BJ)

WIETWITW®W®™WITYVWAOQIW®WI
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-2.38555720
1.43996603
2.38924796
0.00000000
-0.04856247
-1.41908477
0.89355352
-1.44410139
1.44078407
2.38716895
0.89458442
1.53274916
0.00000000

-0.00193536

0.76334501
-0.46546218
-0.91399409
0.00000000
-0.07593329
-2.08253668
-1.20781444
0.48003848
0.46354178
0.74797192
1.22276198
2.06908953
0.00000000

-0.14580162

0.55042908
0.95563863
2.46028473
3.13889058
3.12996893
3.11258169
4.29926803
0.54846000
2.95008258
0.94886185
2.37720548
0.00000000
2.44036356
0.94477615
2.45439274
2.44206180
0.94915962
3.11120781
0.44078704
3.22435918
0.94658662

1.85715660

2.07350388

3.06835952
0.92799391
0.39414802
3.23778383
5.04495297
2.99786010
2.42661421
2.42239131
2.42929463
3.07028299
0.92220495
0.40344441
0.00000000

1.16893777
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1-SH-m-carborane: M06
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0.00000000
-0.00717036
-0.00134395
0.00532069
-0.89054033
-1.44203440
-2.39048073
-0.88918095
-1.52018605
1.41857222
0.94081050

-2.37867030
1.43072321
2.37979320
0.00000000
-0.02194812
-1.41621139
0.88727491
-1.43813228
1.43299278
2.37522208
0.88962240
1.52813670
0.00000000

0.00044346
0.00000000
-0.00395828
-0.00343444
-0.00062151
-0.88709252
-1.43267176
-2.38053164
-0.88433604
-1.51835038
1.41162871
0.65931766

-1.37504872
-2.35121407
1.51136769
2.49627051
1.22578736
-0.45896182
-0.91062872
-1.19602222
2.07408976
-2.09474336
0.81476154

0.74934875
-0.46477615
-0.91481092
0.00000000
-0.08541011
-2.07791141
-1.20621628
0.47360480
0.46023135
0.73666436
1.21847050
2.06534037
0.00000000

-0.14450287
-1.36497935
-2.34257707
1.50028995
2.48018596
1.22022904
-0.46057721
-0.91380653
-1.19520002
2.06841000
-2.09223731
1.06114095

1.01017144
0.54989034
2.41931623
3.06507320
0.91244042
0.93383126
0.40178924
243741111
0.38775373
2.98816882
5.23174153

3.06843454
0.92195927
0.39248942
3.22081129
5.02094212
2.99403521
2.41887907
241871647
2.42603302
3.07535247
0.92526364
0.41132441
0.00000000

1.16771256
1.00581910
0.54541853
2.42353763
3.07796967
0.91616350
0.92649083
0.39745889
2.43009565
0.39570981
2.98190443
5.19347957
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1-SH-m-carborane: PBE(Q

WEHWwWWwW T O @oWwo

-2.39660812
1.44063626
2.40110203
0.00000000
-0.05604076
-1.42815216
0.89267198
-1.44485861
1.44144553
2.39914802
0.89600877
1.54296252
0.00000000

-0.00208722
0.00000000
-0.00790154
-0.00065187
0.00462315
-0.88960762
-1.44262045
-2.40257981
-0.89064566
-1.52704939
1.42520276
0.95266546

-2.38545701
1.43628799
2.38982029
0.00000000
-0.05380207
-1.41791329
0.88948647
-1.43974261
1.43706120
2.38935750
0.89369317

0.76507190
-0.46700879
-0.91975517
0.00000000
-0.08230019
-2.09384255
-1.21241876
0.48173133
0.46430124
0.74619323
1.22393618
2.07665759
0.00000000

-0.14619296
-1.37767243
-2.36285938
1.51464499
2.50828707
1.22773936
-0.45927410
-0.91335347
-1.19982103
2.08309750
-2.10682832
0.80476191

0.76170017
-0.46518090
-0.91816388
0.00000000
-0.08462649
-2.08724396
-1.20733226
0.47915893
0.46348715
0.74473326
1.22306881

3.08106130
0.92941706
0.39388311
3.24706183
5.05473987
3.00819109
2.43240087
2.42870329
2.43596717
3.08339273
0.92756477
0.40469910
0.00000000

1.18014090
1.01044025
0.54775303
2.42773063
3.08166496
0.91728094
0.93630256
0.40175495
2.44190642
0.38784384
3.00088712
5.23514853

3.07461070
0.92577295
0.39105992
3.23438449
5.03046266
2.99645251
2.42378466
2.42381803
2.43035929
3.07509164
0.92313585
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1.53651185
0.00000000

-0.00281615
0.00000000
-0.00701558
-0.00081962
0.00371208
-0.88906848
-1.43808184
-2.39152861
-0.88636246
-1.52433551
1.41740857
0.93615840

2.07223935
0.00000000

-0.14774791
-1.36982570
-2.34823441
1.50941916
2.49759634
1.22642733
-0.45932285
-0.91386501
-1.19536274
2.07806481
-2.09947685
0.80298584

9-SH-m-carborane: B3LYP-D3(BJ)

W I DI W O@WWwOW D DT DTS DWW D T T

5]

-1.57157562
0.00572179
2.49430170
-1.42511169
-0.87799868
-1.57037327
-2.21055640
-0.00669333
-0.00121323
1.57778104
2.20783336
0.88871820
1.29907879
0.00000000
0.88713541
1.42855735
-1.30003705
0.00000000
0.00137809
1.58357310
-2.48725771
0.00000000
-0.87952159

-0.06262747

-2.07080450
2.57465831
0.71950788
0.47256613
1.22279623
1.97757379
-0.74026671
-2.51885777
-0.10340337
-2.07860503
-0.74484372
-1.22839357
-0.43884559
0.00000000
1.21892756
0.45795495
-0.43044040
-1.51267820
1.51493751
1.97002732
0.73296449
0.00000000
-1.22156352

-0.08231753

0.40264416
0.00000000

1.17419045
1.00782005
0.54730822
2.42212528
3.07382785
0.91452954
0.93256642
0.39986154
2.43390154
0.38945504
2.98689283
5.22247566

0.50994543
0.43741465
0.52282680
0.95709711
2.46971211
3.05061780
2.88343570
3.04456339
4.55344059
0.51647023
2.89712680
0.94874710
2.40265036
0.00000000
2.46201100
0.95115620
2.39398368
2.43827809
0.95579353
3.04284275
0.52290693
3.38314967
0.94018033

1.86237736
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9-SH-m-carborane: M06
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0.70142749

-1.56859196
-0.00018361
2.48766411
-1.42731134
-0.88069285
-1.57137382
-2.20334809
-0.00452575
-0.00048508
1.57328648
2.20162877
0.88646303
1.29163234
0.00000000
0.88295529
1.42413916
-1.29403286
0.00000000
-0.00321455
1.57643082
-2.48995171
0.00000000
-0.87953032

-0.02879705

0.75375454

1.00241390

-2.07098456
2.56101327
0.71622467
0.46587334
1.21445428
1.96631110
-0.73554469
-2.50649631
-0.10108464
-2.07592185
-0.73813041
-1.22337501
-0.43194417
0.00000000
1.21344108
0.45546494
-0.42628729
-1.50365672
1.50552820
1.96526296
0.72124143
0.00000000
-1.21758691

-0.04648838

1.03601548

9-SH-m-carborane: PBE-D3(BJ)

H
H
H
B
B
H
H

-1.57659526
0.00552912

2.50877258

-1.42937110
-0.88143377
-1.57771034
-2.22159331

-2.08545007
2.58709276
0.72514343
0.47277853
1.22450795
1.98759393
-0.74319343

2.07884898

0.51181710
0.42054892
0.51203322
0.95036799
2.45538024
3.03891084
2.87446334
3.04238490
4.53612883
0.51776110
2.88119316
0.94661226
2.38539741
0.00000000
2.44693031
0.94473975
2.37949898
2.43321721
0.94650946
3.02735649
0.51515776
3.36723268
0.93758088

1.85888290

2.01392430

0.51661581
0.43944215
0.52597042
0.96277503
2.47656068
3.06547551
2.89701371
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-0.00725823
-0.00150146
1.58411414
2.21708737
0.89135678
1.30229581
0.00000000
0.88805496
1.43250269
-1.30490002
0.00000000
0.00094167
1.58748464
-2.50144317
0.00000000
-0.88186575

-0.06125182

0.72940635

-1.57529459
0.00526913
2.50180141
-1.42604521
-0.87949197
-1.57441939
-2.20891933
-0.00616473
-0.00028666
1.58117528
2.20632652
0.88899027
1.29645159
0.00000000
0.88644384
1.42858572
-1.29731612
0.00000000
0.00094116
1.58477930

-2.53069151
-0.10136363
-2.09170012
-0.74599670
-1.22953979
-0.43755747
0.00000000
1.22110178
0.45916368
-0.42935133
-1.51337970
1.51645026
1.98163208
0.73619527
0.00000000
-1.22290483

-0.08953850

0.99193999

-2.07609894
2.58096977
0.72207795
0.47098237
1.22039508
1.97735050
-0.73865622
-2.51778330
-0.10381443
-2.08325005
-0.74172639
-1.22560208
-0.43489015
0.00000000
1.21688674
0.45853009
-0.42741236
-1.50703812
1.51424220
1.97078478

3.06045335
4.57748879
0.52268252
2.91329211
0.95725506
2.41100025
0.00000000
2.46830684
0.95791735
2.40145873
2.44972418
0.96164320
3.05696504
0.52256812
3.39464981
0.94864959

1.86133636

2.06477271

0.52108725
0.44126526
0.53169435
0.96244403
2.47149518
3.05802801
2.88693660
3.05339601
4.56022199
0.52676555
2.89947277
0.95519901
2.40266638
0.00000000
2.46398158
0.95643741
2.39572154
2.44366662
0.95843963
3.05041350
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-2.49579906
0.00000000
-0.88015830

-0.06573282

0.68573657

0.73081789
0.00000000
-1.21934407

-0.09467828

0.99650344

o-carborane: B3LYP-D3(BJ)

o O
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o-carborane: M06
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0.00000000
0.00000000

-0.00054870
-1.45096818
-2.32521836
0.00124647
-1.44821965
-2.47163758
-0.88918467
-1.47452253
0.88974034
1.47645189
1.44785199
2.47004952
-0.00101216
-0.00196119
0.00000000
0.00106336
1.45133921
0.88894429
-1.47527775
-0.88965966
2.32717707
1.47398403

0.00000000
0.00000000

0.00074495
-1.43895485

0.00000000
0.00000000

-0.01883287
-0.46736207
-0.88383818
-0.10943722
0.46263350
0.77251534
-1.22264826
-2.16618967
-1.22261621
-2.16500969
0.46314056
0.77594641
1.50843268
2.57690963
-1.37859970
-2.29345076
-0.46708384
1.21525912
1.98272597
1.21470707
-0.88206318
1.98524786

0.00000000
0.00000000

-0.02420238
-0.46759677

0.53027180
3.38409014
0.94782892

1.85662868

2.07767882

3.21487885
0.00000000

1.18023879
2.42902843
3.09614526
4.28740257
0.93670728
0.43787821
0.92620728
0.53251908
0.92699932
0.53269412
0.93691750
0.43676375
0.93957368
0.43775936
2.35629795
2.92662408
2.42945503
2.44549223
3.11979328
2.44536701
3.09572458
3.11821463

3.20103153
0.00000000

1.17894806
2.42845760
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-2.31148250
0.00053809
-1.44003246
-2.46523317
-0.88420062
-1.47130228
0.88471702
1.47238445
1.43993020
2.46460050
-0.00061623
-0.00114840
0.00000000
-0.00121291
1.43872135
0.88423356
-1.47239459
-0.88471354
2.31132156
1.47130079

-0.88278861
-0.11048808
0.46095579
0.76778716
-1.21936180
-2.16314832
-1.21895882
-2.16236885
0.46142191
0.76898871
1.50275556
2.57047211
-1.36712368
-2.28127950
-0.46720603
1.21198535
1.97570521
1.21148208
-0.88144021
1.97634600

o-carborane: PBE-D3(BJ)
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0.00000000
0.00000000

-0.00036805
-1.45378184
-2.33721405
0.00060735
-1.44811594
-2.48224118
-0.88977568
-1.48254159
0.89098786
1.48413809
1.44945108
2.48373575
-0.00075935
-0.00179905
0.00000000
0.00069856

0.00000000
0.00000000

-0.02281436
-0.46991381
-0.89043986
-0.11050345
0.46350972
0.77569476
-1.22489569
-2.17720918
-1.22435740
-2.17616458
0.46442891
0.77779797
1.51024856
2.59004373
-1.38440103
-2.30700032

3.09617647
4.27509091
0.93390843
0.43978143
0.92682756
0.54062818
0.92699941
0.54058276
0.93383097
0.43904358
0.93367152
0.43317342
2.35168305
2.92628114
2.42855803
2.43734997
3.11200542
2.43734329
3.09674034
3.11242896

3.22382471
0.00000000

1.19106066
2.43455265
3.10762040
4.30524003
0.93745627
0.43614575
0.92864600
0.53312723
0.92832214
0.53188702
0.93800843
0.43724944
0.94138202
0.43816771
2.36081766
2.93565609
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1.45251183
0.88939559
-1.48473005
-0.89123150
2.33603381
1.48095327

0.00000000
0.00000000

-0.00074381
-1.44704714
-2.32203424
0.00111040
-1.44654900
-2.47644482
-0.88712238
-1.47431943
0.88797928
1.47646211
1.44656230
2.47585255
-0.00051641
-0.00177612
0.00000000
0.00125331
1.44708261
0.88695198
-1.47616349
-0.88800843
2.32365091
1.47383656

-0.46921007
1.21609967
1.98862270
1.21456699
-0.88870304
1.99174712

0.00000000
0.00000000

-0.02229572
-0.46614620
-0.88623623
-0.10957453
0.46363339
0.77377191
-1.22098631
-2.17223609
-1.22060147
-2.17061242
0.46456254
0.77619257
1.50841300
2.58248309
-1.37008804
-2.28612454
-0.46525046
1.21490029
1.98287339
1.21393165
-0.88342040
1.98577260

m-carborane: B3LYP-D3(BJ)

O T ™ T

-2.38999972
1.44163292
2.39023623
0.00000000

0.75290851
-0.46381755
-0.91215370
0.00000000

2.43542004
2.45009493
3.13094208
2.45046416
3.10920571
3.13077902

3.20890406
0.00000000

1.18585054
2.42997550
3.10424220
4.28371463
0.93562105
0.43698298
0.92931949
0.53985720
0.92933448
0.53867089
0.93579027
0.43625913
0.93832111
0.43528438
2.35678773
2.92953317
2.43036638
2.44415881
3.12548216
2.44444951
3.10385043
3.12436625

3.06617721
0.93018599
0.39468212
3.21366399
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0.00036591
-1.42297387
0.89138030
-1.44194974
1.44146529
2.38954498
0.89306729
1.52664894
0.00000000

-0.00093823
0.00000000
-0.00086503
0.00014819
0.00213266
-0.89371425
-1.44145901
-2.38974398
-0.89046906
-1.52703893
1.42447824

2.37832855
-1.43190391
-2.37836550
0.00000000
0.00056326
1.41699610
-0.88405509
1.43261958
-1.43182960
-2.37878281
-0.88857527
-1.52372113
0.00007385
-0.00008312
0.00000000
-0.00070700
0.00000000

-0.00133684

-0.01328029
-2.09264783
-1.20288809
0.47080303
0.47090552
0.75504408
1.22462188
2.06936710
0.00000000

-0.14445494
-1.37812426
-2.35314111
1.51052914
2.49770193
1.22445650
-0.46401686
-0.91282191
-1.20363818
2.06876211
-2.09070642

-0.91490820
0.46825575
0.74769838
-1.36466671
-2.34004226
-2.09018194
-1.20130980
-0.46226535
-0.46410367
-0.91398037
1.22009602
2.06386446
1.50407057
2.48687610
0.00000000
-0.01570111
0.00000000

-0.14538150

4.29269884
2.98638579
2.43237530
2.42657234
242755957
3.06610033
0.91629307
0.38935562
0.00000000

1.16943638
1.00791688
0.54535567
2.41804609
3.06152420
0.91561803
0.92929741
0.39390393
2.43184740
0.38849801
298777774

0.39240847
2.42490848
3.06566674
1.00308008
0.53884301
2.97531526
2.42479717
0.92592830
0.92686204
0.39299100
0.91836871
0.39482960
2.41895516
3.06668363
3.19967038
4.27999280
0.00000000

1.16794051
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T T ® T ® W

0.88799114
1.43239031
2.37893492
0.88475280
1.52195310
-1.41398852

1.22071781
0.46828830
0.74708007
-1.20157306
2.06414690
-2.09127039

m-carborane: PBE-D3(BJ)

T WITWwW®WITTOQITW®WI

T T W T ®®IT®ITOQI

m-carborane: PBE(Q

O T ™ T

-2.40200060
1.44255716
2.40177206
0.00000000
0.00006304
-1.43136887
0.89086447
-1.44316549
1.44160998
2.40038068
0.89362955
1.53535268
0.00000000

-0.00021712
0.00000000

-0.00059056
-0.00016714
0.00085243

-0.89333073
-1.44212866
-2.40067495
-0.89170159
-1.53396118
1.43005151

-2.39008732
1.43794911
2.39066418
0.00000000

0.75460880
-0.46452439
-0.91714601
0.00000000
-0.01560663
-2.10395949
-1.20589105
0.47196867
0.47212328
0.75650225
1.22583725
2.07722959
0.00000000

-0.14564467
-1.38017569
-2.36407916
1.51317881
2.50970988
1.22549208
-0.46467192
-0.91723615
-1.20669701
2.07705661
-2.10189337

0.75129543
-0.46343780
-0.91629877
0.00000000

0.91849423
2.42458792
3.06540681
2.42298660
0.39308928
2.97693788

3.07690297
0.93222988
0.39444475
3.22228044
4.31040828
2.99578717
2.43818904
2.43285835
243351191
3.07690379
0.92105240
0.38998404
0.00000000

1.18062900
1.00896081
0.54397165
242621711
3.07587039
0.92020221
0.93171425
0.39289775
2.43692272
0.38833273
2.99912233

3.07189256
0.92853936
0.39106955
3.20822178
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H 0.00035730 -0.01575456 4.28927785
H -1.42137781 -2.09633926 2.98592054
B 0.88756254 -1.20184331 2.42898753
B -1.43811869 0.47003248 2.42680897
B 143735742 0.47015069 242763206
H 2.38955851 0.75293059 3.07152659
B 0.89185606 1.22425068 0.91713336
H 1.53025067 2.07234578 0.38854191
B 0.00000000 0.00000000 0.00000000
H -0.00069265 -0.14719304 1.17502437
C  0.00000000 -1.37228033 1.00647220
H -0.00047554 -2.34945823 0.54367226
B 0.00003412 1.50783325 2.41981234
H 0.00094206 2.49756784 3.07019963
B -0.89229567 1.22415194 0.91690052
B -1.43776512 -0.46406399 0.92828854
H -2.39019621 -0.91743438 0.39117592
B -0.88742684 -1.20194387 2.42880420
H -1.53048714 2.07264512 0.38886766
H 142119826 -2.09560897 2.98698531

Table B.3: Cartesian coordinates for all simulated carboranes as calculated by density functional

theory using B3LYP-D3(BJ), M06, PBE-D3(BJ), and PBEO.
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B.4: Schematics of Carborane Molecule Examples

Figure B.9: Schematic of 1-COOH-o-carborane, with boron, carbon, oxygen, and hydrogen

depicted in pink, grey, red, and white, respectively. Dipole orientation depicted with purple arrow.
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Figure B.10: Schematic of 9-COOH-o-carborane, with boron, carbon, oxygen, and hydrogen

depicted in pink, grey, red, and white, respectively. Dipole orientation depicted with purple arrow.
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Figure B.11: Schematic of 1-SH-o-carborane, with boron, carbon, sulfur, and hydrogen depicted

in pink, grey, yellow, and white, respectively. Dipole orientation depicted with purple arrow.
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Figure B.12: Schematic of 9-SH-o-carborane, with boron, carbon, sulfur, and hydrogen depicted

in pink, grey, yellow, and white, respectively. Dipole orientation depicted with purple arrow.
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