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PREFACE

Materials engineering for improving the quality of life and tackling global
issues is largely driven by surface chemistry approaches. Such strategies
aim to solve not only seemingly inconsequential concerns like protection
from the elements and non-stick cookware but also more critically pervasive
challenges associated with atmospheric pollution, climate change, chemical
warfare threats, cost-scalability factors of industrial processes, among others.
For many traditional, widely-applied materials such as silicon or graphene,
a diverse breadth of knowledge exists surrounding covalent derivatization
strategies to impart chemical or optoelectronic tunability, achieve surface
passivation, improve dispersibility in organic solvents or incorporation into
polymers, among others. This thesis work aims to borrow from such es-
tablished covalent derivatization techniques and exploit them for new and
emerging materials for applications in solar energy and photocatalysis, sens-
ing, electromagnetic shielding, protective barrier materials, and others. The
studies herein primarily surround two classes of low-dimensional materi-
als, bismuth-based oxyhalides and titanium-based carbides and oxides. In
the case of BiOI(001), to bridge the gap between the cleanliness of a freshly
cleaved surface and that available from purely chemical etching means, we ex-
plore a combination of wet chemical treatments and quantify the resulting in-

XV



Xvi PREFACE

terfacial chemical states and electronic structure. Ultimately, in combination
with overlayer models of idealized oxide-terminated or iodide-terminated
BiOI 2D surfaces, angle-resolved X-ray photoelectron spectroscopy, ARXPS,
demonstrate an oxide-dominated surface for nascent BiOl and an iodide-
dominated surface for BiOl following tape exfoliation or following sequen-
tial HF etching and sonication in acetone which each demonstrate distinct
electronic structure. Beyond BiOI, we present the first report of the opti-
cal properties and electronic band structure for a recently discovered one-
dimensional lepidocrocite (1DL) titania that we believe to be highly quantum
confined based on a comparably high band-gap energy compared to other
lepidocrocite titania structures. Transient absorption, TA, spectroscopy fur-
ther demonstrate broadband, long-lived sub-gap photoexcitations that we
postulate to originate from Ti** defects and oxygen vacancies based on re-
ports surrounding optically “black” TiO,. Nonetheless, significant work re-
mains to better understand the nature of these transient state dynamics and
the implications for realizing highly efficient applications in photocatalysis
and Li-based battery systems. For studies surrounding Ti3C,T, MXene, we
derivatize the material with covalent organosilanes and ultraviolet photo-
electron spectroscopy, UPS, demonstrate ~500 meV shifts in work-function
values resulting from relative surface dipoles. The magnitude and direc-
tion of the interfacial dipoles are tunable based on the chemical functionality
of the derivatizing molecules, and we discuss these results in the context
of shielding, sensing, and battery applications. Beyond the studies herein,
our derivatization strategies should broadly inform present approaches for
covalently connecting dissimilar materials to enhance carrier transport and
conductivities, improve atmospheric stability, design highly sensitive and
selective sensors, and more.
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CHAPTER 1

INTRODUCTION

Materials engineering for the purpose of improving quality of life and tackling
global issues is largely driven by surface chemistry approaches. Interfacial
functionalization presents an opportunity to solve critically pervasive chal-
lenges associated with atmospheric pollution, climate change, chemical war-
fare threats, cost-scalability factors of industrial processes, among many oth-
ers. This thesis explores a range of surface chemistry techniques for various
low-dimensional materials in the context of atmospheric stability, connect-
ing materials, and imparting selectivity and tunability. This surface science
work encompasses two classes of low-dimensional materials: bismuth-based
oxyhalides and titanium-based carbides and oxides. Nonetheless, our deriva-
tization strategies should broadly inform present approaches for covalently
connecting dissimilar materials to enhance carrier transport and conductiv-
ities, improve atmospheric stability, design highly sensitive and selective
sensors, among others.

Chapter 2 of this thesis details the history, syntheses, chemical configura-
tions, and derivatization strategies for conventional materials like silicon
and graphene, as well as for emerging, low-dimensional materials that may

Surface Science of Low-Dimensional Materials. 1
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2 CHAPTER 1. INTRODUCTION

present more favorable cost-stability factors, atmospheric stability, or op-
toelectronic properties as compared to traditional materials. Since the re-
discovery of graphene and its derivatives,! ™ 2D layered materials have gar-
nered remarkable interest across a range of applications for their unique phys-
ical, chemical, and optoelectronic properties.>~® Through our explorations of
emerging 2D materials, we were particularly interested in bismuth oxyiodide
(BiOl) for its oxidative stability, non-toxic and abundant precursors, and its
energetic alignment to silicon in the context of tandem-junction photovoltaics.
Chapter 2 details our explorations of BiOI(001) initiated by a number of wet
chemical processing steps. This led us to investigate the surface chemical and
electronic states throughout the sequential chemical treatments as quantified
by angle-resolved X-ray photoelectron spectroscopy (ARXPS) and ultraviolet
photoelectron spectroscopy (UPS). We ultimately proposed a wet chemical
etch for achieving chemically and electronically pristine BiOI(001) interfaces
that circumvents the mechanical constraints of traditional physical cleaning
methods for layered materials such as tape-cleaving. This holds implications
for minimizing performance-limiting interfacial defects for device-relevant
nanostructured BiOl.

Elsewhere, our colleagues at Drexel University became increasingly inter-
ested in MXene materials for their excellent electrical conductivities reaching
20,000 S em™! and favorable mechanical properties for energy, shielding,
and sensing applications. We initiated collaborations with them to leverage
our surface chemical treatments and physical characterizations aligned with
their growing interests for this emerging 2D material. A number of MXene
phases suffer from oxidative stability issues which limits widespread appli-
cation. Moreover, for energy and shielding applications, robust control over
the electronic structure of the material is highly desired. Chapter 5 details
our surface derivatization efforts for TizC,T, MXene which achieve tunable
work-function values based on covalent derivatization with organosilanes.
We ultimately demonstrated relative interfacial dipoles for derivatized ma-
terial that are tunable based on the chemical functionality of the derivatizing
molecules. Based on the utility of interfacial dipoles for silicon-based sensors
and photovoltaics, this holds promising implications for practical MXene
devices.

Concurrently with exploring alternative etchants for generating MXene that
preclude the use of hydrofluoric acid, our collaborators discovered a new syn-
thesis route for an underexplored polymorph of TiO,. They demonstrated
a near-ambient, scalable, one-pot synthesis that yields one-dimensional, ti-
tania lepidocrocite (1DL) nanofilaments from earth-abundant compounds
such as TiC, TiB,, TiN, etc. Despite promising initial results in photocatalysis,
substantial questions remain regarding the surface chemistry and carrier dy-
namics for this emerging TiO, material. We furthered our collaborations to
investigate the surface chemical and optoelectronic states for the 1DL material
to best inform future studies that rely on this insight. Chapter 6 details these



explorations and ultimately demonstrate a highly-quantum confined mate-
rial with long-lived visible photoexcitations which holds strong implications
for practical applications in photocatalysis and optoelectronics.

In the case of BiOl, preliminary photoluminescence spectroscopy studies in-
dicate photooxidative instability which must be addressed. Additionally,
the present chemical etching studies demonstrate chemically reactive step-
edges, but questions remain regarding the optoelectronic and photocatalytic
implications of the orthogonal reactivities across surface morphologies for
BiOI(001). Moreover, while the fundamental surface chemistries for other
titania polymorphs including the anatase and rutile phases are well char-
acterized, the lepidocrocite phase remains underexplored. Additionally,
present surface derivatization approaches for Ti-based MXenes are largely
directed toward improving atmospheric stability or dispersibility in organic
solvents and few studies correlate the interfacial chemical transformations
with the subsequent changes in optoelectronic properties. Chapter 7 ad-
dresses present challenges and knowledge gaps surrounding these emerging
low-dimensional materials in the context of future studies which are critical
for scalable, highly-efficient practical applications.

Appendices A, B, and C respectively present supplemental information sec-
tions for Chapters 4, 5, and 6 of this thesis. Appendix D details modifications
to the XPS including wiring that often comes undone in the birds nest of
wires behind the card rack in §D.3. Appendix E includes detailed outlines of
our air-free MXene derivatization procedures, some additional preliminary
XPS and UPS studies in Appendices F and G, as well as custom Igor scripts
in Appendix H that facilitate batch processing.

This thesis explores surface chemical transformations for a number of emerg-
ing low-dimensional materials including Bi-based oxyhalides and Ti-based
carbides and oxides. Studies surrounding BiOI probed changes in surface
chemical and electronic states as a function of wet chemical processing. In
the case of 1DL TiO, and Ti;C,T, MXene, we explored the optical and elec-
tronic implications of interfacial dipoles from intercalated cations and cova-
lent molecular overlayers. Our derivatization strategies and physical charac-
terization efforts should inform present studies for other emerging materials
that rely on interfacial tunability for highly efficient, scalable practical appli-
cations.






CHAPTER 2

SURFACE SCIENCE IN TRADITIONAL
MATERIALS, EMERGING MATERIALS,
AND BEYOND

2.1 Introduction

This thesis explores a range of surface chemistry techniques for various low-
dimensional materials in the context of atmospheric stability, connecting ma-
terials, and imparting selectivity and tunability. When addressing present,
fundamental knowledge gaps surrounding the surface chemistries of new
and emerging materials, it is critical to look toward literature-precedented
approaches for conventional, well-studied materials. Studies in subsequent
chapters in this thesis exploit the decades of established surface chemistry
strategies for traditional materials toward improving atmospheric stability,
installing selective chemical handles for subsequent adsorption or covalent
attachment, and imparting chemical and electronic tunability for newer,
under-explored materials. As such, the present chapter reviews surface
derivatization strategies and characterization techniques not only for con-
ventional materials including silicon and graphene, but also for emerging,
low-dimensional materials.

Surface Science of Low-Dimensional Materials. 5
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6 CHAPTER 2. SURFACE SCIENCE IN TRADITIONAL MATERIALS, EMERGING MATERIALS, AND BEYOND

Some applications for the 2D materials discussed herein include solar en-
ergy conversion, electromagnetic interference (EMI) shielding, and catalysis
which rely on interfaces with high electronic and chemical quality. Interfacial
defects and atmospheric instability can have devastating impacts on device
performance as well as interfere with redox reactions involved in catalytic
systems of interest. In addition, robust control over interfacial chemical and
electronic properties is critical for highly efficient photovoltaics, EMI shield-
ing, and chemical sensing.

Section §2.2 reviews the broad range of motivations for surface derivatization
strategies with applications across materials science, biomedical engineering,
environmental science, electronics, and chemistry that have revolutionized
everyday life in ways that are often overlooked.

Among the myriad of established surface chemistry techniques, work per-
formed towards this thesis largely employed selective etching chemistry or
covalent attachment of small, organic molecules to the surface of various low-
dimensional materials. When changing the interfacial composition of a mate-
rial, it is critical to identify and quantify the resulting chemical and electronic
changes. As such, brief discussions of various spectroscopic and microscopy-
based techniques for quantifying surface chemical states encompasses §2.3.
Among these tools, our studies relied heavily on X-ray photoelectron spec-
troscopy (XPS), ARXPS (angle-resolved XPS), and ultraviolet photoelectron
spectroscopy (UPS). A historical perspective of these techniques is detailed
here in §2.3 while a more practical, theoretical discussion is contained in
Chapter 3.

Since the rediscovery of graphene in 2004 by Novoselov and Geim,'~? 2D-
layered materials have demonstrated remarkable utility across a range of
applications for unique physical, chemical, and optoelectronic properties.>®
Among them, Van der Waals (VDW) materials, including graphite, are par-
ticularly compelling for the unique optical, electronic, and mechanical prop-
erties afforded by their layered structure. They are characterized by strong,
intralayer covalent bonds and weak interlayer van der Waals forces, between
which chemical or mechanical cleavage can yield pristine, single-layer 2D
sheets. In many cases, the layered structure affords high in-plane electrical
conductivity as well as excellent effective charge separation perpendicular
to the layers, which posits them as strong candidate materials for applica-
tions in photocatalysis, energy conversion and storage, and chemical and
biological sensing. Section §2.4 surveys a number of well-established surface
derivatization techniques for conventional bulk materials such as silicon,
as well as for traditional 2D layered materials such as graphene, group-16
dichalcogenides, and bismuth-based oxyhalides. In many cases, the changes
in interfacial chemical states following chemical derivatization have strong
implications for the electronic properties of the material. For materials like
silicon and graphene which have been of exceptional interest for decades, the
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intimate relationship between interfacial chemical states and optoelectronic
properties have been explored extensively. This thesis work exploits this
precedence for emerging low-dimensional materials, some being only few
atomic layers thick, for which small changes in surface chemistry could influ-
ence the electronic properties of the bulk material. This could be particularly
useful for energy and EMI shielding applications for which optoelectronic
tunability is desired.

Following, an introduction to the discovery and initial reports surrounding
some emerging low-dimensional materials is detailed throughout §2.5. MX-
enes, a class of 2D transition metal carbides or nitrides, have shown promising
results for photocatalysis, electrochemical energy storage, chemical sensing,
and more.” 13 Nonetheless, many MXenes tend to suffer from oxidative insta-
bility, which limits scalability and widespread application.'*'> Quaternary-
derived nanomaterials, a recently discovered class of metal-oxide materials
that possess a 1D lepidocrocite-like (1DL) TiO, nanofilament structure when
Ti is the metal, possess remarkable oxidative stability and compelling opto-
electronic properties afforded by their extremely-high-aspect-ratio structures
and strong quantum confinement effects.'®"17 While these properties posit
1DL as strong candidate materials for battery applications and photocatal-
ysis, questions remain regarding interfacial chemical and electronic states
that must be explored to realize practical implementation. Section §2.6 ex-
plores the present challenges and fundamental knowledge gaps limiting the
widespread application of these emerging low-dimensional materials. The
investigations surrounding Ti-based MXenes and 1DL detailed in Chapters
5 and 6 respectively were carried out to address several of these knowledge
gaps with a view, in part, toward applications in heterogeneous catalysis, the
foundations for which were laid by Gerhard Ertl, Gabor Somorjai, and others.
Finally, concluding remarks are summarized in §2.7.

2.2 Motivations for chemically derivatizing a surface

In the context of materials science and engineering, chemical derivatization
canbebroadly described as the process of attaching molecules to the surface of
amaterial, thus altering its surface chemistry, to impart new functionality and
capabilities. The molecules or particles can be either strongly attached via co-
valent linkages, or less robustly adsorbed through electrostatic or physical in-
teractions to the surface of interest. In either case, chemical derivatization has
been employed extensively in ways that have revolutionized everyday life,
and with recent advancements to vacuum technology and high-resolution
surface characterization techniques, practical applications only continue to
rise. One motivation for derivatizing a surface includes controlling surface
adhesion or surface repulsion of a species of interest, one prominent example
being waterproofing. Hydrophobic coatings are utilized extensively includ-
ing on paper cups or boxes (wax coatings), windshields for repelling rain
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and fog (RainX, Aquapel), footwear and outerwear, furniture and carpet to
prevent stains (Scotchgard™), among others. Other examples of derivati-
zation for repulsion include Teflon-coating for non-stick cookware as well
as antimicrobial and antifungal coatings in a range of applications includ-
ing high-touch household surfaces and hardware, and tools and equipment
in sterile environments, and HVAC systems. Alternatively, in some cases
selective adhesion is desired. For example, chemical derivatization of glass
dishes and microscope slides to promote cell adhesion or the immobilization
of proteins and enzymes is useful in the fields of biology and biomedical
engineering. Interfacial derivatization can also improve the atmospheric sta-
bility of a material, anti-corrosion coatings being a widely applicable case.
In some instances, depending on the nature of the adsorbates, changes in
surface chemistry can subsequently influence the electronic properties of a
material, which holds significant implications for applications in catalysis,
energy conversion and storage, and electromagnetic shielding, and will be
discussed more thoroughly in §2.4.

2.2.1 Covalent derivatization

Chemical derivatization of surfaces can include molecular thin films that are
attached though robust covalent linkages. Those that are formed by self-
assembly, or self-assembled monolayers (SAMs), encompass one class of in-
terfacial covalent adsorbates. Self-assembling molecules generally consist of
ahead group that chemically anchors the molecule to a surface, an alkyl chain,
and a terminal end group. Conveniently, the terminal end can be selectively
tailored to impart the desired chemical functionality for secondary chemical
reactions or adsorptions, for molecular recognition for subsequent thin film
deposition or growth, or for tuning electronic and optical properties. Among
them, organosilanes (organometallic compounds containing silicon-carbon
bonds) are ubiquitous for their facile self-assembly on sufficiently hydroxy-
lated surfaces.'® The head group generally consists of -trichloro, -trimethoxy,
or -triethoxy functionality, thusly linking the molecule to a surface at -OH
sites through covalent silicon-oxygen bonds. Organosilanes are widely em-
ployed for covalent attachment to metal oxide surfaces for a range of appli-
cations. In the case of silicon oxide surfaces for example, silane-treatment
of glass beads, silica gel, and sand in lab settings can impart hydrophobic-
ity to conventional stationary phase materials for column chromatography.
More broadly, silane surface chemistry has been employed extensively to
various materials across disciplines to promote immobilization of enzymes,
proteins, or cells,’2! to impart selectivity and sensitivity for chemical and
biological sensors,*~% to improve carrier transport and selectivity for energy
applications,?*~? to promote adhesion of hydrophobic coatings to metals,?
and to aid in passivation against atmospheric degradation.?’ =2
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Other commonly employed SAMs include organosulfur or phosphate species
which covalently bind directly at interfacial metal sites, precluding the need
for a hydroxylated surface. Organosulfur compounds including alkyl disul-
fides and alkylthiols exhibit strong binding affinities toward metal surfaces
through covalent sulfur-metal bonds including silver, copper, platinum, mer-
cury, and iron.’® Nonetheless, thiol-based SAMs have been studied most
extensively on Au(111) surfaces. Similarly to silanes, organosulfur-based
covalent derivatization is commonly employed for cell adhesion and the im-
mobilization of proteins and enzymes,?~3! and for sensitive and selective
gas sensing.3*% Additionally, thiol surface chemistry has assisted in catalyst
design,® in templating for various photolithographic techniques,®®~% and in
imparting pH sensitivity for electrode surfaces.?®

Alkylphosphates also readily form SAMs on metal surfaces through covalent
metal-oxygen bonds®**~*’ and have been investigated for covalently grafting
molecular sensors onto surfaces for trace explosive detection,*!~#2 for coatings
on metal stents for biomedical applications,*® for gate dielectric materials in
transistor applications,* among others. Moreover, alkyl or aromatic species
with amine functionality can be grafted onto surfaces through covalent amide
bonds. For example, this chemistry has been used to graft amine-terminated
chromophores (poly- and oligothiophenes) with to graphene-oxide for opto-
electronic applications® as well as to improve dispersion in common organic
solvents for applications that rely on solution-phase processing.*®

2.2.2 Noncovalent derivatization

Non-covalent attachment where molecular overlayers coat surfaces through
ionic or van der Waals interactions as opposed to covalent linkages encom-
passes another class of interfacial chemical derivatizations. A prevalent ex-
ample includes the adsorption of metal atoms on surfaces, which to date has
served an indispensable purpose for the electronics and sensing industries
in the fabrication of contacts for transistors and integrated circuits (ICs). In
practice, thin-film metal evaporation involves heating a metal in vacuum to
its melting point, with the resulting vapors condensing and depositing on
a substrate of interest. The technique dates back to the middle of the 19th
century, with early applications dominated by the optical-coating market,
including reflective or anti-reflective coatings on mirrors, or for decorative
purposes.*” With advancements in vacuum technology and the development
of magnetron sputtering, metal atom evaporation has become a prolific tool
across various industries and disciplines including electronics, chemical and
biological sensing, architecture, transportation, and renewable energy. More
specifically, the need for transistors and ICs has pervaded nearly every sector
of electronics, and in most cases, their fabrication heavily relies on the physi-
cal adsorption of metals on wafer substrates to form electrical contacts among
other things. Beyond metal adsorption, pyrene derivatives have been lami-
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nated onto graphene to yield enhanced power conversion efficiencies, strong
UV absorption for UV filtering applications, and enhanced electrical resis-
tance sensitive to atmospheric changes in the context of flexible electronics.*®
Moreover, thin-film depositions of electron- and hole-transport layers or di-
electric materials (Spiro-OMeTAD, PEDOT:PSS) via spin coating or thermal
evaporation often rely on non-covalent interactions and are utilized exten-
sively for energy and sensing applications.*~°!

2.3 Tools for quantifying surfaces and chemical derivatization

The fascination and interest in material interfaces has existed since antiquity,
and in the field of material science, the 1800s in particular were charac-
terized by several scientific breakthroughs surrounding the ways in which
material interfaces interact with their surroundings. Nonetheless, the tools
for studying the chemical and electronic properties of surfaces did not de-
velop in a commercially scalable way until the mid 1900s. Prior to the turn
of the 20th century, theoretical and experimental considerations of material
interfaces were dominated by molecular approaches. Characterization tech-
niques centered around describing and quantifying physical, chemical, and
optoelectronic properties of materials as a bulk ensemble of molecules. The
pioneering work of Lord Rayleigh (John William Strut) and Irving Langmuir
among others effected a shift in the surface science community toward consid-
erations of individual atoms at material interfaces as distinct from their bulk
counterparts. The advent of ultra-high vacuum (UHV) technology, semicon-
ductor electronics, and tunable synchrotron radiation in the mid-to-late 1900’s
enabled the realization of scalable, high-resolution, commercial instrumenta-
tion for characterizing a wide range of surfaces far beyond the solid-vacuum
interfaces that dominated initial studies. This section addresses several of
these techniques in brief, as well as details historical perspectives for those
most relevant to this thesis work more thoroughly.

2.3.1 Lab-based techniques

Presently, myriad powerful lab-based characterization techniques exist for
studying surfaces. Among them, several X-ray-based tools including X-
ray photoelectron spectroscopy (XPS), X-ray absorption near-edge structure
(XANES, also known as near-edge X-ray adsorption fine structure, NEXAFS),
X-ray fluorescence (XRF), and X-ray diffraction (XRD) are particularly useful
for probing surface chemical states. Moreover, several optical and vibra-
tional techniques are widely employed to probe surface and molecular struc-
ture as well as bonding geometry including Fourier-transform infrared spec-
troscopy (FTIR), infrared reflection-absorption spectroscopy (IRAS), Raman
spectroscopy and surface-enhanced Raman spectroscopy (SERS), and sum
frequency generation (SFG). In terms of microscopy-based tools, scanning
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electron microscopy (SEM), tunneling electron microscopy (TEM), scanning
tunneling microscopy (STM), field-emission microscopy (FEM), and field-
ionization microscopy (FIM) offer powerful insight into surface structure
and morphology. Additionally, for insight into electronic and valence struc-
ture, photoemission or ultraviolet photoelectron spectroscopy (PES or UPS),
inverse photoemission spectroscopy (IPES), ion neutralization spectroscopy
(INS), and electron-energy loss spectroscopy (EELS) are particularly use-
ful. These aforementioned techniques have demonstrated remarkable utility
across disciplines for probing surface chemical and electronic states, however
many are not relevant to this thesis and, thus, only a handful will be discussed
further.

Among lab-based characterization tools, the studies herein relied heavily
upon X-ray photoelectron spectroscopy (XPS), a powerful UHV technique
for probing surface chemical states, shown in Fig. 2.1. XPS gleans interfacial
chemical insight by exploiting the photoelectric effect, a phenomenon that
predates the realization of commercial XPS systems by over 60 years. Ger-
man physicist Heinrich Hertz paved that way for this discovery in 1886 when
he demonstrated that a charged object loses its charge more rapidly upon UV
illumination during experiments that were designed to produce and quan-
tify electromagnetic waves.?>~> Over the proceeding two decades, this phe-
nomenon was studied more extensively but it was not until Albert Einstein
proposed quantum-mechanical explanations in 1905 that the potential of XPS
for quantitative chemical analysis started to become clear.”® In 1914, shortly
after Einstein’s theoretical work, New Zealand physicist Ernest Rutherford
established photoelectron binding energy as the difference between the inci-
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dent X-ray energy and the kinetic energy of the emitted photoelectron®3, as
defined by eq 2.1:

BE = v — KE — ®p, 2.1)

In eq 2.1 BE is the binding energy, hv is the photon energy, KE is the kinetic
energy, and and ®p (capital Phi) is the inherent spectrometer work function.
This realization demonstrated that the kinetic energies of photoelectrons carry
indispensable chemical information regarding the material from which they
were emitted, but it still took more than 30 years for photoelectron spec-
troscopy to be realized as the prolific surface characterization tool that it is
today. It wasn’t until the 1950’s that Swedish physicist Kai Seigbahn de-
veloped the method of Electron Spectroscopy for Chemical Analysis (ESCA)
that produced the first high resolution XP spectrum which later won him the
1981 Nobel Prize in physics.>® Over the next two decades of the analog age,
commercial systems grew more widely available and XPS steadily became
a ubiquitous surface characterization tool for chemists. Its popularity was
rapidly accelerated in the mid 1980s with the rise of digital instrumentation,
and since then the practical use of XPS has broadened its scope far beyond
the field of chemistry and continues to rise in both popularity and utility. For
discussions beyond historical perspectives, XPS theory of operation; post-
acquisition data fitting; and quantitative interpretation of peak-area ratios as
it pertains to the studies herein is detailed more thoroughly in §3.2.

While XPS is primarily a surface-sensitive characterization technique due
to the short mean free path of electrons, several methods exist for probing
bulk versus surface contributions. One such method for depth profiling in
XPS was first demonstrated in the early 1970’s°~>° and employs ion beam
etching to physically remove material from the sample surface down into
the bulk. This destructive method commonly utilizes heavy argon ions, Ar™,
that are accelerated towards the sample to ionize and remove smaller atoms
from the material’s surface. Ion beam sputtering is most commonly utilized
as a method for surface cleaning of metals and other solid materials, how-
ever careful calibration of the instrument to samples with known thicknesses
enables correlation of sputter timescales with depth into the bulk material.
Other methods for surface cleaning includes in vacuo crystal cleavage®>°
during which an in situ abrasive apparatus inside the UHV chamber is ex-
ternally manipulated toward the sample surface to cleave the topmost layers
of crystalline material, revealing a pristine interface as in the cartoon in Fig.
2.2. These methods for depth profiling in XPS can be useful, as we have
demonstrated for characterizing the band structure of in vacuo-cleaved, pris-
tine Cs, TiBrg interfaces,” but the destructive nature limits their applications.
For materials that are low-dimensional and delicate in structure or are par-
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Figure 2.2. Cartoon illustration of in vacuo crystal cleavage and resulting band-edge
alignment for antifluorite cesium titanium bromide, Cs,TiBrs. Adapted from ref. 59.

ticularly prone to beam damage,® as was the case for studies surrounding
bismuth oxyiodide (BiOI), other less destructive methods are necessary.

One such non-destructive method includes angle-resolved XPS (ARXPS) that
deconvolves surface and bulk contributions by exploiting the exponential
decay of photoelectron current as a function of depth below the surface of
the material. In brief, ARXPS relies on tilting of the sample stage to vary
the photoelectron takeoff angle to selectively alter the relative sensitivities
to photoelectrons originating from the surface and from the bulk material
relative to the total photoelectron counts. Since bismuth oxyhalides are par-
ticularly prone to reduction under Ar ion bombardment, this technique was
employed extensively for studies herein probing chemical terminations at
BiOl interfaces as a function of surface chemical treatments. Practical discus-
sion of ARXPS theory and overlayer models as it pertains to this thesis work
is detailed in §3.3 as well as throughout Chapter 4.

While XPS analyzes photoelectron energies from core energy levels to probe
surface composition, several other surface characterization methods utilize
significantly lower incident photon energies that instead emit valence pho-
toelectrons to gain electronic insight into the material. Among such tech-
niques, ultraviolet photoelectron spectroscopy (UPS) was employed exten-
sively throughout this work to quantify interfacial electronic structure of
various solid low-dimensional materials as a function of surface chemical
treatment, shown in Fig. 2.3. With the inception of practical photoelectron
spectroscopy methods in the 1960s, UPS was pioneered by physicists Feodor
I. Vilesov and David W. Turner for analyzing photoelectron energies of free
molecules in the gas phase.®! Vilesov’s methods employed UV excitation from
a hydrogen source, while Turner’s studies utilized a differentially pumped
He I discharge lamp (hv = 21.218 eV), a UV source that is still commonly
employed in current UHV systems. Shortly after, William E. Spicer at Stan-
ford is credited with acquiring the first UP spectrum of copper as well as
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Figure 2.3. Cartoon illustration of traditional UPS analysis with 21.218 eV He I UV
excitation.

correlating the experimentally determined valence band structure with a cal-
culated density of states.®? Spicer’s contributions were a critical step toward
the development of practical, scalable UPS techniques for quantifying the
electronic and valence structure of solid, crystalline materials. Presently, UPS
is widely employed for probing solid-state band structure of materials for
energy conversion and storage,™®3% catalysis, =% optoelectronics,’® and
more.

In practice, lab-based multi-technique UHV systems are often equipped with
two or more incident photon sources, commonly Al and Mg for soft X-rays
and He I for UV excitation, allowing for sequential XPS and UPS measure-
ments in a single analysis chamber on the same sample. This is particularly
useful for materials prone to inhomogeneity or inconsistencies, but more im-
portantly, it also enables correlation of UPS-determined electronic structure
of a material to specific interfacial chemical features observed in XPS. Our
UHV system follows this design, which was critical for the studies herein
which rely on the quantification of the chemical and electronic changes fol-
lowing interfacial chemical derivatization. Additionally, the sample stages
in current commercial systems are often equipped with heaters and thermo-
couples for in situ heating of samples in UHV. While this is most commonly
employed to desorb surface contaminants for sample cleaning purposes, in
some cases it also enables isothermal desorption experiments in the context
of interfacial derivatization. In such studies, XP spectra may be acquired
prior to and following several hours of sample heating at ~200-250 °C to
quantify relative changes in photoelectron intensities. Quantitative analysis
of peak-area ratios of, say, an atom in the substrate material to a heteroatom
in a molecular overlayer, may discriminate between contributions to the
photoelectron signal from covalent attachment versus physical adsorption.
Desorption experiments of this nature can be useful for this reason as well as
for the convenience of the in situ execution, however they are limited by the
heating capacity of the sample stage and adjacent components and offer little
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quantitative insight into bond strengths and stabilities beyond that narrow
thermal range.

Temperature programmed desorption (TPD) is a much more robust tech-
nique for quantifying bond strengths and desorption kinetics of covalent
monolayers on material interfaces. While the original theory of TPD was
introduced by theoretical physicist Eugene Vigner, experimental methods
were pioneered by Michael C. Polanyi® with presently accepted theoretical
models due to Redhead.”’ TPD commonly employs a linear thermal ramp
from room temperature in UHV to upwards of ~500 °C and simultaneous
mass spectrometry analysis of the thermal desorbates. Linear heating at a
constant rate correlates time- and temperature-domain data to enable quan-
titative analysis of desorption kinetics of specific mass/charge features as a
function desorption temperature. Such experiments are prone to misinterpre-
tation and generally require rigorous control experiments, but when executed
properly, TPD serves as a powerful material characterization tool for quanti-
fying thermal stability, bond strengths, and desorption kinetics. The studies
in this thesis work surrounding chemical derivatization of low-dimensional
materials with organosilanes utilized isothermal desorption at 200 °C and
interpretation of relative photoelectron ratios prior to and following heating
to probe covalent attachment, but due to time constraints did not employ
any TPD analysis. Future studies surrounding these low-dimensional mate-
rials should employ TPD studies of the derivatized surfaces to quantify the
relative bond strengths and desorption kinetics of the molecular overlayer.
Such insight will greatly inform future studies that rely on this knowledge for
secondary functionalization to impart selectivity or sensitivity, incorporation
into flexible polymers, and more.

In terms of bulk characterization, X-ray diffraction (XRD) is one of the most
widely utilized lab-based X-ray tools for probing crystal structure, symmetry,
and lattice dynamics of solid, crystalline materials. XRD relies on the con-
structive interference of incident X-radiation with a regular array of atoms
in the crystalline material. A diffracted beam results when that constructive
interference satisfies Bragg’s law, defined by eq 2.2.

nA =2dsin 0 (2.2)

In eq 2.2, n is any integer corresponding to the diffraction order, A is the
wavelength of the incident beam, d is the spacing between diffracting planes
in the crystal lattice, and 6 is the angle of incidence with respect to the surface
normal angle. As such, the diffraction angle, 20, carries crystallographic
information regarding the arrangement of atoms in the material. For powdery
material with micro- or nano-scale crystallites, quantitative analysis of the 20
angles yield insight into not only the bulk crystal structure, but also the
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average particle size via Scherrer analysis’! when the full-width-at-half-max
of the characteristic peak exceeds that of the instrumental limits inherent to
the X-ray source. Additionally, shifts in 20 peak location can indicate lattice
stretching as a function of thermal changes or ion intercalation for layered
materials.”>~7* Single-crystal XRD relies on high-quality, larger crystals with
inherently more sample constraints, but yields more comprehensive chemical
insight compared to powder XRD (pXRD). The studies detailed in Chapter 4
relied heavily on pXRD for probing changes in crystalline chemical features
at distinct surface morphologies for BiOl single-crystal interfaces, and it was
also employed for bulk characterization of low-dimensional materials prior
to and following chemical derivatization, as in Chapter 5.

Beyond spectroscopy, several electron microscopy techniques are exceedingly
useful for probing surface morphology and structure for various solid mate-
rials. Among them, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were employed regularly throughout this thesis
work. While both methods employ an incident electron beam, conventional
SEM analyzes scattered electrons while TEM quantifies electrons transmit-
ted through the sample. Detection of secondary electrons from an incident
electron beam rastered across the surface of a sufficiently conductive sample
produces an SEM image of the surface topography of the material. As such,
SEM is a widely employed characterization tool for probing surface morphol-
ogy and roughness. TEM images yield similar results but can also glean in-
sight into the internal structure of the material. For studies surrounding BiOI
as in Chapter 4, SEM demonstrated the presence hexagonal Bil; present at
step-edges of HF-etched BiOl single-crystals to complement the observance
of a characteristic Bilz in pXRD. For the thesis work involving emerging
low-dimensional materials as in Chapter 6, TEM was utilized to probe mor-
phology of 1DL, a new class of lepidocrocite-like highly-quantum-confined
TiO, nanofilaments, as a function of synthesis parameters and deposition
conditions.

2.3.2 Synchrotron techniques

The discovery of synchrotron radiation emitted from a particular type of cir-
cular particle accelerator revolutionized the capabilities of XPS techniques
for studying surfaces. In practice, synchrotrons accelerate charged particles
radially around a vacuum tube through sequential magnetic fields to pro-
duce highly collimated and intensely bright light. Theoretical considerations
that an electric charge moving in a circular path should radiate energy dates
back to the turn of the 20th century, but practical designs for circular electron
accelerators did not come to fruition until 1946 by Edwin McMillan at Berke-
ley with a team at General Electric Research Laboratory.”> McMillan et al.
constructed a 70-MeV synchrotron accelerator and by the following spring,
the team made the initial observation of synchrotron radiation which they
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Figure 2.4. Stanford Synchrotron Radiation Light Source (SSRL) at the SLAC National
Accelerator Laboratory in Menlo Park, California at dusk. Adapted from ref. 77.

described as a stable beam with an approximate one square mm cross section.
Over the proceeding decades, the emergence of next-generation synchrotron
facilities had remarkable implications for surface characterization technol-
ogy, including and especially photoelectron spectroscopies. XPS historically
employed conventional metallic-anode X-ray sources, such as aluminum and
magnesium, which limits incident radiation energies to the fixed X-ray lines
inherent to the metal anode material. Alternatively, synchrotron radiation is
highly tunable ranging from infrared to hard X-rays, highly polarized, and is
typically emitted in nanosecond pulses which enables time-resolved studies.
As such, its discovery has propelled advancements in NEXAF (sometimes
referred to as XANES, both defined earlier) techniques for insight into and
valence structure and ARXPS methods for depth profiling. In practice, cur-
rent synchrotron facilities as shown in Fig. 2.4 are about the size of a football
field on average, the largest being seventeen miles in circumference,”® and
generally employ an ensemble of spectroscopic techniques at various points
along the beamlines including but not limited to XPS, ARXPS, UPS, and NEX-
AFS to enable a comprehensive view of a material’s interfacial chemical and
electronic structure.

The implementation of XPS with synchrotron radiation not only drove the
advancement of the aforementioned techniques, but also further evolved XPS
analysis of chemical dynamics on surfaces both at ambient pressures and at
fast timescales. Due to the large scattering cross section between emitted
photoelectrons and neighboring gas molecules, traditional XPS necessitates
a UHV environment. Nonetheless, the need for chemical and electronic in-
vestigations of in situ dynamics at material interfaces, such as the adsorption
of gas molecules on metals, drove research into instrumentation that would
enable XPS at higher, near-ambient pressures. Lab-based ambient-pressure
XPS (APXPS) techniques that employ differential pumping stages between
the high pressure sample chamber and the detector had been established since
Seigbahn’s studies in the 1970’s. Even so, its applications were limited by the
scarcity of available instrumentation and disadvantaged by contamination
from oil-based diffusion pumps.”® Since the advent of synchrotron radiation
as well as the development of electrostatic condensing lenses, investigations
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Figure 2.5. Generic band-energy diagram defining and localizing electron affinity,
EA, work function, @, ionization potential, IP, band gap, E;, vacuum level energy,
E..c, Fermi-level energy, E;, and valence band maximum energy, Evgm. Adapted from
Carl, A. D. Soft, Organic, Carrier-Selective Contacts at Inorganic Semiconductor Interfaces
Enabled by Low-Defect Covalent Bonding. Ph.D. Dissertation, Worcester Polytechnic
Institute, Worcester, MA, 2020.

of interfacial chemical dynamics afforded by APXPS techniques have risen
drastically since the early 2000’s.”® To date, synchrotron sources have enabled
in situ monitoring of: thin film and nanostructure syn’cheses,79 the nature of
adsorption and reactivity at metal catalyst surfaces,’*-8? chemical dynamics
at electrochemically active interfaces,®~% among others. Conveniently, due
to the limited availability of beamline time at synchrotron facilities, several
lab-based systems have been also developed over the last decade to enable
photoelectron spectroscopies at ambient or near-ambient pressures with the
use of conventional UV or X-ray sources (Al, Mg, or He).8~%

2.4 Traditional materials

This section reviews literature precedented surface functionalization strate-
gies for traditional materials including silicon, graphene, group six dichalco-
genides, and oxyhalides in the context of informing surface chemistry studies
for new and emerging low-dimensional materials. Among them, the surface
derivatization approaches most relevant to this thesis work aim to improve
atmospheric stability, to connect dissimilar materials, and to impart chemical
and electronic tunability. In particular, the discussions surrounding surface
chemistry for electronic passivation and optoelectronic control rely on fun-
damental understanding of the energetic band structure of crystalline solids
including the concepts of Fermi level, work function, and band bending at
material interfaces, including and especially dipole-induced band bending.
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Figure 2.5 depicts a general band-energy diagram for a semiconductor ma-
terial to illustrate fundamental definitions and positioning of various energy
levels. Briefly, the band structure of a semiconductor-vacuum interface de-
pends on its doping. For semiconductors, the Fermi-level energy, denoted
herein as Eg, is a hypothetical energy level that lies within the solid material’s
band gap that at thermodynamic equilibrium, would have a 50% probability
of being occupied at a given time. For n-type semiconductors, the Fermi
level is positioned closer to the lowest energy of the conduction band or the
conduction band minumum, Ecgy, relative to the middle of the band gap.
For p-type materials, the Fermi level is relatively closer the valence band
maximum energy, Eygm. As such, for semiconductors Fermi-level position-
ing is tunable as a function of dopant density. Conversely, for metals, the
Fermi-level energy is equivalent to the material’s work function, ® (capital
Phi), or the energy required to remove an electron from the surface of a con-
densed solid material into the external vacuum. In the case of a metallic
or semiconducting material with no native surface charges or dipoles, the
energy bands lie relatively flat in vacuum. Conversely, at the interface of
two materials (metal-semiconductor, semiconductor-semiconductor, liquid-
semiconductor) with distinct electronic structures, the relative carrier den-
sities shift as the Fermi levels of the two materials equilibrate, leading to a
‘bend’ in the energy bands.

Band bending can also result from the presence of interfacial charge or surface
dipoles. In the context of interfacial dipoles from covalently-tethered molec-
ular organics, the magnitude and direction of dipole-induced band bending
can be tuned by manipulating the chemical functionality of the derivatiz-
ing molecules to effect changes in electronic structure. For example, organic
overlayers with largely electron-withdrawing (EW) functionality may impart
a surface dipole that effects an increase in ¢ (lowercase phi) values with re-
spect to vacuum energy, that magnitude of which is proportional to that of
the dipole. Conversely, electron-donating (ED) functionality can yield inter-
facial dipoles opposite in directionality relative to those from EW groups,
thus yielding ¢ shifts to lower energies relative to vacuum. Dipole-induced
band bending has been well explored for a number of traditional semicon-
ductor materials in the context of interfacial passivation and optoelectronic
tunability. The proceeding subsections review such surface derivatization
strategies, among others, in the context of exploiting them for emerging or
under-explored materials.

2.4.1 Silicon

Research into silicon (Si), an intrinsic semiconductor with an indirect band
gap of 1.12 eV, for electronics encompasses more than a century of prece-
dence, and current state-of-the-art technology remains dominated by silicon-
based electronic devices including transistors, integrated circuits, and diodes.



20 CHAPTER 2. SURFACE SCIENCE IN TRADITIONAL MATERIALS, EMERGING MATERIALS, AND BEYOND

Presently, the utility of crystalline silicon as a robust semiconductor substrate
includes applications in photovoltaics, chemical and biological sensing, catal-
ysis, and Li-ion batteries, among others. Nonetheless, the H-terminated
Si(111) surface is prone to oxidation and the subsequent formation of dan-
gling bonds and mid-gap defects under ambient conditions which have
deleterious implications for overall performance.’6 Energy storage and con-
version applications for Si generally rely on interfaces with high chemical-
and electronic-quality, and as such, various strategies for passivation of sil-
icon interfaces have been investigated. In terms of chemical stability, the
nascent Si(111) surface is terminated in Si-H bonds which readily oxidize
under ambient conditions. Moreover, from an electronics standpoint, the Si
surface is most susceptible relative to the bulk material to disturbances in
lattice symmetry and electronic defect states that negatively impact carrier
dynamics. As such, passivation efforts to minimize oxidation and concomi-
tant recombination losses are dominated by surface chemistry approaches.
Thick thermally-grown oxides or deposition of metal oxide thin films includ-
ing Al,O3;, HfO,, Ga,03, and Ta,0Os, can achieve electronic passivation of
the Si(111) surface, however challenges associated with harsh experimental
conditions, expensive vacuum instrumentation, or their insulating nature ne-
cessitate alternative methods, particularly for applications that rely on high
electrical conductivity and scalability.”® Moreover, it is established that Si(111)
surfaces in contact with acidic aqueous solutions”” =% (e.g. 18 M H,SO4, 11 M
NH4F(.q), pH = 5 buffered HF(,q)) or some electrolytic redox solutions yields
exceedingly low surface recombination rates.”” 1% This has been attributed
to interfacial band bending and the formation of an inversion layer at the
semiconductor-liquid interface that drives carriers away from the surface
and into the bulk.”~'% Nonetheless, the experimental constraints involving
semiconductor-liquid interfaces for this form of electronic passivation pose is-
sues for scalability and practical applications that necessitate fully solid-state
configurations. For such instances, passivation efforts employing surface
chemical derivatization using straightforward, benchtop methods may be
more suitable.

Among molecular approaches to Si passivation, those employing deriva-
tization with covalent organic monolayers are most relevant to the stud-
ies herein. As discussed thoroughly elsewhere,” strategies for covalently
tethering aliphatic or aromatic organics to H-terminated Si(111) surfaces
can include silanization, hydrosilylation, halogenation-alyklation, electro-
chemical methods, among others. Conveniently, based on the lattice spac-
ing between adjacent silicon atoms at Si(111) interfaces, methylation via
two-step chlorination-alkylation yields nearly complete surface coverages.!!
Due to the total conversion of Si—-H bonds to stable Si—C bonds, the re-
sulting methylated surfaces demonstrate remarkable resistance to oxidation
as compared to H-Si(111) surfaces under ambient conditions as evidenced
by XPS analyses,'%*71% as well as comparably lower surface recombination
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Figure 2.6. Energy diagram illustrating the energy alignment at a material and a
surface contact at equilibrium for A a native dipole, B a “negative” dipole, and C a
“positive” dipole.

velocities. 1031057106 packing densities and subsequent monolayer coverages
decrease according to relative size and steric hindrance of the organic groups.
Nonetheless, H-5i(111) surfaces covalently derivatized with various alkyl
chains (ethyl, iso-propyl, tert-butyl, and octyl) as well as phenyl functionality
all demonstrate significant resistance to chemical oxidation as well as longer
charge-carrier lifetimes as compared to H-terminated surfaces despite lower
relative coverages.!®® Moreover, similarly to the band bending that occurs
at semiconductor-liquid junctions as discussed prior, covalent derivatization
of Si surfaces can impart relative interfacial dipoles that can effect changes
in photoelectrochemical behavior, photovoltaic properties, carrier dynamics,
as well as electronic interactions between that material and other contacting
phases.’?”~1 Figure 2.6 demonstrates relative Fermi-level equilibration at
the interface of a metallic material and a surface contact at equilibrium for
a native dipole, a “negative” dipole, and a “positive” dipole. For Si, such
molecular dipoles also play a role in electronic passivation as evidenced by
low SRV values, however it is likely secondary to the oxidative stability af-
forded by Si(111) interfaces dominated by Si-C bonds. Additionally, surface
derivatization with mixed monolayers, such as mixed methyl and allyl or
amino functionality, presents an opportunity for secondary chemistry at that
terminal site while retaining the passivating effects that near-complete methy-
lation achieves.!! This is particularly attractive for silicon applications that
necessitate high electronic quality and atmospheric stability but also rely on
specific chemical functionality, such as photovoltaics, catalysis, or chemical
and biological sensing.

Beyond the passivation of H-5i(111) surfaces, chemical derivatization of sili-
con oxide (SiOy) surfaces exploit a number of surface chemistries to achieve
chemical and electronic tunability for a range of practical applications. This
can include silicon oxide surfaces such as glass, silica, and sand, however
the discussions throughout the proceeding paragraphs are focused mostly
around bulk Si substrates terminating in a native or chemical SiO, layer. Fig-
ure 2.7 summarizes conventional approaches for covalent derivatization of
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Figure 2.7. Covalent derivatization strategies amenable to oxide surfaces includ-
ing SiO,,TiO,, graphene oxide, and others. Adapted from Pujari, S. P.; Scheres, L.;
Marcelis, A. T. M.; Zuilhof, H., Covalent Surface Modification of Oxide Surfaces.
Angew. Chem. Int. Ed. 2014, 53, 6322-6356.

oxide surfaces. Among attachment strategies for SiO, interfaces, organosi-
lanes are widely employed for their low-cost commercial availability and
facile self-assembly on surfaces under near-ambient conditions and are most
relevant to this thesis work. As discussed prior, organosilanes covalently
tether to hydroxylated surfaces through the formation of O-5i-O bonds. In
the context of SiO, surfaces for chemical or biological sensing, silanization
presents an opportunity for robust control over selectivity and sensitivity to-
ward particular analytes based on the chemical functionality of the molecule.
The terminal groups of a particular silane can be strategically selected or de-
signed to adsorb, either reversibly or irreversibly depending on the applica-
tion, specific gases, enzymes, and proteins that subsequently effect small but
measurable changes in electrical properties for sensing applications. In one
such case, a chemical field-effect transistor (chem-FET) employed an array of
silicon nanowires derivatized with aminopropyltriethoxysilane (APTES) for
sensing trace explosives. This particular instance exploited the affinity for
the terminal —NH, to reversibly bind the common explosive trinitrotoluene
(TNT) to enable highly sensitive detection at sub-fentomolar concentrations
of TNT. Additionally, other silicon-based chem- or bio-FETs have employed
functionalization with APTES using similar chemistries for the highly sensi-
tive and selective detection of important biomarkers,!!! 114 gases,!1>-116 and
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small molecular organics.'!”~118 A number of these instances rely on sec-
ondary functionalization at the terminal amine site for added control over
the required chemical functionality to achieve higher selectivity for a partic-
ular analyte. As will be discussed in proceeding sections, these particular
applications of silanization on well-characterized Si surfaces strongly inform
derivatization strategies for other emerging materials for sensing and en-
ergy applications that may demonstrate better cost-scalability factor or are
more attractive for incorporation into polymers for applications in flexible,
wearable electronics.

In addition to chemical tunability, covalent derivatization of SiO, surfaces
presents an opportunity for tunability of optoelectronic properties and car-
rier dynamics that is particularly useful for energy or catalysis applications.
Secondary derivatizations at a terminal amine or allyl group on silanized
Si surfaces can install larger aromatic organic molecules that are strongly
absorbing and are amenable to functionalization that affords tunability of
electronic structure. One such example which is particularly relevant to the
future directions of this present work involves inexpensive and commercially
available rylene derivatives, which are known to exhibit tunable shifts in
electronic structure as a function of both chain length and substitution at the
bay positions.!?*~120 This is especially attractive for energy applications for
which carrier selectivity through absolute energy level tuning is desired. As
demonstrated previously,” perylene tetracarboxylic dianhydride (PTCDA)
can be covalently tethered to aminosilanized SiO, surfaces through an imide
linkage. Our group explored this primarily in the context of silicon-based
multi-junction photovoltaics for imparting carrier selectivity afforded by en-
ergy level tuning. Beyond parameterizing the initial PTCDA attachment, our
group also demonstrated straightforward anhydride-to-imide conversions at
the terminal ends of surface-bound PTCDA to install specific chemical han-
dles for further attachment of tandem-relevant contacts or semiconductor
layers.” The rationale for these studies is that flexible, organic linkers should
obviate misalignment from lattice-mismatching of dissimilar semiconductor
materials to enable enhanced conductivity and minimize interfacial electronic
defects. This precedence posits surface- or edge-functionalization with pery-
lene derivatives as a powerful opportunity for covalently connecting rigid,
inorganic materials for applications that rely on high conductivities and min-
imal electronic defects. As will be discussed more thoroughly in subsequent
chapters, future studies surrounding emerging low-dimensional materials
could exploit this chemistry for covalently “sewing” 2D sheets or filaments
together at their high-conductivity axes for enhanced carrier transport and
electronic tunability for a range of applications.
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Figure 2.8. Covalent functionalization strategies amenable to graphene surfaces.
Adapted from Park, J.; Yan, M., Covalent Functionalization of Graphene with Reactive
Intermediates. Acc. Chem. Res. 2013, 46, 181-189.

2.4.2 Graphene

Since its re-discovery in 2004 by Novoselov and Geim,' graphene has be-
come one of the most widely studied and applied materials for its com-
pelling mechanical and electronic properties as well as its wide range of
nano-scale structures. Pristine graphene is a single-layer 2D allotrope of the
Van der Waals material graphite consisting of a r-conjugated carbon atoms
arranged in a honeycomb crystal lattice.!?! Its crystal structure affords a range
of unique properties that are uncommon for traditional nanostructured ma-
terials including ultrahigh carrier mobility; excellent thermal conductivity,
mechanical strength, and flexibility; long electron mean free paths; and some
remarkable quantum effects including the observation of quantum Hall effect
even at room temperature.'?! In addition, due to the high surface area and op-
tical transparency, graphene is widely employed as a transparent conductive
electrode material for energy and electronics applications. While graphene
was initially discovered by mechanical exfoliation from graphite, the current
breadth of synthetic routes for producing well-defined graphene sheets and
nanostructures most commonly include chemical exfoliation; chemical vapor
deposition; electrochemical methods; and chemical, electrochemical, thermal,
or photocatalytic reduction of graphene oxide.*® While graphene is gener-
ally a zero-band-gap material, few-layer graphene structures are amenable
to bang-gap opening when the interlayer symmetry is broken by an exter-
nal, perpendicular electric field.!?* Chemical derivatization or oxidation of
graphene surfaces has since been shown to achieve similar results, with the
magnitude of the induced band gap being tunable from ~0.1-2.5 eV as a
function of the oxidation conditions or the electronic structure of the grafted
molecular organics. This is particularly useful for applications that rely on
the quasi-semiconducting behavior of band-gap-opened graphene and the
resulting changes in optoelectronic properties.

Compared to the wide array of functionalization chemistries available for
H-Si or SiO, -OH-containing surfaces, chemical derivatization approaches
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for graphene are much more constrained. Chemical routes for covalent at-
tachment that Fig. 2.8 graphically summarizes generally rely on either the
cleavage of conjugated C=C bonds to attach free radicals or dienophiles,
or the oxidation of graphene to graphene oxide (GO), which significantly
broadens the scope of attachment strategies. The primary motivation for
graphene functionalization is to improve its dispersion in common organic
solvents, as many practical applications rely on solution phase chemical pro-
cessing. As such, in many of the instances mentioned throughout this section,
enhanced dispersibility in various organic solvents was achieved. Addition-
ally, a vast number of studies demonstrate enhanced photocatalytic activity
of graphene structures by way of chemical doping. Nonetheless, as similar
results were achieved using guano,'?* the discussions surrounding chemical
derivatization strategies will focus instead on other more impactful applica-
tions. Among them, a number of molecular organics have been covalently
attached to graphene surfaces to effect changes in electronic structure or to im-
part desired chemical functionality for subsequent attachment or molecular
recognition for a range of applications.*¥121-122

A number of non-covalent surface attachment strategies that rely on ionic or
van der Waals interactions with the rt-system of graphene exist. Among them,
functionalization with nanoparticles or evaporation of metals for electrical
contacts among other things are commonly employed. Interfacial adsorption
of nanostructures precious metals such as Pt, Au, Ag, Rh, and Pd are par-
ticularly useful for catalytic applications including sensors, supercapacitors,
and energy storage and conversion. Moreover, nanostructured metal oxides
can be deposited onto graphene surfaces for similar applications as well as
for flexible electronics, gas sensing, and transparent conductive electrodes.48
Nonetheless, covalent derivatization strategies for graphene and graphene
oxide surfaces are more relevant to this thesis work and will be discussed
more thoroughly.

Covalent attachment to n-conjugated graphene maintains the 2D hexagonal
symmetry of the lattice, and therefore can be preferrable for applications
that rely on the robust physical and mechanical properties afforded by this
structure. Without oxidation, covalent derivatization generally employs free
radical chemistry with diazonium salts or benzoyl peroxides, or the graft-
ing of dienophiles which generally react through 1,3 dipolar cycloaddition
or nitrene addition.*® Free radical addition of nitrophenyls onto graphene
have been shown to induce a controllable band gap*¥124~1% or afford changes
in conductivity that are tunable as a function of reaction time.*®12¢ This is
particularly useful for applications that rely on semiconductor properties of
graphene including photovoltaics, nanoelectronics, among others. In terms
of dienophiles, 1,3 dipolar cycloaddition with azomethine ylide is commonly
employed to nanostructured graphene, most notably for grafting pyrrolidine
rings to the surface. Because the ring is amenable to diverse functionaliza-
tion, pyrrolidine attachment is especially useful for applications that rely
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on specific chemical handles including drug delivery, fluorescence imaging,
chemical or biological sensing, and polymer composites.* Beyond pyrro-
lidine, phenyl and alkyl azides can covalently attach through nitrene ad-
dition. In one such case, graphene sheets functionalized with alkylazides
of varying chain lengths facilitated the attachment of gold nanoparticles to
investigate reactive site distribution.'”” Additionally, a range of functional
groups and polymer chains have been attached to graphene for the purpose
of secondary modification including surface-initiated polymerization and
metal-ion reduction.*® While derivatization of conjugated graphene has been
remarkably useful, the disruption of the 7 system yields significant changes
in the electronic properties and local structure, including a decrease in carrier
mobility by multiple orders of magnitude,*® that may be disadvantageous
for some applications.

Beyond m-conjugated graphene, derivatization of graphene oxide (GO) is
amenable to a much broader range of surface chemistries afforded by the
addition of oxygen-containing functional groups. Many of the derivatization
strategies depicted in Fig. 2.7 can be employed for graphene oxide surfaces.
While the explicit interfacial chemistry and homogeneity of graphene oxide
remains a topic of debate, a broad consensus is that GO surfaces contain
regions of oxygenated aliphatic regions dispersed throughout regions of -
conjugated graphene.*® Generally, the surface contains epoxy and hydroxyl
terminations while carboxylic groups decorate the edges. This presents an
opportunity for orthogonal functionalization of terraces and edges which
may be convenient for a number of applications. For example, one study
demonstrated effective cross-linking of graphene sheets to form a paper-
like membrane via amidation with polyallylamine at the edges of adjacent
sheets.!?® The relative improvement to mechanical strength as compared to
non-functionalized graphene may posit this and other polymer-crosslinked
graphene composites as candidate conductive polymers for applications
in flexible, wearable electronics and sensors. Moreover, graphene is com-
monly functionalized with a number of biocompatible polymers, including
polyethylene glycol, as a means for secondary adsorption of other chemical
species of interest. PEGylated nanographene oxide has been employed to
further functionalize the surfaces with antibodies or peptides for selective
cancer therapy and drug delivery'?~13 or with photosensitizers for intracel-
lular imaging applications.!3-136

Apart from polymers, covalent functionalization of graphene oxide for the
purpose of sensitive and selective sensors encompasses a large portion of
derivatization efforts.!” One compelling study imbedded functionalized GO
in cotton yarn to develop highly sensitive, wearable fiber-type gas sensors.!3
Derivatization included covalent grafting of heptafluorobutylamine (HFBA),
1-(2-methoxyphenyl)piperazine (MPP), or 4-(2-keto-1-benzimidazolinyl)pi-
peridine (KBIP) that react via nucleophilic substitution at the epoxy groups.
Conveniently, MPP and KBIP are amendable to diverse chemical functional-
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ization at their respective terminal ends to enable highly selective sensing of a
broad range of adsorbates. Additionally, GO nanoplatelets derivatized with
the enzyme glucose oxidase reacted at the interfacial carboxylic acid groups
to enable highly sensitive, biocompatible glucose sensors.'® As high sensitiv-
ities in these sensing applications rely on high surface areas, graphene oxide
is a highly suitable material due to the broad collection of synthetic routes for
various graphene nanostructures.'*’ Nonetheless, while graphene remains a
useful conductive material for a number of practical applications, the lack of a
nascent electronic band gap and relatively simple interfacial chemistry limits
itsapplications. This drives research into other low-dimensional semiconduc-
tors with more diverse chemical compositions and subsequent opportunities
for tunability in the context of energy and catalysis applications.

2.4.3 Layered 2D materials Beyond Graphene

The discovery of graphene and its derivatives is thought to have marked the
inception of new and diverse classes of low-dimensional materials, including
other layered 2D structures which are most relevant to this thesis work. Fig-
ure 2.9 summarizes a number of bioelectronics-related 2D materials and their
applications. Among them, Van der Waals (VDW) materials are particularly
compelling for the unique optical, electronic, and mechanical properties af-
forded by their layered structure. As discussed prior, the layered structure af-
fords high in-plane electrical conductivity as well as excellent effective charge
separation perpendicular to the layers, which posits them as candidate ma-
terials for applications in electronics, photocatalysis, and energy conversion
and storage. For example, hexagonal boron nitride (h-BN) is a layered mate-
rial isostructural to graphite with alternating honeycomb lattices of boron and
nitrogen. Due to the effective separation of photogenerated charges, h-BN is
often coupled with traditional semiconductor photocatalysts, such as TiO,,
to yield composite materials with comparatively enhanced photocatalyic and
photovoltaic performance.!*! Moreover, since it is a wide-band-gap insulator
(~5.9 V), h-BN is most commonly employed as a dielectric layer for energy
or sensing applications.

Beyond h-BN, transitional metal dichalcogenides (TMDs) are ubiquitous
VDW materials for their compelling physical and optoelectronic properties,
natural abundance, and relative atmospheric stability in many cases. The
general structure of TMDs, the first of which was discovered in 1923 by Li-
nus Pauling,'*? follows the formula MX, where M is a group 4-10 transition
metal (typically Mo, Nb, W, Ni, V, or Re) and X is a chalcogen (typically
Se, Te, or S).* The bulk crystal structure consists of a covalent, atomic M
layer sandwiched between two weakly VDW-bonded X layers. Among the
present library of around sixty TMDs, those that are Mo- or W-based, in-
cluding and especially molybdenum disulfide (MoS,), are the most widely
studied and employed as they are semiconducting with sizeable band gaps
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Figure 2.9. Bioelectronics-related 2D materials beyond graphene, their unique prop-
erties, and practical applications. Reproduced from Wang, B.; Sun, Y.; Ding, H.; Zhao,
X.; Zhang, L.; Bai, J.; Liu, K., Bioelectronics-Related 2D Materials Beyond Graphene:
Fundamentals, Properties, and Applications. Adv. Funct. Mater. 2020, 30, 2003732.

between 1-2 eV and are generally stable under atmospheric conditions.!4?
Since it maintains its mechanical strength under a wide range of tempera-
tures and pressures, early uses employed MoS; as an efficient dry lubricant or
additive in greases, polymers, paints, and other coatings.!** Presently, two-
dimensional bulk and nanostructures of MoS, have demonstrated utility in
various energy storage and conversion applications. For example, the ef-
fective charge separation and possibility of ion intercalation afforded by the
2D-layered structure make MoS; a common anode material for Li- or Na-ion
batteries or for supercapacitor applications.!*® Nonetheless, for many such
applications, optoelectronic and chemical tunability is largely desired.

As is the case for silicon, graphene, and other traditional materials, func-
tionalized TMDs afford robust control over energy band structure and se-
lective chemical handles to enable enhanced selectivity and specificity for



2.4. TRADITIONAL MATERIALS 29

Figure 2.10. Crystal structure of BiOI(001) showing a bismuth-oxide termination
considered further in Chapter 4.

energy and sensing applications. In the case of MoS,, as sulfur vacancies
are commonly present at lattice edges or corners,'* covalent derivatization
approaches often employ molecules with thiol functionality to occupy those
vacancy sites. The earliest known reports for covalent functionalization of
MoS, demonstrate the corner-site-selective attachment of dibenzothiophene
(DBT) to MoS, nanoclusters in the context of desulfurization of fossil fuels.
Since then, MoS; structures have been derivatized with thionin for the highly
sensitive detection of DNA,'¥” with thiol-terminated PEG ligands to modulate
the catalytic activity of g-galactosidase,'*® with lipoic acid/PEG composites
to enable chemotherapy treatment for breast cancers, among others. Ad-
ditionally, covalent attachment of thiols with terminal carboxyl, hydroxyl,
or amino functionality provide chemical handles for further derivatization
which is particularly useful for sensing applications to improve selectivity
and sensitivity as well as for energy applications that rely on connecting
dissimilar materials. Such approaches are most relevant to this thesis as a
number of emerging materials discussed in subsequent sections may exploit
them for similar applications.

Apart from TMDs, bismuth-based layered structures encompass another par-
ticularly promising class of traditional VDW materials as bismuth itself is
non-toxic and layered bismuth-based materials can be produced via several
low-cost methods.!*~1% Among them, bismuth oxyhalides, BiOX (X = Cl,
Br, or I), are a family of V-VI-VII layered semiconductors that have been
known since antiquity, as evidenced by the longstanding, multi-millennia
use of BiOCl as a popular cosmetic ingredient.!® Nonetheless, one may con-
sider bismuth oxyhalides an emerging class of 2D materials as they have
only recently been investigated for energy conversion applications includ-
ing photovoltaics and photocatalysis. The VDW structure of these materials
consist of a covalent bismuth oxide layer with [Bi-2 O-Bi]** stoichiometry
that alternates with double slabs of weakly VDW-bonded halide layers, each
with X~ stoichiometry, Fig. 2.10. Among studies that have investigated these
oxyhalides for energy storage and conversion,'> photocatalysis,!>>~157/160-162
or water-splitting,'%3-1¢” BiOI has consistently exhibited enhanced photocat-
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alytic activity as compared to BiOCI or BiOBr.'11%8 In addition to its ~1.8 eV
indirect band gap,'*”1%° literature reports often attribute favorable electronic
properties to the layered two-dimensional structure with static charges and
repeating electric fields in the [001] direction. For example, researchers at-
tribute high photocatalytic activity of oxyhalides under UV and visible light
to efficient charge separation of photogenerated electron-hole pairs afforded
by the inherent static electric field.!®® However, other electronic properties
demonstrate varying behavior. For instance, most hydrothermal or solvother-
mal routes yield p-type BiOL!*? however spray pyrolysis'® and microwave
hydrothermal'® methods have produced n-type behavior. In addition, the
exact chemical species, contaminants, and interfacial states at BiOl interfaces
remain unknown. Fundamental insight into the interplay between synthe-
sis parameters, interfacial chemical states, and the resulting optoelectronic
properties is critical for highly efficient, practical applications in catalysis
and energy conversion and storage. Moreover, the wide variety of synthetic
methods yield varying polycrystalline and nanostructured BiOl in addition to
high-temperature vapor-transport that yields large, single-crystalline mate-
rial. Asis the case for many layered VDW materials, mechanical exfoliation of
large single crystals straightforwardly yields chemically pristine surfaces of
this 2D-layered material, but such macroscopic physical methods are unavail-
able to “clean” device-relevant nanostructures, such as vertically-oriented
nanofilms. The work detailed in Chapter 4 aims to understand how chemical
processing can bridge the gap between nascent BiOI and chemically pristine
surfaces, as well as quantify the resulting chemical and electronic properties.
Since high-resolution XPS reveals oxide-rich surface terminations and XRD
reveals the presence of crystalline Bil3 features, we looked toward estab-
lished chemical etchants for metal oxides as well as organic solvents known
to well-dissolve the interfacial contaminant Bils.

2.5 Emerging Materials

2.5.1 MXene Discovery from MAX Phases and Applications

The re-discovery of M,+1AX,,, or MAX, phase materials (where M is an early
transition metal, A is a group 13 or 14 element, X is carbon or nitrogen (n =1,
2, or 3) in 1995 by Barsoum and El-Raghy'”’~!7! had tremendous technologi-
cal impact for their unique electronic and mechanical properties. The ternary
MAX phases are hexagonal in crystal structure with edge-sharing ‘M6X’ octa-
hedra alternating with atomic A-element layers. Further, they can crystallize
into one of three distinct phases that are distinguished only by the number of
M layers separating the A layers.!”> While initial reports of the MAX phase
materials date back to the 1960’s,1737174 it wasn’t until two decades later that
their unseeming combination of metallic and ceramic properties were uncov-
ered. Barsoum and El-Raghy revealed that like ceramics, the MAX phase
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Figure 2.11. Cartoon illustration depicting the synthesis of multilayered Ti;C, MX-
ene from MAX-phase Ti;AlC, by etching treatment with HF. Sonication can further
delaminate the multilayered Ti;C; to yield individual 2D sheets.

material TizSiC; is stiff and relatively light with high thermal stability and
oxidation resistance. Nonetheless, it was surprisingly machinable, thermally
and electrically conductive, resistant to chemical shock, and plastic at ele-
vated temperatures. This was an impactful discovery in that materials that
are well-suited for high temperature applications, like ceramics, are generally
hard, brittle, and not well machinable which poses limitations in practicality
and scalability. Moreover, the fabrication of conventional nanolayered mate-
rials tends to be costly and not suitable for high-temperature applications. As
such, these newly-uncovered MAX phase carbides and nitrides fulfilled a crit-
ical need for materials with high thermal and oxidative stability that are also
highly machinable, electrically conductive, damage tolerant, and can be syn-
thesized from chemically diverse and abundant materials. Presently, MAX
phases have demonstrated utility in transportation and petroleum indus-
try applications as candidate materials for jet engines, gas turbines, heating
elements, furnaces, nozzles, and hypersonic vehicles.'”>

Like many other layered materials, some MAX phase crystals are amendable
to chemical exfoliation to yield 2D sheets and nanostructures. In 2011, Bar-
soum and colleagues further demonstrated that exposure of MAX phase
Ti3AlC, to concentrated hydrofluoric acid (HF) selectively etched the Al
atomic layers to yield laminated sheets of Ti3C, that could be subsequently
separated with sonication in water, Fig. 2.11.767177 The resulting 2D material
follows the general formula M,,1X, Ty where T, denotes surface functional
groups including —O, -OH, and -F. This marked the discovery of MXenes, a
new class of 2D carbides and nitrides, aptly named for their structural similar-
ities to graphene and other conventional 2D materials. The low-dimensional
nature of MXenes yields comparably higher surface areas and aspect ratios,
making them exceptionally more electronically conductive than their MAX
phase counterparts. This fact, in combination with the favorable mechan-
ical properties, have afforded practical success for MXenes in a number of
applications, most notably including chemical and biological sensing,!78-183
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energy storage and conversion, and electromagnetic shielding.”~1 The MAX
phases most amenable to chemical exfoliation generally contain an Al “A”
layer and among them, TizC; is by far the most widely studied and employed
MXene to date. For this reason, and because the work involving MXene sur-
face chemistry detailed in subsequent chapters of this thesis solely considered
Ti3C,, discussions regarding surface derivatization strategies will be mostly
limited to Ti-based MXenes.

Nascent MXenes following chemical etching and rinsing procedures gen-
erally demonstrate a combination of interfacial O, OH, and F species, and
thus are denoted M,,4+1X,, Ty, where T represents surface-terminating func-
tional groups. As such, MXenes are amenable to covalent derivatization
that exploits not only interfacial or edge-localized metal atoms, but also
the diverse chemical toolbox for attachment to oxygen-containing functional
groups. Additionally, a simple treatment with strong base, NaOH, straight-
forwardly minimizes F terminations and maximizes O terminations.'®* This
yields MXene interfaces with substantially more reactive O sites which can
subsequently enable higher molecular coverages.

Despite their favorable properties, many MXenes tend to suffer from ox-
idative degradation to their metal-oxide counterparts, which deleteriously
impacts optoelectronic structure. As such, a large portion of present research
efforts into MXenes are directed toward improving atmospheric stability.
Passivation efforts have included thermal annealing to remove oxidation-
prone surface functional groups,'®-18 deposition of passivating, ultrathin
TiO; layers,'® or treatment with molten inorganic salts.!”’ Nonetheless, co-
valent derivatization with molecular organics may ultimately be a more fa-
vorable route for minimizing oxidation due to the diverse chemical and elec-
tronic tunability afforded by strategically designing the candidate passivating
molecules.

Covalent functionalization efforts for MXene surfaces in the context of pas-
sivation have most notably included edge-capping with polyanionic salts.
In this study, inorganic sodium salts of polyphosphates, polyborates, and
polysilicates were shown to selectively tether to the edges of TizC, T, and
V,CTy sheets and the resulting derivatized MXenes showed improved ox-
idative stability in water.’® For these adsorbates, the carbonyl end of the salt
coordinates at the presumably Ti-rich edges of Ti3C, MXene sheets. Beyond
edge-capping with polyanionic salts, most other covalent attachment strate-
gies for MXene surfaces were directed toward improving dispersibility in
common organic solvents, modifying electronic properties in the context of
energy conversion and storage, or to improve sensitivity and selectivity for
sensing applications. In separate studies, Gogotski and Zhang covalently
attached different amino-terminated organosilanes to Ti3C,T, and to yield
net positively charged surfaces at neutral pH.!”!"1%> Due to the presence of
O- and and F-based terminations, MXenes generally demonstrate a net neg-
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ative charge at their in-plane surface and net positive charge at the edges.!”

The ability to selectively alter the magnitude and signage of the overall sur-
face charge may have implications for applications that rely on selective ad-
sorption of charged species, such as chemical and biological sensing. Other
studies have employed covalent attachment with long-chain organosilanes to
produce hydrophobic MXene surfaces in the context of solar desalination,194
self-cleaning coatings,195 and dispersibility in non-polar solvents.!?® In the
context or biological sensing applications, another study employed silaniza-
tion of Ti3C, T, surfaces with 3-(aminopropyl)trimethoxysilane (APTMS) and
subsequent functionalization with a bio-receptor (anti-CEA) to enable ul-
trasensitive detection of the important cancer biomarker carcinoembryonic
antigen (CEA).'” A separate study directed toward chemical sensing em-
ployed functionalization of Ti3C, T, surfaces with fluoroalkylsilane to enable
sensitive and selective sensing of various volatile organic compounds.'”® The
fluoroalkylsilane-functionalized MXene also demonstrated improved atmo-
spheric stability.

Beyond organosilanes which primarily tether at the in-plane surfaces, two
recent studies have demonstrated covalent attachment of catechol deriva-
tives to MXenes. It is well established that ortho diols are excellent ligands
for metal chelation.!”® As such, catechol derivatives with this functionality
should selectively ligate at surface-available metal sites on MXenes. One
study covalently attached dopamine and pyrocatechol to Ti3C, T, surfaces to
enable subsequent functionalization with fluorescein in the context of bio-
logical imaging.!” Another study employed covalent attachment of catechol
derivatives with long fluoroalkyl chains to various Ti-, Mo-, N-, and V-based
MXenes to afford improved oxidative stability and dispersion in common or-
ganic solvents including methanol, ethanol, isopropyl alcohol, acetone, and
acetonitrile.? This is particularly useful across a number of application that
rely on solution phase processing. Nonetheless, questions remain regarding
the localization of catechol attachment to Ti-based MXenes. The former study
employed a combination of density functional theory (DFT) calculations and
Raman spectroscopy to demonstrate the presence of metal-catechol bonds
between the Ti in the MXene lattice and the O atoms in the catechols and car-
toon illustrations depict the attachment of the catechols to the in-plane surface
of the Ti3C, T, sheets.! This stands in contrast to reports that explored the
distinct chemical states at the terraces and the edges to demonstrate in-plane
surfaces dominated by surface functional groups and edges dominated by
Ti atoms.’>?! As such, catechol attachment at the Ti3C, T, sheet edges may
be more likely. These discrepancies necessitate further studies probing the
orthogonal reactivities at MXene terraces versus edges to better understand
the binding dynamic of catechol-based derivatization efforts.

As discussed prior in the context of other traditional materials, covalent at-
tachment of molecular species with terminal amine functionality presents an
opportunity for further functionalization to enable diverse chemical handles
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Figure 2.12. Schematic of titania-based 1D lepidocrocite, 1DL. Adapted from ref. 16.
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for a number of applications. Such derivatization routes have been explored
extensively for other materials, but more sparingly for MXenes and other
newly discovered low-dimensional materials. More importantly, little had
been done to directly probe and quantify the changes in optical and elec-
tronic structure that result from covalent attachment of organic species. This
fundamental insight is critical for applications in sensing, electromagnetic in-
terference shielding, and energy applications that rely on low-defect surfaces
and electronic or chemical tunability. The studies detailed in Chapter 5 aim to
characterize and quantify the interplay between the interfacial chemical and
optoelectronic properties of Ti3C, T, as a function of derivatization with var-
ious organosilanes. We aimed to establish robust control over the electronic
structure and optical properties via surface dipoles based on the inclusion of
electron-donating or electron-withdrawing functionality.

2.5.2 Hydroxide-Derived Nanomaterials

The scalability issues associated with the safety hazards and acute toxicity
of hydrofluoric acid often drives research into alternate chemical routes for
achieving comparable etching effects. Since the synthesis of MXenes from
their MAX counterparts historically involves the use of HF, research groups
have explored alternate combinations of acid etches and rinsing with inor-
ganic fluoride salts to achieve the A-layer etching. Barsoum and colleagues
have since demonstrated that a slow addition of Ti,AIC, to a solution of
lithium fluoride (LiF) dissolved in 6 M HCl,q) is sufficient to etch the Al
layers to yield Ti3C, T, MXene.?*?

Other HF-free MXene synthesis routes have employed a base wash step with
quaternary ammonium hydroxides. Interestingly, though, it was realized
that rather than yielding multilayered MXenes, the combination of Ti-based
carbides, borides, or silicides with such bases, most commonly tetramethy-
lammonium hydroxide (TMAOH), yielded a different material entirely. We
reported the bottom-up synthesis of 1D TiO,-based nanofilaments (NFs) from
the reaction of TiC, TiB,, TiN, TisAC, (A = Al, Si, Ga, Sn, etc.) and Ti,SbP
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with TMAOH at near-ambient conditions.!” While initial DFT calculations
suggested a structure involving a 1D analog of anatase,'” more recent TEM
and Raman spectroscopy with updated calculations reveals lepidocrocite-
like 1D titania NFs, approximately 5 x 7 A? in cross-section.'® Reports of
lepidocrocite-like titania include its formation on templating surfaces such
as Cu(001),2% as well as free-standing films,?** but this form is compara-
tively understudied relative to anatase and rutile forms of TiO,. Interest-
ingly, related investigations revealed that the sub-nanometer 1DL filaments
can self-assemble into a plethora of nanomaterials, from NFs, to bundles of
NFs, to micrometer long filaments, to two-dimensional, 2D, flakes that are
readily filtered into self-standing films.!” Recent Raman and high-resolution
transmission electron microscope, TEM, studies of 1DL films revealed the
structure to be comprised of one dimensional nanofilaments that are capable
of self-alignment into pseudo 2D sheets.!® These initial reports marked the
discovery of a new class of 1D TiO,-based material we refer to as hydroxide-
derived nanomaterials.

In terms of optoelectronic properties of hydroxide-derived nanomaterials,
light absorption results from the initial report suggest a highly quantum-
confined material.”” While there is a wide body of literature that reports and
discusses 1D anatase based on extremely-high-aspect-ratio structures, as far
as we are aware, this material is unique in showing substantial quantum con-
finement as evidenced by the wide 4.1 eV band-gap energy. Moreover, likely
due in part to the optoelectronic properties afforded by these confinement ef-
fects, films of 1DL material demonstrate good performance as electrodes
in lithium-ion and lithium-sulfur systems, as well as excellent oxidative
stability.!” They are also quite good at photocatalytically producing hydro-
gen, H,. The latter results are particularly topical as nanostructured®®~2% and
doped?”~210 titanium oxides are some of the most extensively investigated
materials for photocatalytic and photoelectrochemical applications.

Nonetheless, despite promising initial results for this 1D lepidocrocite-like
titania nanomaterial, questions remain regarding the specific chemical struc-
ture, surface states, and the interplay between those chemical features and the
resulting electronic properties. This fundamental insight is critical to realize
scalable, practical applications for this emerging material. The studies de-
tailed in Chapter 6 of this thesis work quantified the chemical and electronic
states at the surface of the IDL titania nanofilaments as well as investigated
the resulting optical behavior and carrier dynamics.

2.6 Present Challenges and Materials Outlook

This thesis primarily addresses two classes of emerging, low-dimensional ma-
terials: bismuth-based oxyhalides and titanium-based carbides and nitrides.
Bismuth oxyhalides are an attractive 2D VDW material for applications in
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photovoltaics, photocatalysis, and water splitting. Among them, its ~1.8 eV
indirect band gap makes BiOl energetically well-matched for silicon-based
tandem junction PV. While initial reports surrounding BiOlI for energy appli-
cations are promising, challenges remain in terms of producing BiOI nano-
materials and composites that are of high chemical- and electronic-quality.
While mechanical exfoliation methods such as tape-cleaving are quite good at
producing high-quality surfaces, practical nanostructured BiOl is not suscep-
tible to such cleaning methods. As detailed in Chapter 4, we have explored
a chemical cleaning procedure for producing single crystals of BiOI with in-
terfacial qualities that are well-aligned to mechanically exfoliated, pristine
BiOI. This work is impactful for its ability to overcome the mechanical con-
straints of traditional exfoliation methods to enable highly-efficient, scalable
photovoltaics and photocatalysis.

Additionally, many 2D materials tend to demonstrate various distinct inter-
facial morphologies and defects including step edges and dislocations hold
conflicting implications for overall performance.?!!~2!Y For BiOl, it remains
unclear the relative chemical and electronic structures present at terraces ver-
sus step edges and the interplay between these surface morphologies and
overall device efficiencies. As detailed in Chapter 4, we explore the orthogo-
nal reactivities of step-rich vs terrace-rich domains for BiOI(001) single crys-
tals and quantify the chemical terminations at these surface sites as a function
of chemical etching and rinsing protocols. Beyond our studies, more work is
needed to ascertain the implications of these domains for photocatalytic and
photoelectrochemical performance.

Beyond BiOI, MXenes are highly favorable for sensing, shielding, and en-
ergy storage applications for their exceedingly high electrical conductivities
reaching 24,000 S cm 1 8-1113.179-183,197220 Gyrface chemistry approaches have
demonstrated the utility of organic monolayers for improving dispersibil-
ity in non-polar solvents,'?*?% for altering surface charge,'*> for improving
atmospheric stability,'>! and for enhancing selectivity and sensitivity to-
ward various analytes for sensing applications.!”®1%7 Nonetheless, the op-
toelectronic implications of covalently-tethered organic monolayers remains
largely underexplored.?”!=22% This thesis work explores covalent attachment
of various organosilanes to Ti3C,T, surfaces and quantifies the resulting
chemical and optoelectronic changes. Since ample reports surrounding sil-
icon surface science has demonstrated the utility of molecular interfacial
dipoles for controlling electronic and optical behavior, we were motivated
to explore similar approaches for this promising 2D material. As detailed
in Chapter 5, THz and TA spectroscopy probed changes in lifetimes and
carrier dynamics and UPS demonstrated changes in work function as a func-
tion of molecular dipoles. This work is impactful for establishing a chemical
roadmap for installing specific organic functionality without deleteriously af-
fecting morphology and structure of the TizC, T, material. Similar molecular
approaches with a view toward passivation remains largely underexplored.
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Our studies should inform functionalization strategies with covalent mono-
layers for optoelectronic tunability, cross-linking adjacent sheets to improve
conductivity and carrier dynamics, as well as improve atmospheric stability.
Nonetheless, more fundamental studies are required to realize these strate-
gies in a scalable way.

Contrary to BiOI and MXenes, recently-discovered Ti-based 1DL QDNs!¢~17
demonstrate remarkable oxidative stability. Preliminary studies demonstrate
that films of the Ti-based 1DL material demonstrate good performance as
electrodes in lithium-ion and lithium-sulfur systems, as well as excellent ox-
idative stability."” They are also quite good at photocatalytically producing
hydrogen, Hp. As detailed in Chapter 6, our optical studies demonstrate
a highly-quantum-confined material as evidenced by the wide band-gap
energy of 4.0 eV which holds implications for unique optoelectronic prop-
erties that are often advantageous for energy storage and catalysis appli-
cations. Nonetheless, widespread application of the 1DL material necessi-
tate robust quantification of the exact chemical and electronic states present
at the surface of this emerging class of material. Among the studies in-
vestigating lepidocrocite titania, few provide insight into the relative band
gaps.2720% Pregently, our evidence for quantum confinement is limited to
the understanding of band-gap energy shifts based on nanostructured titania
of other polymorphs.*> We envision future studies quantifying the band-
energy alignments for bulk leipdocrocite titania compared to 1-dimensional
nanostructured lepi-titania to strongly inform our current interpretations of
quantum confinement effects. In addition, while we have probed the elec-
tronic structure of this material to yield the first report of energetic band
structure for 1DLs, questions remain regarding some of the relative band
positions. Future studies characterizing the band-energy alignment electro-
chemically may grant some clarity in our UP-determined band structure.

Additionally, our studies characterizing the electronic structure and tran-
sient dynamics of the 1DL titania as detailed in Chapter 6 demonstrate have
demonstrated long-lived sub-gap photoexcitations that we postulate arise
from defect states within the band gap. From a combination of UV-Vis and
XANES studies, initial reports for 1DL titania demonstrate the existence of
Ti3* defect states which may explain the “black” coloration of the synthe-
sized material.'” Further, XP spectra for the 1DL material demonstrate a trace
feature in the Ti 2p region consistent with the binding-energy positioning
for Ti** which further support these interpretations. Systematic defect en-
gineering and subsequent changes in optoelectronic properties and carrier
dynamics for other titania polymorphs is well studied.?>*” Nonetheless, the
origin, dynamics, and localization of these defect states for our 1DL titania
remain largely unexplored in the present studies and it is critical for future
work to probe this further. Moreover, while our collaborators demonstrated
that at lower synthesis temperatures (<50 °C), the one-dimensional nanofil-
aments are capable of self-alignment into pseudo 2D sheets,'® the interplay
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between the driving forces for this aggregation and the subsequent optoelec-
tronic implications of these distinct morphologies remains under-explored.
Our initial reports, while unambiguously promising, inform the multitude
of avenues for future studies surrounding this promising, newly-discovered
1D titania material.

2.7 Conclusions

Alarge portion of materials engineering for the purpose of improving quality
of life and tackling global issues is driven by surface chemistry approaches.
Such strategies aim to solve not only seemingly inconsequential concerns
like protection from the elements and non-stick cookware but also more crit-
ically pervasive challenges associated with atmospheric pollution, climate
change, chemical warfare threats, cost-scalability factors of industrial pro-
cesses, among many others. Surface chemical approaches for the purpose of
addressing such needs relies on fundamental understanding of the chemical
and electronic states present at material interfaces. For many widely applied
materials such as silicon for electronics and metals and metal-alloys for build-
ing and industrial applications, this knowledge has been extensively probed.
It is beneficial to look toward these surface functionalization approaches
for well-defined chemical systems to inform studies surrounding emerging
materials that may demonstrate better efficiencies per cost or compatibility
with environmental concerns. Nonetheless, much more fundamental re-
search surrounding these material interfaces is needed to realize practical
and globally impactful applications. This thesis work aims to borrow from
chemical derivatization techniques widely explored for traditional materials
like silicon and graphene for newer chemical systems for applications in so-
lar energy and photocatalysis, sensing, electromagnetic shielding, protective
barrier materials, and others. While the studies herein primarily surround
two classes of low-dimensional materials, bismuth-based oxyhalides and
titanium-based carbides and nitrides, our derivatization strategies should
inform present approaches for covalently connecting other dissimilar mate-
rials to enhance carrier transport and conductivities, improve atmospheric
stability, design highly sensitive and selective sensors, and more.
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3.1 Abstract

X-ray and ultraviolet photoelectron spectroscopy was employed extensively
throughout this thesis work to characterize the chemical and electronic states
present at low-dimensional material interfaces. Sections §3.2 and §3.2 detail
the theory and practical applications of XPS and UPS respectively in brief: a
more comprehensive description of XPS and UPS theory as it relates to our
PHI 5600 multi-technique system is detailed elsewhere.”® A historical per-
spective of these techniques is detailed earlier in §2.3. For investigations sur-
rounding surface chemical terminations for BiOI(001) interfaces, we utilized
angle-resolved XPS to probe surface versus contributions to photoelectron in-
tensities. Quantification of BiOl surface states employed substrate-overlayer
models which are detailed in Appendix A.

3.2 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was employed throughout these
studies as a highly surface-sensitive characterization method for identifying
interfacial chemical species and states for various low-dimensional materials.
For studies surrounding BiOl as detailed in Chapter 4, XPS probed changes in
surface chemical states for single-crystal BiOI(001) as a function of chemical
treatments. For investigations of Ti-based MXenes and QDN, as in Chapters
5and 6 respectively, XPS determined surface coverages of covalently-tethered
organic monolayers and further quantified relative atmospheric oxidation in
the case of MXenes.

Traditional XPS studies irradiate the first 1-10 um of a sample surface with
soft X-rays, generally between 1 and 5 keV, which are absorbed by many-
electron orbitals to emit photoelectrons via the photoelectric effect.>~>> When
the energy of an incident photon exceeds the binding energy of an electron,
it is emitted from the atom within the sample. Equation 3.1 gives the kinetic
energy of an emitted photoelectron.

KE = hv — BE — ®p, 3.1)

In eq 3.1, KE is the kinetic energy, /v is the photon energy, BE is the binding
energy, and and ®p (capital Phi) is the inherent spectrometer work function.
Photoelectrons that escape from the sample surface pass through a series
of electrostatic condensing lenses, a spherical capacitor analyzer (SCA), and
then through an electron multiplier to amplify the signal. Finally, the emitted
photoelectrons are counted by a position-sensitive sixteen-channel detector
that measures kinetic energies. Photoelectrons generated in XPS experiments
are typically presented by their binding energy, thus eq 3.1 may be rewritten
as eq 3.2



3.2. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 41

BE = v — KE — ®p (3.2)

The measured binding energy of a core-level photoelectron carries chemi-
cal insight into a sample surface because each element has a unique nuclear
charge and electronic structure. In addition, electronegativity changes ef-
fected by the atoms surrounding an element of interest often shift that elec-
tron’s binding energy. When that binding-energy shift is within the detection
limits of the instrument, XPS can further discriminate between oxidation
states and chemical species of a single element of interest. These BE positions
have been characterized extensively and are well tabulated.?”* Moreover,
unlike photons, photogenerated electrons can only travel a short distance
through a material, about 1-4 nm, before experiencing an inelastic scattering
event.? 2% As such, XPS is a highly surface-sensitive experiment compared
to traditional bulk techniques.

For this thesis work, a PHI 5600 multi-technique XPS system with a third-
party data acquisition system (RBD Instruments, Bend Oregon) acquired all
photoelectron spectra as detailed previously.”*?”” UHV chamber base pres-
sures were < 1 x 107 Torr for all analyses. The optics configuration of the
system is presented in Fig. 3.1 and discussed in more detail elsewhere.”® In
brief, the PHI 5600 system is equipped with two separate X-ray sources: a
monochromated Al source and a non-monochromated “twin” source with Al
and Mg anodes. For all XP spectra acquired throughout this thesis work with
the exception of angle-resolved studies, the monochromated Al source was
used. The incident X-rays from the monochromated source were positioned
at 45° with respect to the surface normal angle, 6. In all cases, survey spectra
utilized a pass energy of 117 eV, a 0.5 eV step size, and a 50 ms dwell time
while high-resolution “multiplex” spectra utilized a pass energy of 23.5 eV,
a 0.025 eV step size, and a 50 ms dwell time. Additionally, the fermi edge of
the spectrometer was periodically calibrated with sputter-cleaned gold and
copper to align the Au 4f7/, and Cu 2pg3, features to exactly 84.00 and 932.67
eV respectively.

Post-acquisition data fitting utilized an in-house-developed LabVIEW-based
program. Spectral background shapes that describe the contribution from
inelastically scattered electrons include a linear background, Shirley-shaped
background, or the integration of a Tougaard shape based on B = 2900 eV?
and C = 1643 eV? within a universal function that is scaled to the height of the
photoelectron data.?30 — 231 A pseudo-Voigt-style function, GL(x), describes
each peak shape where x scales nonlinearly from 0 as a pure Gaussian form
to 100 as a pure Lorentzian shape. Optimization routines utilize the built-in
LabVIEW implementation of the Levenberg-Marquardt algorithm for multi-
parameter fitting. The studies in Chapters 4, 5, and 6 of this thesis work were
centered around three different materials: BiOI, TizC, T, MXene, and Ti-based
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Figure 3.1. Configuration of the Phi 5600 XPS system and labeling of angles pertinent
to quantification. Frame A presents the typical orientation of the sample stage with
respect toward incoming X-rays and the detector. Frames B and C present the sample
stage in the two extreme tilted positions, 0 = 15° and 75° respectively.
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1DL respectively. Because these materials contain distinct chemical states and
environments, the fitting parameters for the photoelectron regions of interest
in each particular case necessitated distinct spectral background shapes and
fitting constraints. As such, detailed accounts of the fitting constraints of the
photoelectron regions are contained within the supplementary information
sections associated with the respective chapters (§A.4.1, §B.1, and §6.3.3 for
BiOl, Ti3C, Ty, and 1DL TiO, respectively).

3.3 Ultraviolet Photoelectron Spectroscopy (UPS)

Ultraviolet photoelectron spectroscopy (UPS) experiments were accomplished
using the same UHV photoelectron system described in the XPS section, §3.2.
UPS is primarily employed to probe valence electrons at the surface of sam-
ples and utilized to determine the surface work function, ®s, Fermi level, Ef,
and the valence-band maximum, Eygy, of metals and semiconductors. UPS
employs ultraviolet radiation which is absorbed by valence-state electrons
at the surface. Provided enough energy, these electrons are emitted with a
kinetic energy equal to hv (21.218 eV) minus the binding energy, following
as eq 3.1. Compared to soft X-rays, the energy of ultraviolet light is sig-
nificantly lower, thus, the kinetic energy of ejected electrons is substantially
lower than core-level photoelectrons. For this reason, the attenuation lengths
of electrons emitted during UPS experiments are almost an order of magni-
tude shorter than for XPS. The analysis depth for a typical UPS experiment
is ~2-3 nm. Consequently, organic contamination on surfaces will strongly
attenuate low-energy electrons and surfaces require in-situ cleaning or thor-
ough sample rinsing before analysis. A UP spectrum for sputter-cleaned Au
is presented in Fig. 3.2.

At the high kinetic energy side of the UP spectrum, peaks here represent
photoelectrons emitted from directly from valence electrons. The sharp edge
at the high kinetic energy side is given by electrons coming directly from the
Fermi energy level, E¢. In the case of semiconductors, this edge represents
(Es~Evpm) or the distance from the sample’s Fermi level to the valence-band
maximum energy. Located at the low-kinetic-energy end of the spectrum is
the onset of photoemission or the secondary-electron cutoff energy. These
are valence-band electrons which have experienced some inelastic scattering
event on the way to the surface yielding an increasing background in addition
to the primary photoelectrons. The electrons right at the leading edge of
the secondary-electron cutoff have just enough energy overcome the local
vacuum level. When in electrical contact, the Fermi levels of the spectrometer
and sample equilibrate. Using a metal sample, such as sputter-cleaned Au,
the Fermi energy level, Ef, of the spectrometer is calibrated to 0 eV, in terms of
binding energy. With the instrument properly calibrated, we can determine
the surface’s work function, ®s, or the distance of the sample’s Fermi level to
the vacuum level, E,,., with eq 3.3.
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Figure 3.2. Ultraviolet photoelectron spectrum of sputter-cleaned gold foil. The high
kinetic energy inset has been magnified by 5x. Adapted from Carl, A. D. Soft, Organic,
Carrier-Selective Contacts at Inorganic Semiconductor Interfaces Enabled by Low-Defect
Covalent Bonding. Ph.D. Dissertation, Worcester Polytechnic Institute, Worcester, MA,
2020.

®s = Epe1 — Esec (3.3)

In 3.3, hv is 21.218 eV, the energy of the He I line, and Eggc is the secondary-
electron-cutoff energy, after fitting to the leading edge to the x-axis. (E~Evgm)
is fit by a linear-regression of high-kinetic-energy edge of the trace to the x-
axis. Eypym, which is the opposite sign of ionization potential, IP, the distance
from Ey,. to Eypy, is then calculated with eq 3.4.

Evem = E¢ — (E¢ — Evam) (3.4)

In eq 3.4, the value within the parentheses was determined from fitting the
high-kinetic-energy edge and Es is derived from the ®g after switching the
sign. In the absence of inverse photoelectron spectroscopy (IPES), the location
of the conduction band Ecpy, or the negative of electron affinity, EA, the
distance from E,,. to Ecgm, per eq 3.5.

Ecpgm = Evpm + Eg (3.5)
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Figure 3.3. Generic band-energy diagram defining and localizing electron affinity,
EA, work function, ®, ionization potential, IP, band gap, Eg, vacuum level energy,
E,.., Fermi-level energy, E;, and valence band maximum energy, Evgv. Adapted from
Carl, A. D. Soft, Organic, Carrier-Selective Contacts at Inorganic Semiconductor Interfaces
Enabled by Low-Defect Covalent Bonding. Ph.D. Dissertation, Worcester Polytechnic
Institute, Worcester, MA, 2020.

In 3.5, Eg is the band gap of the sample. Figure 3.3 presents a general band-
energy diagram that relates some of the previous equations and values.

In terms of UPS experimental settings and procedures, He I (21.218 eV) radi-
ation was provided by a helium-gas discharge UVS 40A2 (PREVAC, Poland)
UV source and UV40A power supply. A leak-valve allowed ~15 mTorr of
ultrahigh purity (UHP) He gas into the UV source and the power was main-
tained at 80 mA to ensure a high ratio of He I to He Il radiation. Differential
pumping of the UV source helped keep a majority of helium gas from the anal-
ysis chamber. During UPS measurements, the base-pressure of the chamber
was maintained < 3 X 1078 Torr.

Samples were positioned at 0°, with respect to the surface normal, toward
the analyzer during UPS measurements as portrayed in Fig. 3.4. This ge-
ometry ensures that with the electric field oriented toward the analyzer, the
majority of low-energy photoelectrons are accelerated into the analyzer. The
low-energy, secondary electrons used to determine the surface work function
require additional kinetic energy to overcome the spectrometer work func-
tion. Applying a potential bias to the sample linearly increased the energy
of all electrons within the sample. For all experiments, a sample bias of -35
V was employed, based on calibration with sputter-cleaned gold UP spectra
over a range of biases as detailed elsewhere.’6 In some cases where counts
exceeded 1 million CPS, the multiplier voltage was stepped down. High-
resolution UP spectra utilized a pass energy of 5.85 eV, a 0.025 eV step size,
and a 50 ms dwell time.
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Figure 3.4. Configuration of the typical orientation of the sample stage with respect
toward incoming UV illumination and the detector during UPS analyses. Adapted
from Carl, A. D. Soft, Organic, Carrier-Selective Contacts at Inorganic Semiconductor Inter-
faces Enabled by Low-Defect Covalent Bonding. Ph.D. Dissertation, Worcester Polytechnic
Institute, Worcester, MA, 2020.

Determination of Eggc and Evgy were accomplished with an in-house de-
veloped script in IGOR Pro (Wavemetrics Inc., Lake Oswego, Oregon). UP
spectra were first calibrated to a 0 eV binding energy after accounting for
-35 V bias and the counts after the Fermi edge were adjusted to 0 CPS. To
determine the energies of the Esgc and Eyguy, a linear regression to the x-axis
was employed.

3.3.1 Angle-Resolved XPS

Angle-resolved XPS (ARXPS) is a powerful, non-destructive technique for
probing surface versus bulk contributions to the total photoelectron signal
in XPS. Other commonly employed methods for depth-profiling in XPS are
detailed in brief in §2.3.1. Among them, Ar* sputtering is by far the most
common. Nonetheless, this method is destructive for samples that are par-
ticularly prone to degradation under such conditions, as is the case for BiOIl
which forms reduced Bi metal under Ar* bombardment, and thus our studies
surrounding this material in Chapter 4 alternatively employed ARXPS.

Angle-resolved XPS studies deconvolve surface and bulk contributions by
exploiting the exponential decay of photoelectron current as a function of
depth below the surface of the material as described by eq 3.6.

8IA -z

0z & PA(z) €XP Aas

_— 3.6
elf COs O (3.6)

In eq 3.6, “A” describes the partial contribution of photoelectron intensity, I,
from an infinitesimally thick layer at depth z below the surface. Equation 3.6
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relies on terms including the number density per unit volume of species A
as a function of depth pA(z), the photoelectron takeoff angle 0 vs the sample
normal angle, and the photoelectron attenuation length A. In brief, ARXPS
relies on tilting of the sample stage to vary the photoelectron takeoff angle 0
relative to the surface-normal angle to selectively alter the relative sensitivities
of surface and bulk contributions to the total photoelectron counts.

Figure 3.1 depicts the optical configuration of the PHI 5600. The system is
equipped with a four-axis stage which enables tilting of the sample along the
axis containing the incoming photon beam and the collection vector for the
photogenerated electrons. Frame A presents the configuration of the sample
stage in its “flat” position for a typical XPS experiment with monochromated
Al K, X-rays where the photoelectron takeoff angle 0 = 45° relative to the
surface normal angle, 6. Alternatively, in a typical ARXPS experiment, XP
spectra are collected for several photoelectron take-off angles between 15
and 75°. As demonstrated in Fig. 3.1 Frame B, when the sample stage is
tilted toward the detector, which corresponds to smaller 6 angles, the total
photoelectron intensity is comparably more sensitive to contributions from
photoelectrons originating from the bulk of the material. Conversely, as
demonstrated in Frame C, for higher 0 angles as the sample stage is tilted
away from the detector, the total photoelectron intensity is comparably more
sensitive to chemical speciation at the surface of the sample. As such, ratios
of photoelectron counts arising from one chemical species to counts from an-
other will demonstrate a strong take-off-angle dependence based on which
atomic species is closer to the surface. This was particularly useful for studies
surrounding 2D BiOl single crystals to probe surface terminations as a func-
tion of chemical treatments. In terms of ARXPS experimental settings and
procedures, analysis was accomplished using the same photoelectron system
described in the XPS section, §3.2. ARXPS relied on non-monochromated Al
X-rays from the “twin” source which was positioned at 9.7° with respect to
the surface-normal angle, 6. Spectra for survey scans and high-resolution
multiplex regions were collected at 0 = 15°, 30°, 45°, 60°, and 75° with respect
to 0 and utilized the software parameters detailed prior in §3.2.

3.4 Substrate Overlayer Model for BiOl Work in Chapter 4

Discussion of our theoretical substrate overlayer models for two idealized
surface terminations for BiOI(001) is detailed in §A.4.3, while §A.4.4 details
model results.
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4.1 Abstract

To bridge the gap between the cleanliness of a freshly cleaved surface of 2D
BiOI and that available from a purely chemical etching means, we subjected
single-crystal BiOl to a series of surface treatments and quantified the re-
sulting chemical states and electronic properties. Vapor transport syntheses
included both physical vapor transport from single-source BiOl, as well as
chemical vapor transport from Bi,O3 + Bils and from Bi + I, + Bi;Os. Surface
treatments included tape cleaving, rinsing in water, sonication in acetone,
an aqueous HF etch, and a sequential HF etch with subsequent sonication
in acetone. X-ray diffraction, XRD, and X-ray photoelectron spectroscopy,
XPS, probed the resulting bulk crystalline species and interfacial chemical
states, respectively. In comparison with overlayer models of idealized oxide-
terminated or iodide-terminated BiOl, angle-resolved XPS elucidated surface
terminations as a function of each treatment. Ultraviolet photoelectron spec-
troscopy, UPS, established work-function and Fermi-level energies for each
treatment. Data reveal that HF etching yields interfacial Bil; at BiOl steps
that is subsequently removed with acetone sonication. UPS establishes n-
type behavior for the vapor-transport-synthesized BiOl, and surface work
function and Fermi level shifts for each chemical treatment under study. We
discuss the implications for processing BiOl nanofilms for energy-conversion
applications.

4.2 Introduction

Efficient, inexpensive, and scalable solar energy conversion is critical for
overcoming challenges associated with greenhouse gas emission and cli-
mate change. Among routes to maximizing photovoltaic (PV) efficiency
per module cost, tandem-junction photovoltaics are particularly compelling.
Presently III-V materials dominate the tandem junction PV market for their
strong light absorption, excellent carrier dynamics, and good lattice matching
at contacting layers which minimize interfacial defects and strain. Present III-
V tandem efficiencies exceed 35%,232-2%5 however the fabrication costs and
safety considerations in III-V device production drives research into non-
traditional materials and structures.?®

Among emerging materials for tandem PV applications with silicon as a bot-
tom absorber, lead- and tin-based perovskites are particularly attractive for
their excellent optical properties, steep absorption edge, facile synthesis pro-
cedures, and wide, tunable bandgaps.?’~** However, atmospheric stability
issues exist for many solar-relevant perovskites, which often contain toxic
heavy metal species. The challenges presented with these perovskite-based
devices motivates research into non-toxic, stable alternatives.
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Among non-toxic solar absorbers, bismuth-based materials are particularly
promising.!®® Bismuth itself is non-toxic, and layered bismuth-based mate-
rials are produced via several low-cost methods.'*~1% Among all bismuth-
based layered materials, bismuth oxyhalides, BiOX (X = Cl, Br, of I) are
an emerging class of group V-VI-VII layered semiconductors that exhibit
unique optical, electronic, and mechanical properties. While BiOCI has been
used since antiquity and remains a popular cosmetic additive that supports
its low toxicity,158 this class of material has only recently been investigated
for energy conversion applications. The unit cell structure consists of two
adjacent and weakly Van-der-Waals-bonded atomic layers of halogen atoms
each with X~ stoichiometry.”® The halide layers sandwich a bismuth oxide
layer that has strong ionic covalent bonds with [Bi-20-Bi]** stoichiometry.**
Among studies that have investigated these oxyhalides for energy storage
and conversion,'” photocatalysis,>>~157160-162 or water-splitting,'*3~167 BiOI
has consistently exhibited enhanced photocatalytic activity as compared to
BiOCl or BiOBr.!6168 In addition to its ~1.8 eV indirect band gap,'” 1" lit-
erature reports often attribute favorable electronic properties to the layered
two-dimensional structure with static charges and repeating electric fields in
the [001] direction. For example, researchers attribute high photocatalytic
activity of oxyhalides under UV and visible light to efficient charge sepa-
ration of photogenerated electron-hole pairs afforded by the inherent static
electric field.!®® However, other electronic properties demonstrate varying
behavior. For instance, most synthetic routes hydrothermal or solvothermal
methods yield p-type BiOL!>> however spray pyrolysis'® and microwave
hydrothermal154 methods have produced n-type behavior. In addition, the
exact chemical species, contaminants, and interfacial states at BiOl interfaces
remain unknown. The wide variety of synthetic methods yield varying poly-
crystalline and nanostructured BiOl in addition to high-temperature vapor-
transport that yields large, single-crystalline material. Exfoliation of large
single crystals straightforwardly yields chemically pristine surfaces of this
2D-layered material, but such macroscopic physical methods are unavailable
to “clean” device-relevant nanostructures. Understanding how chemical
processing can bridge the gap between nascent BiOl and chemically pristine
surfaces, and quantifying the resulting chemical and electronic properties
motivates the present investigation.

Herein, we synthesize single-crystal BiOI via high-temperature, in vacuo
vapor transport, and characterize the interplay between both rinsing and
etching chemistry with the subsequent interfacial chemical and electronic
structure. Vapor transport syntheses utilize single-source BiOI; as well as
stoichiometric Bi,O3 and Bilz; and a combination of Bi,O3, Bi, and I;. Rinses
include water as well as an acetone sonication that we chose for their ability
to sparingly dissolve Bi,O3,%?" and well dissolve Bilz,**!~2# respectively. We
additionally probe the chemical and electronic implications of an aqueous
HF etch that is commonly employed for dissolution of oxides,?** including
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Figure 4.1. Idealized models of BiOI(001) surface termination include A oxide termi-
nation in which the repeating crystal “stops” at an oxygen layer that contains only half
the layer density of oxygen atoms to preserve charge neutrality and B iodide termi-
nation from a hypothetical cleaving between the two weakly van-der-Waals-bonded
iodide layers

silicon oxide?7246 and the related antimony oxide.?*’~2*¢ X-ray photoelec-

tron spectroscopy (XPS) quantified the surface species, and stoichiometry as
a function of the surface chemical treatments.?** XRD revealed trace chemical
species that exist following synthesis or as a result of the chemical surface pro-
cessing. Ultraviolet photoelectron spectroscopy (UPS) established the band
energetics for each chemical treatment that enabled correlations between in-
terfacial chemical species established by XPS and XRD with the resulting
electronics. Lastly, angle-resolved XPS??42°0 explored the interfacial chemical
speciation against two specific model BiOI(001) surface as presented in Fig.
4.1. Idealized model surfaces in Fig. 4.1 include an oxide-terminated sur-
face in which BiOI(001) ends in an oxygen-terminated layer in frame A and
iodide-terminated BiOI(001) in frame B. The oxide-terminated surface in Fig.
4.1A would contain only half the number of oxygen atoms to maintain sur-
face charge neutrality. ! In contrast, calculations implicate iodide-terminated
BiOI(001) as in Fig. 4.1B as the dominant low-energy surface that would
correspond to hypothetically cleaving the crystal between the two weakly
Van-der-Waals-bonded iodide layers.”? Such angle-resolved XPS studies are
particularly important for BiOI as possible contaminants of Bils and Bi,O3
together add up to three stoichiometric units of BiOl, and all three materials
share identical Bi**, O*~, and I oxidation states that complicate a straightfor-
ward deconvolution of photoelectron features. With these studies we aim to
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elucidate the interplay between surface chemistry and electronic properties
of this emerging solar-relevant material.

4.3 Experimental

The supplementary information section for this chapter is contained in Ap-
pendix A and details in full the materials and chemicals, experimental meth-
ods, and analyses employed. Here we present each in brief.

4.3.1 Synthesis of Single-Crystal and Large-Grain BiOl

Single crystal BiOl was synthesized via vapor transport®® in evacuated,

sealed quartz ampoules from either single-source BiOl, BiOlI with additional
L, for transport, Bi + I, + Bi,O3, or Bilz + Bi;O3;. Growth conditions included
a 725-775 °C source zone, 525-575 °C deposition zone, and a growth time
of 64 h. No significant variation was observed in the physical characteristics
of the resulting BiOI with these variations in growth temperature, time, or
precursor combination.

4.3.2 Etching and Surface Reactivity

Samples were individually subjected to etchants, solvent cleaning, or both in
ambient air. Treatments included sonication in water; sonication in acetone;
immersion for 10 s in 6 M HF,q) and a subsequent water rinse; or sequential
steps of immersion for 10 s in 6 M HF(,,), a water rinse, and sonication in
acetone. All HF-etching procedures consisted of single-side exposures with
a disposable plastic pipette,”>* while rinses with water or organic solvents
immersed the entire sample.

4.3.3 X-Ray Photoelectron Spectroscopy (XPS)

A PHI 5600 multitechnique system acquired all X-ray and ultraviolet pho-
toelectron spectra as described previously.2>?2°24 Aperture and lens voltage
parameters defined an 800-um-diameter sampling area to isolate X-ray pho-
toelectrons from edge-rich or terrace-rich sample domains, and 150 ym di-
ameter areas when collecting ultraviolet photoelectrons. Surface states and
stoichiometry studies utilized monochromatic Al K, radiation incident at
90° relative to detection. Peak quantification utilized an in-house-developed
program?? based on published spectral shapes*> and corrected for instru-
ment specific sensitivity factors,?** and background energy loss functions.?>*~
28 Angle-resolved XPS utilized a non-monochromatic Al K, X-radiation
source that is positioned at 54.7° relative to the detector with photoelectrons
collected at takeoff angles between 15 and 75° relative to the surface normal
angle.
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4.3.4 Ultraviolet Photoelectron Spectroscopy (UPS)

A gas discharge lamp (PREVAC, Rogéw, Poland) generated the He I spectro-
scopic line, Eget = hv = 21.218 eV for UPS. Analyses of a freshly evaporated
and a freshly argon-sputter-cleaned gold sample verified instrumental cal-
ibration with a Fermi-level energy, E¢a, = 0.00 £ 0.03 eV. We report Fermi
energies are reported relative to each sample’s valance-band-maximum en-
ergy, or Ef — Eypv. The difference between Epe 1 and an x-axis linear extrap-
olation of the secondary-electron-cutoff energy, Esgc, defines a sample work
function, ® = Ege1 — Esgc.

4.3.5 X-Ray Diffraction (XRD)

A Bruker-AXS D8 focus powder X-ray diffractometer with Cu K, radiation
collected X-ray diffraction (XRD) traces in the range of 5-45° (20). Samples
were freely situated or tape-adhered to a stage for analysis under an air
ambient directly following chemical processing.

4.3.6 Scanning Electron Microscopy (SEM)

Both a Vega 3 (Tescan Orsay Holding, A.S., Brno-Kohoutovice, Czechia) and
a Phenom Pro (Phenom-World BV, Eindhoven, Netherlands) collected SEM
images.

4.4 Results

4.41 Nascent and Tape-Cleaved Crystal Structure and Surface Chem-
ical States

Crystal growth methods included physical vapor transport (PVT, or sublima-
tion) of the single-source material, and chemical vapor transport (CVT) from
the single-source material with additional molecular iodine as a transport
agent. While we synthesized 0.1-1 cm? single-crystal and large-grain BiOI
flakes from stoichiometric combinations of Bi metal, Bilz, Bi,O3, and molecu-
lar I,, all results presented herein utilized a single-source BiOI reagent pow-
der. We report data only from single-source syntheses for consistency, and
we did not observe statistical differences in any quantifiable metric between
crystals that were grown from different synthesis methods.

Frame A in Fig. 4.2 presents an optical image of a typical nascent BiOlI flake
grown via PVT. We apply the term ‘nascent’ to as-grown crystals with min-
imal physical handling and no etching, rinsing, or cleaving protocols. The
temperature program for the synthesis that yielded the sample in Fig. 4.2
employed a deposition zone soak temperature of 525 °C and a source zone
soak temperature of 775 °C yielding a zone temperature difference, AT, of
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Figure 4.2. Optical image of A a nascent, CVT-grown BiOl flake, and B the same flake
following a 10 s exposure to 6 M HF(,q). The boxes in frame A slightly overestimate
the sampling areas for X-ray photoelectron collection, which validates photoelectron
collection from terrace-rich and step-rich domains.

250 °C. We have synthesized PVT- and CVT-grown crystals with AT values
ranging from 25-250 °C. We informally delineate large AT values as those
exceeding 100 °C, and small AT values as being less than 100 °C.

As indicated in frame A of Fig. 4.2, typical crystals grown via large AT
CVT contain two distinct morphologies on sample surfaces. We delineate
these morphologies to include ‘terrace-rich” domains that are dominated by
macroscopic regions with large terraces and minimal step edges, as well as
‘step-rich” domains that are dominated by step-edges and dislocations with
minimal terrace areas. The white boxes in Fig. 4.2A highlight 1.2 mm? regions
that overestimate XPS sampling areas. Importantly, in all cases the distinct
terrace-rich and step-rich domains have comparable or larger areas than our
XPS sampling areas, which enables discriminant analyses of these two surface
morphologies.

Generally for both PVT and CVT, large AT syntheses yielded crystals with
significant distributions of both terrace-rich and step-rich domains across the
sample surfaces. Conversely, crystals grown via small AT PVT or CVT were
dominated by terrace-rich domains and rarely contained distinct step-rich
domains. Furthermore, typical small-AT syntheses yielded small, thin flakes
~0.1-0.4 cm? in size while large-AT syntheses yielded larger flakes ~0.1-1
cm? in size. Moreover, the inclusion of molecular I, as a transport agent did
not notably affect the size of the grains or step-edge density as compared to
the effects of AT or growth time.

X-ray diffraction (XRD) characterized nascent BiOI samples as well as water-
rinsed, and tape-cleaved samples with a sample size of at least five each.
All XRD traces herein plot intensity on a logarithmic scale to highlight trace
features. Figure 4.3A presents a representative XRD trace for a nascent, PVT-
grown sample that primarily demonstrates features consistent with tetrago-
nal phase of BiOI (powder diffraction file 00-010-0445), as well as substrate
features denoted as ¢, and minimal Bi,O3. The trace for PVT-grown BiOIl in
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Figure 4.3. X-ray diffraction (XRD) BiOlI traces for A nascent PVT-grown and B
nascent CVI-grown samples both demonstrate BiOl, substrate features denoted as ¢,
and trace Bi;O;. Uniquely, the nascent PVT-grown sample trace in frame A contains
a feature at 25.3° demonstrative of KI(200). Following a tape-cleaving under an air
ambient, a C CVT-grown sample trace resembles that of a nascent CVT-grown as in
frame B but contains an additional BiOI ascribable feature.

Fig. 4.3A uniquely contains a feature at 25.3° that we ascribe to crystalline
potassium iodide, specifically KI(200). Trace B in Fig. 4.3 presents a repre-
sentative XRD trace for a CVT-grown nascent crystal that is dominated by
BiOlI features, with substrate features denoted as ¢, and minimal Bi,O5. Al-
though not present in the CVT-grown sample in trace B, in a limited number
of cases we observed features at 25.3° in nascent CVI-grown samples that
are demonstrative of crystalline potassium iodide. Additionally, in a limited
number of instances we observed features demonstrative of crystalline Bil;
in XRD traces of nascent CVI-grown samples. Conversely, we observed no
Bils-ascribable features in XRD traces of PVT-grown samples within the limits
of detection. Trace C in Fig. 4.3 presents a typical XRD trace for a CVT-grown
sample following a tape-cleaving under an air ambient. Trace C in Fig. 4.3
resembles that of the nascent CVT-grown sample in Trace B with additional
BiOlI features. Importantly, traces for tape-cleaved samples do not contain
Bil; or KI ascribable features within detection limits. Additionally, we ob-
served no consistent differences between XRD traces of PVT-and CVT-grown
samples following a tape cleave within the limits of detection. Figure A.8 in
the supporting information Appendix A plots the diffraction trace in frame
C as aligned with the literature trace in powder diffraction file 00-010-0445.

X-ray photoelectron spectroscopy (XPS) quantified the surface chemistry of
BiOI surfaces. Unless indicated in the angle-resolved XPS results, all data was
collected at a photoelectron takeoff angle of 45° vs the sample normal angle.
Figure 4.4 presents representative 1 3ds/,, O 1s, C 1s, and Bi 4f XP spectra for an
(A) terrace-rich domain, and a (B) step-rich domain of a nascent, CVT-grown
flake. The I 3ds), region for Fig. 4.4A and for 4.3B is well fit by a singular
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Figure 4.4. Representative I 3ds/,, O 1s, C 1s, and Bi 4f XP spectra for an A terrace-rich
domain, and a B step-rich domain of nascent BiOI grown by CVT. Frame C presents
spectra for a BiOI sample following a 30 s sonication in water and frame D presents
spectra for a BiOl sample following tape cleaving under an air ambient. Each frame
is normalized to the height of the Bi 4f;/, feature with other regions magnified as
indicated. Accounting for instrument sensitivity, Bi:I and Bi:O ratios better match the
1:1 stoichiometry for tape-cleaved compared to nascent and water-rinsed. All data
was collected at a 45° takeoff angle vs the surface normal.

feature that is centered at a binding energy of ~618.9 eV. Across all samples
studied, the position of the I 3ds;, feature had a standard deviation in its
binding energy position of 0.1 eV. Mean, 1, and standard deviation, o, values
are represented as i + 0. One doublet describes the Bi 4f regions in Fig. 4.4A
and B with the Bi 4f;/, centered at 158.9 + 0.1 eV. The O 1s regions of Fig. 4.4A
and B contain multiple features including a dominant one that is centered at
529.8 + 0.1 eV that we ascribe to BiOI lattice oxygen. The smaller features are
likely due to adventitiously adsorbed contaminants as their presence tracks
with oxidized features in the C 1s region between 286288 eV, however, we
cannot rule out the possibility of Bi-O-H moieties at the sample surface or
at step edge terminations. Ascertaining the nature of these oxygen features
between 530-534 eV merits further study. The fitted binding energies of the I
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3d, O 1s, and Bi 4f features in the terrace-rich samples are well aligned to the
binding energy positions for the respective features on step-rich domains of
nascent BiOl samples. Lastly, we attribute all features in the C 1s region for
nascent BiOI samples to adventitiously adsorbed contaminants. For nascent
terrace-rich domains in Fig. 4.4A and step-rich domains in Fig. 4.4B, the C
1s region demonstrates a primary adventitious feature at 285.0 eV that is
well aligned with the dashed line through each C 1s region in Fig. 4.4. For
all of the nascent BiOl samples studied, the primary carbon adventitious
feature appeared at 284.8 + 0.3 eV as well as additional features at 286-289
eV that we ascribe to oxidized adventitious contaminants. Extending the C
1s region for nascent terrace-rich domains in Fig. 4.4A and step-rich domains
in Fig. 4.4B reveals a K 2p doublet that is indicated by blue shading with
a K 2p3/, peak centered at 293.3 + 0.1 eV. Potassium appears in spectra of
samples synthesized both in KOH and in NaOH base baths, and appears in
XP spectra of the BiOI source material that localizes the trace contamination.
Further, the location of adventitious carbon features at 284.8 eV demonstrates
that nascent BiOl samples are sufficiently conductive to obviate a need for
charge neutralization.

Figure 4.4 further presents representative photoelectron data for a (C) CVT-
grown flake following a 10 s sonication in water and a (D) CVT-grown flake
following tape cleaving under an air ambient. The water-rinsed samples ex-
hibit discernible terrace- and step-rich domains in optical images that remain
from the nascent samples, but no significant differences in the XP spectra exist
between these two morphologies within the limits of detection. Given the
spectral similarities between water-rinsed terrace- and step-rich domains, all
results for water-rinsed samples presented herein are based on analyses of
terrace-rich domains. Conversely, tape-cleaved samples do not exhibit any
visually discernible terrace- or step-rich morphologies following exfoliation.
For both the water-rinsed sample in Fig. 4.4C and the tape-cleaved sample
in frame D, the I 3d, O 1s, and Bi 4f regions all demonstrate peak features
that are well aligned with the respective features in the nascent samples in
frames A and B. One particularly notable deviation is that the O 1s region for
the tape-cleaved sample in Fig. 4.4D demonstrates significantly attenuated
features ascribable to adventitiously adsorbed oxygen species as compared
to the other samples. Unlike the other regions, the combined C 1s + K 2p
region contains several important differences when compared to the nascent
samples. Both the water-rinsed sample data in Fig. 4.4C and the tape-cleaved
sample data in Fig. 4.4D demonstrate no K 2p features within detection limits.
Further, the primary C 1s feature attributable to adventitious carbon is shifted
away from the dashed line towards lower binding energy in both Fig. 4.4C
and D by 0.4 eV and 1.8 eV, respectively. While the carbon features appear
shifted for the water-rinsed the tape-cleaved samples, none of the iodine,
oxygen, or bismuth regions shift in binding energy position by more than 0.1
eV when compared to the nascent data in Fig. 4.4A and B. Specifically, the
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Table 4.1. XPS-determined and sensitivity-factor-corrected peak area ratios for Bi,
O, I as well as UPS-quantified work function and Fermi level energies as a function
of physical or chemical processing of BiOI surfaces.”

XPS-determined ratios ~ Work function ~ Fermi energy

Bi (@) I Ener—Esgc (eV)  Ef—Evpum (eV)
Nascent 16+£03 1.1+01 1 3.95 £ 0.30 1.62 +0.21
Water-rinsed 1.3+0.3 1.0+0.2 1 420 +£0.10 1.61 +0.23
Tape-cleaved 1.2+0.1 08+01 1 5.35 £ 0.15 1.58 £ 0.17
Acetoneonly 1.3+02 1.1+£01 1 4.00 +0.10 1.77 £ 0.10
HF only 12+02 08+01 1 455 +0.10 1.60 = 0.34
HF + acetone 1.1+0.2 0.8+0.1 1 4.40 +0.20 1.81+0.10

# XPS statistics derive from a minimum sample size of four, while UPS statistics utilize a minimum

sample size of five with “+” values representing the standard deviation for each respective value.

primary C 1s adventitious features occur at 284.6 + 0.2 eV for water-rinsed
samples as in Fig. 4.4C, and at 283.2 + 0.1 eV for tape-cleaved samples as in
Fig. 4.4D. In general, the adventitious carbon features typically demonstrate
shifts of ~0.5 eV for water-rinsed and of 1-1.5 eV for tape-cleaved samples
as compared to nascent samples with little to no concomitant shift in bis-
muth or iodine spectra. The similarity in peak area for the adventitious C 1s
feature across all samples in Fig. 4.4 implies that each sample has a similar
level of surface contamination during XPS analyses. If the nascent sample
is sufficiently conductive to not necessitate charge neutralization, the water
rinsing and tape cleaving have not affected the conductivity of the samples so
as to necessitate charge compensation. This is supported by the consistency
in binding energy positions for the I 3d, Bi 4f, and O 1s substrate features
across all samples in Fig. 4.4. We ascribe the shifts in the adventitious C 1s
features to the presence of interfacial dipoles relative to the nascent sample
that researchers have demonstrated elsewhere.?>~260

In contrast to the binding-energy position invariance of the iodine, oxygen,
and bismuth XPS features, relative peak areas showed considerable variation
with surface processing. Table 4.1 presents bismuth:oxygen:iodide XPS peak-
area ratios for nascent, water-rinsed, and tape-cleaved BiOI samples. For
oxygen we only consider the low-binding-energy feature contribution to the
O 1sregion, and we report ratios as a sensitivity-factor-corrected value for our
photoelectron spectrometer.??* The nascent samples demonstrate a bismuth-
rich interfacial stoichiometry as compared to both the water-rinsed and the
tape-cleaved samples. The XPS-determined average bismuth:oxygen:iodide
ratios for both water-rinsed and for tape-cleaved samples are well matched
but not identical to the 1:1:1 stoichiometry of BiOL
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4.4.2 Surface Physical and Chemical States Following Chemical Etches
and Rinsing

Beyond water rinsing, we explored the effect of HF etching and organic rinses
on the chemical makeup and surface chemistry of BiOl. Frame B in Fig. 4.2
represents the same CVT-grown flake in frame A following a 10 s exposure
to 6 M HF(,q) and a subsequent water rinse. For the terrace-rich domains,
the HF(,q) exposure yielded optically sharper images with significantly less
scattering as observed in terrace-rich domains of the nascent sample. In
contrast to the terrace-rich domain changes, step-rich domains demonstrate
significantly more optical scattering following HF ,q) exposure as compared to
step-rich domains in nascent samples. Across the samples studied, the HF 5
treatment diminishes granular features on terrace-rich domains present on
nascent samples and increases such features in step-rich domains.

XRD characterized BiOI samples following sonication in acetone, following
exposure to 6 M HF(,q), or following sequential HF,q) exposure and sonication
in acetone, with at least five samples of each. The comparatively large X-ray
exposure and sampling areas in XRD do not grant discriminant analyses of
terrace-rich and step-rich domains across a sample surface that may contain
significant domains of both. For analyses of step edges, XRD quantified
samples that were dominated by step-rich domains with minimal terraces
across their entire (001) face, to which we assign the term “step-dominated.”
Similarly, for analyses of terraces, we studied samples that are dominated by
terrace-rich domains with minimal step edges across their (001) face, to which
we assign the term “terrace-dominated”. Fig. 4.5A presents a representative
XRD trace for a CVT-grown nascent BiOI sample with substrate features de-
noted as ¢, and minimal Bi;O;. Following a 10 s etch in 6 M HF(,q) and a
subsequent water rinse, the terrace-dominated sample in trace B resembles
that of a nascent crystal, while the step-dominated sample in trace C contains
unique features at 12.9° and 25.8° that we ascribe to scattering off of the (003)
and (006) faces of crystalline Bil3. In a limited number of cases, we observed
small but demonstrable Bil3 features in XRD traces for CVT-grown nascent
BiOI samples. Importantly, for step-dominated samples following HF(,q) ex-
posure that demonstrate Bil3 ascribable features, as in Fig. 4.5C, traces of the
same flake preceding HF(,q) exposure demonstrate no features ascribable to
Bil; within the limits of detection. Following sequential HF(,q) exposure and
sonication in acetone, trace D for a step-dominated sample trace resembles
that of a nascent sample with no Bilz-ascribable features within detection
limits. In all cases, sonication in acetone following an HF,q) exposure signif-
icantly diminishes or eliminates Bil; ascribable features present on samples
that were previously exposed to HF,q). Interestingly, samples exposed to
HF(,q) continue to demonstrate trace features attributable to the alpha phase
of Bi;O; that may originate from the back surface that was not exposed to the
HF(yq) treatment.
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Figure 4.5. A representative X-ray diffraction (XRD) trace for A nascent BiOI demon-
strates BiOI, substrate features denoted as ¢, and trace Bi,Os. Following HF exposure,
a B terrace-dominated sample trace resembles that of a nascent sample while a C
step-dominated sample trace reveals additional features ascribable to Bil;. Following
a sequential HF exposure and sonication in acetone, a (D) step-dominated sample
trace resembles that of a nascent sample with no Bil; ascribable features within detec-
tion limits.

Scanning electron microscopy further revealed the physical changes in BiOIl
surfaces due to exposure to HF(,q). Frame A in Fig. 4.6 displays a BiOI sample
both before and after a 10 s exposure to 6 M HF(,q) and a subsequent water
rinse, while frame B presents representative SEM images following the HF 5
exposure. Figure 4.6B includes a characteristic etch pit that was not observed
in SEM images prior to the HF,q) exposure, a characteristic crystal edge,
and a 5X magnification of that crystal edge. Comparison of the before-and-
after images in Fig. 4.5A presents a significantly cleaner surface, albiet one
with a significant accumulation of platelets around a crystal edge as a result
of the HF ) exposure. Examination of the platelets on surfaces following
the HF(,q) exposure in Fig. 4.6B reveals a high density of platelets that are
generally hexagonal in shape. We particularly note that the platelets display
a strong size segregation and ordering into layers but with little alignment
within a particular layer. Platelet size distributions are multimodal with
1-3-um-diameter platelets observed in contact with the BiOI edges, and sub-
100-nm-diameter platelets in layers beyond. Of greatest importance is that
these platelets are not observed in SEM images of nascent BiOI or on BiOI
following a sequential treatment of 10 s HF,q), a water rinse, and sonication
in acetone. The hexagonal platelets shape, their appearance an HF,q) etch,
and their disappearance following sequential HF(,q) and acetone treatments



62 CHAPTER 4. SURFACE REACTIVITY AND STEP-SELECTIVE ETCHING CHEMISTRY ON BIOI(001)

B Representative features — 10 pym
Etch pit Crystal edge Edge inset x5

Figure 4.6. A Before and after images of a BiOI sample following a 10 s exposure to
6 M HF,q) and a water rinse reveals a surface with fewer visible edges, but one edge
that is dominated by hexagonal platelets. Representative images of platelet features
B for etch pits and crystal edges demonstrate a significant aggregation of hexagonal
platelets. The inset of the crystal edge in frame B reveals layers of platelets with
large, 1-3-um-diameter platelets against the BiOI edge and layers of smaller platelets
beyond. The 10 um scale bar applies to frames A and B and corresponds to 2 um for
the 5X magnification in the edge inset.

correlates strongly with the observation of Bilz features in the XRD trace in
Fig. 4.5C.

XPS quantified the interfacial chemical speciation following sonication in
acetone, following exposure to 6 M HF(,q), or following a sequential HF 4
exposure and sonication in acetone. Figure 4.7 presents representative F 1s,
I 3ds/2, O 1s, K 2p + C 1s, and Bi 4f regions for (A) terrace-rich and (B)
step-rich samples following sonication in acetone. Frames C and D in Fig.
4.7 respectively present XP spectra for terrace-rich and step-rich regions for
samples following a 10 s exposure to 6 M HF ,4) and subsequent water rinsing.
Lastly, frames E and F in Fig. 4.7 respectively present XP spectra for terrace-
rich and step-rich regions for samples following a sequential 10 s exposure
to 6 M HF(,q), water rinsing, and sonication in acetone. For all samples, the
F 1s region captures the high-binding energy shoulder of the Bi 4p3/, that is
centered at ~681 eV.

Relative to the photoelectron data for nascent samples in Fig. 4.7A and B, the
XP spectra following sonication in acetone in Fig. 4.7A and B demonstrate
only modest differences. For terrace-rich and step-rich regions of acetone-
sonicated samples as in Fig. 4.7A and B, the peak position of the iodide,
lattice oxygen, and bismuth features shifted by 0.3 eV towards lower binding
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energy relative to their features on nascent BiOl samples as in Fig. 4.4A and
B. As with the nascent samples, the acetone-sonicated samples as in Fig. 4.7A
and B demonstrate observable K 2p signals as denoted with blue shading.
Interestingly, the C 1s ascribable to adventitious features for the acetone-
sonicated samples occurred at 284.6 eV, which also demonstrates a 0.3-0.4 eV
shift to lower binding energy relative to comparable features from nascent
samples.

A 10 s exposure to 6 M HF(,q) and subsequent water rinsing yields significant
changes in the photoelectron spectra as revealed in Fig. 4.7C and D relative to
nascent, water-, or acetone-rinsed samples. To account for possible sample-
to-sample differences in HF etching and water rinsing protocols, frames C
and D traces present terrace-rich and step-rich XP spectra from the same HF-
etched flake. The I 3d, O 1s, and Bi 4f features are respectively well aligned
for terrace-rich versus step-rich domains on BiOl samples following exposure
to HF4q). Further, the I3d, lattice O 1s, and Bi 4f peak positions for the HF-
etched then water-rinsed samples demonstrate the same relative positions
as those of nascent BiOI surfaces. Terrace-rich samples as in Fig. 4.7C show
no ascribable fluorine feature above the Bi 4p;/, shoulder following HF .
exposure. In contrast to terrace-rich samples, step-rich BiOl samples exposed
to HF,q) demonstrate a significant, fluorine-ascribable feature at 684.2 + 0.1
eV that is highlighted in green in Fig. 4.7D. In contrast to both nascent and to
acetone-sonicated samples, exposure to HF(,q) yields significantly attenuated
adventitious oxygen, carbon, and potassium species in Fig. 4.7C and D vs
Fig. 47A and B as well as Fig. 4.4. For terrace-rich and step-rich domains
of samples following HF(q exposure as in Fig. 4.7C and D, C 1s regions
demonstrate a primary adventitious feature at 284.2 + 0.3 eV.

Frames E and F in Fig. 4.7 respectively present XP spectra for terrace-rich and
step-rich BiOI following a sequential 10 s exposure to 6 M HF(,q), a water
rinse, and sonication in acetone. The I 3d, lattice O 1s, and Bi 4f features as in
Fig. 4.7E and F are all shifted by eV 0.1-0.2 eV towards higher binding energy
relative to their respective nascent analogs as in Fig. 4.4A and B. Notably,
XP spectra for step-rich domains of a sample following sequential HF 4
exposure and sonication in acetone as in Fig. 4.7F contains an F 1s feature
indicated by green shading centered at 684.3 + 0.1 eV that is not observed
in Fig. 4.7E terrace-rich domains of the same flake. Importantly, for step-
rich samples following an HF etch and a subsequent acetone sonication, F
1s features as in Fig. 4.7F are attenuated relative to comparable F 1s features
following an HF(,q etch and water rinse as in Fig. 4.7D. For terrace-rich
and step-rich domains of samples following sequential HF(,q) exposure and
acetone sonication as in Fig. 4.7E and F, the C 1s region demonstrates a
primary adventitious feature at 284.0 + 0.3 eV with only trace potassium-
ascribable features.
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As above, HF(y ) etching and acetone sonication affected the bismuth, oxy-
gen, and iodide photoelectron peak area ratios for BiOl samples. Table 4.1
further presents sensitivity-factor-corrected XPS peak-area ratios for acetone-
sonicated, for HF,q)-etched, and for sequentially HF,q)-etched and acetone-
sonicated BiOl samples. As compared to the ratios for nascent, water-rinsed,
or tape-cleaved BiO], each of the processing conditions involving alternative
combinations of HF(,q) and acetone treatment yield interfacial stoichiometries
that are better matched to the 1:1:1 stoichiometry in BiOL

4.4.3 Angle-Resolved XPS

Figure 4.8 presents experimental angle-resolved XPS data for several BiOl
surfaces as well as results from numerical models of simulated XPS data
corresponding to BiOI(001) with different surface terminations. As shown in
the cartoon inset, the x-axis corresponds to the takeoff angle, 6, relative to the
surface normal angle, and the angle between the incoming radiation, kv, and
the takeoff angle remains fixed at 53.7° for non-monochromated X-radiation.
We represent the experimental data as the ratio of Bi 4f;/, intensity to the I
3ds, intensity, or Ip;4f,, + I134;,, and further normalize experimental Bi-to-I
ratios for each surface by their ratio at 0 = 45°. Thus the y-axis of Fig. 4.8

plots (IBi st + 11 3d5/2) - (Igi:ffijz = 1193?;55;). We represent the data as a ratio of

ratios for the ease of comparing and contrasting the results between sets of
experimental data and between experimental and numerical model findings.
We separate out the experimental data for visual clarity. The top plot includes

, - o (70=45° _ 70=45° : y
(1131 4t + 134 /2> : (IBi i I73 dm) for a nascent BiOI sample and for a water

rinsed sample filled, and open blue squares, respectively. The bottom plot

employs filled red circles to represent (IBi sy + I13ds /2) = (Igi:fgjz = 1163:;55;) for
a BiOI sample subjected to a 10 s 6 M HF,q) etch, and open red circles for

results from a tape-cleaved BiOI sample.

Both the top and bottom plots in Fig. 4.8 include the results of a numer-
ical model that is described in full in the supporting information section
in Appendix A. The blue trace represents numerical results from an ide-
alized BiOI(001) surface that terminates in a 1:1 stoichiometric BiO layer,
while the red trace represents BiOI(001) surface that terminates in an atomic
layer of iodide. To summarize the numerical results for an idealized oxide-

terminated BiOI(001) surface, (IBi sy + 1 3d5/2) = (Igi:fg; = 1?3:;1155;) is < 1 for

more bulk sensitive angles 8 < 45°, and that ratio is >1 for more the sur-
face sensitive photoelectron takeoff angles > 45°. In contrast to the oxide-
terminated results, an idealized iodide-terminated BiOI(001) surface demon-

strates (IBi af, 1 3d5/z) - (Igf fé; + 116 3:(355/2) values >1 for bulk sensitive 8 < 45°,

and <1 for more surface sensitive 6 > 45°.



66 CHAPTER 4. SURFACE REACTIVITY AND STEP-SELECTIVE ETCHING CHEMISTRY ON BIOI(001)

1.8¢ -

-
o
T

= 45°)

6
I 3ds,

1.4r

0=45° .
Bidf,,

BiOl samples:
B Nascent

O Water-rinsed

Overlayer model:
Oxide terminated
— lodide terminated

N
(S

BiOl samples:
O Tape-cleaved
® HF-etched

Normalized ratios (Ig;4,, + Iag,,) * (1
I

N
o

0.8

20 30 40 50 60 7

Takeoff angle vs surface normal, 6 (°)

Figure 4.8. Angle-resolved XPS yields Bi 4f7/,-to-1 3ds/, intensity ratios as a function of
photoelectron takeoff angle, 0, which are normalized to the Bi 4f;/,-to-I 3ds, intensity
ratio at 0 = 45°. For clarity, the top plot includes experimental data for nascent and for
water rinsed samples respectively with filled and open blue squares, while the bottom
plot separately plots the experimental data for tape-cleaved and HF-etched samples
in open and filled red squares, respectively. Both plots replicate the numerical results
from an XPS overlayer model in which BiOI(001) is terminated by a bismuth oxide
layer (blue) or is terminated by an iodide layer (red).

Whilst the experimental data demonstrate scatter, straightforward agree-
ments exist between the experimental data and the numerical model re-
sults. Angle-resolved XPS ratios both of nascent and of water rinsed samples
demonstrate a trend that aligns best with the idealized oxide-terminated
BiOI(001) model. Further, the angle-resolved XPS results for HF(,q)-etched
and for tape-cleaved samples follow trends that best align with the idealized
iodide-terminated BiOI(001) model.

4.4.4 Electronic Properties

Ultraviolet photoelectron spectroscopy (UPS) probed the band electronics for
nascent, rinsed, etched, and tape-cleaved BiOI samples. UPS quantified elec-
tronic structures for at least five samples for each nascent, tape-cleaved, or
surface treated BiOl. The overall consistency in adventitious carbon features
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Figure 4.9. Ultraviolet photoelectron (UP) spectra for an A nascent BiOI, and for
samples following treatments including B sonication in water, C tape-cleaving under
air ambient, D sonication in acetone, E etching in HF, and F sequential HF etch and
acetone sonication. Relative to nascent samples, samples in frame C-F reveal more
valence band electronic structure.

in the XP spectra as revealed in Figs. 4.4 and 4.7 supports the interpretation
of UPS results as being due to changes in surface chemistry rather than from
residues of etching and cleaning. Table 4.1 summarizes the full statistics
while Fig. 4.9 displays representative photoelectron spectra as well as calcu-
lated work function and Fermi energy values for BiOI samples for each of the
cleaning, etching, and cleaving conditions presented above. Spectra include
those of an A nascent sample, B water rinsed, C tape cleaved, D acetone
sonicated, E etched for 10 s in 6 M HF(,q) etch followed by a water rinse,
and F a sequence of HF(,q) etch followed by water rinsing and sonication in
acetone. The green dashed lines in Fig. 4.9 represent linear regressions of
each low-binding-energy edge of each valance-band feature whose x-axis in-
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tercepts quantify valence-band maxima, Eygy. With the 0 eV binding energy
corresponding to the Fermi edge of sputter-cleaned polycrystalline gold (see
Appendix A), the fitted Eypum reveals the position of each sample Fermi level
with respect to its valence band maximum, or Ef — Eygm. The red dashed
lines in Fig. 4.9 represent a linear regression of the low-kinetic-energy (high-
binding-energy) edge of the secondary-electron feature in each spectrum.
The x-axis intercepts of each red-dashed regression reveal secondary-electron
photoemission cutoff energies, Esgc, that determine sample work functions,
® = Eger1 — Esgc, where Ege1 = hv = 21.218 eV.

Work function values for the BiOI samples under study correlate strongly
with surface treatment. Nascent samples demonstrated an average ® = 3.95
+0.28 eV with a value for Fig. 4.9A of 3.97 eV. Water rinsed BiOl as in Fig. 4.9B
yielded slightly larger work function values compared to nascent samples,
while acetone sonication of BiOl samples yielded comparable work function
values as in Fig. 4.9D to nascent samples themselves. In contrast to water
and acetone, tape cleaving yielded an average work function of ¢ = 5.35 +
0.14 and 5.30 eV as in Fig. 4.9C that is significantly larger than that of the
nascent samples. Both the HF,q) etched and water rinsed as in Fig. 4.9E and
the HF(,q) etched + water rinsed + acetone sonicated samples as in Fig. 4.9F
yielded mutually comparable averages of @ = 4.40 and 4.55 eV respectively,
that are ~0.5 eV larger than nascent BiOl work function values.

All BiOI samples studied demonstrated n-type behavior with average Ef —
Evem values ranging from 1.62 eV that would be indicative of moderate
doping to 1.81 eV that would indicate high doping. The apparent n-type
behavior of the single crystal, vapor-transport-synthesized material produced
in the present work agrees with some reports of n-type material,!>*1% but
stands in contrast to the majority of deposition methods that demonstrate
p-type behavior from BiOL!>?

Unsurprisingly, the UP spectra for tape-cleaved samples as in Fig. 4.9C re-
veals a high extent of valence-band structure. Features at binding energy
values of 2.48, 5.40, 7.6, and 9.58 eV along with a shoulder feature at 3.42 eV
vs E¢ oy demonstrate qualitative agreement with a valence-band density-of-
states calculation for BiOI.157:168,261

4.5 Discussion

4.5.1 Properties of Nascent and Tape-Cleaved BiOl

Investigations of bismuth oxyiodide or BiOl-based composite materials gen-
erally probe photocatalysis, water-splitting, and photovoltaics. Insight into
the chemical states present on interfaces as well as relative band positions,
carrier lifetimes, dopant densities, etc. is critical for efficient, scalable, and
inexpensive solar energy conversion and catalysis applications.
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X-ray photoelectron spectroscopic results yield significant insight into the
interfacial chemical states on BiOl and how those species change with rinsing
and etching processes. Considering the low signals for adventitious C 1s
and O 1s features of tape-cleaved samples as in Fig. 4.4D, we attribute the
Bi:O:I ratio of 1.2:0.8:1 presented in Table 4.1 for tape-cleaved samples to best
represent the ratios that would exist for a “pure” BiOl surface. Importantly,
the quantified Bi:O:I ratio of 1.2:0.8:1 is not identical to 1:1:1. However our
experimentally determined ratios utilize published sensitivity factor values
for the model instrument under study, and instrument-specific variations
exist that will yield systematic deviations from published values.?¢>~2% Given
the systematic nature of possible deviations and the overall cleanliness of the
tape-cleaved BiOI samples, we interpret the experimentally quantified Bi:O:I
ratio of 1.2:0.8:1 to be the ideal ratio for our instrument. Establishing an
idealized set of values for Bi:O:I ratios quantified herein, we further interpret
the quantified Bi:O:I ratio of 1.6:1.1:1 for nascent sample surfaces to be rich
in bismuth oxide or deficient in iodide.

The angle resolved XPS results support the atomic ratios above and further
elucidate the surface terminations on BiOl. The angle-resolved XPS ratios
for nascent samples in the blue squares in Fig. 4.8 even exceeds the oxide-
terminated BiOI(001) model results in the blue curve, which further sup-
ports the existence of surface bismuth oxide. Observation of a trace Bi2O3-
ascribable feature by XRD as in Fig. 4.3 is supportive of surface oxide but
indirect as XRD is not surface sensitive. We would stop short of specifically
referring to the surface oxide as Bi2O3, but rather say that nascent BiOI has
an oxide-rich or iodide-deficient surface. In contrast to the nascent surfaces,
angle-resolved XPS of tape-cleaved BiOl as in the open, red circles in Fig. 4.8
demonstrates better qualitative alignment with the iodide-terminated over-
layer model as in Fig. 4.1B. The observation of iodide-rich surfaces following
tape cleaving is in strong agreement with rigorous computational studies®!
and intuition that breaking the weak van der Waals binding between adjacent,
(001)-parallel iodide layers yields a low energy surface.

4.5.2 Influences of Rinsing and Etching Treatments on Interfacial Chem-
ical States

Rinsing and etching strongly effects the interfacial chemical species on BiOl
surfaces relative to nascent samples. Surface cleaning by water sonication,
acetone sonication, HF etching, and a combination of sequential HF etching,
water rinsing, and acetone sonication yield XPS-determined Bi:O:I ratios that
are statistically comparable to that of tape-cleaved samples. First, water
rinsing yields interfacial Bi:O:I ratios with lower bismuth oxide quantities
and ratios that more closely approximate ratios from tape-cleaved BiOl as
revealed in Table 4.1. Interestingly, angle-resolved XPS ratios for water-rinsed
BiOI shown in the open blue squares in Fig. 4.8 best follows the pattern of the
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blue trace for idealized oxide-terminated BiOl as in Fig. 4.1A. Taken together,
amodel that fits the experimental data for nascent and water rinsed samples is
that vapor-transport synthesis yields oxide-terminated BiOlI as in Fig. 4.1A.
The oxide-terminated BiOl may be contaminated with a small quantity of
bismuth oxide that is effectively removed by a water rinse.

Aqueous-phase HF etching significantly alters the surface chemistry of BiOL
The optical images in Fig. 4.2 demonstrate increased visual clarity in terrace-
rich sample domains and significantly increased scattering in step-rich do-
mains relative to nascent samples following an HF(,q) etch. Along with
increased optical scattering at step-dense domains in Fig. 4.2B, an appear-
ance of Bil; features in XRD traces as in Fig. 4.5C, and the hexagonal platelets
decorating step edges in Fig. 4.6 cumulatively support an interfacial reaction
at BiOlI step edges that yields Bils.

A model that fits that data for a reaction between HF and BiOI(001) may
involve an effectively HF-driven disproportionation and reaction at chem-
ically active facets on BiOl. As Bil; + Bi;O3; comprise three stoichiometric
units of BiOl, a reaction between HF and BiOI may work in reverse to yield
an HF-inert species in Bil; and a HF-reacting species in Bi,Os. Bi;O3 reacts
with HF in an established reaction to form BiOF2%* but it remains unknown
from the present study whether Bi,O3 exists as a stable intermediate in the
reaction of BiOI with HF(,q). The observation of F 1s features in XP spectra
of step-dense domains of BiOI(001) as in Fig. 4.7C may be an indication of
deposited BiOF. Interestingly, crystalline BiOF yields XRD features at 20 =
14.2° and at 27.8°. While trace peaks exist at those positions in the diffraction
traces of HF-etched samples as in Fig. 4.5B-D, minor features exist in the
XRD traces of non-HF-etched samples in Fig. 4.3 and Fig. 4.5A. Thus, the
present results do not unambiguously confirm the observation of crystalline
BiOF. However, if the product of HF with a bismuth oxide yields BiOF, a net
reaction with BiOI may follow reaction 4.1.

3BiOI + 2 HF(,q) — Bl + 2 BiOF + H,O(yq) (4.1)

For an initially oxide-dominated nascent BiOI(001) surface, we posit that
HF adds across and breaks Bi-O bonds to form a Bi-F bond and an O-H
bond similarly to the etching mechanism of other oxides.?*>~2%¢ From the first
adsorption, the mechanism on BiOl likely departs from that of other oxides
such as SiO, and Al,O3; where the respective products SiF¢H, and AlFsH;
are each water soluble.?®’” In the present case, dissolution of some interfacial
bismuth would leave undercoordinated I” species that likely attack other
bismuth cations rather than F~ in a reaction that ultimately yields solid-phase
Bil;. This reaction is particularly interesting as BiOI and Bilz have completely
incommensurate crystal structures that leads to the growing platelet structure
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seen in Fig. 4.6. Insight into the mechanism of this reaction remains the
subject of ongoing study. Separately from the products of a reaction with
HF(,q), angle resolved XPS data as in the filled red circles in Fig. 4.8 best
fit an overlayer model in which a layer of iodide forms the topmost atomic
layer of an idealized BiOI(001) surface. As above, we stop short of calling the
HF-etched terraces iodide terminated, but would rather say that HF etching
removes a surface oxide to reveal iodide-dominated (001) terraces on BiOI
surfaces.

We were particularly interested in utilizing an organic rinse for its ability
to dissolve Bil; that we expected may be a source contaminant from certain
vapor transport growth recipes. However, an acetone sonication takes on
new utility in the removal of Bil; that is produced in a reaction between BiOI
and HE. The disappearance of Bilz-ascribable features in the XRD traces such
as in Fig. 4.5D upon acetone treatment, and the observation of no platelets
in SEM images following sequential HF ,4)-etching and acetone sonication
suggests an effective removal of Bil3 that is produced from the HF,q-etch
itself. Importantly for the acetone sonication, fluorine features on step-dense
domains of BiOI samples all demonstrate significantly smaller F 1s regions as
a consequence of acetone sonication following an HF,q) etch. Taken together,
the sequence of an HF,q) etch with a water rinse that is directly followed by
an acetone cleaning yields high-quality BiOI surfaces.

4.5.3 Correlation of Surface Chemical States with UPS- Determined
Electronic Structure

The XRD and XPS results guide expectations of chemical cleanliness for pro-
cessed BiOI samples, and ultraviolet photoelectron spectra establishes work-
function and Fermi-level energies for cleaning process. UPS-determined
Fermi-level energies vs valance-band maxima, E¢ — Eygm, were 1.4 — 1.9 eV
that corresponds to n-type doping for all samples measured irrespective of
surface preparation. In contrast to the small variance in E¢ — Eygv values,
measured work-function values, ®@, varied across almost 2 eV as a function of
surface preparation. The disparity between small variations in Fermi energies
and large variations in @ is well established by band-bending diagrams of
semiconductors.™ Based on the Fermi-level equilibration between a sample
and the measuring instrument, surface charges, interfacial dipoles, and con-
tamination all influence the measurements of ® whereas measurements of E¢
— Evem do not shift with changes in these interfacial properties. That is to say,
photoelectrons emitted from states near the valence-band edge experience
an interfacial dipole that is directly cancelled out by the act of measure-
ment. In contrast to valance-edge emission, low-kinetic-energy electrons in
the secondary-cutoff region experience an energetic shift due to interfacial
dipoles or changes that is not cancelled out by the act of measurement.?
Separately from the UPS data, we ascribe such interfacial dipole effects to the
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movement of adventitious C 1s features as revealed by the shifts about the
dashed guide lines in photoelectron spectra in Figs. 4.4 and 4.7.

Comparisons of work function values as a function of surface preparation re-
veals that acetone treatment does not statistically affect @ vs nascent samples,
whereas water effects only a modest shift in ® values vs those of nascent sam-
ples. In contrast to water and acetone, a HF(,q) etch and a sequential HF 5
etch with acetone sonication each effect a significant shift in ® vs nascent sam-
ples. The large work function value due to tape-cleaving is likely an artifact
of the physical cleaving process leaving highly reactive dangling bonds with
a surface charge that yields erroneous ® values. Indeed, if we consider the
sequential HF(,q) etch with acetone sonication process to yield the cleanest
possible surface, we take ® = 4.40 + 0.20 eV as the “ideal” work function
revealed by this study. In conjunction with @ for a sequential HF(,q) etch
with acetone sonication, the UPS-determined Ef — EVEBM difference of 1.81 eV
reveals a valance-band-maximum energy at ~6.2 eV more negative than the
vacuum energy, E'*. From a bulk band gap of ~1.8 eV,2%8 the position of the
valence-band maximum would put the conduction-band-minimum energy
at ~4.4 eV more negative than the vacuum energy, E'*°. Band-edge energy
assignments broadly agree with computational,'2%270 and spectroscopic
results.!”

4.5.4 Implications for Step-Dense, Nanocrystalline BiOl Films and So-
lar Energy Conversion

Chemically and electronically pristine interfaces are critical for efficient,
cost-effective PV. Mechanical exfoliation of layered 2-D materials is well-
precedented, however, reports of BiOl for applications in PV and photocatal-
ysis have included thin film- and nanoscale-BiOI-based chemical systems.
Delicate microstructures such as thin films or vertically-oriented nanoflakes
are generally not susceptible to traditional exfoliation methods such as tape-
cleaving or sonication. As such, we were motivated to establish chemical
etching procedures that can achieve comparably pristine surfaces while cir-
cumventing these mechanical demands, as well as explore and quantify the
chemical and electronic transformations that result.

The combination of HF(,q) etching and an acetone treatment effectively cleans
BiOlI surfaces, and could improve solar-energy conversion and catalytic pro-
cesses. In the present study, 6 M HF(,) etched the BiOl surfaces at reasonable
rates for handling and processing steps. In preliminary and ongoing studies
in our laboratory, exposure of 6 M HF(,q) to nanofilms of BiOl nearly instanta-
neously destroys such films in favor of disordered Bil; films. It is reasonable
to assume that if HF attacks energetic edges, then high-edge-density and
faceted nanofilm BiOI would present a highly reactive surface for HF reac-
tion. Establishing the behavior of dilute HF(,q) exposures to photovoltaic-
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Figure 4.10. Angle-resolved XPS demonstrated that an interfacial oxide dominates
nascent and water-rinsed BiOl surfaces. An aqueous-phase HF etch attacks step
edges to yield hexagonal Bil3 platelets, while both HF etching and tape cleaving
reveal iodide dominated surfaces.

and photocatalytic-relevant nanofilms of BiOI remains the subject of ongoing
study.

4.6 Conclusion

We synthesized single-crystal BiOI via both chemical and physical vapor
transport from several combinations of precursors that yield stoichiometric
BiOI. The resulting crystals showed no significant variation based on precur-
sor combination or in the presence or absence of an additional I, carrier for
chemical vs physical vapor transport. The resulting large crystals demon-
strated step-dense and terrace-dense domains that demonstrated unique re-
activity to a series of chemical cleaning processes.

Figure 4.10 summarizes the principal conclusions for the present study.
Nascent and water-sonicated BiOI surfaces are oxide dominated as shown in
Fig. 4.10A as revealed by angle-resolved XPS. XRD demonstrated that HF 4
etching produces interfacial Bil3 at BiOl step edges as in Fig. 4.10B that the
acetone subsequently dissolved away to yield high-quality surfaces. Angle-
resolved XPS further demonstrated that tape-cleaved and HF(,q)-etched BiOI
samples demonstrate an iodide-dominated surface as shown in Fig. 4.10C.
XP spectra for tape-cleaved BiOl revealed a very low concentration of in-
terfacial contaminants, and we subsequently assigned such spectra as the
baseline for chemically cleaned surfaces. Between water sonication, acetone
sonication, an HF,q) etch, and a stepwise HF ,q) etch with an acetone sonica-
tion, the stepwise HF+acetone treatment yielded XP spectra that best aligned
with the tape-cleaved results. UPS-demonstrated work-function and Fermi-
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level values for a stepwise HF(,q) etch with an acetone sonication yielded
valance- and conduction-band edges of approximately —4.4 eV and -6.2 eV
vs the vacuum energy level, EY*. Further, all vapor-transport synthesized
material demonstrated n-type behavior. We conclude that a stepwise HF 4
etch with an acetone sonication may best clean BiOI surfaces for photovoltaic
and photocatalytic applications with concentrations and protocols relevant
to nanofilm BiOI material being the subject of ongoing study.



CHAPTER 5

CHEMICAL CONTROL OF Ti;C,T,
MXene ELECTRONICS VIA
COVALENTLY-TETHERED ORGANIC
MONOLAYERS

5.1 Abstract

Two-dimensional MXenes have demonstrated promising success in cataly-
sis, battery storage, electromagnetic interference (EMI) shielding, chemical
and biological sensing, among others. Nonetheless, precise control over the
chemical terminations and optoelectronic behavior is critical for scalable,
widespread applications. Herein, we functionalized Ti3C, T MXene surfaces
with organosilanes to change local electron density based on the inclusion
of electron-donating or electron-withdrawing groups. Ultraviolet photoelec-
tron spectroscopy (UPS) quantified work-function values for resulting deriva-
tized TizC, T, thin films. UPS reveals ~350-400 meV shifts in work-function
values based on interfacial dipoles resulting from covalent organosilane at-
tachment. These results inform current research efforts which aim to exploit
chemical and optoelectronic tunability via mixed organic monolayers with
orthogonal reactivities at Ti3C, Ty edges and terraces. Candidate molecular
organics to impart passivation against oxidation, optoelectronic tunability,
and chemical handles for tethering to polymers and other surfaces include
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silanes, catechols, and alkyl triphosphates as well as polyanionic salts. We
discuss these results in the context of EMI shielding, catalysis, chemical sens-
ing, and energy applications.

5.2 Introduction

Overcoming challenges associated with climate change and global energy
necessitates inexpensive, scalable low-dimensional materials for a number
of practical applications including energy storage and conversion, chemical
and environmental sensors, water remediation, among others. Since the
rediscovery of graphene in 2004 by Novoselov and Geim,!"2 2D layered
materials have been remarkable useful across a range of applications for
their unique mechanical, chemical, and optoelectronic properties.>~® Among
them, Van der Waals (VDW) materials, which are characterized by strong,
intralayer covalent bonds and weak interlayer van der Waals forces, are
particularly compelling. In many cases, their layered structure affords high
in-plane electrical conductivity as well as excellent effective charge separation
perpendicular to the layers which posit them as strong candidate materials for
applications in photocatalysis, energy conversion and storage, and chemical
and biological sensing.

Among commonly employed VDW materials, transition metal dichalco-
genides (TMDs) are ubiquitous for their favorable mechanical and opto-
electronic properties, direct bandgap, natural abundance, atmospheric sta-
bility. Since single-layer MoS, enabled the discovery of the first practical
transistor,”’! the present library of around 60 TMDs have demonstrated broad
utility in chemical and biological sensors, batteries, solar cells, nanophoton-
ics, wearable electronics, DNA sequencing, among others.!**?”2 Nonetheless,
charge carrier mobility for these materials is limited by lattice disruptions
and defects states that deleteriously impact practical device performance and
costly syntheses and fabrication pose scalability issues. This drives research
into abundant, cost-effective alternative materials for energy and sensing
applications with higher intrinsic conductivities.

Beyond TMDs, MXenes are an emerging class of 2D carbides and nitrides
aptly named for their structural similarity to graphene and other conven-
tional 2D materials. MXenes are synthesized by selective etching of the “A”
layers, where A is a group 13 or 14 element, from MAX phase bulk crystals to
yield 2D material with the general formula M,,41X, Ty where where M is an
early transition metal, X is carbon or nitrogen (n = 1, 2, or 3), and Tx denotes
surface functional groups including -O, -OH, and —-F¥176~177 At their time of
discovery decades prior, MAX phases fulfilled a critical need in the field for
materials with excellent thermal and oxidative stability that are also highly
machinable, electrically conductive, damage tolerant, and can be synthesized
from chemically diverse and abundant materials. 2D MXenes retain a num-
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ber of these favorable mechanical and structural properties. Importantly,
the low-dimensional nature of MXenes yields comparably higher surface
areas and aspect ratios, making them exceptionally more electronically con-
ductive than their MAX phase counterparts, reaching ~20,000 S cm™'. This
unique combination of material properties have afforded practical success
for MXenes in a number of applications including chemical and biological
sensing,!78718 energy storage and conversion,'>*372> and electromagnetic
shielding.?~1%27¢ Among the present library of over 40 MXene compositions,
Ti3C, T, is by far the most widely studied and employed MXene to date.

Despite promising reports for nascent material, interfacial functionalization
of MXenes holds strong implications for designing chemically and electron-
ically tunable surfaces for highly efficient, practical MXene-based devices.
Covalent derivatization of MXene surfaces is most commonly employed to
improve atmospheric stability as well as to enhance dispersion in organic
solvents which is critical for solution phase processing involved in practical
device fabrication. One route for surface functionalization exploits metal-
ligand binding at presumably metal-rich edges of 2D MXene sheets. Since
it is known that MXene surface oxidation generally begins at edge termina-
tions and proceeds inwards, it has been demonstrated that edge-capping of
Ti3C, T, and V2CTx sheets with polyanionic salts is successful in minimizing
interfacial oxidation to improve stability in aqueous systems.!> Moreover, it
is well established that ortho diols are excellent ligands for metal chelation.!%
As such, two recent studies have demonstrated covalent attachment of cat-
echol derivatives to MXenes. One study covalently attached dopamine and
pyrocatechol to Ti3C, T surfaces to enable subsequent functionalization with
fluorescein in the context of biological imaging.199 Another study employed
covalent attachment of catechol derivatives with long fluoroalkyl chains to
various Ti-, Mo-, N-, and V-based MXenes to afford improved oxidative
stability and dispersion in common organic solvents including methanol,
ethanol, isopropyl alcohol, acetone, and acetonitrile.’®® This is particularly
useful across a number of application that rely on solution phase processing.

Beyond edge-capping, since nascent material generally demonstrates a rich
combination of interfacial -OH, -OH, and -F species, many MXenes are
amenable to covalent derivatization that exploits the diverse chemical toolbox
for attachment to oxygen-containing functional groups. Additionally, it is es-
tablished that a simple treatment with strong base, NaOH, straightforwardly
minimizes F terminations and maximizes O terminations.!®* This is particu-
larly advantageous for maximizing coverages for self-assembling monolayers
(SAMs) like organosilanes which covalently bind at interfacial hydroxyl sites.
In separate studies, Gogotski and Zhang covalently attached different amino-
terminated organosilanes to TizC, T, and to yield net positively charged sur-
faces at neutral pH."11%2 Due to the presence of O- and and F-based termina-
tions, MXenes generally demonstrate a net negative charge at their in-plane
surface and net positive charge at the edges.!”® The ability to selectively alter
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the magnitude and signage of the overall surface charge may have impli-
cations for applications that rely on selective adsorption of charged species,
such as chemical and biological sensing. Other studies have employed cova-
lent attachment with long-chain organosilanes to produce hydrophobic MX-
ene surfaces in the context of solar desalination,'* self-cleaning coatings,'*
and dispersibility in non-polar solvents.! In the context chemical tunability
for biological sensing applications, another study employed silanization of
Ti3C, T, surfaces with 3-(aminopropyl)trimethoxysilane (APTMS) and subse-
quent functionalization with a bio-receptor (anti-CEA) to enable ultrasensi-
tive detection of the important cancer biomarker carcinoembryonic antigen
(CEA).'” A separate study directed toward chemical sensing employed func-
tionalization of Ti3C, T, surfaces with fluoroalkylsilane to enable sensitive and
selective sensing of various volatile organic compounds.!”® Conveniently, the
fluoroalkylsilane-functionalized MXene also demonstrated improved atmo-
spheric stability.

Initial reports for surface-functionalized MXenes are promising for their im-
plications toward improving atmospheric stability, enhancing dispersibility
in organic solvents, and achieving higher selectivity and sensitivity toward
particular analytes. Nonetheless, to our knowledge little work has been
done to correlate interfacial chemical states for functionalized MXenes to the
resulting changes in electronic and optical properties. For applications in
energy, sensing, and EMI shielding, robust control over the electronic and
optical properties of MXenes is highly desirable. It is known for traditional
materials like silicon that surface functionalization can change local electron
density based on the inclusion of electron-donating or electron-withdrawing
groups®’’~27° and thus can influence photoelectrochemical and photovoltaic
properties, carrier dynamics, and electronic interactions between the ma-
terial itself and contacting phases.*107-109117-118,120.280-283 \oreover, these
concomitant changes be tuned by altering the chemical functionalities of the
molecular overlayer. Our work exploits these established surface chemistry
approaches for emerging materials including Ti;C, T, MXene.

Herein, we functionalized Ti3C,T, MXene surfaces with 3-aminopropyltri-
methoxysilane (APTMS) and trimethoxy(3,3,3-trifluoropropyl)silane using
air-free techniques. X-ray photoelectron spectroscopy (XPS) confirmed cova-
lent attachment as well as quantified sensitivity-factor-corrected peak-area
ratios for elemental species in the MXene versus species in the overlayer. Ul-
traviolet photoelectron spectroscopy (UPS) quantified work function values
for TizC,T, as a function of covalent derivatization. We discuss these results
in the context of molecular-dipole-induced electronic tunability of Ti3C,T,-
based materials and composites for applications in energy storage, chemical
and biological sensing, electromagnetic shielding, among others.
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5.3 Experimental

5.3.1 Materials and Chemicals

All reagents were used as received unless otherwise stated. A Millipore
Milli-Q system provided 18 M(Q) cm resistivity water for all water require-
ments. Silicon substrates for photoelectron spectroscopy experiments were
single-sided polished, 525 + 15 mum thick, <0.006 Q cm resistivity, degen-
erately arsenic-doped n*-Si(111) (Addison Engineering). Quartz slides for
optical spectroscopy experiments (Ted Pella) were cleaned with an Alconox
solution, rinsed in water, and dried under argon, Ar, (ultrahigh purity, Air-
gas). Both quartz slides and silicon wafers were cleaned in piranha solution,
rinsed in water, and dried under argon directly before use. Caution: piranha
solution is a strong acid and a strong oxidant that reacts highly exothermi-
cally with organic matter. Piranha solution consisted of a freshly prepared
3:1 mixture of concentrated sulfuric acid (98%, Fisher Chemical) and HyO2aq)
(35 wt %, Alfa Aesar). Glass test tubes and dram vials were cleaned in pi-
ranha solution, rinsed in water, and dried in a 100 °C oven overnight prior
to use. Surface derivatization experiments utilized TizC,T, supplied by Bar-
soum and colleagues that was synthesized via established procedures.?’?
The Ti;C, T, material was received in multilayered form and stored in a N2-
purged flush box to minimize deleterious oxidation. Silanization procedures
utilized ethanol (100% anhydrous, ACS/USP grade, Pharmaco-Aaper), wa-
ter (Millipore Milli-Q, 18 MQ cm resistivity), acetic acid (AcOH, 99.7%, Alfa
Aesar), and either trimethoxy(3,3,3-trifluoropropyl)silane (98%, TCI) or 3-
aminopropyltrimethoxysilane (APTMS, 95%, Acros Organics). Ethanol was
stored over sieves (3A, 1-2 mm beads, Thermo Scientific) that had been previ-
ously activated by heating in a flame on a diffusion-pump-equipped Schlenk
line with a base pressure below 1 x 10~% Torr. All degassing procedures
employed N gas (ultrahigh purity, Airgas).

5.3.2 Preparation of delaminated Ti;C,T,

Sonication and subsequent separations via centrifugation to yield delami-
nated Ti3C, Ty preceded silanization experiments as in Fig. 5.1. Here, 100
mg portions of multilayered Ti3C,T, were transferred from the N,-purged
flush box and combined with 10 mL water under an air ambient. Bubbling
at <1 sccm N, for 3 h followed by 1 h of sonication in an ice-cooled water
bath sufficiently delaminated the TizC,T, material. Following sonication, the
Ti3C, T, colloid in water was transferred to a 15 mL polypropylene centrifuge
tube and filled with water up to the 10 mL graduation line to account for
water loss from evaporation. Centrifugation at 3000g for 10 min initially
separated delaminated Ti3C, T, material from the comparatively larger par-
ticulates. This initial round of centrifugation yielded a black pellet and a
dark green-black supernatant. The supernatant liquid was decanted and
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Figure 5.1. Cartoon illustration depicting the synthesis of multilayered Ti;C,T, MX-
ene from MAX phase TizAlC, by etching treatment with HF. Sonication can further
delaminate the multilayered Ti3C, T, to yield individual 2D sheets

transferred to a separate, clean 50 mL centrifuge tube and filled to the 20 mL
line with water and the pellet was discarded. To ultimately separate the solid
material from the water, the colloid of delaminated Ti3C, T, was further puri-
fied by centrifugation at 5000¢ for 10 min which yielded a pellet containing a
fractional percentage of the Ti3C, T, solid material and a supernatant which
comprised a colloidal suspension of a fractional percentage of the Ti3C, Ty
material in water. Following decanting and discarding of the supernatant
liquid, the Ti3C,T, material in the pellet was resuspended in 7 mL of fresh
ethanol via physical agitation and sonication for 2 min with N, bubbling as
described prior. The resulting Ti3C,Ty-containing suspension in ethanol was
then subjected to functionalization as described in the proceeding sections.

5.3.3 Functionalization of Ti;C,T, MXene with organosilanes

Following delamination and solvent exchange from water to ethanol as de-
scribed in §5.3.2, 1 mL of aqueous 0.1 M acetic acid was added to the 7 mL
suspension of delaminated Ti3C, T, in ethanol. Bubbling at <1 sccm N, for
15 min preceded the addition of organosilane solutions. We utilized 5 mL
of 0.2 M ethanolic solutions of the organosilanes to target ~2:1 molar ratios
of the organosilane to the MXene, with all solution preparation occurring
in a Np-purged flush box. Ethanol for silane dilution had been stored over
activated sieves prior to use. Upon removing the solution from the flush box,
the ethanolic silane solution was added to the degassed Ti3C, T, solution by
syringe at a rate of 1 mL per 15 min over the course of 75 min until the full 5
mL of silane solution was delivered. The silane-containing TizC,T, solution
was sonicated for 4 h total from the first silane addition in an ice-cooled water
bath with N, bubbling at <1 sccm.

Following the 4 h reaction, the Ti3C, T, solution was quantitatively trans-
ferred to a 15 mL centrifuge tube rinsing with small volumes of ethanol to
reach a final volume of 15 mL. Centrifugation at 3000g for 2 min initially sepa-
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rated the solid TizC, T, material from the ethanolic silane solution. Following
decanting and discarding of the supernatant liquid, the Ti3C, Ty material was
resuspended in 6 mL of fresh ethanol via physical agitation and sonication.
Three cycles of centrifugation as above, decanting, and re-suspension further
purified the material left in the pellet after each stage of rinsing and cen-
trifugation in ethanol. Through each stage of ethanolic centrifugation, the
supernatant progressively transitioned from light gray to a clear solution.
With the final decanting of the clear ethanolic supernatant, the Ti3C, T, cen-
trifugation pellet was suspended in 10 mL ethanol and thoroughly sonicated
with N, bubbling at <1 sccm. This suspension of functionalized TizC,T, in
ethanol was stored inside a nitrogen-purged flush box until further use.

5.3.4 Film Preparation

XPS and UPS analysis for the Ti3C,T, material utilized films on n*-5i(111)
substrates. The films were deposited by a gravity-feed, compressed-gas-
propelled commercial airbrush (Master Airbrush, G233). Spray depositions
for nascent TizC, T, material utilized ;0.5 mL of the aqueous Ti3C, T, colloid
while depositions for functionalized Ti3C,T, material utilized <0.5 mL of
the ethanolic Ti3C, T, suspension. Films were sufficiently thick such that the
analysis depth for typical XPS and UPS experiments excluded photoelectron
contributions from the silicon substrate. Routine cleaning of the airbrush
body and components utilized dilute, aqueous glacial acetic acid (AcOH,
99.7%, Alfa Aesar). Components in frequent contact with TizC,T, material
including the needles, fluid tips, and reservoir were sonicated in the aqueous,
dilute acetic acid and rinsed with copious amounts of water in between
subsequent depositions.

5.3.5 Photoelectron spectroscopy

See the supporting information section in Appendix B for instrumental details
as well as quantification methods.

5.4 Results

5.4.1 Nascent and Functionalized Ti;C,T, Surface Chemical States

X-ray photoelectron spectroscopy (XPS) quantified the surface chemistry
of both nascent and organosilane-functionalized Ti;C,T, that was freshly
spray deposited on n*-Si(111) prior to photoelectron spectroscopy. Figure
5.2 presents representative Si 2p, C 1s, N 1s, Ti 2p, O 1s, and F 1s XP spec-
tra for (A) nascent, non-functionalized TizC,T,, (B) TisC,T, functionalized
with trimethoxy(3,3,3-trifluoropropyl)silane, and (C) Ti3C, T, functionalized
with 3-aminopropyltrimethoxysilane. We fit and interpret XP spectra for
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Figure 5.2. Representative XP spectra for A nascent, non-functionalized TizC,Ty, B TizC,T, functionalized with trimethoxy(3,3,3-
trifluoropropyl)silane, and C TizC,T, functionalized with 3-aminopropyltrimethoxysilane. Importantly, the gray-shaded regions in
the Si 2p, C 1s, and F 1s regions for B correspond to trimethoxy(3,3,3-trifluoropropyl)silane and are not observed for nascent Ti3C, T,
in A. Similarly, the purple-shaded features in the Si 2p and N 1s regions for C are consistent with 3-aminopropyltrimethoxysilane and
are not present for nascent Ti3C,T,. The orange-shaded featured denoted with an arrow are consistent with Ti*" in titanium oxides or
oxyfluorides from deleterious oxidation of TizC,Ts.
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Ti3C, Ty herein similarly as discussed elsewhere?®*-2%¢ with some modifica-

tions. Across all samples, we ascribe the red-shaded C 1s and Ti 2p features to
C-Ti—C and C-Ti-O\O\O local environments in which the atoms separated
by a “\” denote three surface terminations to that particular titanium atom.?*
As such, we ascribe the red-shaded Ti 2p fitting feature to both middle-layer
C-Ti—C atoms as well as interfacial C-Ti-O\O\O (i.e., Ti atoms in octahedra
with 3 C atoms and 3 surface O atoms). Blue-shaded regions in the Ti 2p
and F 1s regions likely correspond to C-Ti-O\O\F and C-Ti-O\F\F envi-
ronments. We ascribe green-shaded peaks in the Ti 2p and F 1s regions to
C-Ti-F\F\F, or Ti atoms in octahedra with 3 C atoms and 3 surface F atoms.
The Ti 2p region further contains an additional higher-binding-energy dou-
blet shaded orange and marked with an arrow in Fig. 5.2. We attribute this
feature to Ti** in titanium oxides or oxyfluorides from deleterious oxidation
of the material. Beyond the red-shaded carbidic carbon peak, the C 1s re-
gions for all samples contain additional higher-binding-energy features that
we attribute largely to adventitious contaminants in Fig. 5.2A and nonre-
solvable combinations of adventitious and organosilane components in Fig.
5.2B-C. The O 1s region for nascent Ti3C,T, as in Fig. 5.2A is described by
three features centered at ~529.2, ~531.1, and ~532.8 eV. It not straightfor-
ward to deconvolve contributions to the O 1s region for this material without
further experiments.223, 284-287 The O 1s region likely contains a mix of
contributions from adventitious contaminants, C-Ti-O\O\O environments,
C-Ti~(O,F) environments, as well as titanium oxides and oxyfluorides. For
Fig. 5.2B—C, the three lower-binding-energy features in the O 1s region align
well in position to those for nascent Ti3C, T, in Fig. 5.2A. The additional high-
binding-energy feature centered at ~533.8 eV present for Fig. 5.2B-C may be
due to additional adventitious contaminants from the chemical processing
steps. Importantly, we ascribe the gray-shaded features in the Si 2p, C 1s, and
F 1s regions for Fig. 5.2B to trimethoxy(3,3,3-trifluoropropyl)silane and they
are not observed for nascent TizC, Ty in Fig. 5.2A. Similarly, for Fig. 5.2C the
purple-shaded features are consistent with Si 2p and N 1s features from 3-
aminopropyltrimethoxysilane that are not present on nascent Ti3C, T, in Fig.
5.2A. Importantly, the binding-energy invariance of features ascribed to both
Ti3C, Ty and adventitious contaminants throughout the chemical processing
steps obviated the need for charge neutralization.

5.4.2 Electronic Properties

Ultraviolet photoelectron spectroscopy (UPS) probed the work-function val-
ues for nascent and organosilane-functionalized Ti3C,T,. Figure 5.3 presents
ultraviolet photoelectron spectra with magnified insets of the Fermi region.
We employed airbrush-deposited films for UP spectroscopy to yield a suffi-
ciently thick film to obviate spectral contributions from the Si substrate. This
enabled analyses of sensitivity-factor-corrected Si 2p:Ti 2p ratios for which
the Si 2p photoelectron intensity originated solely from the organosilane over-
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Figure 5.3. UP spectra for A nascent TisC;T,, B TisC,T, functionalized
with trimethoxy(3,3,3-trifluoropropyl)silane, and C Ti;C,T, functionalized with 3-
aminopropyltrimethoxysilane. The low-binding-energy Fermi-edge regions for A, B,
and C are magnified by 50, 200, and 50 respectively. Linear fits reveal the secondary-
electron-cutoff energy Eggc (red dashed line) and the binding energy of the valence-band
maximum, Eygy, relative to its Fermi energy, E;.

layer. Frames A, B, and C in Fig. 5.3 represent UP spectra that respectively
correspond to the XP spectra for samples presnted in frame A, B, and C in
Fig. 5.2. UP spectra include those for A nascent, non-functionalized Ti3C2Tx,
B Ti3C, T, functionalized with trimethoxy(3,3,3-trifluoropropyl)silane, and
C Ti3C, T, functionalized with 3-aminopropyltrimethoxysilane. The green
dashed lines in Fig. 5.3 represent linear regressions of the low-binding-energy
edge for each valance-band feature whose x-intercepts quantify valence-band
maxima, 5.2. With the 0 eV binding energy corresponding to the Fermi edge
of sputter-cleaned polycrystalline gold (see Fig. B.1 in Appendix §B.1), the
fitted Evpum reveals the position of each sample Fermi level with respect to its
valence-band maximum, or E¢ — Eygum. The red dashed lines in Fig. 5.3 repre-
sent a linear regression of the low-kinetic-energy (high-binding-energy) edge
of the secondary-electron feature in each spectrum. The x-axis intercepts of
each red-dashed regression reveal secondary-electron photoemission cutoff



5.5. DISCUSSION 85

energies, E5EC, that determine sample work functions, ® = Eyje 1 — Esgc, where
EHeI =hv=21218¢V.

Work function values for the TizC,T, samples under study correlate strongly
with surface functionalization with organosilanes. Nascent, non-functionalized
Ti3C, Ty asin Fig. 5.3A demonstrates a work function value of @ =4.27 eV. This
stand in contrast to the work-function value of ® = 4.63 eV for TizC,T, func-
tionalized with trimethoxy(3,3,3-trifluoropropyl)silane as in Fig. 5.3B which
is ~350 meV larger than that for nascent Ti;C,T,. Additionally, Ti3C, T, func-
tionalized with 3-aminopropyltrimethoxysilane as in Fig. 5.3C demonstrates

a work-function value of ® = 3.87 eV which is ~400 meV smaller than that
for nascent Ti3C,T,.

5.5 Discussion

For traditional semiconductors like silicon, surface derivatization imparts a
surface dipole that results in changes to the local electron density of the ma-
terial. The surface dipole magnitude and direction may be tuned based on
the inclusion of electron-donating or electron-withdrawing functionality at
the derivatizing molecule as compared to the nascent chemical and electronic
structure.?”””~2”° The resulting interfacial dipoles influence photoelectrochem-
ical and photovoltaic properties, carrier dynamics, and electronic interactions
between the material itself and contacting phases.8107-109.117-118,120,280-283 Eyp
studies surrounding emerging, low-dimensional materials like MXenes for
energy, shielding, and sensing applications, future research must critically
incorporate such well-established surface chemistry approaches. Herein, we
utilize differences in chemical structure for covalent molecular overlayers to
effect changes in interfacial electronic structure on a material significantly
less well studied than conventional semiconductors like silicon.

Investigations of Ti-based MXenes generally probe chemical and biologi-
cal sensing,'”8718 energy storage and conversion,'¥?3727> and electromag-
netic shielding.*~19%%¢ Despite promising results for nascent TizC,T, with
mixed -O/~OH and -F terminations, interfacial functionalization of MX-
enes holds strong implications for designing chemically and electronically
tunable surfaces for highly efficient, practical MXene-based devices. Re-
cent studies surrounding TizC,T, have primarily focused on covalent at-
tachment of organosilanes and catechol derivatives toward improving at-
mospheric stability, enhancing dispersibility in organic solvents, and achiev-
ing higher selectivity and sensitivity toward particular analytes for sensing
applications.!78190-192195-197.199-200 Nonetheless, to our knowledge, few stud-
ies have correlated interfacial chemical states for functionalized MXenes to
the resulting changes in electronic and optical properties.??!~?? In this work,
we derivatize Ti3C, T, with organosilanes and to impart interfacial dipoles
and quantify the resulting changes in work-function values, .
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Figure 5.3 reveals UP spectra for A nascent, non-functionalized TizC,Ty,
B Ti3C, T, functionalized with trimethoxy(3,3,3-trifluoropropyl)silane, and
C TizC,T, functionalized with 3-aminopropyltrimethoxysilane. The UPS-
determined work function for nascent TizC,T, yields @ = 4.27 eV. Interest-
ingly, TisC, T, material functionalized with trimethoxy(3,3,3-trifluoropropyl)
silane as in Fig. 5.3B demonstrates @ = 4.63 eV while material functionalized
with 3-aminopropyltrimethoxysilane yields ® = 3.87 eV. We attribute these
discrepancies in work-function values to the interplay between the native
surface dipole, 9, for TizC, T, with nascent -O and —F terminations and the
induced molecular surface dipoles from the covalent organosilane overlay-
ers. The work function for nascent TizC,Ty is tunable based on changes
in the interfacial surface chemistry. High-temperature vacuum annealing
up to 750 °C for nascent TizC,T, demonstrates an increase to larger work-
function values concurrently with the desorption of adventitious contami-
nants and a subsequent decrease to smaller work-function values as inter-
facial fluoride is desorbed.??® Likewise, alkali treatment with KOH which
minimizes —-F terminations for Nb,CT, MXene yields comparably smaller
work-function values.??? As such, it is critical to consider the interplay be-
tween the nascent surface dipoles and those induced from covalent function-
alization for Ti3C,T,.

Based on the UP-determined work-function values, Ti;C, T, derivatized with
the —CF; functionality demonstrates 6 ~ +350 eV while material derivatized
with -NH, functionality yields 6 ~ —400 eV. Our interpretation considers rel-
ative changes based on the interplay between the native dipole for nascent
Ti3C, T, and the molecular-induced dipole for organosilane-functionalized
Ti3C, T, which we summarize in Fig. 5.4. For the trifluoro-functionalized ma-
terial, the relative “positive” dipole and subsequent shift in work-function
value as shown in Fig. 5.4C is consistent in directionality with studies sur-
rounding Si derivatized with electron-withdrawing fluorosilanes®”® and are
well-aligned with predicted dipole-induced changes in electronic structure
predicted from molecular dynamics (MD) simulations.?”® In the case of amino
silanes, the relative “negative” dipole and shift to smaller work-function
values as shown in Fig. 5.4B is consistent with other reports surrounding
amino-functionalized TizC,Ty,?! as well as changes in electronic structure for
amino-functionalized Si?”” Taken together, we posit that the work function
for TizC, T, is tunable with covalent derivatization based on the inclusion
of electron-withdrawing and electron-donating functionality which holds
strong implications for practical MXene applications.

5.6 Conclusion

Herein, we derivatized Ti3C, T, with organosilanes to impart relative inter-
facial dipoles based on the inclusion of electron-withdrawing or electron-
donating functionality. Based on the UP-determined work-function val-



5.6. CONCLUSION 87

Nascent Ti;C,T,, “Negative” Dipole, c “Positive” Dipole,
Native Dipole Smaller ®vs A Larger ®vs A

Energy, E >

Figure 5.4. Band-energy diagram revealing relative Fermi-level equilibration at
the interface of TizC,T, for various surface chemistries where A demonstrates
the native dipole, 6, for Ti;C,T, with nascent -O/~OH and -F terminations.
Frames B and C demonstrate relative Fermi-level changes from “negative” and
“positive” dipoles versus the native dipole A for Ti3C,T, functionalized with
3-aminopropyltrimethoxysilane and trimethoxy(3,3,3-trifluoropropyl)silane respec-
tively.

ues, Ti3C,T, derivatized with the —-CF; functionality yields 6 ~ +350 eV
while material derivatized with -NH, functionality yields 6 = —400 eV. We
demonstrated relative changes in work-function values based on the inter-
play between the native dipole for nascent Ti3C, Ty and the molecular-induced
dipoles for organosilane-functionalized TizC,T,. Further, based on the chem-
ical features at the derivatizing molecule, the surface dipole magnitude and
direction for TizC, Ty may be tuned as compared to the nascent chemical and
electronic structure.

In the context of Si-based field-effect transistors (FETs) for sensing appli-
cations, interfacial dipoles from covalent, directionally-aligned molecular
organics enables controllable threshold voltage shifting, current modula-
tion, and tunability of metal-gate work functions.!!#280-282 Moreover, surface
dipoles can impart carrier selectivity at the interface of Si and other contacting
phases which is favorable for energy applications including Si-based multi-
junction photovoltaics. Given these results for derivatized Si, it is promising
to consider the implications of these interfacial dipoles for practical MXene-
based devices with applications in energy storage, shielding, and chemical
and biological sensing.

Given their tunable surface chemistries and exceedingly high electrical con-
ductivities, MXenes have recently been investigated for electromagnetic in-
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terference (EMI) shielding applications, often outperforming conventional
metals and graphene, as well as for Li-based battery systems.'? Often, favor-
able shielding behavior is attributed to the magnitude of the native positive
dipole arising from electronegative —F, O, and “OH terminations. Further,
larger work-function values based on increasing contributions of —F termina-
tions are highly favorable for EMI shielding.?’® Herein, we demonstrate com-
parably larger positive dipoles relative to that for nascent MXene based on
covalent functionalization with fluorocarbon-based organosilanes. This may
hold strong implications for EMI shielding ability for TizC,T, MXene and
further investigations to better probe practical implications for molecular-
induced dipoles are presently underway.
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6.1 Abstract

We recently demonstrated scalable, one-pot syntheses of one-dimensional, ti-
tania lepidocrocite nanofilaments by reacting Ti-containing water-insoluble,
earth-abundant compounds such as TiC, TiB,, TiN, etc., with tetraalkylam-
monium hydroxide, TMAOH, for a few days at 85 °C under ambient pres-
sure. The resulting one-dimensional lepidocrocite (1DL) titania-based nano-
filaments, tend to self-align along the [100] growth direction to form nanofil-
aments that sometimes self-align into pseudo-two-dimensional (2D) sheets.
With sub-square-nanometer cross sections, the resulting band gap energy, Eg,
at 4.0 eV is one of the highest ever reported for a titania material. Despite a
large band gap, the nanofilaments exhibit significant absorbance throughout
the visible spectrum ascribable to intra-gap defect states based on UV-Vis ab-
sorbance data and ultraviolet photoelectron spectroscopy (UPS). UP spectra
demonstrate work functions of 4.0 + 0.3 eV vs vacuum and Fermi energies
of 3.8 + 0.1 eV with respect to the valence-band edge. Transient absorption
(TA) spectroscopy of the 1DL nanofilament thin films with sub-band-gap,
visible-light illumination reveals photoexcitations with lifetimes in excess of
nanoseconds. In combination with the established oxidative stability, long-
lived visible photoexcitations bring forward possible applications of 1DL
nanofilaments in photocatalysis and optoelectronics.

6.2 Introduction

Tackling global energy challenges requires inexpensive, nano- structured
materials for a host of applications, including solar energy conversion via
photocatalysis or generation of photocurrents in solar cells. Quite recently,
we discovered a simple, one-pot, near-ambient, almost universal process to
convert low-cost, ubiquitous nontoxic starting materials, such as TiC, TiN,
TiB,, and Mn30Oy, into highly quantum-confined, oxidatively stable materi-
als with excellent catalytic properties that are relevant to our global energy
challenges.!”/?%

Early studies have elucidated important phenomena in the synthesis and
properties of these new materials. When utilizing titanium-based precur-
sors, the resulting materials demonstrate nanometer-to-microns-long fila-
ments with sub-nm? cross sections. More recently, we reported on the
general validity of this synthesis protocol not only with Ti-based powders
but also with Mn-bearing precursors that yield crystalline two-dimensional
(2D) MnO, birnessite sheets with lateral sizes of ~200 nm.?%® However, we
presently focus on materials with Ti-based precursors. While initial density
functional theory (DFT) calculations suggested a structure involving a one-
dimensional (1D) analogue of anatase,!” more recent transmission electron
microscopy (TEM) and Raman spectroscopy with updated calculations re-
veals a lepidocrocite-like one-dimensional titania 1DL nanofilaments with
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Figure 6.1. Schematic of nanomaterials composed of 1D lepidocrocite-like TiO,, 1DL.
Blue and red spheres represent Ti and O atoms, respectively. Adapted from ref 16.

sub-nanometer cross sections.'® Reports of lepidocrocite-like titania include
its formation on templating surfaces such as Cu(001),* as well as free-standing
films,?* but this form is comparatively under-explored relative to the anatase
and rutile forms of TiO,.

Precursors include TiC, TiB,, TiN, Ti3AC, (A = Al, Si, Ga, Sn, etc.), and Ti,SbP
that are immersed in an aqueous base at 85 °C for several days. The quater-
nary ammonium base may have propyl or butyl chains, but most commonly,
we use tetramethylammonium hydroxide, TMAOH, that dissolves the pre-
cursor and, with time, results in the 1DL nanofilaments, the structure of which
is shown in Fig. 6.1.1%17 Interestingly, related investigations revealed that the
sub-nanometer-wide products can self-assemble into a plethora of morpholo-
gies, from nanofilaments to bundles of nanofilaments, to micrometer-long
filaments, and to two-dimensional flakes that are readily filtered into self-
standing films.!” Recent Raman and high-resolution transmission electron
microscopy, TEM, studies of filtered films revealed the structure to be com-
posed of 1DLs that are capable of self-alignment into pseudo-2D sheets.!®
The 1DL NFs grow along the [001] and stack along the [010]. X-ray photo-
electron spectra, XPS, and near-edge absorption spectra are consistent with
the inclusion of both Ti** and Ti*" oxidation states.!

Light absorption results from the initial report suggest a highly quantum-
confined material.”” While researchers have previously produced 2D titania
sheets with E; = 3.6 eV,2~2" to our knowledge, the E; = 4.0 eV is the highest
reported for titanium dioxide and remains consistent with quantum confine-
ment effects as dimensions shrink.?'~?%? The strong quantum confinement
effect that yields the increased band gap indirectly supports the 1D nature of
our filaments and implies that the absorption axis is coupled to the sub-nm?
cross section rather than their micron-scale lengths. While there is a wide
body of literature that reports and discusses 1D anatase based on extremely
high-aspect-ratio structures, as far as we are aware, our material is unique in
showing substantial quantum confinement. Considering the sub-nanometer
cross section, the 1DL nanofilamens possesses extremely high theoretical
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surface area of the order of ~1000 m? g~!. Films of 1DLs demonstrate good
performance as electrodes in lithium-ion and lithium-sulfur systems, as well
as excellent oxidative stability.!” They are also quite good at photocatalyti-
cally producing hydrogen, H,. The latter results are particularly topical as
nanostructured,’®2% and doped?”” 2! titanium oxides are some of the most
extensively investigated materials for photocatalytic and photoelectrochem-
ical applications.

Despite promising initial results, questions remain regarding the specific
chemical structure, surface states, and the interplay between those chemical
features and the resulting electronic properties. Computational studies have
postulated the properties of quantum-confined 1D titanium oxides;**>~2%
however, few experimental reports exist on ultrathin titanium oxide with
sub-nm thickness.?®~2042%2 Further, the large E, = 4.0 eV band gap for the
1DLs stands in contrast to the material’s dark color,'” which for E;=3.0eV
rutile and Eg = 3.2 eV anatase is frequently ascribed to be due to defects such
as Ti®* and oxygen vacancies.?” Significant sub-band-gap optical absorption
in 1DL films supports the presence of defect states. The paucity of knowledge
about 1DL combined with its catalytic potential drives research to understand
the optical and electronic structure of this material and motivates the present
investigation.

Herein, we synthesized 1DL from TiC and 25 wt % aqueous tetramethylam-
monium hydroxide, TMAOH, at 85 °C for 7 days. Solution-suspended 1DL
nanofilaments were spin-deposited or drop-cast onto quartz for optical exper-
iments or degenerately doped silicon for photoelectron spectroscopy. Atomic
force microscopy (AFM) and transmission electron microscopy (TEM) estab-
lished the morphology of our nanostructures. A combination of ultraviolet
photoelectron spectroscopy (UPS) and UV-Vis spectroscopy elucidated elec-
tronic structure. Finally, transient absorption (TA) spectroscopy characterized
optical excitations. We find that sub-gap 3.1 eV (400 nm) laser pulses gener-
ate long-lived photoexcitations with lifetimes in excess of nanoseconds, ns.
This observation, combined with their high oxidative stability and exception-
ally high surface area, suggests possible applications in water remediation,
photocatalysis, and sensing, among many others.

6.3 Experimental

6.3.1 Materials and Chemicals

Reagents for 1DL synthesis included TiC (99% pure, 2 uym gray powder, Strem,
used as received) and tetramethylammonium hydroxide, TMAOH, (2.8 M
or 25 wt. % in water, Thermo Scientific, used as received). Post-synthesis
treatment included lithium chloride (LiCl, 99+%, ACS, Acros, as received)
ethanol (anhydrous, histological grade, (Fisher, as received), and >18 MQ
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cm water (Millipore Milli-Q dispensing system). Chemicals for cleaning in-
cluded concentrated sulfuric acid (H,SO4, ACS grade, Fisher, as received) and
aqueous hydrogen peroxide (H,O,, 30%, Certified ACS, Thermo Scientific, as
received). Quartzslides for optical spectroscopy experiments (Ted Pella) were
cleaned with an Alconox solution, rinsed in water, and dried under argon, Ar,
(ultrahigh purity, Airgas). Silicon substrates for photoelectron spectroscopy
experiments were single-sided polished, 525 + 15 um thick, <0.006 Q) cm re-
sistivity, degenerately arsenic-doped n*-Si(111) (Addison Engineering). Both
quartz slides and silicon wafers were cleaned in piranha solution, rinsed in
water, and dried under argon directly before use. Caution: piranha solution,
a 3:1 mixture of concentrated H,SO4 and 30% H>Oz (), is a strongly oxidiz-
ing acid that reacts violently and exothermically with organic matter. Use
appropriate safety measures for handling and disposal.

6.3.2 Synthesis of 1DL and Film Preparation

Synthesis of 1DL proceeded in capped 60 mL high-density polyethylene
bottles (Nalgene). A 1/16” hole was drilled in the bottle cap, prior to use,
afforded venting during synthesis. Typical reagent quantities included 1.0 +
0.03 g TiC and 10.3 + 0.1 g TMAOH,q). The precursor quantities specified
yield a 1:2.2 ratio between Ti metal atoms and TMA cations. With vigorous
stirring from a cross-type stir bar, reactions proceeded for seven days at 85 °C.

Following the synthesis, rinsing and purification steps yielded the 1DL films
under study. Centrifugation at 3000g for 2 min initially separated the par-
ticulate products from the TMAOH solution. Following decanting and dis-
carding of the supernatant liquid, the 1DL material was resuspended in 15
mL of fresh ethanol via physical agitation and sonication. Three cycles of
centrifugation as above, decanting, and re-suspension further purified the
material left in the pellet after each stage of rinsing and centrifugation in
methanol. Through each stage of ethanolic centrifugation, the supernatant
showed no signs of suspended material and progressively transitioned from
light brown to a clear solution. With the final decanting of the clear ethanolic
supernatant, the 1DL centrifugation pellet was suspended in 20 mL water
and thoroughly sonicated. Following centrifugation at 3000g for 2 min, the
aqueous supernatant demonstrated significant turbidity that was decanted
and utilized for ongoing film preparation whilst the centrifugation pellet was
discarded. This aqueous suspension of 1DL was alternatively stored as non-
LiCl-rinsed material, or subsequently cleaned with LiCl to further remove
any remaining tetramethylammonium cations.

For LiCl-rinsed 1DL films, we added 20 mL of 0.1 LiCl(aq) to the turbid,
aqueous supernatant suspension, agitated to mix, and sonicated the mixture
for 30 min. Following sonication of the LiCl-containing 1DL suspension,
centrifugation at 3000g for 2 min revealed a pellet that was retained and a
clear supernatant solution that was discarded. Redispersion of the pellet in
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fresh water, sonication, and centrifugation at 3000g for 2 min yielded a turbid
supernatant as above. This turbid supernatant was decanted and stored as a
suspension of LiCl 1DL material while discarding the pellet.

Films for AFM analyses formed by spin coating a solution of 1 vol part 1DL
suspension with 2 parts water onto quartz. Films for UV-Vis and transient
absorption were deposited onto piranha-cleaned quartz from the 1DL super-
natant suspension with no dilution. Films for photoelectron spectroscopy
were drop cast onto piranha-cleaned Si with no dilution.

6.3.3 X-Ray Photoelectron Spectroscopy (XPS)

A PHI 5600 XPS system, with a third-party data acquisition system (RBD
Instruments, Bend Oregon), acquired all photoelectron spectra as detailed
previously.*® The analysis chamber base pressures were <1 x 10~ Torr. A
hemispherical energy analyzer, positioned at 90° with respect to the incoming
X-rays, collected the photoelectrons. Analyses utilized monochromated Al
K, X-radiation and employed a 45° angle between the sample normal angle
and both the X-ray source and the analyzer. Instrumental calibration included
positioning Cu 2p3/, at 932.67 eV and Au 4f7), to 84.00 eV on freshly sputter-
cleaned samples that yielded Fermi-level positioning E¢ A, = 0.00+ 0.05 eV.

The aforementioned thin films deposited on degenerately-doped n-type Si
substrates were mounted on freshly-cleaned stainless steel pucks with Cu tabs
and evacuated in the loading chamber for <1 h preceding direct transfer to the
analysis chamber. Consistent binding-energy positions between samples and
fitted Ti 2p3,, features at ~459 eV obviated the need for charge neutralization
in analyses of the 1DL films. In all experiments, survey spectra utilized
a 117-eV pass energy, a 0.5-eV step size and a 50-ms-per-step dwell time.
High-resolution XP spectra employed a 23.5-eV pass energy, 0.025-eV step
size, and a 50-ms dwell time per step.

Post-acquisition fitting utilized an in-house-developed LabVIEW-based pro-
gram. Data fitting employed baseline-corrected, pseudo-Voigt, GL(x)-style
functions where x nonlinearly scales from a pure Gaussian (x = 0) to a pure
Lorentzian (x = 100).% Baseline functions were either of a linear type, a
Shirley type,>® or a Tougaard style with B = 2900 eV? and C = 1643 eV?
within a universal function that is scaled to the height of the photoelectron
data.?®’~%8 Optimization routines utilize the built-in LabVIEW implementa-
tion of the Levenberg-Marquardt algorithm for multiparameter fitting. Fit-
ting of the Li 1s, C 1s, and O 1s features utilized a Tougaard background
and GL(30) functional peak shapes. The Li 1s region contained neighboring
Ti~3s feature and trace I 4d and Br 3d features that may be contaminants in the
TMAOH solution. Spin-orbit-split doublets were individually constrained to
have mutually identical full-width-at-half-max (fwhm) values for I 4d and
Br 3d in that region. Fitting of the C 1s or O 1s regions necessitated multiple
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fit peaks. These peaks were constrained to have identical fwhm values with
the exception of the low-binding-energy feature centered at ~281 eV present
on some samples which was left unconstrained. A Tougaard background
and GL(70) peak shapes describe the Ti 2p features. The widths of Ti 2p
doublets were constrained such the width of each Ti 2p;/, feature as 1.6X
the width,?” and 0.5x the area of its corresponding Ti 2ps/» feature based
on high-resolution spectra of TiC and TiO, samples collected in-house. Si
2p and N 1s features utilize a linear background and GL(30) peak shapes.
(We collected Si 2p to verify that the 1DL deposition substrate was not con-
tributing to any spectral features that would interfere with the collection or
interpretation of the UP spectra.) Si 2p doublets were constrained to have
identical fwhm with the 2p;, peaks containing 50% of the area of the 2ps/»
peaks. Fitting of the N 1s region necessitated multiple fit peaks and the fwhm
values were left unconstrained.

6.3.4 Ultraviolet Photoelectron Spectroscopy (UPS)

For UP spectra collected in the PHI 5600 chamber, a gas discharge lamp
(UVS 40A2, Prevac, Rogéw, Poland) generated the He I spectroscopic line
from research grade helium, He (Airgas). We utilize a -35 V substrate bias
versus the grounded sample chamber to both maximize the desired spectral
contributions of electrons from the sample and isolate unwanted secondary
electrons from the analyzer. We chose the —35 V bias based on an invariance
in spectral features and good linearity in analyzer response for UP spectra
of a freshly Ar*-sputtered gold foil between biases of —20 and 50 V vs the
sample chamber ground. As above, UP spectra of a freshly Ar*-sputtered
gold foil verified instrumental calibration with the bias-corrected Fermi level
of gold, Ef oy = 0.00+ 0.05 eV. From plots of photoelectron counts vs. bias-
corrected binding energy, the x-axis intercept of linear regressions quantifies a
secondary-electron-cutoff energy, Esgc, and a valence-band-edge (maximum)
energy, EVPM. Considering the binding energy calibration of the instrument,
we report sample work function energy values, @, as the difference between
Evem = hv = 21.218 eV and the secondary electron cutoff energy, or @ = Ee1
— Eggc. We report Fermi-level energies vs. valence-band-maximum energies,
or Ef — Eygv. As ultrahigh vacuum bakeouts can yield a small perturbation
in instrument calibration due to adsorbed contaminants changing the work
function of instrument surfaces or the trajectory of photoelectrons between
the sample and the hemispherical analyzer, both Au calibration and all 1DL
data were acquired during the same “bakeout window.”

6.3.5 UV-Vis Spectroscopy

A UV-Visible spectrometer (Evolution 300, Thermo Fisher Scientific, Waltham,
MA) collected scattered light from drop-cast 1DL samples mounted in a Pray-
ing Mantis diffuse reflection accessory (Harrick Scientific Products, Pleas-
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antville, NY) as well as transmitted light from 1DL samples mounted in
a transmission-mode beam path. In both cases, films were deposited on
1”-diameter-Piranha-cleaned quartz rounds utilizing the deposition protocol
described above. Clean quartz served as the background reference for each
scan. Directly preceding drop-cast film deposition, the quartz rounds were
cleaned in a Piranha acid solution, rinsed with Milli-Q water, and blown dry
under an Ar stream. Scans were obtained in a range of 300 nm to 1000 nm,
using a scan speed of 160 nm min™' and a bandwidth of 1 in absorbance
mode.

6.3.6 Atomic Force Microscopy (AFM)

AFM imaging was carried out in no-contact mode using a n AFM (NX20
Park Systems), with an Olympus cantilever OMCL-AC160TS. Images were
recorded by Smart scan software (Park Systems) with a 5 x 5 um? scan size
and analyzed by XEI software (Park Systems).

6.3.7 Transmission Electron Microscopy (TEM)

TEM samples prepared by first diluting TiC-derived colloidal suspensions
1:300 in DI water, then a few drops were drop cast on a carbon-coated,
lacey-carbon, copper TEM grid (Cu-400LD, Pacific Grid Tech, San Francisco,
CA). Samples were left to dry in a vacuum chamber at ambient temperature
overnight before characterization. Imaging acquired with a field-emission
TEM (JEOL JEM 2100F ) at an acceleration voltage of 200 kV using a Gatan
USC1000 CCD camera.

6.3.8 Transient Absorption (TA) Spectroscopy

The TA measurements were carried out using a HARPIA-TA Ultrafast Tran-
sient Absorption Spectrometer (Light Conversion). In the measurement, 1030
nm, 290 fs pulses from a ytterbium laser (Carbide, Light Conversion) gen-
erated probe white light through a sapphire crystal. An optical parametric
amplifier (Orpheus, Light Conversion) generated 400 nm (3.10 eV) pump
pulses. Pump-induced differences in absorption were detected, in transmis-
sion mode, by an Andor spectrograph and a Si photodiode array as a function
of pump-probe delay time.

6.3.9 X-Ray Diffraction (XRD)

A Bruker-AXS D8 Focus powder X-ray diffractometer with Cu K, radiation
collected X-ray diffraction (XRD) traces in the range of 5-45° (20) at a step
size of 0.05° and a dwell time of 5 s per step. X-ray tube operating conditions
were 40 kV and 40 mA. Samples were drop cast directly from the aqueous
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Figure 6.2. A TEM images from drop-cast 1DL porous films where the scale bar
indicates 200 nm. B AFM image of spin-deposited film of 1DL with a histogram
below that reflects the z-axis distribution of observed heights. C UV-Vis-spectroscopy-
derived Tauc plots reveal an approximately 4 eV indirect band gap for drop-cast films.
The arrow in frame C corresponds to the 3.1 eV energy of the optical pump pulses in
transient absorption measurements.

supernatant suspension onto a poly(tetrafluoroethylene) sample holder in
successive steps to build up sufficient material for diffraction analyses.

6.4 Results

In line with our previous work,'” present TEM (Fig. 6.2A) and AFM (Fig.
6.2B) images demonstrate that the 1D character of our material synthesized at
85~°C for seven days. Individual, separated, long films yield highly aligned
films with spin deposition (not shown), when imaged away from the axis of
rotation, while drop casting yields disordered nanofiber films as shown in the
TEM image in Fig. 6.3A. XRD traces for 1DL films match previous reports,17
and are not discussed further.

Figure 6.2C shows Tauc plot derived from UV-Vis spectra for a drop-cast
film, for which Fig. C.1 in Appendix C includes the corresponding raw UV-
Vis data. Compared to spin deposition, drop casting yielded thicker films and
easier UV-Vis analyses with a higher signal-to-noise ratio. Tauc construction
demonstrates an onset of an indirect transition at ~4 eV, revealing the semi-
conducting nature of these structures. The 1DL films also exhibits an Urbach
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tail of sub-gap optical transitions covering the entire visible range. Note that
E; is significantly blue-shifted compared to bulk anatase TiO, (3.2 V) likely
because of strong quantum confinement of electrons in the 1D nano- or micro-
filaments that are approximately 5 x 7 A2 in cross-section. However, a long
sub-gap tail extending from the UV down to the near-infrared range shows
that the photoresponse due to optical excitation in the visible spectrum is pos-
sible in these emerging nanomaterials. The aforementioned independence of
UV-Vis absorption properties with deposition methods implies that observed
behaviors is intrinsic to the 1DL material rather than emergent behaviors in
1DL films.

Figure 6.3 presents representative XP spectra both (A) prior to, and (B) fol-
lowing the LiCl rinse step that are consistent with previously published 1DL
data.!” In Fig. 6.3, we ascribe the red shaded O 1s and Ti 2p features to
the 1DL material itself. The Ti 2p3/, feature occurs at 458.8-459.1 eV for
all measured samples, which indicates that Ti** dominates as previously
observed.!” Green-shaded Ti 2p;, features at 455.2-455.3 eV and C 1s fea-
tures at 281.8-282.0 eV are consistent with Ti** and reduced carbon that exist
in the titanium carbide precursor. We conclude that a nominal amount of TiC
precursor remains in some 1DL films, and we limit ourselves to quantifying
films with <2% unreacted TiC as established by the Ti** to Ti** ratio of the
Ti 2p3), features. Interestingly, accounting for one Ti** doublet and one Ti**
doublet reveals another purple-shaded fittable doublet with Ti 2p3, at 457.0—
457.8 €V, which is consistent with Ti** in the 1DL films. Observation of Ti**
ascribable features is consistent with our previous results,!” as well as prelim-
inary electron-spin resonance experience that will be the subject of upcoming
studies. A notable blue-shaded N 1s feature at 403.7 eV in concert with a
blue-shaded C 1s feature at 287.1 eV imply significant quantities of tetram-
ethylammonium hydroxide, TMAOH, cations present prior to aqueous LiCl
rinsing. The blue-shaded features TMAOH cations largely disappear from
XP spectra following an aqueous LiCl rinse while a demonstrable, green-
shaded Li 1s feature appears at 55.9 eV. The carbon region further contains
a gray-shaded feature at 284.6-285.4 eV that we ascribe to adventitious car-
bon contamination. In Fig. 6.3B, we further ascribe the gray-shaded feature
at 286.3 eV to oxidized adventitious carbon species rather than ammonium
carbon due to the absence of N 1s fittable features following the LiCl rinse.

Figure 6.4 presents an ultraviolet photoelectron spectrum with a 16x inset
of the Fermi region. We employed drop-cast films for UP spectroscopy to
yield a sufficiently thick film to obviate spectral contributions from the Si
substrate. Figure 6.3B displays the corresponding XP spectra for this specific
sample that well resembles our previously published results.!” The x-axis
intercept of the red dashed line at ~17 eV vs. the Fermi energy of Au, Ef =0
eV reveals the secondary-electron-cutoff energy, Esgc, from which we derive
work function values @ = hv — Eggc. For the sample in Fig. 2, ® = 4.03 eV,
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Figure 6.4. UP spectrum of a LiCl-rinsed 1DL thin film. Linear dashed fits reveal the
secondary electron cutoff energy Eggc (red dashed line) and the binding energy of the
valence band maximum, Eygy, relative to its Fermi energy, E;. The inset spectrum on
the right represents a magnified view to clarify the near-Fermi-edge density of states.
Gray- shaded photoelectron counts at energies between Eygy and E; are ascribed to
defect states within the band gap.

while for nine samples scanned the average was @ = 4.0 eV with a standard
deviation of 0.3 eV.

Consideration of band-edge positioning and previous UV-Vis data aids in
the interpretation of Fermi regions for the UP spectra of the films studied.
Revealed by the representative 16x-scaled Fermi region inset in Fig. 6.4, a
green-dashed linear fit of the UP spectrum corresponds to the Fermi-level
energy vs. the valence-band-maximum energy, E¢ — Evpm = 3.74 eV. Interest-
ingly, the green-dashed linear fit reveals a region of photoelectron signal that
may be alternatively ascribed to photoemission from near-valence band-edge
states or may be fit as the correct valence-band position itself. Considering
the possibility of a different valence-band position, fitting a line above the
gray-shaded photoelectron counts at binding energies between 4 eV and 1
eV would yield E¢ — Eypyv = 1.65 eV. Figure C.2 in the supporting information
section in Appendix C, presents a fit of near-valence-edge photoemission
such that Ef — Eypm = 1.65 eV that in concert with Eg = 4.0 eV from Fig.
6.2C and @ = 4.0 eV imply a conduction band minimum Ecpym of -1.7 eV vs.
the vacuum energy level, EV*. Such a high conduction-band maximum and
small electron affinity should not be realistic for quantum-confined titanium
oxides,*® which implies that E; — Eygy = 1.7 eV represents an erroneous fit
to the Fermi-edge region of the UP spectrum. Thus, the green fitted line
represents a more realistic Ef — Eypm = 3.74 with the lower-binding-energy
states above the gray region resulting from near-valence-edge defects in the
1DL. For the nine samples studied, Ef — Eypm demonstrated a 3.8 eV average
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with a 0.1 eV standard deviation. In concert with the UV-Vis absorption data,
the UP spectra determine the band-edge positioning presented in §6.5 below
to elucidate our observed transient absorption behavior of 1DL films.

In the absence of LiCl rinsing, UP spectra on films that are similar to that
used for Fig. 6.3A demonstrate work function energies ® = 2.6 eV with a
standard deviation of 0.5 eV that we ascribe as erroneously low and an arti-
fact of tetramethylammonium cations sitting above surface Ti-O~ states on
1DL nanofilaments yielding a large interfacial dipole normal to the surface.
Conversely, LiCl rinsing may obviate interfacial dipoles as the small Li* may
reside between adjacent Ti-O~ states that yield no significant dipole aligned
with the surface normal angle. The exact nature of the cation-surface inter-
action remains the subject of ongoing study as surface dipoles demonstrate
strong influences on charge transfer from valence band relevant to electro-
chemistry and catalysis,**! but smaller effects on charge transfer from core
levels.” However, we perform all subsequent transient absorption studies
using LiCl-rinsed 1DL films.

Transient absorption (TA) following sub-gap optical excitation provides ad-
ditional insight into the nature and lifetimes of resulting photoexcitations
and energy levels for LiCl-rinsed 1DL films. Figure 6.5 shows transient-
absorption kinetics and spectra following excitation with 400 nm (3.1 eV),
63.7 uJ cm ™~ fluence, 90 fs pulses. Qualitatively similar results exist for lower
energy, 485 nm (2.65 eV) excitation, but stronger pump absorption at 3.1
eV improved the signal/noise ratios. Importantly, sub-gap photoexcitation
result in broadband, excited-state absorption that extends beyond our ex-
perimental window of ~1.4-2.5 eV. Photoexcited absorption is long-lived, as
demonstrated by the excited absorption decay traces taken at 700 nm (1.76
eV) as well as 600 nm (2.06 eV). The behavior of excited-state absorption is
essentially independent of the probe wavelength, suggesting that the broad
photoinduced absorption arises from photoexcitation states that have the
same origin. Decay traces can be fit to a double exponential decay with a
short decay time of 71 = 58 + 2 ps and a longer decay of 7, = 850 + 10 ps. In
addition, there is a much slower decay component that cannot be accurately
determined given our experimental time window. Excited-states absorption
signals decay only to >50% of the peak value by 3 ns, and persist for us
timescales as evidenced by a non-zero signal at negative times, or residual
signal that does not fully recover between the time window of 10 us between
the two consecutive pump pulses.

6.5 Discussion

Both static and transient optical absorption spectroscopy reveal that our 1DL
nanostructures absorb light across the visible range, owing to the presence
of sub-gap states, as illustrated in Fig. 6.5. However, interpretation of tran-
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Figure 6.5. Transient absorption spectroscopy of thin 1DL films. Excited-state absorp-
tion taken at 700 nm (1.77 eV) and 600 nm (2.06 eV) in frame A are well described by
the double-exponential-decay fits in solid lines. Transient absorption spectra in frame
B, both prior to pump arrival (black) as well as following 5 ps (red), 100 ps (green), and
2.5 ns (blue) following excitation with 400 nm optical pulses. The nonzero differential
absorption before pump arrival (black) indicates residual photoinduced absorption
that persists longer than the time between two consecutive excitation pulses (10 us).

sient absorption results presents challenges both due to the underexplored
nature of 1DL material and the broad range of transient absorption results
for titanium oxide in the literature. Elsewhere, TA experiments with a 350
nm (3.54 eV) pump at fluences up to 200 yuJ cm~2 found a 3.0 ns transient-
absorption decay time in single-crystal anatase, but a significantly longer
48 ns decay time in single-crystal rutile ascribed to optical absorption from
photoexcited holes.3® The presently quantified 7, lifetime of 850 ps in 1DL
films demonstrates significantly closer agreement with the TA results for sin-
gle crystal anatase. Conversely, experiments on nanocrystalline TiO, films
demonstrated transient absorption behavior dominated by an intraband re-
laxation of hot holes with a lifetime longer than 100 ps following 266 nm
photoexcitation.*®® Experiments on nanocrystalline TiO, with a 355 nm pump
demonstrated transient absorption decay lifetimes of 500 ps for both a 1.54 eV
probe for surface-trapped electrons and a 0.50 eV probe of bulk electrons.?
For nanocrystalline TiO; films, high, 14 m] cm~2 excitation fluences at 3.49 eV
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Figure 6.6. UV-Vis and UP spectra yield band-edge positions (left) for Ti-based
1DL nanofilaments vs the vacuum energy level, EV*°. Observation of sub-gap exci-
tation in transient absorption experiments implies the presence of intra-gap states
that are consistent with near-valence edge defects observed in UP spectra and near-
conduction-edge defects that are ascribable to the established Ti** for Ti-based 1DL
nanofilaments. Comparison with literature reports of electrochemistry-derived band
edges for nanosheet (middle) and anatase TiO, (right) from ref 37 support both the
large quantum confinement in 1DLs and established offsets when comparing work
functions derived from ultrahigh vacuum vs electrochemical methods per ref 39.

yielded transient absorption lifetimes of a few ns at probe energies between
0.95-1.55 eV,*® while recent results establish an pump-fluence dependence
on surface reorganization with profound impacts for the transient absorp-
tion dynamics.’®® The titanium-based 1DL filaments under study demon-
strate crystallinity as revealed by the TEM in Figure 6.2A, but the structure
of this material and correlations of spectroscopic results with its structure
and defects remain the subject of ongoing efforts. Further, the recently up-
dated structure!® should enable computational insight the interplay between
states, defects, band structures, and the resulting carrier dynamics for this
lepidocrocite-like titanium oxide material.

Figure 6.6 presents a band energy diagram consistent with the UV-Vis, ultraviolet-
photoelectron, and transient-absorption spectroscopies on the left as well as
band edges for selected titanium oxide materials from the literature on the
right. The UPS-determined work function yields Ef = 4.0 + 0.3 eV vs. Ey,c
while the Fermi edge and Tauc-determined band-gap position the valence-
and conduction-band edgesat—7.7 + 0.3 eV and -3.7 + 0.3 eV, respectively. We
consider the position of the Fermi energy relative to the band-edge position-
ing to indicate strong but not degenerate n-type doping with the Fermi level
0.2-0.3 eV or roughly 10 kg T more negative than the conduction-band edge at
the standard-state temperature. Absorption of 400 nm (3.1 eV) light implies
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the existence of additional states in addition to the bands themselves. We
therefore hypothesize that sub-gap states are associated with electronic de-
fects that may result from surface states. Observation of photoelectron counts
at binding energies in between the valence-band edge and the Fermi level
implies the existence of defect states at least near the valence band. Such near-
valence-band defect states are well precedented in the titania literature.>”” In
addition to near-valence-band defect states, we cannot rule out the existence
of near-conduction-band edge defect states such as arise from Ti>" cations
and/or oxygen vacancies as well.’® Such Ti®* defects and oxygen vacan-
cies are notable for their implication in “black” TiO; in the literature,” and
may explain the black coloration of our material. Thus, the observation of
long-lived photoexcitations that yield the excited-states absorption (ESA) ob-
served in Fig. 6.5, may be valence-defect, defect-defect, or defect-conduction
transitions on the band diagram shown on the lefthand side of Fig. 6.6. Explo-
ration of the nature of these transitions, and implications for the exceptional
catalytic properties of 1DL TiO, remain the subject of ongoing study.

Comparison of the band edges with other TiO, materials further highlights
the unique nature of 1DL films. The middle and righthand band edges respec-
tively represent band-edge positions for nanosheet TiO, and bulk anatase as
derived via electrochemical methods.®” In Fig. 6.6, we relate electrochemical
potentials, E, to energies, E, via -gEnug = Enng = —4.44 eV vs Ey,c under stan-
dard conditions based on IUPAC recommendations.*' Comparison with the
3.8 eV band gap for the nanosheet films,*” 1DL films demonstrate a higher
degree of quantum confinement resulting in their ~4.0 eV band gap. No-
tably, the band-edge positions for the literature TiO, reports in the middle
and righthand side are offset as compared to the presently reported band
edges for 1DL films on the lefthand side of Fig. 6.6. However, such offsets are
consistent with discrepancies between work functions acquired via ultrahigh
vacuum vs electrochemical methods.®

In summary, we report the properties of photoexcitations in a new class of
lepidocrocite-like titania-based nanostructures and relate the nature of sub-
gap excitation to band and defect structures. Important questions remain
underlying the mechanism of synthesis, the presence of chemical defects, as
well as the nature of light-emitting states. However, the scalability and ease
of synthesis using common solvents such as TMAOH, and precursors such as
TiC, TiB; etc., their extraordinary surface area, and exceptionally long-lived
photoexcitations that can be excited with visible, sub-gap light, raise exciting
prospects of application in solar energy conversion and visible optoelectronic
devices among others.



CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 BIiOI for Photovoltaics and Photocatalysis

The present work surrounding single-crystal BiOl for applications in solar en-
ergy and photocatalysis was primarily focused on quantifying the interfacial
chemical and electronic states present at the (001) face as well as character-
izing the interplay between these states as a function of various chemical
treatments. XPS and XRD reveal the presence of interfacial contaminants
for BiOI(001) large grains and single crystals that influence the work func-
tion of the material as quantified by UPS. In combination with a quantized
numerical overlayer model, angle-resolved XPS further elucidated a (001)
surface dominated by oxide terminations relative to the bulk material for
nascent, as-grown material. Herein as detailed in Chapter 4, we demon-
strated a that sequential treatment with HF,5) and subsequent sonication in
acetone removes interfacial metal-oxides and trace contaminants to yield an
iodide-dominated surface with comparable chemical and electronic quality
to “pristine” tape-cleaved BiOl interfaces. This is impactful for the ability to
overcome the mechanical constraints of traditional exfoliation methods such
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as tape cleaving. Nonetheless, robust parameterization is necessary to ex-
tend this chemical cleaning protocol to device-relevant nanostructured BiOI
systems.

Preliminary experiments to extend this protocol for nanostructured BiOI
employed chemical vapor synthesis of BiOl thin-films on FTO from Bil;
reagent powder with continuous O, flow based on previously established
procedures.!® Exposure of the resulting BiOI thin films to dilute solutions of
HEF, ~0.01-1%, led to complete dissolution of the material within seconds of
exposure yielding a pale yellow solution. Similarly, in our hands a large-grain
BiQlI flake sitting in 10% HF,q) dissolves over the course of a few minutes to
yield a yellow solution. More parameterization is needed in terms of suit-
able dilution factors for nanostructured BiOI. Moreover, the mechanism of
HF etching for this particular material remains largely unexplored. A first
step toward informing the best approach for thoroughly elucidating the ki-
netic and thermodynamic forces behind the mechanism may employ ICP-MS
metals analysis on the post-HF-etch solution to quantify the chemical species
formed from the dissolution of BiOL

Beyond HF-etching, we also demonstrated that in vacuo CVT syntheses at
high temperatures (AT >100 °C) yield single-crystal and large-grain BiOI
with two distinct surface morphologies at the (001) face, terrace-rich and
step-edge rich domains. As evidenced by XPS and XRD, HF-etching studies
revealed that these morphologies exhibit orthogonal reactivities. XP spec-
tra for step-rich domains demonstrate the presence of Bi-F species that are
not observed for terrace-rich domains and XRD reveals crystalline Bilz for
step-rich samples that are not observed for terrace-rich samples. For some
2D materials, the presence of step edges have demonstrated performance-
limiting implications for the overall mechanical properties?'®-2' or recombi-
nation dynamics.?!5-2'7 Nonetheless, in other cases, step-edge densities have
contributed favorably to photoelectrochemical behavior.?!=2!4 In the case of
BiOl, the implications of these two distinct surface morphologies for prac-
tical applications in photovoltaics, photocatalysis, and solar water splitting
remains unclear. Scanning photocurrent microscopy (SPCM) measurements
enable mapping of the photocurrent densities across the (001) face. This may
help elucidate the photocatalytic activities of step-rich versus-terrace rich do-
mains to inform synthesis protocols for yielding the material most suitable for
practical applications in energy storage and conversion and photocatalysis.

Beyond chemical reactivity, most literature reports favor BiOl for its low-
toxicity and supposed robust atmospheric stability. Nonetheless, in our
hands, initial optical studies surrounding vapor-transport-synthesized BiOI
large grains and single crystals suggest photooxidative stability issues. Pre-
liminary photoluminescence (PL) spectroscopy measurements as in Fig. 7.1
demonstrate quenching of the characteristic ~1.8 eV feature for BiOl as a
function of total pulses delivered with successive scans under an air ambient.
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Figure 7.1. Successive photoluminescence spectra for a BiOI sample A in air ambient
and B isolated in nitrogen. Frame C plots peak areas of the photoemission at 1.8 eV
for A and B as a function of total pulses delivered.

Alternatively, for BiOl samples sealed in a nitrogen-sealed environment with
O, concentrations <1 ppm, the optical emission of the ~1.8 eV feature with
time-controlled successive scans is comparably much more stable.

For energy applications like photovoltaics, robust atmospheric stability is
critical to achieve high efficiencies and long device lifetimes. As such, fu-
ture studies surrounding BiOl for energy applications should address this
issue and be aimed toward passivation against photooxidative degradation.
Based on similar approaches for other commonly explored materials, we
hypothesized that passivating ALD-deposited metal-oxide thin films may
aid in suppressing surface oxidation. Our initial studies demonstrate that
ALD-deposited TiO, were not sufficient to minimize quenching during PL
measurements. It is likely that successful passivation necessitates a thermal
anneal. In our hands, initial attempts at thermal annealing deleteriously
degraded the chemical structure of BiOl. More parameterization is needed
to achieve passivation with ALD-deposited metal oxides and other avenues
for passivation that may be more successful have not yet been addressed.
Moreover, the mechanism and timescales of atmospheric degradation re-
mains largely underexplored. It is possible that quantification of the carrier
dynamics as a function of incident exposure in the visible range may yield
timescales of degradation that are reasonable for the lifetime constraints of
practical devices. Quantitative investigation of the degradation mechanism
for BiOI would better inform, or even negate, passivation strategies for this
material.

7.2 Ti-Based MXenes for chemical and biological sensing, electromag-
netic interference shielding, and as barrier materials

MXenes are an attractive 2D material most notably for their exceedingly high
electrical conductivities reaching 20,000 S cm™'.8 This makes them attractive
candidate materials for applications in chemical and biological sensing,!78-183
energy storage and conversion, and electromagnetic shielding.”~'° Our present
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funding source for MXene studies is a collaboration with a research group at
the Natick Soldier Center under the Department of Defense, DOD. As such,
our current explorations primarily consider the utility of MXenes for appli-
cations in selective sensing of chemical warfare agents and electromagnetic
interference shielding as well as for barrier materials in personal protec-
tive gear. In such instances, robust control over the optical and electronic
properties is highly favorable. As detailed in Chapter 5 of this thesis, we
demonstrated that TizC, T, functionalized with various organosilanes exhibit
distinct optical behavior and carrier dynamics as evidenced by THz and TA
spectroscopy as well as work function shifts revealed by UPS compared to
nascent TizC, T, with mixed —-OH/F interfacial terminations. Given the surface
-0 and —OH terminations for nascent MXene that are amenable to function-
alization, we demonstrate that silanization at interfacial hydroxyl sites can
straightforwardly effect these electronic changes based on molecular-induced
surface dipoles. Moreover, questions remain surrounding the correlation be-
tween work-function values and the related photoconductivity, which may
both be largely influenced by surface dipoles for MXenes. Initial DFT calcula-
tions suggest localization of photoconductivity at the surfaces of 2D MXenes.
Interfacial dipoles, whether they arise from native O and -F terminations
or from covalent overlayers, effect changes in local carrier densities from the
material. We expect this holds implications both for relative work-function
values as well as for localization of photoconductivity for the MXene sheets.
It is possible interfacial dipoles may drive carrier away from the surface and
closer to the middle of the MXene sheets, or it may be the case that carriers
from the middle-layer titanium are driven toward the surface. The effects on
carrier localization remain largely under-investigated in the present studies.
A combination of DFT studies with UP-determined work-function values
will better elucidate the relationship between the magnitude and directional-
ity of interfacial dipoles and work-function values. Separately, we encourage
DFT calculations on MXenes as a function of organic-derivatized surfaces
and THz photoconductivity measurements to build relationships between
surface dipoles and the resulting carrier dynamics. Because work function is
a straightforward method to quantify surface dipole changes, we hope that
work function changes become a strong predictor of carrier dynamics for
organic-functionalized MXene systems. Moreover, while we demonstrated
the utility of molecular dipoles from organic monolayers for imparting op-
toelectronic tunability, the implications for sensing applications in practical
devices remains underexplored. Additionally, in the context of chemical
sensing, more research is needed to quantify the interplay between interfa-
cial molecular dipoles and the resulting impact on selectivity and sensitivity
toward specific gaseous analytes.

Beyond electronic tunability, functionalization with molecular organics should
also enable tunability of the terminal chemical functionality. Secondary
derivatization at terminal allyl or amino sites can install selective chemical
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handles for selective adsorption of analytes in the context of sensing appli-
cations. Additionally, based on our studies surrounding organic monolayers
as connectors between dissimilar inorganic materials,>“%** we further hy-
pothesize that covalent derivatization with molecular organics should enable
robust, chemical linkages between adjacent MXene sheets to improve con-
ductivity and carrier transport for energy and sensing applications. Previous
studies in our lab surrounding covalent functionalization of SiO, surfaces for
tandem-junction PV applications were motivated by this same rationale and
demonstrate remarkable promise.”>® We employed highly-conjugated, tun-
able rylene derivatives with the long-term goal of enabling covalent attach-
ment between dissimilar materials in multi-junction PV systems to improve
carrier transport and selectivity. We envision future studies for MXenes to
borrow this approach for installing chemically tailored handles for selective
sensing applications as well as cross-linking adjacent MXene sheets for im-
proved conductivity. As is the case for many 2D layered materials, nascent
MXenes demonstrate exceedingly higher conductivities along their in-plane
axis compared to carrier transport between stacked, adjacent 2D sheets. As
such, edge-to-edge covalent, molecular linkages connecting MXene sheets at
their high-conductivity axes may improve carrier dynamics for energy appli-
cations that rely on highly efficient carrier transport and charge separation.
Moreover, cross-linking of MXene sheets in the context of incorporation into
flexible polymer matrices may also improve their barrier capabilities against
chemical warfare agents, which largely motivate our DOD-funded research
efforts for this project. Beyond organosilanes, functionalization with catechol
derivatives have recently been explored for applications involving polymer
incorporation.!”® Moreover, based on reports surrounding other materials
with oxidative stability issues, polymer-MXene composites may also demon-
strate improved atmospheric stability and this should be explored concur-
rently with parameterizing and quantifying polymer incorporation for barrier
material applications.

Beyond functionalization for chemical and electronic control, many MXenes
tend to suffer from atmospheric stability issues that limit practical applica-
tions. A large portion of MXene literature is directed toward addressing
these oxidative stability problems, but many rely on harsh conditions that
may not be scalable. Based on the precedence of passivation of H-5i(111)
interfaces with sterically bulky organic monolayers, it is possible that molec-
ular approaches may be suitable in the case of MXenes. Practical applications
would certainly rely on robust atmospheric stability. Nonetheless, our exper-
imental efforts with a view toward energy and sensing applications thus far
were largely directed toward imparting electronic and chemical tunability.
Since ample reports surrounding silicon surface science has demonstrated
the utility of molecular interfacial dipoles for controlling electronic and op-
tical behavior, we are presently motivated to explore similar approaches for
this promising 2D material. Our functionalization efforts so far have pri-



110 CHAPTER 7. CONCLUSIONS AND FUTURE WORK

marily quantified the chemical and optoelectronic implications, but similar
molecular approaches with a view toward passivation remains largely under-
explored. Future studies employing covalent attachment of organics should
concurrently probe the oxidative stability of the derivatized material as a
function of overlayer coverage as well as characterize the interplay between
the interfacial chemical changes and the subsequent optical behavior and
carrier dynamics resulting from relative changes in oxidative stability.

7.3 Ti-based 1DL for Photocatalytic, Photoelectrochemical, or Battery
Applications

Contrary to BiOI and MXenes, Ti-based 1DL QDNs demonstrate remarkable
oxidative stability. Preliminary studies demonstrate that films of the Ti-based
1DL material demonstrate good performance as electrodes in lithium-ion and
lithium-sulfur systems, as well as excellent oxidative stability.!” They are also
quite good at photocatalytically producing hydrogen, H,. As detailed in
Chapter 6, our optical studies demonstrate a quantum-confined material, as
evidenced by the wide bang-gap energy of 4.0 eV, which holds implications
for unique optoelectronic properties advantageous for energy storage and
catalysis applications. Nonetheless, widespread application of the 1DL ma-
terial necessitate robust quantification of the exact chemical and electronic
states present at the surface of this emerging class of material. While it has
been demonstrated that at lower synthesis temperatures (below 50 °C) or at
low concentrations, the one-dimensional nanofilaments are capable of self-
alignment into pseudo 2D sheets,'¢ the driving force for this aggregation and
the optoelectronic implications of these distinct morphologies remains un-
derexplored. In addition, while we have probed the electronic structure of
this material to yield the first report of energetic band structure for 1DLs as
presented in Fig. 7.2B, questions remain regarding some of the relative band
positions. As discussed in the supporting information section for Chapter
6 in Appendix C, UPS-based determination of band structure for this par-
ticular material presents some ambiguity specifically in linear fitting at the
Fermi edge. Electrochemical approaches to probing the electronic structure
of 1DLs may better inform interpretation of UPS-determined band edges
and grant some clarity regarding the best linear fit at the high-kinetic-energy
Fermi edge. Moreover, we envision success of 1DLs as barrier materials, and
as such, studies surrounding MXenes for polymer incorporation should also
consider similar molecular approaches for Ti-based 1DL as well.

In our studies, we attribute long-lived visible photoexcitations to intraband
Ti** and oxygen vacancy states which is largely supported by UV-Vis and
XANES studies in initial reports surrounding the 1DL titania that demon-
strate Ti** defects.'” We also observe trace features consistent with Ti**
binding-energy positioning in XPS for 1DL titania which further support
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Figure 7.2. Band diagrams for A, the existing defect model for titania and B, our
proposed band-energy alignment for our 1DL titania based on UV-Vis and UP spec-
troscopy. Titanium vacancies lie closer to the valence band, interstitial oxygen sites
lie closer to the conduction band, while interstitial Ti** reside mid gap.

these considerations. As demonstrated in Fig. 7.2A, defect engineering for
other polymorphs of TiO, is well investigated.204b Generally, titanium va-
cancies lie closer to the valence band, interstitial oxygen sites lie closer to
the conduction band, while interstitial Ti** reside mid gap. Fig. 7.2B further
presents our band-energy alignment for the 1DL material based on UV-Vis
and UP spectroscopy. While we have demonstrated long-lived sub-gap pho-
toexcitations likely originating from defect states within the band gap, the
origin, dynamics, and localization of these defects remain largely unexplored.
Nascent, undoped TiO, is often non-stoichiometric and oxygen vacancies
dominate relative defect concentrations. Our results in combination with
initial reports by Barsoum et al.'” do support the existence of Ti** defects and
it is reasonable to assume some concentration of oxygen vacancies based on
reports for other nascent titania synthesized solvothermally, but more work is
needed to strengthen these initial postulations. Further, it is well known that
thermal annealing of titania under an air ambient can heal oxygen vacancies
and oxidize Ti** and defects while hydrogenation in a high-pressure reducing
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environment can selectively dope these defect concentrations.?’**?%7. Given

that such manipulations often effect changes in optoelectronic properties and
photoexcitation dynamics based on “black” titania literature, it is critical to
further probe these considerations and explore the implications for photo-
catalysis. A set of experiments that would strongly support and inform our
results would involve manipulation of defect concentrations for our 1DL
titania via known defect engineering procedures and subsequent characteri-
zation with XPS, UPS, Raman, TA, and THz. We anticipate these systematic
studies to broaden our insight into the interplay between defect states and
optoelectronic properties of the 1DL titania as well as inform the implications
for photocatalytic efficiencies in collaboration with the Barsoum group’s pho-
tocatalytic H, production experiments. Additionally, lepidocrocite TiO, can
readily convert to anatase under acidic conditions or high temperatures. It
would also be interesting to probe the interplay between changes in Ti>* and
the lepidocrocite-anatase conversion as a function of temperature.

It is also critical to elucidate a fundamental understanding of the carrier
dynamics and mobilities for the 1DL titania material. The first report sur-
rounding this emerging 1D titania included DFT calculations based on a 1-
dimensional anatase structure that should yield insight into local conductivity.
Nonetheless, updated calculations with the new insight of a lepidocrocite
structured titania have not yet been explored. We envision that a combina-
tion of updated DFT calculations based on 1D lepi-titania with electrochem-
istry studies and four-point probe conductivity measurements should reveal
bulk and sheet resistivities for films of the 1DL titania with well-defined
thicknesses.

Additionally, preliminary functionalization efforts for Ti-based 1DL with
organosilanes demonstrate exceedingly strong reactivities as evidence by
high surface coverages in XPS over short reaction times (<3 h). More param-
eterization is needed to establish suitable attachment conditions for mono-
layer coverages. Beyond that, it is also critical to further explore the interplay
between surface dipoles from intercalated cations as well as for organic-
derivatized 1DL material. We have demonstrated based on UP-determined
work-function values that interfacial TMA" yields a strongly negative surface
dipole for the 1DL titania while interfacial Li" does not. While the nature
of the cation intercalation has not been probed extensively in these studies
thus far, Fig. 7.3 graphically demonstrates our interpretation of the interfa-
cial interactions between the 1DL titania surfaces and adsorbed cations. We
hypothesize that due the relative size, tetramethylammonium cations may
not sufficiently intercalate toward the backbone of the titania and instead sit
above the —O~ sites. The resulting spatial localization of charges would likely
yield a negative dipole at the 1DL surface and subsequently smaller ® values
which is consistent with our preliminary ® values for TMA™-containing ma-
terial. Comparably smaller Li* cations may intercalate more closely toward
the backbone of the 1DL titania and sit between adjacent —O~ sites therefore

17
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Figure 7.3. For an envisioned Ti—O~ surface for 1DL titania, we hypothesize that
TMA?* cations can't intercalate given their size, while smaller Li* cations can interca-
late and reside between surface O~ sites.

yielding no net dipole and subsequently not effecting changes in ®. We do
not yet have robust experimental or computational evidence for these postu-
lations, but we see this as a model that largely fits the data so far. We envision
that DFT calculations with updated lepidocrocite structures modeling inter-
calated cations and covalent organic monolayers will better characterize the
interplay between surface dipoles and resulting changes in ®. Additionally,
cation-exchange studies for 1DL titania surrounding a number of monova-
lent and divalent cations and their implications for photocatalytic efficiencies
are already underway in the Barsoum lab. We envision contributing to these
investigations with UPS studies to correlate those changes in photocatalysis
dynamics with interfacial dipole behavior.

While we have investigated the band-energy alignment and transient state
dynamics for LiCl-rinsed 1DL titania, it is critical to further probe result-
ing changes in the optoelectronic properties for the TMA*-intercalated 1DL
material. We would expect the strongly negative surface dipole for TMA™-
intercalated 1DL titania to effect changes in the carrier densities in the ma-
terial, but it remains unclear whether the dipoles would drive carriers away
from the surface toward middle-layer Ti, or instead drive carriers from the
middle-layer Ti toward the surface. Further, surface dipoles may affect the
localization of Ti** and oxygen vacancy states which may hold implications
for optical properties and transient state dynamics. If our first idea at a model
for TMA™* versus Li* intercalation is correct, it would be reasonable to expect
that larger cations that similarly face issues intercalating between adjacent
-0 sites would yield some degree of a surface dipole that should influence
the optoelectronic properties and carrier dynamics. For investigations sur-
rounding other intercalations in collaboration with the Barsoum lab, it will
be important to consider cation size relative to the spacing between adjacent
—QO7 sites amidst considerations of these results. We envision further UV-Vis,
UPS, and TA studies probing band structure and transient state dynamics for
the TMA*-intercalated 1DL titania to provide critical insight into the nature of
the surface dipole and its subsequent effects on the optoelectronic properties
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of the material. We would also envision probing relative resistivities for 1DL
titania films of well-controlled thicknesses electrochemically and with four-
point probe measurements as a function of cation-induced surface dipoles to
further inform these interpretations.
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A

CH. 4 SUPPORTING INFORMATION:
QUANTIFICATION OF SURFACE
REACTIVITY AND STEP-SELECTIVE
ETCHING CHEMISTRY ON
SINGLE-CRYSTAL BiOI(001)

A.1 Materials and Chemicals

All reagents were used as received unless otherwise stated. A Millipore Milli-
Q system provided 18 MQ cm resistivity water for all water requirements.
Synthesis procedures for single-crystal BiOI(001) utilized BiOI (98%, Alfa
Aesar), Bi (99.5%, Alfa Aesar), Bi,O3 (99.9%, Strem Chemicals), Bilz (99%,
Sigma-Aldrich), I, (99.99%Alfa Aesar). Specific preparation methods utilized
quartz growth ampoules formed from quartz fused silica tubing (19 mm O.D.,
17 mm LD., 4’ long, Technical Glass Products, Inc., Painesville, Ohio) with
particular cleaning steps prior to synthesis. Cleaning and preparation of
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quartz tubes preceding syntheses alternatively utilized NaOH (98.5%, Acros
Organics) or KOH (86.6%, Fisher Chemical). Prior to chemical loading, stock
quartz tubes were cut to ~40 cm lengths, sealed at one end under an oxy-
propane flame, and submerged in a 10 wt % KOH(,q) or NaOH,q) bath for
at least one week. Following this base-bath submersion, tubes were rinsed
copiously with water and stored in a 100 °C oven until use.

Solutions for etching studies of single-crystal BiOI(001) included water, ace-
tone, aqueous hydrofluoric acid, and aqueous hydrochloric acid. Caution:
Aqueous hydrogen fluoride is an acute poison that is toxic at even small amounts
and limited exposures. The HF(,q) was diluted to 5.8 M (9.8%) in water from
a commercial stock solution (49%, electronic grade, Transene Company Inc.,
Danvers, Massachusetts). Cleaning and preparation of glass test tubes pre-
ceding organic rinsing procedures utilized piranha solution. Caution: piranha
solution is a strong acid and a strong oxidant that reacts highly exothermically with
organic matter. Piranha solution consisted of a freshly prepared 3:1 mixture
of concentrated sulfuric acid (98%, Fisher Chemical) and HyOz(aq) (35 wt %,
Alfa Aesar).

A.2 Synthesis of Single-Crystal and Large-Grain BiOl

Etching chemistry and surface analyses of BiOI(001) utilized single-crystal
and large-grain BiOl samples synthesized via high-temperature in vacuo
vapor transport. We delineate the employed crystal growth to include
physical vapor transport (PVT, or sublimation) of the single-source material,
and chemical vapor transport (CVT) from multiple reagents with additional
molecular iodine as a transport agent.

Prior to growth reactions, the base-bath-cleaned and oven-based ~40 cm
quartz growth ampoules were cooled and loaded with reagents. For BiOI(001)
growth via physical vapor transport, the sole reagent was 1-2 g of BiOl. For
chemical vapor transport, stoichiometric combinations of Bi + I, + Bi,O3, or
Bil; + BiyO3, or BiOlI that totaled 1-2 g were combined with 300-500 mg
I,. Each loaded ampoule was sealed in a rotary evacuator connected to a
diffusion-pump-equipped Schlenk line with a base pressure below 1 x 1073
Torr.

Figure A.1 illustrates the tube-sealing apparatus. The tube sealing appara-
tus is based around connecting 1”7 or 3/4” O.D. glass tubes to a repurposed
BUCHI Rotavapor R 110. In place of a standard vapor tube, we machined
an aluminum 6061 piece to fit into the tapered motor fitting, seal against a
KD-22 gasket, and terminate in a KF 16 fitting for adapting to an ampoule
rather than a traditional 24/40 ¥ fitting. (The aluminum piece demonstrates
pitting over prolonged use, and replacing this with a glass vapor tube that
terminates in a glass KF 16 fitting — a la EVAC AG, Grabs, Switzerland -
would obviate this issue.) Ampoules connect to the KF 16 fitting through
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Figure A.1. The tube sealing setup is based around a solvent-removing rotary evap-
orator that has been modified with KF-style fittings to a chemical ampoule via a
KF-to-ultra-torr adapter, and further modified to remove a condenser in favor of a
direct connection to a vacuum line. The even heat distribution on the rotating glass
or quartz obviates the need for complicated and potentially dangerous torch work.

an ultra-torr-style compression fitting such as the KF16-CP075 from Duni-
way Stockroom (Freemont, California) that adapts to the 19 mm or 3/4” O.D.
quartz employed in the present study. On the vacuum (top) side, we replaced
the outer glass piece around the KD-22 gasket (that is typically a condenser of
some sort) based on a glass fitting (based on a 50 mm Rotavap flange adapter,
part #946054 Adams & Chittenden Scientific Glass Coop., Berkeley, Califor-
nia) to a vacuum adapter that is in turn connected to a vacuum manifold or
Schlenk line with an intervening liquid nitrogen cryotrap.

To minimize sublimation of iodine or other components, the bottom of the
ampoule containing the source material was cooled in a liquid-nitrogen bath
for two minutes preceding evacuation as well as throughout the sealing
procedure. An oxygen-natural gas torch sealed the growth ampoules to ~20-
25 cm lengths under evacuation to <50 mTorr. For CVT growth trials, the
resulting lengths yielded a molecular iodide loading of 3-5 mg per mL of
ampoule internal volume.

All syntheses utilized horizontally mounted 5-cm-1.D. tube furnaces that were
constructed from two abutting tubular ceramic heaters (CRFC-series, Omega
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Figure A.2. Actual temperature profiles for a (blue) source zone and a (red) deposition
zone for a characteristic growth run of BiOI(001). Note the variable x-axis scaling. 1
minor tick = 100 minutes.

Engineering, Norwalk, CT). A 30-cm-long and a 15-cm-long heater defined
the independently controlled source zone and deposition zone, respectively.
Temperature controllers (Love 32B, Dwyer Instruments, Michigan City, IN)
recorded temperatures at K-type thermocouples (Nextel ceramic braid insu-
lation, Omega Engineering, spot welded in house) that were positioned at
the center of each zone. An in-house-written LabVIEW program interfaced
with the temperature controllers for conducting temperature programs. In
a typical program, the deposition zone was heated directly to 300 °C, after
which both zones were ramped to their soak temperature over 2 h. The initial
heating of the deposition zone resulted in that zone remaining at a higher
temperature than the source zone for the initial ~1 h of the heating ramp to
clean out the deposition zone. Following a soak period that was typically 64
h, heating ceased at the source zone, while the deposition zone maintained its
soak temperature for an additional 1 h to prevent deleterious condensation
on any crystals in the deposition zone during cooling. Upon stopping the de-
position zone heating, the source zone was <350 °C and remained at a lower
temperature than the deposition zone for the remainder of the cooling period
to maximize deposition away from the crystals during cooling. Temperature
ranges for the source zone soak ranged from 725-775 °C with 775 °C repre-
senting a typical soak temperature. Temperature ranges for the deposition
zone soak ranged from 525-575 ° C with 550 °C representing a typical soak
temperature. Figure A.2 displays typical T vs t data for both the source zone
(blue) and the deposition zone (red). Note the non-linear time axis in Fig.
A.2 that highlights the ramp regions at the expense of the long soak times.
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Grown crystals remained stored in their respective growth ampoules in the
dark until use.

In our experience, growth ampoules that were opened directly in an air ambi-
ent were severely broken by the turbulent equilibration with the atmosphere
and the delicate BiOl crystals were often concomitantly destroyed. To obviate
sample destruction during atmospheric pressure equilibration, the ampoules
for BiOl that comprised all data under consideration in this manuscript were
scored in between the source and deposition regions, loaded into a wire-
reinforced flexible vacuum hose, and evacuated on the Schlenk line. Am-
poules were cracked open by flexing the vacuum hose at the score point
under a passive vacuum then subsequently and slowly returned to ambient
pressure for crystal removal. The samples that were not used directly were
stored in plastic petri dishes that were wrapped in aluminum foil and stored
in the dark until use.

A.3 Etching and surface reactivity

Under an air ambient, samples were individually subjected to etchants, sol-
vent cleaning, or both. Such treatments included sonication in water; soni-
cation in acetone; immersion for 10 s in 6 M HF,q) and a subsequent water
rinse; or to sequential steps of immersion for 10 s in 6 M HF(,q), a water
rinse, and sonication in acetone. All HF,q) etching procedures consisted of
single-side exposure with a disposable plastic tweezer,%! while rinses with
water or organic solvents immersed the entire sample. Water rinses follow-
ing HF(5q) etching did not employ sonication unless explicitly stated. Plastic
tweezers underwent sequential sonication in acetone, IPA, and water prior
to any cleaning or etching protocol.

For sonication in water or acetone, samples in a piranha-cleaned test tube
filled alternatively with water or acetone that were submerged directly in the
sonicator bath were significantly broken from the high-frequency ultrasonic
waves. To obviate sample destruction, the sonication in water or acetone con-
sisted of “padding” the water- or acetone-filled test tubes from the sonicator
bath with various vessels filled with water. A beaker filled with water was
submerged in the sonicator bath water. Then, a test tube filled with water
was immersed halfway in the water-filled beaker. Lastly, a piranha-cleaned
glass test tube was filled alternatively with either water or acetone and im-
mersed halfway in the test tube of water. The samples were held with plastic
tweezers, submerged completely in the water- or acetone-filled test tube for
30 s, and then dried on a cloth wipe.

For the HF(q etch and subsequent water rinse, samples were held with
plastic tweezers and the 6 M HF(,q) was added drop-wise to the upward-
facing sample surface with a plastic Pasteur pipette until the entire surface
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was covered (surface tension was sufficient to ensure single-side exposure).5!
The respective dilute acid solution remained on the surface for 10 s, was
carefully removed ensuring no exposure to the bottom face, rinsed copiously

with water, and dried on a cloth wipe.

For sequential HF etching, a water rinse, and sonication in acetone, samples
were held with tweezers, subjected to a single-side 6 M HF(,q) etch as de-
scribed prior, rinsed copiously with water, and then subjected to sonication
in acetone as described previously. Directly following acetone sonication, the
sample was dried etched-face-up on a cloth wipe. Importantly, following HF
exposure, careful attention was paid throughout subsequent rinsing stages
to keep track of the etched face for later analysis.

A.4 Photoelectron spectroscopy

A.4.1 XPS experimental methods

A PHI 5600 XPS system with a third-party data acquisition system (RBD
Instruments, Bend Oregon) acquired all photoelectron spectra as detailed
previously.5? Analysis chamber base pressures were <1 x 10~ Torr. A hemi-
spherical energy analyzer that is positioned at 90° with respect to the in-
coming monochromated Al Ka X-radiation and 54.7° with respect to a non-
monochromated source of Al Ka X-rays collected the photoelectrons. Anal-
yses of chemical composition, and Bi:O:1 ratios as found in Figs. 4 and 7, and
Tables 1 and 2 in the main text utilized monochromated Al K, X-radiation.
Angle-resolved XPS experiments that yielded the data in Fig. 8 in the main
manuscript utilized the non-monochromated Al K, X-ray source. The angle-
resolved photoelectron experiments® utilized angles of 15-75° between the
analyzer and the sample normal angle, while all other X-ray-based exper-
iments utilized 45° angles between the sample normal angle and both the
x-ray source and the analyzer. In all experiments, survey spectra utilized a
117 eV pass energy, a 0.5 eV step size, and a 50-ms-per-step dwell time. All
high-resolution XP spectra employed a 23.5 eV pass energy, 0.025 eV step size,
and a 50 ms dwell time per step. Consistent positions of I 3d and Bi 4f features
ascribed to the BiOl samples obviated a need for charge neutralization.

For samples subjected to any of the aforementioned rinsing and/or etching
procedures, samples were mounted on steel XPS pucks and evacuated in the
loading chamber of the instrument directly following chemical processing.
For tape-cleaved samples, flakes were mounted on a freshly-cleaned steel
puck with carbon tape, mechanically exfoliated with VWR laboratory tape
under an air ambient, and evacuated in the loading chamber <15 s following
cleaving.

Post-acquisition fitting utilized an in-house-developed LabVIEW-based pro-
gram. Data fitting employed baseline-corrected, pseudo-Voigt, GL(x)-style
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functions where x non-linearly scales from a pure Gaussian (x = 0) to a
pure Lorentzian (x = 100).3* Baseline functions were either of a linear type,
a Shirley type,® or a Tougaard style with B = 2900 eV? and C = 1643 eV?
within a universal function that is scaled to the height of the photoelectron
data.5*=8 Optimization routines utilize the built-in LabVIEW implementation
of the Levenberg-Marquardt algorithm for multiparameter fitting.

Fitting of the Cl 2p, C 1s, and O 1s features utilized a linear background
and GL(30) functional peak shapes. When fitting of the C 1s or O 1s regions
necessitated multiple fit peaks, they were constrained to have identical full
width at half max values. For some samples, the C 1s region contained neigh-
boring K 2p features. In such cases, the linear background was fit spanning
both the C 1s and K 2p features. K 2p and Cl 2p doublets were individually
constrained to have identical full-width-at-half-max (fwhm) values with the
2p1,2 peaks containing 50% of the area of the 2p3/, peaks. Bi 4f regions fit with
a single Shirley-shaped background were not representative of the true spec-
tral background of the data. As such, fitting of the Bi 4f region necessitated
two abutting Shirley-shaped backgrounds sharing a common boundary at
~161 eV. One Shirley-shaped background spanned the lower binding energy
portion of the region to fit the background of the Bi 4f;/, peak and a second
Shirley-shaped background spanned the higher binding energy portion of
the region to fit the background of the Bi 4f5/, peak. All Bi 4f features were
fit with GL(70) functional peak shapes and the Bi doublets were constrained
to have identical fwhm values with 4fs/, peaks containing 75% of the area of
4f7/, peaks. The I 3d features utilized a Tougaard-shaped background and
GL(80) functional peak shapes. The F 1s region of the spectrum contains
an overlapping Bi 4p feature. Thus, fitting of the F 1s region employed a
Shirley-shaped background spanning both the F 1s and Bi 4p features. In
the F 1s region, the Bi 4p and the F 1s features were respectively fit with
GL(80) and GL(30) functional peak shapes and the fwhm values were left
unconstrained. Figure A.3 represents a combined F 1s + Bi 4p3/, region for
BiOI(001) following a prolonged HF etch.

Quantification of Bi 4p-to-I 3d, Bi 4{-to-O 1s, I 3d-to O-1s, C 1s-to-Bi 4f, and Bi
4f-to-F 1s ratios utilized sensitivity-factor-corrected peak areas which were
defined as the quotient of the raw peak area and the respective sensitivity
factor. We employed instrument-specific sensitivity factors for photoelec-
tron collection at 90° with respect to the incident X-ray beam. Factors for
Bi 4f, C 1s, O 1s, I 3d, and F 1s were 7.632, 0.296, 0.711, 5.337, and 1.000
respectively.%’ For quantification of Bi 4f-to-O 1s and I 3d-to-O 1s ratios, only
O 1s features ascribed to oxygen in the BiOl lattice at ~529 eV were consid-
ered. Features ascribed to adventitious oxygen species did not factor into
calculated ratios. For quantification of C 1s-to-Bi 4f ratios that serve as an
approximate measure of sample cleanliness, the sole contributor to the C 1s
peak area was that corresponding to the feature centered near 284.8 eV as-
cribed to adventitiously adsorbed carbon species. However, as described in
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Figure A.3. The sharp F1s feature at 684.13 eV (blue) is straightforwardly deconvolved
from the broad Bi 4ps, feature at 680.59 eV (red). Thus the shape of the Bi 4p;,, feature
itself effectively serves as the background for fitting and quantifying F 1s in HF-treated
BiOI(001) samples.

the results section, the position of the adventitious C 1s feature demonstrated
small surface-treatment-dependent shifts in energy position by as much as
1 eV that was quantified by a binding-energy invariance of Bi 4f and I 3d
features with surface treatment.

A.4.2 UPS experimental methods

A gas-discharge light source (UVS 40A2, Prevac, Rogéw, Poland) mounted
in the PHI 5600 instrument provided He I radiation at Epe; = 21.218 eV
(58.433 nm) from research-grade helium (Airgas). We utilize a-35 V substrate
bias and collect photoelectrons at the sample normal angle to both isolate
and maximize the desired spectral contributions of secondary electrons both
from the sample and from the analyzer. To verify analyzer transmission and
detection linearity across the ~25 eV acquisition window for the low kinetic
energy electrons from ultraviolet photoemission, we collected UP spectra on
Aufor arange of substrate biases. UP spectra that were collected for substrate
biases between —20 eV and -50 eV revealed no observable difference in shape
or energy positions, and no observable signal attenuation on either the Fermi
or the secondary-electron cutoff side of the spectra. This validated the use of
-35 V substrate biases for all collected UP spectra.

Off-line analyses of freshly evaporated and a freshly argon-sputter-cleaned
gold sample verified instrumental calibration. Both X-ray and UV photo-
electron spectra were calibrated using freshly Argon-ion-sputtered samples
of Cu and Au foils to establish the scaling factor and work function of the
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instrument. Calibration revealed energy positions of Ecy 2p,, = 932.67 eV and

Eauuf, = 84.00 eV for the respective Cu or Au sample.5! Figure A 4 presents
a UP spectrum for a freshly-evaporated and freshly argon-sputter-cleaned
Au sample following X-ray photoelectron calibration. The spectrum in Fig.
A 4 verifies a spectrometer calibration of binding energy values to the Fermi
level energy of gold, Egay = 0.00+0.05 eV. From plots of photoelectron counts
vs bias-corrected binding energy, the x-axis intercept of linear regressions
quantifies a secondary-electron-cutoff energy, Esgc, and a valence-band-edge
(maximum) energy, Evgm. Considering the binding energy calibration of the
instrument, we report sample work function values, ®, as the difference be-
tween Epe 1 and the secondary electron cutoff energy, or ® = Epe 1 — Esgc. For
the semiconductor samples of interest, the onset of photoelectron counts near
the Fermi region corresponds to the valence band maximum energy, Evpu.
We report Fermi level energies relative to valence band maximum energies,
or Er — Eypym where a regression fit to the x-axis determines Evgy, and Er = 0
eV in the photoelectron spectra as the sample Fermi level is equilibrated to
the Fermi level of gold, Ega, = 0 eV. As ultrahigh vacuum bakeouts can yield
a small perturbation in instrument calibration that would deleteriously affect
data analyses, both calibration and BiOI data acquisition were collected in
the same “bakeout window.”

A.4.3 Angle-resolved overlayer model

We utilized a combination of angle-resolved X-ray photoelectron spectroscopy
and overlayer models to support descriptions of particular surface termina-
tion on BiOI(001) as a function of chemical treatment (or “nascent” surfaces
from a freshly cracked vapor-transport growth tube).5*!! In these instances,
we utilize the exponential attenuation of photoelectron current as a function
of depth below the surface. For high take-off angles relative to the surface
normal angle, photoelectron signals are particularly sensitive to the chemical
speciation of the top few atomic layers. Ratios of one photoelectron counts
arising from chemical species to counts from another, say, from bismuth and
from iodine, will demonstrate a strong take-off-angle dependence based on
which atomic species is closer to the surface. For species “A”, eq A.1 describes
the partial contribution of photoelectron intensity, I, from an infinitesimally
thick layer at depth z below the surface.

&IA —Z
g * pA(Z) P (AA,self COos 6) (Al)

Equation A.1 relies on terms including the number density per unit volume
of species A as a function of depth pa(z), the photoelectron takeoff angle
0 vs the sample normal angle, and the photoelectron attenuation length A.
We present A as Ay s to indicate that we are considering photoemission
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of electrons from species A traveling only through the material from which
they originated, that is to say, the material itself. We present the derivative
of intensity as being proportional to the given terms to indicate a reliance on
additional terms such as the x-ray photon flux in photons per area per time,
the photoionization cross section in area per atom, the instrument-specific
angular detection efficiency, the efficiency of photoelectron production, the
sample detection area, and an instrument-specific photoelectron detection
efficiency. We ignore these terms based on utilizing experimentally acquired
intensity ratios, say Igjsr + I13q that are collected for several photoelectron
take-off angles, 6, between 15 and 75°, and normalizing each ratio to the
ratio at 0 = 45°. This effectively yields a ratio of ratios, II‘?—:; + ?2;4}:, in which
the spectrometer, ionization, and transmission terms cancel 0111?l and further
obviates the need to consider sensitivity factors.

Commonly, eq A.1is integrated so as to yield eq A.2 that is commonly applied
over a depth interval [a,b] that is related to the thickness of an overlayer or
its substrate.

b
-z
IA o f pA(Z) eXp(AAseHCOSQ)dZ (AZ)

Typically, the number density term is brought outside of the integral as the
species of interest is uniformly or sufficiently uniformly distributed through
the layer of interest, but that is not the best description in the present study.
We consider single-crystal BiOI(001) flakes with a [001] vector that is parallel
both to the defined z depth into the material as well as to the c-axis of the
crystal. Considering the layered atomic arrangement in BiOl and the direction
under study, pa(z) is not a constant function but rather is a function of depth
and is quantized. (There are no bismuth atoms in an iodine layer of BiOl, so
pgi(z) would be 0 in that layer.)

Figure A.5 presents the unit cell of BiOI with cell-relative layer spacing and
differential spacing in nanometers. Based on the cell in Fig. A.5, we think
about layer stacking in the [001] direction as two half-unit cells that are
stacked head-to-head and tail-to-tail (as well as rotated by 90° along a [001]
vector). Importantly for the terminations considered below, each of the half-
unit cells is charge neutral, and contain one atom each of Bi*, 0%, and I for
a complete charge-neutral unit-cell stoichiometry of Bi;OI,. The last point
of note is that the unit cell in Fig. A.5 draws the strongly polar covalent bonds
that exist between oxygen and bismuth and between bismuth and iodide
atoms in the BiOl lattice. The weak van der Wall bonds that hold individual
layers together are implicit and reside between the adjacent (001)-parallel
iodide layers in the middle of the Fig. A.5 cell.
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Figure A.5. Unit cell of BiOI with cell-relative layer spacing and differential spacing
in nanometers. The indicated 0.9129 nm distance refers to the c-axis unit cell length
that is parallel to the crystal [001] vector. Sphere sizes are based on a red O~ with a
0.126 nm crystal ionic radius, a 0.206 nm radius for purple I", and a 0.117 pm radius
for peach Bi**.

Thus, representing the photoelectron intensity for species A an integral as
presented in eq A.2 may not be as useful for interpreting BiOI(001) XPS data
as a summation with terms given for layers in which pa(z) # 0. In such
a summation of atomic layer contributions, a volume density such as pa(z)
makes less sense than a number density of atoms of A per unit area slice at
depth z, or oa(z). Equation A.3 defines photoelectron intensity of species A
as the resulting contribution of the i" distinct atomic layer.

—z
I i(zi - A3
A Z o ai(zi) exp ( T o8 @) (A3)
With eq A.3 and Fig. A.5, specific terminations define the bismuth-oxide-
terminated BiOI(001) (frame A) and iodide-terminated BiOI(001) (frame B)
surfacesin Fig. A.6. Figure A.6 repeats Fig. 1 in the main text with the addition
of lengths, distances, and unit cell indices relevant to the numerical model.

Although displayed second, we will describe the iodine-terminated photo-
electron model in Fig. A.6B first. From an infinitely thick BiOI(001) crystal,
we assume iodine termination takes the form of figuratively slicing the BiOI
unit cell in a (001)-parallel slice between the two Van-der-Waals-bonded io-
dide layers shown in Fig. A.5 and otherwise typical unit cell stacking. We
represent the unit cell stacking with an indexing variable n that starts at 0,
which is to say that the top-most unit cell is indexed as the 0" unit cell while
the next unit cell below it is the 1" and so forth. Considering the atomic layer
distances and spacing given in Fig. A.5, we define the topmost atomic layer
to be the surface at z = 0 and subsequent atomic layers below the surface
as a function of interatomic-layer distances in A.5, the cell index #, and the
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Figure A.6. Both A bismuth-oxide terminated, and B I-terminated BiOI(001) surfaces
with relative atomic layer spacing and unit-cell spacing relative to a top layer that we
define as z = 0. Cell periodicity enables atomic layer spacing definitions as a function
of unit cell number below the surface, 1, and the unit cell height itself, z.; = 0.9129
nm. The oxide-terminated surface contains an additional half-unit cell that we exclude
from the layer periodicity. All distance values are in nm.

unit cell height z..i1. From these heights, we can derive expressions of iodide-
terminated BiOI(001) for Igi4f, Io1s, and Ig3q. As mentioned above, we need
not worry about the sensitivity factors since we are presenting experimental
results as a ratio of ratios. Since we are representing the experimental data
as a ratio, the number density for the i atomic layer per surface area term
in eq A.3, 04,(z:), is simplified by considering that as long as the areas for
each intensity term is the same (i.e. not capricious) then that area can be
arbitrary. So, we arbitrarily choose the a X b = 0.1588 nm? area of the BiO
unit cell that yields op;i(z;) = 1 area™, 0o(z;) = 2 area™!, and 0y(z;) = 1 area™
for all atomic layers i. Below, we do not include the units on o values as
they cancel out in considering identical a X b unit cell areas. We can define
the X-ray photoelectron intensities for the Bi 4f, O 1s, and I 3d features for
iodide-terminated BiOI(001) as in eqs A.4-A.6. These equations rely on the
sum Y., exp —qn = exp{; 1=, and we drop the “self” from each A term as the
photoelectrons are all traveling through BiOl itself with no consideration for
an attenuation due to interfacial contamination.

For bismuth-oxide-terminated BiOI(001) as in Fig. A.6A, we envision a ter-
mination that includes one additional half-unit cell stacked on top of an
iodide-terminated BiOI(001) cell. As mentioned above, each half-unit cell
is charge neutral, and in this case terminated with oxygen. Notably, this
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bismuth-oxide termination in Fig. A.6A carries a 1:1 bismuth-to-oxygen stoi-
chiometry in contrast to the Bi,O3 stoichiometry of the variously-structured
compounds that are named bismuth oxide.

- . i [ex (—0.1826 nm-—n Zcell) ex (—0.4857 M — 71 Zeell )]
Bi 4f I-term L p Api cos O P Apicos 0

(9]

o [ex (—0.1826nm) +ex ( —0. 4857nm)] Z ( —1 Zeell )
p Agi cos 0 P Agi cos O £ Agi cos O

[ex (M) ( —0.4857nm )] exp ( Ai EEOHS 0 )
P Agi cos 0 Agicos O /l exp (A;ccegs e) _1
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Io 1s,I-term X 2 nZ:() exp ( Ao cos B )

o 2 ox (_0'3031nm)iex (—nzceu)
P Ao cos B n:O P Ao cos B
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ce —0.6062nm — n Zcell
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—0.6062nm \] v —1 Zeell )
1
OC[ Texp ( Arcos 0 )]nz_(;e (/\Icose
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Having the half-unit cell on top of the bismuth-oxide-terminated BiOI(001)
yields important simplifications for the remainder of the full unit cells that
may be expressed as a function of the iodide-terminated BiOI(001). As the
first iodide-terminated unit cell is displaced from the surface by a distance
Co = 0.6098 nm as shown in Fig. A.6, we express photoelectron intensities
as a function of the contribution from the top half-unit cell plus (y offset to
the respective iodide-terminated surface photoelectron intensity. Equations
A.7-A 9 respectively present the Bi 4f, O 1s, and I 3d photoelectron intensities
for bismuth-oxide-terminated BiOI(001).
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To solve for the desired intensities, and the ratio of intensities that we con-
sider in the manuscript, we further need photoelectron attenuation length
values, Ag;, Ao, and A;. To our knowledge, photoelectron attenuation lengths
have not been established for BiOl. The empirical model in eq A.10 from
Cumpson and Seah estimates attenuation lengths in nanometers based on
E, the photoelectron kinetic energy; (A), the average atomic mass of species
in the material in g mol™'; p, the material density in kg m™3; N, Avogadro’s
number, and (Z), the average atomic number of the atoms in the material.5'?

- 12 (A
A =0.316x 10 (pN)

E
4 A10
2" (3+InE) " l (10

For single crystal BiOl, (A) = 117.3 g mol™}, and (Z) = 48. Since each
0.14497 nm~2 unit cell contains 2 atoms each of bismuth, oxygen, and iodine,
p = 8061.08 kg m™. For Bi 4f photoelectrons with a binding energy of ~159
eV, an instrument work function of ~4 eV, and illumination with 1486.6 eV
Al Ka X-radiation, E = 1324 eV, which yields Ag; = 1.85 nm. For O 1s
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Figure A.7. Normalized Bi 4f-to-I 3d photoelectron intensity ratios from the overlayer
model results for bismuth-oxide-terminated (blue) and for iodide-terminated (red)
BiOI(001). The divergence between the two intensity ratios, particularly at high
takeoff angles, validates the use of angle-resolved photoelectron spectroscopy for
revealing surface terminations on nascent and solution processed BiOI(001).

photoelectrons with a binding energy of ~529 eV, E = 954 eV that yields
Ao = 1.45 nm. Lastly, I 3d photoelectrons with binding energy of ~619 eV,
would have a kinetic energy, E, of 864 eV, and a A; of 1.35 nm. Each of the
calculated attenuation length values are smaller than we expected, and we
attribute the small values to the high mass density of the material.

A.4.4 Angle-resolved overlayer model results

As mentioned above, we are interested in exploring the intensity ratios both
because experimentally this eliminates challenges with absolute alignment,
and numerically for the simplifications afforded by the ratios. We further
normalize our bismuth-to-iodide intensity ratios to that ratio at 0 = 45° to
best align experimental and numerical results.

Figure A.7 displays bismuth-to-iodide intensity ratios that are normalized to
J0=45°

that ratio at 0 = 45°, fistrem Baem  for iodide-terminated BiOI(001) in the
i

7 Ii3drterm 13d,I-term

red trace derived from eqs A.4 and A.6 and for oxide-terminated BiOI(001)
in the blue trace that are derived from eqs A.7 and A.9. Relevant to experi-
mental comparisons, both bismuth-oxide-terminated and iodide-terminated
BiOI(001) demonstrate strong dependencies on photoelectron take-off angle,
and each show vastly diverging trends in their angle-dependent intensity
ratios relative to each other. As takeoff angles approach the surface normal
angle, photoelectrons reach the detector that originated from several nanome-
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Table A.1. Model-determined photoelectron intensities for Bi 4f, O 1s, and I 3d for
iodide-terminated BiOI(001), as well as a Bi 4f / I 3d intensity ratio normalized to
the ratio at 0 = 45° to compare with experimental results.

6=45

Angle (°)  Ipisfiterm lO1siterm  I13dI-term Ifff;ﬁ + ,?3?;5 ::‘
15 4.159 3.356 3.225 1.030
30 3.752 3.034 2.936 1.021
45 3.103 2.519 2.478 = 1.000
60 2.250 1.834 1.894 0.949
75 1.227 0.975 1.268 0.773

ters deep into a surface. As the bismuth-oxide-terminated and the iodide-
terminated BiOI(001) are similar for z > Cy = 0.6098 nm, and this yields I

I13q

ratios that change very little in the range 15° < 0 < 45 The small angle

dispersion in the intensity ratios yields II?,;; + [2‘ ffs values that are very close
13d

to 1 for both bismuth-oxide-terminated and iodide-terminated BiOI(001) in
this “bulk-sensitive” range 15° < 6 < 45°. In contrast to small angles, large
takeoff angles relative to the surface normal angle yields photoelectron sig-
nals that dramatically favor just the top few atomic layers. Our ratio of

. . 15=4° D . . .
interest % + 4 demonstrates a significant dispersion with takeoff angles
13d

above 45°, and importantly the ratio deviates significantly for bismuth-oxide-
0=45°

terminated vs iodide-terminated surfaces. Indeed, I‘j‘jgxt‘“‘“ + 1‘2,‘4{5? trm — 1] 247
Jd,Ox-term 13d,0x-term

for the bismuth-oxide-terminated BiOI(001) as in Fig. A.6A, and the ratio

0=45°

Leiatriem . I%“ﬂ 0.773 for iodide-terminated BiOI(001) as in Fig. A.6B. The

T3a1-term Il 3d I-term
divergence between the ratio for bismuth-oxide-terminated and for iodide-
terminated BiOI(001) supports the use of angle-resolved photoelectron spec-

troscopy for the analysis of surface termination of BiOI(001).

Tables A.1 and A.2 present the results of the overlayer model for the angles

under experimental consideration in the main manuscript. Equations A.4-

A.9 yield the data for each respective intensity column. Tables A.1 and A.2
0=45°

. . . Tni a6 1. 5=
each present a column of intensity normalized data, 1‘3‘3‘:: t‘e"“ + fgﬁ;ﬂ to best
sd,}-term 13d,I-term

compare to the experimental data.

A.5 X-ray Diffraction

A Bruker-AXS D8 focus powder X-ray diffractometer with Cu K, radiation
collected X-ray diffraction (XRD) traces in the range of 5-45° (20) at a step
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Table A.2. Model-determined photoelectron intensities for Bi 4f, O 1s, and I 3d
for bismuth-oxide-terminated BiOI(001), as well as a Bi 4f / I 3d intensity ratio
normalized to the ratio at 0 = 45° to compare to experimental results.

0=45

Angle () Iniagoxtem 101s0vterm  H3doxterm oo™ + e
15 3.891 3.169 2.810 0.985
30 3.491 2.865 2.511 0.989
45 2.858 2.387 2.033 = 1.000
60 2.041 1.789 1.403 1.035
75 1.121 1.191 0.639 1.247

size of 0.05° and a dwell time of 5 s per step. X-ray tube operating conditions
were 40 kV and 40 mA. For samples subjected to any of the aforementioned
chemical rinsing and/or etching procedures, samples were freely situated on a
sample stage and analyzed directly following chemical processing. Analyses
of tape-cleaved samples utilized double-sided tape to mechanically adhere
a BiOI sample to the XRD substrate followed by mechanical exfoliation tape
under an air ambient and XRD analysis directly afterwards. As expected
for the large-grain, single-crystal BiOl material synthesized, the {001}, {002},
{003}, ... family of reflections from the literature trace is well represented in
the experimental traces.

As mentioned in the manuscript, we compared the experimentally acquired
XRD traces to database references. Figure A.8 presents the XRD trace for
the tape-cleaved sample in Fig. 4.3C from Chapter 4 with both a logarithmic
and a linear y-axis scaling as well as the card for tetragonal BiOI from pow-
der data file 00-010-0445. While the logarithmic y axis highlights the trace
contributions to each reflection, the linear scaling reinforces the dominance
of the {001}, {002}, {003}, ...family of reflections that is consistent with the
production of single crystal BiOI(001) material.

A.6 Scanning Electron Microscopy

A Tescan Analytics Vega3 (Tescan Orsay Holding, A.S., Brno-Kohoutovice,
Czechia) scanning electron microscope with a tungsten cathode operating
at a 10 kV acceleration potential and a secondary electron detector acquired
the images in Fig. 4.6A. A Phenom Pro SEM (Phenom-World BV, Eindhoven,
Netherlands) equipped with a back-scatter detector (BSD) and a CeBg cathode
collected all SEM images in Fig. 4.6B.
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CH. 5 SUPPORTING INFORMATION:
CHEMICAL AND OPTOELECTRONIC
CONTROL OF Ti,C,Tx MXENE VIA
COVALENTLY-TETHERED ORGANIC
MONOLAYERS

B.1 Photoelectron Spectroscopy

A PHI 5600 XPS system with a third-party data acquisition system (RBD
Instruments, Bend Oregon) acquired all X-ray photoelectron spectra as de-
tailed previously.?? Analysis chamber base pressures were <1 x 10~ Torr.
A hemispherical energy analyzer that is positioned at 900 with respect to
the incoming monochromated Al K, X-radiation and 54.7° with respect to
a non-monochromated source of Al K, X-rays collected the photoelectrons.
All X-ray measurements utilized 45° angles between the sample normal an-
gle and both the X-ray source and the analyzer. In all experiments, survey
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spectra utilized a 117 eV pass energy, a 0.5 eV step size, and a 50-ms-per-step
dwell time. All high-resolution XP spectra employed a 23.5 eV pass energy,
0.025 eV step size, and a 50 ms dwell time per step. Consistent positions
of Ti 2p features ascribed to the TizC,T, samples obviated a need for charge
neutralization.

For all TizC, T, material, samples were mounted on steel XPS pucks and evac-
uated in the loading chamber of the instrument directly following chemical
processing. The films were deposited by a gravity-feed, compressed-gas-
propelled commercial airbrush (Master Airbrush, G233). Spray depositions
for nascent Ti3C, T, material utilized <0.5 mL of the aqueous TizC, T, colloid
while depositions for functionalized Ti3C,T, material utilized <0.5 mL of
the ethanolic Ti3C, T, suspension. Films were sufficiently thick such that the
analysis depth for typical XPS and UPS experiments excluded photoelectron
contributions from the silicon substrate. Routine cleaning of the airbrush
body and components utilized dilute, aqueous glacial acetic acid (AcOH,
99.7%, Alfa Aesar). Components in frequent contact with TizC, T, material
including the needles, fluid tips, and reservoir were sonicated in the aque-
ous, dilute acetic acid and rinsed with copious amounts of water in between
subsequent depositions.

Post-acquisition fitting utilized an in-house-developed LabVIEW-based pro-
gram. Data fitting employed baseline-corrected, pseudo-Voigt, GL(x)-style
functions where x nonlinearly scales from a pure Gaussian (x = 0) to a pure
Lorentzian (x = 100).% Baseline functions were either of a linear type, a
Shirley type,>® or a Tougaard style with B = 2900 eV? and C = 1643 eV?
within a universal function that is scaled to the height of the photoelectron
data.?>”~%8311 Optimization routines utilize the built-in LabVIEW implemen-
tation of the Levenberg-Marquardt algorithm for multiparameter fitting.

Fitting of the O 1s and F 1s features utilized a linear background and GL(30)
functional peak shapes. When fitting of the F 1s or O 1s regions necessitated
multiple fit peaks, they were constrained to have identical full-width-at-
half-max (fwhm) values. The Si 2p, C 1s, and N 1s features were fit with
a Tougaard-shaped background. The Si 2p regions were well fit by one
doublet with GL(30) functional peak shapes. The Si 2p doublet peaks were
constrained to have identical fwhm with the 2p;,, peak containing 50% of the
area of the 2p3/, peak. The C 1s and N 1s regions were described by multiple
peaks with GL(30) functional peak shapes. Additionally, the lowest-binding-
energy peak in the C 1s region was best fit with a tail function, GL(30)T(2).
When fitting of the C 1s or N 1s regions necessitated multiple fit peaks,
they were constrained to have identical fwhm values. The Ti 2p region is
best described with an Offset-Shirley with 30% linear character and GL(30)
functional peak shapes. The Ti 2p region was fit by four doublets with GL(30)
functional peak shapes. The four Ti 2ps/, peaks were constrained to have
identical fwhm values and the four Ti 2p;, peaks were constrained to have a
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fwhm value 20% larger than that of the 2p3,, peaks. All of the areas for the Ti
2p features were left unconstrained, except the highest-binding-energy 2p1,»
peak at 459 eV was constrained to have 30% the area of the corresponding
2p3/; peak.

For UPS experiments, a gas-discharge light source (UVS40A2, Prevac, Rogéw,
Poland) mounted in the PHI 5600 instrument provided He I radiation at Ege1
= 21.218 eV (58.433 nm) from research-grade helium (Airgas). We utilize a
-35 V substrate bias and collect photoelectrons at the sample normal angle
to both isolate and maximize the desired spectral contributions of secondary
electrons both from the sample and from the analyzer. To verify analyzer
transmission and detection linearity across the ~25 eV acquisition window
for the low kinetic energy electrons from ultraviolet photoemission, we col-
lected UP spectra on Au for a range of substrate biases. UP spectra that
were collected for substrate biases between —20 eV and -50 eV revealed no
observable difference in shape or energy positions, and no observable signal
attenuation on either the Fermi or the secondary-electron cutoff side of the
spectra. This validated the use of —-35 V substrate biases for all collected UP
spectra.

Off-line analyses of freshly evaporated and a freshly argon-sputter-cleaned
gold sample verified instrumental calibration. Both X-ray and UV photo-
electron spectra were calibrated using freshly Argon-ion-sputtered samples
of Cu and Au foils to establish the scaling factor and work function of the
instrument. Calibration revealed energy positions of Ecu zp,,, = 932.67 ¢V and
Eauaf,, = 84.00 eV for the respective Cu or Au sample.?'? Fig. B.1 presents a
UP spectrum for a freshly-evaporated and freshly argon-sputtercleaned Au
sample following X-ray photoelectron calibration. The spectrum in Fig. 5.3
verifies a spectrometer calibration of binding-energy values to the Fermi-level
energy of gold, Ega, = 0.00 + 0.05 eV. From plots of photoelectron counts
vs bias-corrected binding energy, the x-axis intercept of linear regressions
quantifies a secondary-electron-cutoff energy, Esgc, and a valence-band-edge
(maximum) energy, Eypm. Considering the binding energy calibration of
the instrument, we report sample work function values, @, as the difference
between Ep. 1 and the secondary electron cutoff energy, or ® = Epe1 — Esgc.

For the semiconductor samples of interest, the onset of photoelectron counts
near the Fermi region corresponds to the valence-band-maximum energy,
Evem. We report Fermi-level energies relative to valence-band-maximum
energies, or Ef — Eypy, where a regression fit to the x-axis determines Eygy,
and Ef = 0 eV in the photoelectron spectra as the sample Fermi-level is
equilibrated to the Fermi level of gold, Ef sy = 0 eV. As ultrahigh-vacuum
bakeouts can yield a small perturbation in instrument calibration that would
deleteriously affect data analyses, both calibration and BiOI data acquisition
were collected in the same “bakeout window.”
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Egec = 16.19 6V

Eyo1 - Eseo = 5.03 6V =Dy, Erpa, =0+ 0.03 eV
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Figure B.1. He I UV photoelectron spectrum of freshly sputtered polycrystalline Au foil indicating a Fermi level, Ega, = 0.00 + 0.03 eV.
The difference of the energy of the incoming radiation, Eye; = 21.218 eV minus the x-axis intercept of a linear fit to the secondary-electron
cutoff, Esgc = 16.187 eV yields a work function of ®,, = 5.03 + 0.03 eV.
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CH. 6 SUPPORTING INFORMATION:
ELECTRONIC STRUCTURE OF 1D
LEPIDOCROCITE TiO, AS REVEALED BY
OPTICAL ABSORPTION AND
PHOTOELECTRON SPECTROSCOPY

C.1 Raw Absorbance Spectrum and Band-Gap Interpretation

Figure C.1 presents the raw absorbance spectrum (top left) for the indirect-
gap Tauc plot (top right) in Fig. C.1C in Chapter 6. We further include a
direct-gap Tauc plot in the lower left and a Cody plot of (A/(hv))"/? vs hv that
support a band gap in excess of 4 eV.
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Figure C.1. Raw absorbance spectrum, direct- and indirect-gap Tauc plots, and Cody
plot for the 1DL TiO, material.

C.2 Fits of Ultraviolet Photoelectron Spectra

In Chapter 6, we present band edge positioning based on a fit of ultraviolet
photoelectron spectra but concede that other interpretations may exist. Figure
C.2 presents competing cases for fitting the photoelectron count structure in
the valence region (i.e. binding energies between 5 and 0 eV vs the Fermi
level). Frame A in Fig. C.2 presents the data as shown in Figure 6.4 in Chapter
6 in which a red-dashed fit to the secondary-electron-cutoff region yields a
work-function energy, ® = hv — Eggc = 4.03 eV. Further, the 16x inset in Fig.
C.2A demonstrates a green-dashed fit to the photoelectron count structure
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that predicts a valence-band edge that is 3.74 eV below the Fermi energy, or
E¢ — Evgm = 3.74 V. In concert with a 4.0 eV band gap energy from Tauc plots
of UV-Vis absorbance data yields valence and conduction edges at -7.8 eV
and -3.8 eV vs the vacuum energy level, Eyqc.

Revealed in the near-valence-edge data in the 16x inset in Fig. C.2A, when E;¢
- Evem = 3.74 eV, gray-shaded photoelectron counts exist at binding energies
between -3.74 vs E¢ and E; itself. With the valence-edge fit as in Case 1,
the gray-shaded photoelectron count region in Case 1 would be assigned
to photoemission of electrons from defect states directly above the valence
band. Case 2 in Fig. C.2B considers whether these gray-shaded photoelectron
counts do not represent defects, but rather represent the valence-band edge
itself. In Fig. C.2B, the assigned valence structure implies a small density of
states near the valence band edge and a significantly larger density of states
deeper within the valence band. With the same data in Case 1 in Fig. C.2A
on the left and Case 2 on the right in Fig. C.2B, the 128X inset indeed reveals
a linear region that may be fit down to the baseline with E¢ — Eygy = 1.65 eV.
In conjunction with @ = 4.03 eV and E; = 4.0 eV, a fit of Ef — Eypm = 1.65 eV
respectively positions the valence and conduction band edges at -5.7 eV and
-1.7 eV.

Considering two competing fits of the photoelectron data as in Case 1 and
Case 2 in Fig. C.2 and in concert with the fitted Tauc plot of the UV-Vis
absorbance data, we consider Case 1 to be the most realistic fit. With a 4.0 eV
band edge, the fit in Case 2 positions the conduction band edge very close
to the vacuum energy, or a small electron affinity of y =~1.7 eV. This small
electron affinity poorly resembles other TiO, materials. Conversely, the band
edge positioning in Case 1 well resembles expected band edge positions for
highly quantum-confined titanium oxide material.
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MODIFICATIONS TO THE XPS

D.1 Hijacking mono filament to power twin filament 1

Since the connections to filament 1 (A and B) are not working correctly, we
decided to hijack the filament 2 connections (C and D) from the mono (J10)
to power the twin anode (J3) filament 1. We desoldered A, B, C, and D from
J10 and covered up A and B with heat shrink. We desoldered A and B from
J3 which are also not working and covered them up with heat shrink. Then
we soldered C (white/ orange striped wire) from J10 to “B” port on J3. We
soldered D (yellow wire) from J10 to “A” port on ]J3. See Figs. D.1, D.2, and
D.3 for details.
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Figure D.1. Exterior view of the back of the 32-096 X-ray control box where the
filament cable pin connections for both J10 and ]3 are A-D clockwise respectively.

Figure D.2. Interior view of the 32-096 X-ray control box where J10 and J3 control the
monochromated and twin sources respectively.
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HIJACKING MONO FILAMENT TO POWER TWIN FILAMENT 1
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Figure D.4. Photo of the original XPS valve manifold for which we clipped the cable
connections and took offline.

D.2 Second ion gauge

We acquired a second DIG III ion gauge controller from Ebay and got it
connected to our second ion gauge to read the pressure on the load lock and
TPD side. It was working beautifully for a while. Eventually, we did have
an issue during which the filament wouldn’t stay lit and upon removing the
ion gauge sensor, we noticed one of the filaments got bent and was shorting
through the body. We bent it back into place and it fixed the issue. Note that
the two different ion gauge tubes (main chamber versus load lock side) have
different filament connections connections and filament replacement styles.

D.3 Valve rebuild

Given the scarcity and cost of the original-style pneumatic control valves for
PHI5600 (Fig. D.4), we decided to upgrade the manifold to a newer style
featuring the same MAC 34C style pneumatic valves we used in the ALD.
Currently, the new pneumatic control values as shown in Fig. D.5 are live
powering V1 open, V1 close, V2, V3, and V4 manually with a +24 V power
supply. We envision interfacing with the computer and a tablet running
a custom LabVIEW to enable automation and simultaneous recording of
loadlock pressures. The rebuild will continue in the hands of RLG and RJG.

D.4 Notes about J13 and J14 cables coming unplugged

At some point in time, we suspected the analyzer voltages were not behav-
ing correctly as evidenced by total photoelectron counts not changing much
across different software area settings. Recall that in switching between “mi-
cro”, “minimum”, “small”, and “large” areas in the software, a distinct set of
voltages are applied to the electrostatic condensing lenses. To test the theory,
we (ADC, JLM, RLG) used the high voltage probe to measure the voltages
applied to the lenses (FCL, CTL) at various area settings. In measuring at

each area setting multiple times, we saw that 407 V was applied in each
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Figure D.5. Newer pneumatic MAC 34C valves that are currently live with manual
control from a +25 V power supply. Ultimately, we envision interfacing with a
touchscreen tablet running LabVIEW programs that enable automation.

case which is incorrect. After some correspondence with Randy on the RBD
portal, we realized that two cables, J13 and ]J14, that should be plugged into
the A252 board were unplugged and dangling. These cables connect the
RBD 147 box and the card rack motherboards. We aren’t sure when this hap-
pened. We plugged them back into A252 and tested across area settings and
correctly saw changes in total CPS with magnitudes as expected based on
prior behavior when things were working. This lasted for a while but during
a bakeout in October 2022, JLM suspected the voltages were not behaving
correctly again and sure enough, J13 and J14 cables were unplugged again.
JLM re-plugged in and voltages behaved as expected. Then, March 2023 we
noticed they yet again became unplugged. JLM and RJG marked a few-inch
segment of the cables with bright green tape as a visual indicator for users
walking behind the instrument to mitigate running with them unplugged
unknowingly. We carefully tucked the heavy-ish loop of slack gray cable
deeper inside the birds’ nest in a way that should lessen tugging of the deli-
cate J13 and J14 connections to hopefully help them from getting yanked out.
In the process, another cable got unplugged. .. this is detailed in §D.5 plus
the instrument logbook 2 from March 2023 (JLM notes) and logbook 1 from
June 2016 (ADC notes) contain additional illustrations and explanations. The
evidence that this cable is unplugged is the multiplier CPS being locked >20
million counts.
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Figure D.6. A252-]13 and A252-J14 cables unplugged. The other ones in the bundle remain unplugged (except J36 2-pin male connector
discussed in §9.4.4), while J13 and J14 plug into board A252.
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Figure D.8. J13 and J14 plugged in correctly. Keep an eye on the green tape to monitor the status of the cable.
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Figure D.9. Diagram of J36 and J44/]34 connections between the RDB 147 box and the
DASH card rack board.

D.5 Notes about J36 and J44/34 getting unplugged from each other

There is a 2-pin male connector (labeled A252-]J36) that comes out from the
RBD 147 box and is living in the same bundle of cables as A252-J13 and A252—
J14. 1t’s the only other cable in that bundle besides J13 and J14 that actually
plugs into something. It plugs into a female connector (J44, twisted brown/
orange wires) that comes out from the DASH at a site on the board labeled
J34. Not sure why each end of this cable are labeled differently and manuals
don’t mention it. In 2016, Alex noticed this cable got unplugged as evidenced
by the multiplier CPS being locked >20 million counts. He plugged it back in
and wrapped pin connection with electrical tape for some extra support as the
wires get accidentally tugged on. During this last bakeout March 2023, in the
process of plugging back in J13 and J14, this J36/J44 connecton accidentally
came unplugged. We re-plugged in, CPS behaved normally after, and below
shows photos and a diagram of this connection.
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Figure D.10. The white box indicates roughly where the DASH is located behind the birds nest. The yellow box indicates where the other
end of the J44 cable plugs into the DASH board, the connection site for which is labeled ]34 for whatever reason. The other end of that
(female 2 pin) cable which is labeled J44 connects to the 2-pin male connector A252-]36 coming out the RDB 147 box in the same bundle
of cables as A252-]J13 and A252-]J14.
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D.5. NOTES ABOUT J36 AND J44/34 GETTING UNPLUGGED FROM EACH OTHER
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AIR-FREE MXene PROCEDURES

All Ti3C, T, material was synthesized by Barsoum and colleagues and shipped
to WPI from Drexel in its multilayered form as it is most suitable for long term
storage in terms of oxidative stability. The multilayered Ti3C,T, was stored
as received in a nitrogen-purged flush box and small aliquots were removed
as needed prior to functionalization experiments. A stash of piranha-cleaned
dram vials were dried in a >100 °C oven overnight and stored inside the
flush box for ready use in silane solution preparation and small aliquots of
the Ti3C,T, were weighed into 15 mL centrifuge tubes inside the box and
removed as needed.

E.1 Preparation of delaminated MXene

Delamination procedures were employed for small aliquots of the multilay-
ered Ti3C, T, prior to all functionalization experiments. Sonication and sub-
sequent separations via centrifugation yielded delaminated TizC, T, material
based on established procedures with slight modifications. In our hands, son-
ication of the TizC, T, material under an air ambient deleteriously oxidized
the material as evidenced by a large Ti** feature dominating the Ti 2p region
of high-resolution XP spectra as well as loss of characteristic optical behavior
in THz and TA spectroscopy. As such, all delamination and functionalization
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procedures were carried out via air-free methods with active bubbling with
UHP N, throughout all steps, especially sonication.

For each delamination procedure, 10 mL of water was degassed in a piranha-
cleaned 5 dram glass vial with ~1 bubble per second N, (ultrahigh purity,
Airgas) flow for 15 minutes. The dram vials were sealed with custom dram
vial caps that we modified with custom glass tubing ports to enable simulta-
neous N bubbling and silane addition.

Throughout all delamination steps preceding separation via centrifugation,
active N, bubbling was maintained and the flow rate remained relatively
constant. Following, 100 mg of multilayered TizC,T, was weighed out in the
flush box, removed, and added to the degassed water and left to “soak” for
3 hr with continued N bubbling. After the soak period, the material was
sonicated with N, bubbling in an ice-cooled water bath for 1 hr. The ice
was added to the bath during the degassing step so that it was sufficiently
melted prior to the start of sonication. Following sonication, the TizC, T, col-
loid in water was transferred to a 15 mL polypropylene centrifuge tube and
filled with water up to the 10 mL graduation line to account for water loss
from evaporation. Centrifugation at 3000g for 10 min initially separated de-
laminated Ti3C, Ty material from the comparatively larger particulates. This
initial round of centrifugation yielded a black pellet and a dark green-black
supernatant. The supernatant liquid was decanted and transferred to a sep-
arate, clean 50 mL centrifuge tube and the pellet was discarded. For this
step, we used 50 mL tubes rather than 15 mL due to the rotor constraints
of the 4th floor ultracentrifuge compared to the Olsen group’s system. Due
to the volume constraints of ultracentrifugation (the tube should be filled at
least halfway to avoid collapsing under high speeds and vacuum), enough
volume of water was added to the colloid in the 50 mL tube to bring the total
volume to the 30 mL line. To ultimately separate the solid material from the
water, the colloid of delaminated TizC, T, (the initial supernatant liquid) was
further purified by centrifugation at 5000g for 10 min which yielded a pellet
containing a fractional percentage of the Ti3C, T, solid material and a super-
natant which comprised a colloidal suspension of a fractional percentage of
the TizC, Ty material in water. This was done using the Gateway 1 4th floor
Beckmann ultracentrifuge with Paula Moravek’s permission and training.
Following decanting and discarding of the supernatant liquid, the Ti3C,T,
material in the pellet was resuspended in 7 mL of fresh ethanol via physi-
cal agitation and sonication for 2 min with N, bubbling as described prior.
The resulting Ti3C,T,-containing suspension in ethanol was then subjected
to functionalization as described in the proceeding sections.
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E.2 Functionalization of MXene with organosilanes

Preparation of silane solutions for functionalization experiments was carried
out inside the flush box using dry solvents (ethanol or toluene). The solvents
were stored in the flush box over activated sieves. To yield molar ratios of 2:1
organosilane:MXene, solutions of organosilane in dry ethanol were prepared
to 239 mM concentrations. As such, solutions of trimethoxypropylsilane,
trimethoxy(3,3,3-trifluoropropyl)silane, 3-aminopropyltrimethoxysilane, and
cyanopropyltrimethoxysilane were prepared in 5 mL dry ethanol from 210,
228,212, and 189 uLrespectively. The solution was left capped inside the flush
box during all MXene delamination and preparation steps until immediately
preceding use.

Following delamination and solvent exchange from water to ethanol as de-
scribed earlier, 1 mL of 0.1 M acetic acid in water was added to the 7
mL suspension of delaminated Ti3C,T, in ethanol. The resulting acidified
Ti3C, Tx-containing suspension was degassed for 15 min with N, bubbling
as described prior. Throughout the functionalization procedure, the N flow
persisted and the flow rate was maintained at ~1 bubble min~!. Following,
the suspension was sonicated in an ice-cooled water bath for 15 minutes with
N, bubbling. Concurrently, silane solutions were prepared in the flushbox
with ethanol dried over activated sieves as described prior. The ethanolic
silane solution was then added to the closed system by syringe at a rate of 1
mL per 15 min over the course of 75 min until the full 5 mL were delivered.
The silane solutions were prepared in a 2:1 molar ratio of silane: Ti3C,T,
MXene as described in §5.3.1. The silane-containing TizC, Ty solution was
sonicated for 4 hr total from the first silane addition in an ice-cooled water
bath with N, bubbling.

Following the 4 hr reaction, the Ti3C,T, solution was quantitatively trans-
ferred to a 15 mL centrifuge tube rinsing with small volumes of ethanol to
reach a final volume of 15 mL. Centrifugation at 3000g for 2 min initially sep-
arated the solid Ti3C, T, material from the silane reaction solution. Following
decanting and discarding of the supernatant liquid, the Ti3C, Ty material was
resuspended in 6 mL of fresh ethanol via physical agitation and sonication.
Three cycles of centrifugation as above, decanting, and re-suspension further
purified the material left in the pellet after each stage of rinsing and cen-
trifugation in ethanol. Through each stage of ethanolic centrifugation, the
supernatant showed no signs of suspended material and progressively tran-
sitioned from light gray to a clear solution. With the final decanting of the
clear ethanolic supernatant, the TizC, T, centrifugation pellet was suspended
in 10 mL ethanol and thoroughly sonicated. This suspension of functional-
ized Ti3C, T, in ethanol was stored inside a nitrogen-purged flush box until
further use.
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MXene XPS DATA DUMP

The following spectra are random text dumps with stuff.
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F1s O1sx2 Ti2p N1sx 16 Cis Cl2px 6 Si2p x 12

A Batch 6 Mxene,
-CFj silane

B Batch 6 Mxene,
-CHj silane

C Batch 6 Mxene,
Nascent

688 532 460 292 288 284 280 204 200 104 100
BE (eV) BE (eV) BE (eV) BE (eV) BE (eV) BE (eV) BE (eV)

Figure E1. First round of XPS on Batch 6 TizC,T; MXene made by Mary at Drexel following Kiana’s recipe (MX6041, 42, 43). Carbide contributions
to C 1s and Ti 2p are lower than is typical for nascent material. There is also significant N 1s signal shich should not be present for any of the three
samples. Optical data for these samples on quartz also did not look characteristically MXene. This is when we started wondering about our delamination
procedures. We’ve historically been delaminating in ethanol directly preceding silanization procedures. Shortly after this we had a MXene meeting with
Drexel and Natick about this. Varun claims you need to do the delamination in water as larger solvent molecules are not small enough to intercalate
between the layers to sufficiently delaminate. Shortly after this we switched to water delamination with a 2-3 h soak in degassed water then 1 h sonication
with degassing. Interestingly for A —CF3 functionalized MXene the N 1s signal is much lower compared to B and C. Not sure what’s up with that without
knowing where the nitrogen is coming from. In “PHI5600/kngo/2023-02-10 MX6041-42-43 pure propyl CF3 control”.
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F1is O1s Cisx2 Si2p x 10

A Batch 4 MXene,
fluoroalcohol silane

696 690 684 678 540 534 528 300 294 288 282 276 108 102 96
B Batch 4 MXene,
fluoroalcohol silane
after 200 °C 1 h,
; e S st . R
696 690 684 678 540 534 528 468 462 456 450 300 294 288 282 276 108 102 9
BE (eV) BE (eV) BE (eV) BE (eV) BE (eV)

Figure E3. MX24 batch 4 MXene made by Kiana at Drexel functionalized with the fluoroalcohol silane synthesized by R]JG and AH. A
shows initial multiplex and B shows multiplex after heating at 200 °C for 1 h. Organic F 1s looks largely consistent, although decreased
a bit relative to fluoride. Likely covalently attached but low coverage, way below one monolayer. In “PHI5600/jmartin2/2022/2022-12-12
MX24 MXene batch 4 plus fluoroalcohol round 2”.
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F1s 0.1s C1sx5 Si2p Pt 4f

et s o Lo W%

293 289 285 281
BE (eV)

oy o

692 688 684 536 532 528

104 100 80 76 72

Figure E5. Fluoroalcohol silane synthesized by RJG and AH on a Si(111) wafer. In “PHI5600/jmartin2/2022/2022-11-08 becca fluorosilane
on Si dirty and R3 TiC QDN 80”.
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Fisx1 O1sx1 Tizpx1 N1sx 1 Cisx1 Si2p x 10

A Batch 2 MXene,
aminophenylsilane

o, N PR i : : -
525 468 464 460 456 452 405 401 397 293 289 285 281 277 108 104 100

B Batch 2 MXene,
aminophenylsilane
then PTCDA

§ I N , s : i
692 688 684 537 533 529 525 468 464 460 456 452 405 401 397 203 289 285 281 277 108 104 100
BE (eV) BE (V) BE (eV) BE (V) BE (V) BE (eV)

Figure E7. MX08 Batch 2 MXene plus p-aminophenyltrimethoxysilane and B MX09 which was MXO08 plus ring-opened PTCDA room
temp. Way too much coverage, peaks shifted up 1 eV. Need to dial PTCDA loading way down. Also very difficult to rinse out all of the
unreacted PTCDA during workup. Needs parameterizing. In “PHI5600/jmartin2/2022/2022-05-05 MX08 mxene plus aminophenylsilane
RT 8hrs drop cast”.
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N 1s x 10 Cisx2 Cl2px5 Si2p

F1s

A Batch 2 MXene
Nascent

536 532 528 465 461 457 453 404 400 396 292 288 284 280 204 200 196 105 101

692 688 684

B Batch 2 MXene
After 12 s sputter

204 200 196 105 101

Ly

692 688 684 536 532 528

465 461 457 453 404 400 396
BE (eV) BE (eV) BE (eV) BE (eV) BE (eV) BE (eV) BE (eV)

Figure E.9. Batch 2 MXene on SiO* wafer non-functionalized A before and B after 12 s Ar* sputter.
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MXene UPS DATA DUMP

This incomplete story maps UP spectra of following MX23 Batch 4 MXene
functionalized with trimethoxy(3,3,3-trifluoropropyl)silane as a function of
heating temperature. This may become a story in the future.
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A Batch 4 MXene,
-CF; silane

Eyp = 4.25 eV

B Batch 4 MXene,
-CF; silane
200°C,1h

30 min cooled

E,r=4.836eV

C Batch 4 MXene,
-CF; silane
200°C,1h
Overnight cooled
Eyr=4.51eV

D Batch 4 MXene,
-CF; silane

200 °C, 1 h again
30 min cooled

E,:=4.796eV

E Batch 4 MXene,
-CF; silane

200 °C, 1 h again

End of day cooled

Eyr=4.61eV

18 16 14 1

210 8 6 4 2 0 -2

Binding energy (eV)

Figure G.1. Above data shows UP spectra for MX23 Batch 4 MXene functionalized with
trimethoxy(3,3,3-trifluoropropyl)silane at various stages of sample heating. We did isothermal
heating at 200 °C for 1 h to probe covalent attachment versus physisorption. We noticed that
the work functions for samples scanned shortly after heating were erroneously high. To test this
theory, we scanned again after the sample was substantially cooler (overnight as in C) and the
resulting work function was closer to that of the original as in A before any heating. We heated
again to see if the work function increased again, and it did. You can see the work functions for
B and D which were acquired only 30 min after heating are close in value to each other while
the work functions acquired after 10+ h of cooling as in C and E are close in value to each other
and are closer to the “nascent” as in A which was acquired prior to any heating.
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H
CUSTOM IGOR SCRIPTS

H.1 BEShift(shiftval)

Located in “Grimmgroup Photoelectron/RLG_shiftUPS.ipf”

BEShift(shiftval) operates on UP spectra that have been direclty imported
into IGOR Pro as a .vms data file. This corrects the binding-energy axis when
a bias voltage is applied to the stage that would linearly shift all binding
energies. For instance, if a =35 V bias is used, type BEShift (35) in the IGOR
Pro command window to execute the shift on the data in the topmost window.

// 7 August 2019 rlgii
//this procedure shifts the baseline to account for an arbitrary bias
in finding the stuff

Function BEShift(shiftval)
Variable shiftval

DFREF originalDFR, blockDFR

Variable data_found=0, graphtracenum, waves_in_a_table = 0,
cols_in_a_table, i, j

String graphname = "", tablename = "", table_list = "",
temp_wave_path_string, counts_trace_name = ""

Wave Counts, BE, tempwave_in_table
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11 // do this no matter what
12 originalDFR = GetDataFolderDFR()

14 // Get list of traces in topmost graph that start with "Counts"
15 graphname = WinName (0,1)

16 String fulltracelist = TraceNameList (graphname,";",1)

17 String countsonlytracelist = ListMatch(fulltracelist,"Count*")

19 if (ItemsInlList(countsonlytracelist) > 1)
20 Prompt graphtracenum, "Choose a trace:", popup
countsonlytracelist

DoPrompt "Which trace should I work on?", graphtracenum

21

2 if (V_Flag)

23 data_found = 0 // user cancelled

24 else

25 data_found = 1

26 // save the trace name for data

27 counts_trace_name = StringFromList (graphtracenum-1,
countsonlytracelist)

28 // assign the wave references for that y counts trace, the x
BE trace, and the data folder

29 Wave/Z Counts = TraceNameToWaveRef (graphname, StringFromList (

graphtracenum-1, countsonlytracelist))

30 Wave/Z BE = XWaveRefFromTrace (graphname,StringFromList (
graphtracenum-1, countsonlytracelist))

31 blockDFR = GetWavesDataFolderDFR(Counts)

k) endif

33 elseif (ItemsInList(countsonlytracelist) < 1)

34 Print "I am sorry, but I can not find a trace named \"Counts\".

I can not help you."

35 data_found = 0

36 else

37 // there is only one "Counts" trace on the graph. this is easy

38 data_found = 1

39 counts_trace_name = "Counts"

40 Wave/Z Counts = TraceNameToWaveRef(graphname,"Counts")

41 Wave/Z BE = XWaveRefFromTrace (graphname,"Counts™)

12 blockDFR = GetWavesDataFolderDFR(WaveRefIndexed(graphname,0,1))
43 endif

45 if(data_found)
46 SetDataFolder blockDFR

48 Wave BE_Orig=blockDFR:BE_Orig
19 Variable diff_shift, diff_shift_orig

51 // make a backup of the data wave in BE_Orig if it doesn’t
already exist

52 if (!(WaveExists(BE_Orig)))

53 Duplicate/0 BE, BE_Orig

54 endif

55 // do the shift and save numbers for shifting the SEC and fermi
fit stuff

56 diff_shift_orig = BE[0]

57 BE = BE_Orig + shiftval

58 diff_shift = BE[0] - diff_shift_orig
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// check to see if there was a fermi/SEC fit by looking for the

wave fermi_edge_Y
Wave fermi_edge_Y = blockDFR: fermi_edge_Y
if (WaveExists(fermi_edge_Y))

// it exists so let’s recompute the lines and the fermi/SEC

values as they’ve moved!
Wave sec_elect_cutoff_X = blockDFR:sec_elect_cutoff_X
sec_elect_cutoff_X += diff_shift
Wave fermi_edge_X = blockDFR: fermi_edge_X
fermi_edge_X += diff_shift
String annotationstring = "\\fOIE\\fOO\\BSEC\\M = " +
num2str(sec_elect_cutoff_X[2]) + "eVANr\\fO1E\\fOO\\BWF\\M = "

num2str(21.22-sec_elect_cutoff_X[2]) + "eV\r\\fO1E\\fOO\\BF\\M

+ num2str (fermi_edge_X[2]) + " eV"
TextBox/C/N=intercept_summary annotationstring
endif
SetDataFolder originalDFR
endif
return 1
End

H.2 CountsShift(shiftval)

Located in “Grimmgroup Photoelectron/RLG_shiftUPS.ipf”

s

CountsShift(shiftval) operates on UP spectra that have been directly im-
ported into IGOR Pro as a *. vms data file. This shifts the counts axis for some

reason.

Function CountsShift(shiftval)
Variable shiftval

DFREF originalDFR, blockDFR

Variable data_found=0, graphtracenum, waves_in_a_table = 0,
cols_in_a_table, i, j

String graphname = ""
temp_wave_path_string, counts_trace_name =

Wave Counts, BE, tempwave_in_table

tablename = "", table_list = "",

// do this no matter what
originalDFR = GetDataFolderDFR()

// Get list of traces in topmost graph that start with "Counts"

graphname = WinName (0,1)
String fulltracelist = TraceNamelList (graphname,";",1)
String countsonlytracelist = ListMatch(fulltracelist,"Count*")

if (ItemsInList(countsonlytracelist) > 1)
Prompt graphtracenum, "Choose a trace:", popup
countsonlytracelist
DoPrompt "Which trace should I work on?", graphtracenum
if (V_Flag)
data_found = ® // user cancelled
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26

63 End
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else
data_found = 1
// save the trace name for data
counts_trace_name = StringFromList (graphtracenum-1,
countsonlytracelist)
// assign the wave references for that y counts trace, the x
BE trace, and the data folder
Wave/Z Counts = TraceNameToWaveRef (graphname,StringFromList (
graphtracenum-1, countsonlytracelist))
Wave/Z BE = XWaveRefFromTrace (graphname,StringFromList (
graphtracenum-1, countsonlytracelist))
blockDFR = GetlWavesDataFolderDFR(Counts)
endif
elseif (ItemsInList(countsonlytracelist) < 1)
Print "I am sorry, but I can not find a trace named \"Counts\".
I can not help you."
data_found = 0
else
// there is only one "Counts" trace on the graph. this is easy
data_found = 1
counts_trace_name = "Counts"
Wave/Z Counts = TraceNameToWaveRef(graphname,"Counts")
Wave/Z BE = XWaveRefFromTrace (graphname, "Counts")
blockDFR = GetWavesDataFolderDFR(WaveRefIndexed(graphname,0,1))
endif

if(data_found)
Wave Counts_Orig=blockDFR:Counts_Orig

SetDataFolder blockDFR

if (!(WaveExists(Counts_Orig)))
Duplicate/0 Counts, Counts_Orig

endif

Counts = Counts_Orig - shiftval

// check to see if the UPS is being fit for SEC and for fermi
positions
// if exists, replot the things. if not, don’t do anything
else.
Wave/Z UPS_cursor_positions = blockDFR:UPS_cursor_positions
if (WaveExists(UPS_cursor_positions))
UPS_find_intercepts ()
else
// do nothing
endif

SetDataFolder originalDFR
endif
return 1
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H.3 Juliacasatab()

Juliacasatab() operates on multiplexed XP data loaded into IGOR Pro in
the form of *.casatab data files exported from Casa XPS. It executes some
graph preferences that JLM likes for XP spectra including making line colors
black, deleting graph mirroring, etc.

0o// 28 April 2021 Julia Martin

1 // These functions format the the import casatabs in a way Julia
likes them

2 // Casatab Graph properties

3 Function Juliacasatab()

4 ModifyGraph expand=2

6 #ifdef MACINTOSH

7 // Mac

8 ModifyGraph gFont="Helvetica Neue"

9 #else

10 #ifdef WINDOWS

1 // Win

12 ModifyGraph gFont="Arial"

13 #else

14 Print "Unknown O0S, not doing anything with the default
fontyness..."

15 #endif

16 #endif

18 ModifyGraph mirror (bottom)=0

19 ModifyGraph axThick(left)=0

20 ModifyGraph manTick(bottom)={0,2,0,0},manMinor (bottom)={0,0}
21 ModifyGraph rgb(Envelope)=(0,0,0),rgb(Background)=(0,0,0)

2» End

H.4 Juliasurvey()

Juliasurvey() isintended to operate on XP survey spectra loaded into IGOR
Proin the form of .casatab data files exported from Casa XPS. It executes some
graph preferences that JLM likes for XP surveys including making line colors
black, deleting graph mirroring, changing tick increments, etc.

o Function Juliasurvey()

1 #ifdef MACINTOSH

2 // Mac

3 ModifyGraph gFont="Helvetica Neue"

4 #else

5 #ifdef WINDOWS

6 // Win

7 ModifyGraph gFont="Arial"

8 #else

9 Print "Unknown 0S, not doing anything with the default
fontyness..."

10 #endif
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11 #endif

12 ModifyGraph nticks(left)=0, axThick(left)=0

13 Label left "Counts "

14 ModifyGraph mirror (bottom)=0

15 ModifyGraph manTick(bottom)={0,200,0,0},manMinor (bottom)={9,0}
16 End

H.5 JuliaUPS()

JuliaUPS() operates on full UP spectra loaded into IGOR Pro in the form
of .vms data files exported from Casa XPS following execution of BEShift()
for bias correction. It executes some graph preferences that JLM likes for
UP spectra including making line colors black, deleting graph mirroring, etc.
Note that this function is intended for UP spectra of semiconductors as it sets
upper and lower BE values based on Fermi-edge positioning that is one or
more eV above zero.

0o// 28 April 2021 Julia Martin

1 // These functions format the the import casatabs in a way Julia
likes them

> //UPS Graph Properties for semiconductors

s Function JuliaUPS ()

4 #ifdef MACINTOSH

5 // Mac

6 ModifyGraph gFont="Helvetica Neue"

7 #else

8 #ifdef WINDOWS

9 // Win

10 ModifyGraph gFont="Arial"

1 #else

2 Print "Unknown OS, not doing anything with the default
fontyness..."

13 #endif

14 #endif

15 ModifyGraph nticks(left)=0, axThick(left)=0

16 Label left "Counts "

17 ModifyGraph mirror (bottom)=0

18 ModifyGraph manTick(bottom)={0,2,0,0},manMinor (bottom)={3,2}

19 SetAxis/R bottom 20,0

20 ModifyGraph width=288

21 ModifyGraph margin(left)=18,margin(bottom)=18,margin(right)=7,
margin(top)=7

2» End

H.6 JuliaFermi()

JuliaFermi() should be executed directly following JuliaUPS() on a dupli-
cate window of that same graph. To use this function, load in a full UP
spectrum in the form of .vms data file, execute BEShift() and JuliaUPS() on
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that graph, duplicate that graph, and execute JuliaFermi() on that duplicated
window. This function is intended to produce a magnified zoom of the Fermi
region with the same eV per inch spacing as the full spectrum. After exe-
cuting the steps above, change the Y-axis limits to the desired magnification.
Note that this function is intended for UP spectra of semiconductors as it sets
upper and lower BE values based on Fermi-edge positioning that is one or
more eV above zero.

0o// 28 April 2021 Julia Martin

1 // These functions format the the import casatabs in a way Julia

likes them

> // UPS Graph Properties for semiconductors

3 Function JuliaFermi ()

4 ModifyGraph width=72,height=72

5 SetAxis/R bottom 5,0

6 TextBox/K/N=intercept_summary

7 ModifyGraph nolLabel (left)=2

8 ModifyGraph noLabel=2

9 TextBox/C/N=text0/F=0/B=1/X=20.00/Y=40.00 "\\Z06x"

H.7 JuliaUPSppt()

JuliaUPSppt () operates on full UP spectra loaded into IGOR Pro in the form
of .vms data files exported from Casa XPS following execution of BEShift ()
for bias correction. This function is intended to increase text size to 14 pt
and modify tick increments accordingly to enable direct import to PPT for
informal meetings. For the default aspect ratio for UP spectra, 7 pt font
doesn’t scale up as much as JLM likes for readability on slides.
0o// 28 April 2021 Julia Martin
1 // 15 December 2022 Julia Martin
> // These functions format the the import casatabs in a way Julia
likes them
s // UPS Graph Properties increase text size and modify ticks for
direct import to ppt for informal meetings
i Function JuliaUPSppt()
ModifyGraph gfSize=14
6 ModifyGraph margin(bottom)=36
7 ModifyGraph 1blPos(bottom)=35
s End

H.8 JuliaUPSmetal()

JuliaUPSmetal () operates on full UP spectra loaded into IGOR Pro in the
form of .vims data files exported from Casa XPS following execution of
BEShift () for bias correction. It executes some graph preferences that JLM
likes for UP spectra including making line colors black, deleting graph mir-
roring, etc. Note that this function is intended for UP spectra of metals as it
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sets upper and lower BE values based on Fermi-edge positioning that is very
close to zero. That is to say, the main difference between this function and
JuliaUPS() is that there are a few extra eV below zero for JuliaUPSmetal ().

0o// 28 April 2021 Julia Martin

1/ 15 December 2022 Julia Martin

> // These functions format the the import casatabs in a way Julia
likes them

s //UPS Graph Properties for metals w shelf at zero (MXene)

4+ Function JuliaUPSmetal ()

5 #ifdef MACINTOSH

6 // Mac

7 ModifyGraph gFont="Helvetica Neue"

8 #else

9 #ifdef WINDOWS

10 // Win

11 ModifyGraph gFont="Arial"

12 #else

13 Print "Unknown OS, not doing anything with the default
fontyness..."

14 #endif

15 #endif

16 ModifyGraph nticks(left)=0, axThick(left)=0

17 Label left "Counts "

18 ModifyGraph mirror (bottom)=0

19 ModifyGraph manTick (bottom)={0,2,0,0},manMinor (bottom)={3,2}

20 SetAxis/R bottom 18,-2

21 ModifyGraph width=288

2 ModifyGraph margin(left)=18,margin(bottom)=18,margin(right)=7,
margin(top)=7

23 End

H.9 JuliaFermimetal()

JuliaFermimetal() is executed directly following JuliaUPSmetal() on a
duplicate window of that same graph. To use this function, load in a full UP
spectrum in the form of .vms data file, execute BEShift () and JuliaUPS() on
that graph, duplicate that graph, and execute JuliaFermi() on that duplicated
window. This function is intended to produce a magnified zoom of the Fermi
region with the same eV per inch spacing as the full spectrum. After executing
the steps above, change the Y-axis limits to the desired magnification. Note
that this function is intended for UP spectra of metals as it sets upper and
lower BE values based on Fermi-edge positioning that is very close to zero.
That is to say, the main difference between this function and JuliaUPS() is
that there are a few extra eV below zero for JuliaUPSmetal ().

0o// 28 April 2021 Julia Martin

1 // 15 December 2022 Julia Martin

> // These functions format the the import casatabs in a way Julia
likes them

s // UPS Graph Properties for metals w shelf at zero (MXene)
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i Function JuliaFermimetal ()

5 ModifyGraph width=57.6,height=72

6 SetAxis/R bottom 2,-2

7 TextBox/K/N=intercept_summary

3 ModifyGraph nolLabel (left)=2

9 ModifyGraph noLabel=2

10 TextBox/C/N=text0®/F=0/B=1/X=20.00/Y=40.00 "\\Z06x"

11 End

H.1

Jul

0 JuliaPL()

iaPL() operates on full PL spectra imported into IGOR Pro in the form

of .pl files which are tab-delimited text files exported from Titova lab PL
software. Simply change the file extension of the raw data to .pl. This graph
executes some graph preferences that JLM likes for PL spectra including
changing the marker shapes for the raw data points, specifying line colors,
adding graph labels, etc.

o//
1 //

> //P
3 Fun
4

6

28 April 2021 Julia Martin

These functions format the the import casatabs in a way Julia
likes them

L Graph Properties

ction JuliaPL()

ModifyGraph mode=3,marker=8,1size=0.5,rgh=(0,0,0)

ModifyGraph width=144,expand=3

ModifyGraph tick=2,axThick(bottom)=0.5,btLen=2,stLen=1,manTick(
left)={0,20,0,0},manMinor(left)={1,0},manTick(bottom)={0,50,0,0},
manMinor (bottom)={4,0}

ModifyGraph axThick=0.5

ModifyGraph rgb=(1,16019,65535)

ModifyGraph 1blPosMode (bottom)=3,1blPos(bottom)=20;DelayUpdate

Label bottom "time (s)"

ModifyGraph 1lblPosMode=3,1blPos(left)=40;DelayUpdate

Label left "Photoluminescence Intensity (arb)"
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