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ABSTRACT

MEASURING DISSOLUTION RATES AND INTERFACIAL ENERGETICS OF MONOLAYER

MOLYBDENUM DISULFIDE ELECTRODES IN ELECTROCHEMICAL SYSTEMS

Meeting carbon zero goals within the next few decades requires advances in energy conversion
efficiency, and hydrogen fuel is believed to be a key part of the solution. Photoelectrochemical (PEC)
devices can contribute to a renewable-based energy portfolio by directly producing storable chemical fuels.
The electrode is a key component that determines what is thermodynamically and kinetically possible for
a given PEC device. Unfortunately, semiconductor electrode efficiency can come at the cost of chemical
stability. Also, the energetic description of an ultra-thin semiconductor electrode at the liquid interface is
unclear. Here, we studied molybdenum disulfide (MoS;), a promising two-dimensional (2D)
semiconductor, to improve understanding of interfacial energetics and electron transfer. The overarching
hypothesis of this work is: if we quantitatively measure band energies of this 2D material, then we improve
understanding of electron transfer efficiency and rates for involved chemical reactions. Knowledge from
this research informs new ways to reduce solar energy conversion losses and may improve control over
chemical reactions. Our experimental approach is to make in sifu optical measurements while changing
two key variables: (1) the electrode applied voltage (E), and (2) the liquid redox electrolyte environment
(E™).

This thesis is organized into six chapters. Chapter 1 motivates semiconductor
photoelectrochemistry as a viable approach for solar energy and chemical fuel production. Following the
chronology of key scientific advances over the past few decades, Chapter 2 delves deeper into the
established principles of semiconductor photoelectrochemistry, the unique properties of monolayer MoS,,
and the current state of the field for making in situ optical measurements in an electrochemical cell. This

chapter concludes with open questions that are addressed in Chapters 3 — 5. In Chapter 3, the stability of
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MoS: is tested by literally pushing the semiconductor to its anodic decomposition limit. The crucial results
are identification of the MoS; dissolution onset potential (Ep) and its thickness-dependent dissolution rates.
Additional insights pertain to the long-term stability differences between monolayer and multilayer
material. Chapter 4 includes the most noteworthy results wherein we develop a method to quantitatively
measure the electronic band gap of monolayer MoS; using a relatively simple optical setup. For the first
time, we use an all-optical approach and many-body theory to report an abrupt change in potential-
dependent band gap energies of monolayer MoS, under electrochemical conditions. Chapter 5 summarizes
preliminary work investigating how redox couples in the electrolyte may tune the optical signature of a
monolayer MoS, electrode. Finally, Chapter 6 concludes the thesis with suggestions for subsequent
investigations available based on the expertise and resources within the Sambur group at Colorado State

University.
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CHAPTER 1: MOTIVATION

Current solar energy conversion is limited to approximately 33% efficiency for semiconducting
materials.'? Eliminating thermalization losses during the energy conversion process could double
efficiency (i.e., increase efficiency to 66%).>* Thermalization losses occur because absorbed photon energy
exceeds a material’s band gap and then so-called “hot-carriers” quickly cool down to the band edge before
the electron is transferred. Understanding hot carrier extraction is a broad goal that may guide future solar
electrocatalysis and energy conversion engineering. Another broad goal is to improve efficiency of
converting solar energy directly into storable chemical fuels. Control over the kinetics and thermodynamics
requires a better understanding of what is happening at the site of electron transfer. This dissertation focuses
on a new class of semiconducting materials, atomically thin two-dimensional (2D) transition metal
dichalcogenides (TMDs), that have the potential to increase solar energy conversion efficiency via hot
carrier-induced photochemistry. My research tackles current knowledge gaps in the field by measuring the
energetics involved with electron transfer from a 2D semiconductor. This is important because a 2D
semiconductor may have the unique ability to extract hot-carriers and tune charge transfer rates. Figure 1.1
shows a scheme of how this may be possible for a 2D semiconductor. Electron transfer out of the
semiconductor occurs at the Conduction Band (CB) edge, so hot electron capture increases overall
efficiency. Also, the conduction band energy states may be more tunable to improve electron transfer and
drive a specific chemical reaction or avoid unwanted reactions. Perhaps we can find an “electrochemical

switch” or “reaction throttle” by using the electronic tunability of 2D semiconductors.
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Fig. 1.1 — “Cooling” of Photoexcited Electrons in Bulk and Quantum-Confined Semiconductors.
This comparative scheme shows photogeneration of electrons (e”) and holes (h*) into the conduction band
(CB) and valence band (VB), respectively. The “hot” electrons cool faster through the CB continuum of a
bulk semiconductor compared to the quantized states of a 2D semiconductor crystal. The magnified inset
highlights the higher density of states in the CB for a bulk semiconductor.

We will also consider the role of the redox environment in electronically doping the semiconductor and
influencing interfacial energetics. This is not a search for a Holy Grail material but rather a fundamental

study to measure the unique behavior of a 2D semiconductor that may inspire improved pathways to solar

energy conversion efficiency.

1.1 Converting Solar Energy with an Electrochemical Cell

Most commercial solar energy conversion devices are solid-state junction systems comprised of
semiconducting silicon material. Yet for decades it has been known that a photoelectrochemical (PEC)
device is an alternative approach to convert solar energy using a semiconductor-electrolyte junction. So
why aren’t PEC cells the leading commercial solar devices today? One primary reason is because of the
trade-off between efficiency and photocorrosion rates of semiconductors in a liquid electrolyte
environment.> For example, a more stable semiconductor electrode tends to have a wider band gap but
suffers from poorer efficiency. This trade-off is not fundamental, so better semiconductors may exist that
are both chemically robust and efficient. Importantly, a liquid environment is uniquely advantageous for
making chemical fuels.® One can envision flowing reactant feedstocks into a cell, converting solar energy

into a target reaction, and then capturing chemical products from the liquid solution. A PEC electrode in a



liquid electrolyte environment is a logical system. If PEC devices are ever going to be a viable commercial
approach in solar energy conversion, more fundamental knowledge is required to answer current questions
in this field. Specifically, what is an accurate energetic description at the 2D electrode interface and how
can electron transfer be controlled?

In the next chapter, we present a more robust explanation of the fundamental challenges and
opportunities of a specific semiconductor photoelectrode. Here we summarize two major challenges. First,
the timing is difficult when trying to capture an “uncooled” photogenerated electron. A PEC device is
attractive if the goal is to harness the excess energy of hot-carriers to drive a reaction and control charge
transfer rates.”'" As seen above in Fig. 1.1, if a photon’s energy hv exceeds the band gap energy of a
semiconductor, then charge carriers (electrons () and holes (h*)) are photogenerated in the semiconductor.
The semiconductor bandgap is a minimum energy input requirement. However, the absorbed photon
energy is the maximum energy available for energy transfer. Typically, within a picosecond the excited
electron rapidly cools to the conduction band (CB) edge.!'> A current challenge in the field is how to
make use of photogenerated hot carriers, and PEC cells uniquely place all the reactants near the surface
where charge carriers are generated.

The second challenge is understanding the thermodynamics that drive a chemical reaction. PEC
cells are the most efficient devices to directly convert sunlight into chemical energy.* The direct production
of chemical products is unique for photoelectrochemical cells. For example, consider reducing liquid H,O
at a semiconducting electrode to directly produce H,. Once sunlight reaches the semiconductor, reactants
are co-located, and spontaneous charge transfer can proceed across the electrode-liquid interface. For
heterogenous charge transfer, we must consider the energetics for both sides of the semiconductor-liquid
junction. For a thermodynamically spontaneous (i.e., “downhill”’) reaction, the energy of the photoexcited
electron in the electrode must exceed an available energy state in the liquid. A current knowledge gap for
the field is what this interface looks like energetically.

Toward the first challenge, the Sambur group at Colorado State University, along with
collaborators, investigate the kinetic challenge of extracting hot carriers.’* In a parallel effort, this
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dissertation focuses on the challenge involving the energetics at the semiconductor-liquid interface.
Measuring the semiconductor band edge energy enables tuning of the charge transfer rate for a reaction in
the liquid. In other words, we want to tune the semiconductor to drive a chemical reaction as fast as possible.
Fundamentally, before application, we must first describe and measure the energetics at the semiconductor

electrode interface.

1.2 Charge Transfer Driving Force: AGcr

Keeping solar energy conversion in mind, we want to find ways to make the semiconductor-liquid
interface useful. If we consider the photoexcited electron as a reactant in the semiconductor, we wish to
transfer the electron into the liquid so it may react to make new products in the liquid. The fundamental
driving force for this charge transfer is the Gibbs free energy, AGer. This is depicted in Fig. 1.2 by the
relative energy of the conduction band edge (Ecg) compared to the chemical potential of the semiconductor

(Er). Thus, a negative free energy of electron transfer is a thermodynamically spontaneous process.

Bulk SC Solution
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Energy (eV)
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Fig. 1.2 — Relative Energetics of an Example Semiconductor (SC) and Solution. Note the energy is
shown in electron volts (eV) and the built-in potential (Vi) is determined by the semiconductor Fermi
energy (Er) and the electrochemical potential of the solution (Egoln).

In the classic model of the semiconductor-liquid interface, changing the redox environment (i.e.,
shifting Eson) has no effect on AGer. In other words, the interfacial energetics are “pinned” relative to the

semiconductor band edge energies. The key point is that if we want more control of the free energy of

charge transfer, then we should look beyond a classic bulk semiconductor electrode in a PEC device. As



will be explained in the next chapter, a logical next step is to map the energies of new semiconductor-

electrolyte systems that may not be constrained by this classic thermodynamic description.

1.3 Solar Energy Conversion Frontier — Two Dimensional (2D) Semiconductors

To fundamentally advance large-scale energy production, consider some of the properties of an
ideal semiconductor electrode used in a PEC application. Global change will not be accomplished with
exceptionally rare materials. It turns out that certain 2D semiconductors are promising electrodes for solar
energy applications considering size, flexibility, cost, and performance.'#'® The “sheetlike” nature of an
atomically-thin semiconductor limits photogenerated charge carriers to within a nanometer of the surface.
A monolayer material is essentially nothing more than an interface. A 2D semiconductor may be the ideal
geometry to capture sunlight and maximize the reaction surface area used to catalyze or otherwise support
a chemical reaction. For example, photoexcited electrons in the conduction band of monolayer
molybdenum disulfide (MoS,) remain within 7 A of the surface. However, 2D semiconductor energetics
(i.e. conduction and valence band edges) are not well understood.!”"* Traditional methods of measuring
energetics of 2D materials are difficult if not impossible.?’ As emphasized in the previous section, without
knowing the band edge energies, the AGcr remains uncertain. Finally, 2D semiconductor band edges shift
dynamically when charge carrier concentration changes.?'>> This so-called Band Gap Renormalization
further complicates the measurement of band gap energies, but at the same time, it may be exploited to tune
an electrode’s band edge to the precise energy desired. Regardless, the classic energy level description of
bulk semiconductors inadequately explains what is experimentally observed at the 2D semiconductor-liquid
interface. Knowing the band edge energy positions informs what solar energy driven reactions are possible

and how fast they can go.

1.4 Project Summary
This research project investigates the 2D semiconducting material, molybdenum disulfide (MoS,),
for an electrochemical and optical study. The 1-2 eV band gap of MoS, overlaps well with solar radiation

spectrum, but importantly it also serves as a representative 2D Transition Metal Dichalcogenide (TMD)



semiconductor that is promising in a variety of solar energy conversion applications.?*2° MoS; has the
potential to be cheap, energetically efficient, and massively scalable. !¢

The general approach is to deposit MoS; onto substrates in monolayer or few atomic layer “flakes”
inside a transparent electrochemical cell. We measure in situ optical and electrochemical changes to
incident light and applied potential bias (voltage). Importantly, flake heterogeneity may spatially influence
charge transfer and redox reactions, so both naturally-procured and synthetically-grown crystals are first
studied. We characterize the atomically thin semiconducting material and measure band gap energies using
optical techniques. Using electrochemical microscopy with spectroscopic techniques, material-dependent
band energies are quantified with spatially correlated images.

The project is organized along three chronological efforts corresponding to the three subsequent
chapters: (1) determine the potential window in which exfoliated MoS, flakes are stable for certain
electrochemical conditions; (2) in conjunction with a many-body theoretical model, determine the electron
density and electronic band gap energies for ML-MoS; under electrostatic gating; and (3) determine how a
redox environment (i.e. molecular or chemical dopants) can control the electronic and optical properties of

ML-MoS; in the same system.



CHAPTER 2: BACKGROUND

The purpose of this chapter is to establish a scientific footing for the results presented hereafter.
The experimental work in this thesis advances the progress of several key studies involving bulk
semiconductors, 2D materials, and more specifically MoS,. The primary goal is to develop an all-optical
experimental approach to answer questions involving a 2D semiconductor under electrochemical
conditions. Therefore, it is critical to lay out the well-established scientific foundation across several fields
preceding this work. The highlighted studies chronicle incremental progress. Importantly, the historical
examples are not necessarily scientific leaps forward, but rather these examples are critical steppingstones
that logically lead to the present work. For clarity, this chapter is organized into three sections focused on
the following areas: (1) photoelectrochemistry, (2) MoS: properties, and (3) in situ optical measurement
techniques. After establishing this context, this chapter concludes with a final section addressing the

unanswered questions that form the basis for several hypotheses.

2.1 Semiconductor Photoelectrochemistry Advances

For additional background on semiconductor photoelectrochemistry, the reader is referred to
several excellent reviews, book chapters, and key manuscripts.*>?7-2° Importantly, these references only
consider bulk semiconductor behavior. Unique consequences of semiconductors on the 2D scale are
addressed later in Section 2.2.3. This section briefly describes key terms and basic principles necessary
for the experimental work in Chapters 3 — 5. Throughout this chapter, the example semiconductor is n-
type, so the majority carriers are electrons. When charge carrier transfer is discussed, it will be in the
context of electron transfer from the semiconductor CB edge into the liquid solution. Identical and

opposite schemes occur for p-type materials with holes transferring at the VB edge.



Energy scales for the figures are shown relative to the vacuum energy level where the highest value
terminates with 0 eV, and an electron is at a lower energy in the ‘down’ direction or more positive potential.
For reference, 0 V on the Normal Hydrogen Electrode (NHE) scale corresponds to 4.5 V on the absolute
scale.!®?® The related electrochemical scale is based on relative potentials where a more negative potentials
are higher on this scale. Therefore, the corresponding Fermi energy of a NHE at 0 V is —4.5 eV. The
relative energy (eV) and potential (V) scales are interchangeable when considering the elementary charge
of an electron (g) is ~ 1.602 X107 C (i.e. E = gV). A final clarifying point: the italicized E (units of voltage

versus a reference) is differentiated from the absolute energy scale with an unitalicized E (units of eV).

2.1.1 Semiconductor-Liquid Interface Description

When a semiconductor is immersed in a liquid, a spontaneous charge transfer occurs instantly
across the interface. The importance of this phenomenon cannot be overstated, and it occurs between any
junction so long as the semiconductor’s chemical potential (Fermi level, Er) is not equivalent to the
chemical potential of the liquid solution (Esm). Fig. 2.1A below shows an example energy profile of the
interface with a bulk semiconductor and liquid colored in grey and blue, respectively. The electron transfer
continues until equilibrium is reached with Er = Eoin. The electron transfer process is similar to the solid-
state junction between p and n-type semiconductors. With regards to charge separation, the semiconductor-
liquid junction forms a strong, spontaneous electric field. This electric field forms in the absence of light,
and the field strength can exceed 100,000 V/cm.**° Importantly, the electric field comes at no cost. The
magnitude of the field strength influences the acceleration of charges through the semiconductor. Charge
separation time can be on the order of picoseconds when considering micrometer distances.?!

The classic model for the semiconductor-liquid interface is referred to as the “Gerischer Model”.
Several key results of this model are noted. First, as shown in Fig. 2.1B, a positively charged depletion
region forms within the semiconductor, and the liquid side of the interface is negatively charged. The
depletion width can be thought of as the distance from which electrons are extracted from within the

semiconductor. The depletion width varies but is often on the micrometer scale.*
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Fig. 2.1 - Energy Band Model for the Semiconductor-Liquid Interface. (A) Relative energies of a
bulk semiconductor and solution before contact. (B) Classic equilibrium interfacial energy model
proposed by Gerischer®. In this example, the Fermi level (Er) of the semiconductor is higher than the
electrochemical potential of the liquid (E.n), so electrons flow out of the semiconductor. (C) The
interface between a 2D semiconductor and a solution is unclear because of the quantized energy states
and reduced thickness of the semiconductor.

Second, as Fig. 2.1B also shows, the curved lines trace the “band bending” of the CB and VB edges.
The electric field is strongest at the exact interface and decreases with distance from the interface. This
field is critical for separating photogenerated electrons and holes. Importantly, the built-in potential (V)
equals the magnitude of band bending (¢V), and is solely the result of the differences in Er and Egin before
the semiconductor contacts the liquid (see Fig. 1.2). Third, if the semiconductor electrode is controlled by
a potentiostat (i.e., electrostatically gated such as with a field effect transistor), an applied potential will
perturb the system from equilibrium.!” For example, a positive (reverse) bias shifts Er downward and net
electron flow occurs into the semiconductor. Conversely, a negative (forward) bias shifts Er upward and
net electron flow occurs into the liquid. In this way, the positive bias electronically dopes the
semiconductor and increases band bending. Experimentally, this “electrostatic gating” is how electron
density is modulated in the experimental work in Chapters 3 — 4.

An important consequence of the Gerischer model is the relationship between the formal potential

of a redox couple E% (A/A™) and the conduction band edge energy (Ecs). The free energy of interfacial

charge transfer is given by:

AG" = Ecg —qEY(A/A). @2.1)



Here, A and A~ are the respective electron acceptor and donor species of a reversible redox couple.* An
electrolyte solution with more negative electrochemical potential will tend to donate electrons to the
electrode and vice versa. Therefore, thermodynamic information is attained if Ecg is measured as a function
of the potential of a known redox environment. For example, two stable redox couples with known formal
potentials can bracket the CB edge of the semiconductor electrode if one couple drives an anodic current
and the other couple drives a cathodic current.

Another step forward in using layered TMD semiconductors was the work by Parkinson and Spitler
who used mechanical exfoliation to make electrodes with remarkable dye-enhanced efficiency.?® Crucially,
TMDs appeared to be relatively unreactive on their basal surface with minimal surface recombination.
Thus, TMDs were a promising electrode from an electron transfer perspective; however, at that time there
was no practical way to make a monolayer electrode.

Lastly, it is important to recognize the Gerischer model assumes ideal behavior when a
semiconductor contacts a liquid. Bard and Wrighton applied the concept of “Fermi Level Pinning” to
explain why experimental results from semiconductor-liquid interfaces did not fit the Gerischer model.
They pointed out that charge impurities or surface states cause experimentally observed Fermi level
pinning.** Furthermore, the Gerischer model assumes semiconductor and liquid thicknesses (i.e. “bulk”
depth) are sufficiently large to accommodate charge transfer from spontaneous equilibration between the

phases.

2.1.2 Thermodynamic Stability of the Semiconductor

In the early exploration of efficient solar conversion semiconductor electrodes, scientists realized
a trade-off between electron transfer efficiency and chemical stability. Specifically, a wide-bandgap oxide
semiconductor like TiO, is rugged in aqueous electrolytes, but not efficient because much of the solar
emission does have enough energy to meet its band gap. On the other hand, a highly efficient , narrow-gap
electrode more readily corrodes from photo-generated charge carriers. In the late 1970’s, Bard and

Wrighton integrated this consideration into the Gerischer model, and they came to the conclusion that
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avoiding corrosion and using a PEC to convert solar energy remained feasible.>> However, the effect of
photoanodic dissolution (i.e. corrosion) reduced the energetic operating range of the semiconductor
electrode and therefore reduced its maximum efficiency. Light impinging on the semiconductor generates
holes and electrons, and the holes will decompose the semiconductor unless the electrolyte offers a more
energetically favorable species to oxidize. Now the problem became finding a semiconductor that was
stable in the electrolyte yet efficient enough to catalyze electron transfer without decomposing in the
process. A decade later there was a brief attempt and minimal success in mitigating the corrosion
complication by adding sulfide and selenide salts to the electrolyte in an attempt to suppress photoanodic
decomposition.’® However, a similar earlier approach led by Tributsch attempted using iodide ions to
scavenge the holes, but this work used n-type crystals of Transition Metal Dichalcogenides (TMDs). 33738
Tributsch recognized the unique d-orbital character of both the VB and CB did not decompose the
semiconductor bonds like others with p-orbital character VB molecular orbitals.*® At this time, the crystal

semiconductors were on the micrometer thickness scale, and 2D electrodes did not exist.

2.2 Properties of MoS:

2.2.1 Bulk Physical and Optical Properties

A century ago, Linus Pauling first described the hexagonal crystal structure of MoS, using X-ray
spectra.*® In the 1960 and 1970’s, significant research at the University of Cambridge began to elucidate
more physical, optical, and electronic properties of thin crystals of MoS,. In terms of physical structure,
the layers of MoS; are bound by relatively weak van der Waals forces, so that the sheets exfoliate relatively
easily. In fact, early researchers cleaved samples down to less than 100 nanometer thickness using simple

adhesive tape.*! The stacked hexagonal atomic structure is seen in Fig. 2.2.
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Fig. 2.2 — MoS; Crystal Structure. Each 3-atom thick layer is 7 A with A-B-A repeating pattern. The
basal surfaces (perpendicular to the c-axis) are formed from a layer of sulfur atoms. Each molybdenum
atom forms a trigonal prismatic point group symmetry, and overall ML.-MoS, crystal has D3; symmetry.*

Using remarkable electron diffraction, absorbance, and reflectance data, bulk MoS, was well
characterized decades ago. Frindt, Yoffe, and Wilson determined the layer-dependent changes in the
properties of MoS; and assigned the prominent absorbance peaks correctly as exciton transitions.*'*> An
exciton is an electron-hole pair bound by Coulombic forces. Excitons are known to be photogenerated in
semiconductors and recombination of these charge carriers also results in photoemission (i.e.,
photoluminescence). It is important to recognize that the exciton transition energy is not equivalent to the
electronic band gap energy (E;). The difference in E, and exciton energy is the binding energy (Ep)

associated with the bound state. For this reason, the exciton transition is associated with the optical band

gap energy (Eop). Thus, Eg = Eope + Es.

2.2.2 Electronic Properties and Band Energetics

Original attempts to describe the electronic band structure of MoS, came from limited
spectroscopic data, though excitons were correctly assigned band gap transitions.** Mattheiss calculated a
robust band structure from an early Muffin Tin and Tight-Binding computational approach, and this
confirmed experimental data of the band gap transitions.* The calculated electronic band gap transitions
range from 1.2 to 1.3 eV for bulk MoS,. Later, Tributsch proposed MoS; as a candidate electrode for solar
powered water splitting because of this energy band structure.®* Specifically, Tributsch noted that the 1.75
eV optical band gap (i.e. exciton transition) was a direct transition that did not break any MoS, chemical
bonds, and the formal potential (E°’) of several common redox couples are situated within or near the band

edge energies of MoS..
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An important discovery occurred in 2007 when Galli used first principle theoretical work to explain
interesting experimental spectroscopic data of MoS, nanoparticles.**#” Galli noted that the electronic band
gap was uniquely symmetry-allowed for ML-MoS,, and the band structure changed significantly in few-
layer structures. For example, the classic bulk MoS, band gap of 1.3 eV increased abruptly to 1.8 eV as

the material thinned to a single layer.

2.2.3 Consequences of Reduced Dimensionality

The work of Galli ignited a research effort in using TMDs and other types of 2D semiconductors.
Around this time in early 2000’s, graphene was the most prominent 2D material. Regardless of its layer
thickness, graphene’s semimetal properties did not provide utility for many electronic and energy
conversion applications.*® The direct bandgap TMD semiconductor more readily absorbs light exceeding
its bandgap. With this prospect, research in MoS» and other layered semiconductors exploded.

One major consequence of ML-MoS; having a direct band gap is that absorbance and
photoemission process is more efficient than indirect transitions. This explained the significant intensity
increase in photoluminescence emission for monolayer crystals compared to two or more layers. In 2015,
a defect-mediated monolayer MoS; photoluminescence quantum yield exceeding 95% was measured owing
to the near-perfect optical properties of the pristine crystal. At that time the typical experimental PL
quantum yield for TMDs was less than 1%.%-! This study showed how photoexcited lifetimes of the
material could extend to tens of nanoseconds and also how excitons are strongly influenced by electron
concentration. Importantly, sulfur vacancies in the crystal arose as the defect culprit that provided the
unwanted recombination sites for exciton recombination. By shielding or repairing the defects with a
chemical treatment (nonoxidizing superacid), defects were passivated or repaired. In addition to PL, Raman
spectroscopy is often used to characterize the layer thickness of few-layer TMDs because of a peak splitting
of two prominent E, and Ay, lattice vibrations.*>°>3 For example, the difference in peak splitting between

monolayer and bilayer MoS; is 2-3 cm™!.>*
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A final consideration of reduced dimensionality is the impact on electrode design and engineering.
To maximize the surface area to volume ratio, a monolayer material is ideal. The semiconductor interface
is necessary to capture light and catalyze electron transfer to the liquid. Also, the penetration depth of
photons into the material exceeds its thickness. This highlights another bizarre phenomenon when the
semiconductor is reduced to a 2D crystal. From a design perspective, excess material is wasteful. Bulk
semiconductors electrodes that are thicker than the penetration depth of light do not add any benefit to

electron transfer processes occurring at the surface.>

2.2.4 Room Temperature Trion

A trion is another strongly bound quasiparticle observed 2D semiconductors. A trion is a bound
state consisting of three charged particles, so it is either two electrons and a hole or two holes and an
electron. The first reported observations of room temperature trions in MoS; in 2013 by Heinz and
coworkers also showed that electrostatic gating modulated spectral intensities between the exciton and
trion.>® In other words, trion formation monotonically reduces excitons and vice versa. In n-type MoS, the
majority carrier electrons means that trions arise when a second electron binds to an exciton. The trion
binding energy is an order of magnitude smaller than the exciton binding energy — tens of meV versus
hundreds of meV.*>° This also means that the trion absorbance/emission energy is necessarily slightly

less than the associated exciton.

2.3 In Situ Optical Measurements of MoS: Under Electrochemical Conditions

Two important experimental steps led directly to the research approach of this project. First, in
2016, Castellanos-Gomez and others developed a simple optical approach to measure the absorbance of
mechanically exfoliated MoS. flakes using a novel hyperspectral microscopy imaging technique.®® This
work included absorbance measurements of MoS, down to monolayer thickness. Second, in 2019 a team
at National Renewable Energy Laboratory (Carroll, et. al.) published a report of few layer MoS, absorbance
under electrochemical conditions. Unlike classic semiconductors, their experimental observations

indicated that interfacial energetics of the MoS, varied with electrostatic fields.
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2.3.1 Hyperspectral Microscopy Imaging

Using a sensitive camera and a narrow bandwidth light source spectrum, Castellanos-Gomez
measured absorbance of MoS, under an optical microscope. The spectrum from our work matches that of
Castellanos-Gomez’s as shown in Fig. 2.3A below. Here, we spatially correlate absorbance measurements
from transmission images of synthetically-grown MoS: on a transparent substrate. While fixing the field of
view and varying the incident light source, the camera simultaneously captures a transmission image
including a region of MoS; and a region of blank substrate. Assuming light attenuation is dominated by

absorbance, the transmission intensities follow the Beer-Lambert relationship:

Io(/'l))

m 2.2)
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where A(X) is the wavelength dependent absorbance and Iy and [ are the transmission intensities within the
background and MoS, sample regions, respectively. Note this approach is advantageous to preferentially
select pristine sample regions instead of most previous studies that relied on larger sample regions with
more sample heterogeneity. For the first time, individual layers of MoS, were differentiated using this
hyperspectral microscopy technique. This approach also works well to spatially correlate absorbance with
other techniques such as Raman and photoluminescence spectroscopy that can also be used to characterize

layer thickness of MoS,.
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Fig. 2.3 — Example MoS; Absorbance Measurement from Transmission Images. (A) White lamp
illuminated transmission image of monolayer and bilayer regions on ITO substrate. (B) Highlighted sample
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regions used to measure average transmission intensity. (C) Spatially-correlated MoS, absorbance
spectrum from hyperspectral images.

Fig. 2.3C shows an example absorbance spectrum in which the same images are used to compare
the absorbance of monolayer (ML) and bilayer MoS,. In both monolayer and bilayer MoS2, absorbance
peaks are centered at 605 and 655 nanometer wavelengths, and these peaks correspond to the B and A
exciton, respectively. The more prominent absorbance peak at ~425 nm is the C exciton. The separation
between the A and B exciton peak arises because of spin-orbit split valence band. The optical contrast in
the transmission images allow for discrimination of multi-layer regions, defects, and unknown particulates.
Differences in the approach of Castellano-Gomez and this work include the following. First, Castellanos-
Gomez used a fiber optic bundle with several bandpass filters to achieve spectral resolution of 10 nm.
Second, the substrate is electrically insulating polydimethylsiloxane. Finally, all measurement occurred in

air with mechanically exfoliated natural crystals.

2.3.2 Potential-Dependent Absorbance of MoS>

Several previous studies determined the influence of electrostatic gating of MoS; in a field effect
transistor.>®6162 A consistent result is that absorbance and reflectance intensity of TMD exciton peaks
predictably change by injecting free carriers (electrons) into the material. The results indicated that the
optical band gap increased under a more negative bias or n-doping (i.e. increased electron concentration);
however, the electronic band gap must be larger than the exciton transition energy because of the
remarkably large binding energy of the formed excitons.®* A problem is that both the exciton binding
energy and the electronic band gap simultaneously renormalize when a 2D semiconductor is electronically
doped. The renormalization effect is similar in magnitude and offsetting, so this makes measurement of

electronic band energies difficult from optical measurements alone.

16



0.03| E,V vs Ref ]

. — 0.0
B exciton A exciton — 0.1
— 0.2

o
O
R

Absorbance

0.01

] . .
600 625 650
Wavelength (nm)

0.00

Fig. 2.4 — Potential Dependent MoS; Absorbance Spectrum. Key features are the bleaching of the A
and B exciton peaks and emergence of A trion peak under more negative potentials. Dashed lines
correspond to reported peak positions.’® Example shown is a monolayer MoS, flake measured in a 0.25
M TBAPFG6 / acetonitrile electrolyte. Reference versus Ag wire quasielectrode.

Differences in the approach of Carroll and this work include the following. First, absorbance from
the trion resonance is not considered in the measurement. Measurement error from trion contribution would
be most significant when MoS, is most highly doped (i.e. highest electron density at the most negative
bias). Second, the samples were not strictly ML.-MoS,; the flakes size estimates ranged from 1-3 layers
lateral widths less than one micrometer. The next logical step is to combine the work of Carroll with
Castellanos-Gomez to spatially resolve ML regions in an electrochemical cell. Third, we identify the trion
peak in an absorbance spectrum of ML-MoS,. Fig. 2.4 shows the spectral response of an electrostatically-
doped MoS; electrode, and a more negative applied potential increases electron density and forms

additional trions. The more positive applied potentials results in a noticeable peak shoulder in the A exciton

ca. 675 nm in agreement with literature.*®

2.4 Unanswered Questions
Following the Project Summary outlined previously in Sectionl.4, the next several chapters address the

following unanswered questions:
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2.4.1 Is MoS> a chemically stable candidate for PEC conversion of solar energy?

Here, electrochemical stability is described primarily by the potential window (i.e. voltage range) and liquid
electrolyte environment required to measure MoS, band energies. Photo-degradation is not specifically
studied though all illumination sources will span the UV-visible spectrum and photo-excited carrier
generation is briefly considered. To a lesser extent, the MoS; stability in various redox species may inform

us of unique chemical interactions (i.e. functional groups or inner versus outer sphere electron transfer).

2.4.2 How do the band energies of ML-MoS> change under electrochemical conditions?

Here, we consider the electronic characteristics such as charge carrier concentration to quantify band edge
energies. The key is to develop a reliable all-optical method to convert spectra into carrier density. The
carrier density in this case is controlled by electrostatic gating. By doing this, we may extract in situ ML-

MoS, band energetic information.

2.4.3 How does the redox environment tune the electronic properties of a ML-MoS>?

Here, the initial hypothesis is: if redox species chemically dope MoS, then the optical absorbance spectrum
matches that of electrostatically-gated conditions. It is unknown how a 2D material will behave given that
the depletion width is less than the thickness of the material. Returning to the driving force for interfacial
electron transfer: AG” = Ecg — qE”' (A/A"), the redox couple A/A™ present at the interface may control the
electronic and optical properties of the ML-MoS,. In a systematic way of varying redox species, the
energetics of the material such as the flat-band potential (Erg) can be bracketed on an absolute energy scale.

This study provides an improved description of the semiconductor-electrolyte interface.
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CHAPTER 3: ANODIC DISSOLUTION OF MOS; IN ELECTROCHEMICAL SYSTEM®

The original broad project goal of understanding MoS, energy level alignment (see Section 1.4)
extended from the work of Carroll.** However, recent experimental observations by Merranda Schmid in
the Sambur laboratory indicated that thin flakes of MoS: corroded in electrolyte under certain conditions.
As detailed in Section 2.1.2, photoanodic corrosion involves the chemical dissolution of the semiconductor.
Before attempting to measure band edge energies, electrode corrosion must either be controlled or avoided
in our experimental setup. The research began as a control experiment to obtain the anodic potential limit
of MoS,. However, the optical images told an interesting story about how and where MoS, corrodes.

Mechanically exfoliated MoS» samples in this work originate from two bulk sources: natural (SPI
Supplies) and synthetic (2D Semiconductors). Sample flakes of this kind had been previously characterized
in Van Erdewyk’s work on electronic doping heterogeneity.>% This is the first time an earnest study
examined the chemical stability of the material. The findings include an anodic boundary that is still well
beyond the band edge of ML-MoS, and role of contaminant H>O in accelerating the corrosion rate.
Therefore, MoS, remains a viable electrode material to further study with a sufficient wide stable

electrochemical potential range.

3.1 Conspectus

Electrochemical gating of 2D transition metal dichalcogenide (TMD) electrodes is an emerging
frontier in the field of semiconductor electrochemistry. In this approach, an applied bias modifies the charge
carrier concentration of the 2D TMD, causing band edge shifts and drastic changes in charge transfer rates.
However, leveraging this affect for (photo)electrocatalysis is practically limited by the stability of the TMD

material under gating conditions. Gerischer showed anodic dissolution of bulk TMD electrodes can occur

* This chapter is prepared as a manuscript for publication in the Journal of the Electrochemical Society. The authors’
contributions are found in Appendix A — Division of Work.
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in the dark and hypothesized that the reaction proceeds via an electron tunneling mechanism from surface
states to the TMD conduction band.®” Here we investigate this possibility in single MoS. nanoflakes using
in situ optical microscopy and explore whether Gerischer’s electron tunneling mechanism can explain
anodic dissolution rates of thin 2D semiconductors. Spatially resolved measurements show anodic
dissolution initiates at perimeter edge sites and accelerates exponentially with decreasing layer thickness,
consistent with Gerischer’s tunneling mechanism. Interestingly, single layer MoS. is impervious to anodic
dissolution at applied potentials >200 mV more positive than those required to drive dissolution in bulk and

multilayer-thick nanoflakes.

3.2 Introduction

Unlike bulk transition metal dichalcogenide (TMD) semiconductors (e.g., MoS, or WSe,), the
optical and electrochemical properties of single and few layer-thick TMDs are influenced by an applied
bias.®®"! The bias can be applied via a back gate electrode in a field effect transistor geometry’>’3 or directly
to the 2D semiconductor immersed in a chemically inert electrolyte solution.”*’¢ Electrochemical gating
tunes the charge carrier concentration in two-dimensional (2D) semiconductors and drastically shifts its
band edge energies.””’® Frisbie et. al. studied the electrochemical properties of 5 nm ZnO and monolayer
MoS; in a field effect transistor geometry.”>” In the MoS; system, the applied bias to the back gate reduced
the overpotential for electrocatalytic hydrogen evolution.®° Further, electrochemical gating of MoS, and
Zn0O modulated electron transfer rates of ferrocene and 2,3,5,6 tetrabromo-1,4-benzoquinone by 250 and
20-fold, respectively.”8! In summary, tuning thermodynamic properties and reaction kinetics of 2D

semiconductors via electrochemical gating is an emerging frontier in 2D semiconductor electrochemistry.

One practical limitation of electrochemical gating is the stability of the semiconductor under gating
conditions. Bulk TMDs are remarkably stable electrode materials over a wide potential range under dark
and illumination conditions because nonbonding and antibonding metal d orbitals comprise their valence
and conduction band edges.®¥># However, anodic dissolution occurs at sufficiently positive potentials.

Bulk MoS; undergoes anodic dissolution at +0.7 V vs Ag/AgCl in aqueous electrolyte.3436 Carroll et al.
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recently studied how the optical and electrochemical properties of single and few layer-thick MoS,
electrodes change over a —2.0 to +2.0 V (vs Ag) range in dry, anerobic 0.1M tetrabutylammonium
hexafluorophosphate (TBAPFg)/acetonitrile electrolyte. The authors did not report MoS, decomposition
under rigorous air-free and non-aqueous conditions.”” In this study, we explore the 2D semiconductor

stability in the same acetonitrile electrolyte under N»-saturated conditions.

Anodic dissolution of TMD semiconductors can occur under dark and light conditions.?>¥*7 In the
dark, Gerischer et al. showed MoSe; undergoes anodic dissolution at positive bias in aqueous electrolytes.®’
Alternatively, photo-generated holes can also drive anodic dissolution.’>¢788 In fact, Tenne and Wold
leveraged photoanodic etching to remove surface recombination centers on bulk WSe, electrodes,
producing high efficiency (>14%) photoelectrochemical solar cells.” Gerischer proposed the following
corrosion reaction mechanisms under dark (Eqn. 3.1) and light (Eqn. 3.2) conditions by comparing the

charge passed during the reaction with the products detected by spectrophotometric analyses:

MX: + 11H,0 — MOs-xH,0 + 2XO04* + 22H* + 18¢ 3.1

MX: + 9H,0 + 14h* — MO;-xH,0 + XO3> + 18H* (3.2)

where M is the metal such as Mo or W and X = the chalcogen atom such as Se or S. Gerischer claimed
that the anodic reaction under illumination can be driven by valence band holes (4*) according to Eqn. 3.2.
Under dark conditions, VB holes are unavailable to drive the anodic reaction. Instead, anodic dissolution
occurs when electrons tunnel into the conduction band (CB) from mid-gap surface states (Eqn. 3.1). This
mechanistic hypothesis suggested that anodic dissolution under dark conditions is highly localized
compared to illumination conditions because the dark reactions initiate at high energy surface states
associated with crystal defect sites. Indeed, qualitative photographic analyses of bulk crystals after
polarization at positive bias showed that anodic dissolution occurred at very restricted sample locations.®’

Numerous studies of anodic dissolution and electrocatalytic activity have shown that TMD crystal
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dislocations, kinks, and edge sites exhibit faster surface kinetics than the inert basal planes.®¥°> However,

Gerischer’s anodic dissolution studies of bulk crystals have not been extended to few-layer TMDs.

Given the growing interest of ultrathin 2D semiconductors for electrocatalysis and solar energy

conversion applications,’!93-%

several groups studied the chemical stability of 2D TMDs under
electrochemical®** and non-electrochemical conditions.!?-19 Multiple groups studied the chemical
and/or mechanical stability of multilayer-thick MoS» nanoflakes under electrochemical conditions and even
leveraged anodic dissolution to prepare single layer-thick samples. Feng et. al. used transmission electron
microscopy (TEM) to confirm atom-by-atom dissolution of a single layer MoS» nanosheet under an applied
bias of +0.8 V in aqueous buffer (IM KCI, pH 7.4).1% Liu et. al. showed that bulk MoS, crystals could be
exfoliated to single layer or few layer-thick nanoflakes by applying a DC bias up to +10 V in 0.5 M aqueous
Na,SOs electrolyte. %719 Das et. al. extended this novel top-down electrochemical technique to TMD flakes
on conductive substrates.!®!!3 Those authors determined the “electro-ablation” (EA) onset potential of
mechanically exfoliated TMD nanoflakes in a electrochemical cells. By monitoring micro-reflectance
spectra of the nanoflakes, they determined the onset potential for MoS, EA in 1M LiCl aqueous electrolyte

solution is ca. +0.75 V (vs Ag/AgCl).'"! However, the anodic dissolution kinetics as a function of nanoflake

layer thickness remains unknown.

Our work investigates several open questions regarding the anodic dissolution of TMD nanoflakes.
First, how does the dissolution onset potential (Ep) vary from nanoflake to nanoflake? Second, does
dissolution preferentially occur at the step edge sites on the basal plane surface, resulting in top-down
pitting, or at the perimeter edge sites? Finally, how does the anodic dissolution rate scale with layer
thickness? Here we use single nanoflake-level optical density measurements in a working electrochemical
cell to study the onset potential and spatially resolve the anodic dissolution of mechanically exfoliated MoS,
nanoflakes in 0.25 M TBAPFs/acetonitrile. Control experiments in the presence of 0.5 mM water confirm
the reaction likely proceeds via Eqn. 3.1. We observe a narrow distribution (25 mV, N = 20 nanoflakes)

in the onset potential suggesting Ep is a thermodynamic barrier for the material. Interestingly, at applied
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potentials beyond Ep, the dissolution rate increases exponentially with decreasing layer thickness. Finally,
monolayer MoS: nanoflakes and pure monolayer MoS; films grown by chemical vapor deposition (CVD)
are impervious to anodic dissolution (even in the presence of water), despite the fact that thicker nanoflakes
located just a few microns away undergo anodic dissolution under the same conditions. Amazingly,
monolayer MoS; can remain intact after several days of electrostatic gating +200 mV above the Ep value

of multilayer-thick MoS,.

3.3 Methods

3.3.1 Electrochemical Flow Cell Preparation

The custom flow cell preparation is generally detailed in previous work.?” The MoS, material
originated from one of three sources: (1) commercially synthesized bulk MoS; crystals (Re-doped n-type,
2D semiconductors, BLKMoS»-N, doping density 10'7-10'8 cm™), (2) naturally occurring bulk MoS; (SPI,
470MOS2LAB), and (3) MOCVD synthetically grown monolayer sheets(see Section 4.3.1 for additional
details). The bulk crystals were manually exfoliated using low residue Nitto tape (BT-150E-CM, Nitto) and
was manually pressed onto the surface of bulk crystals, removed, and then folded 2-3 times to thin the
flakes. A commercially available gel-film (Gelfilm from Gelpak) was used to transfer exfoliated MoS»
from the Nitto tape to a pre-cleaned ITO electrode (4-10 Q, 25 x 75 x 1.1 mm, Delta Technologies). The

ITO cleaning procedure is provided in a previous study.!''* The nanoflake-coated ITO electrodes were

assembled into a 3-electrode electrochemical flow cell as described previously.” The typical lateral size
of mechanically exfoliated MoS, flakes was 10-150 pm (see Fig. B.2A-C for example transmission
images). Based on correlated profilometry and optical absorbance measurements (Fig. B.3), the
thickness of the examined flakes range from monolayer to approximately 150 layers (0.7 A to ~100
nm). The total volume of electrolyte in the cell is 10-80 pL, estimated from the average surface
exposed ITO and height of a Teflon spacer. A steady flow of electrolyte reduced potential drift in the
Ag wire quasi-reference. Pt (99.9%, Thermo Fisher Sci.) and Ag (99.%, Alfa Aesar) wire served as

the working and quasi-reference electrodes, respectively. Both wires were approximately 0.5 mm in
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diameter and 3.5 cm in length (70 pm? surface area). Electrode wires were secured inside the
electrolyte reservoir by drilling small holes and applying epoxy (Loctite E-120HP) to create an air-
tight seal. An Ivium Compactstat potentiostat applied a constant potential to the ITO/MoS, working
electrode for the duration of each corrosion or spectral measurement. All corrosion rate image data
was averaged over 1 hour with a frame rate of 0.1 Hz. The observed open circuit potential of the

electrolyte-filled cell was +0.3 V vs Ag wire quasi-reference electrode.

3.3.2 Nanoflake Thickness Determination

The nanoflake thickness was determined using a calibration curve that relates optical density (OD)
values to the height profile of a single nanoflake (Fig. B.3). To do so, we obtained bright field
transmission images of single nanoflakes and calculated OD =log(1/ly), where [ is the light transmitted
through basal MoS; region and /yis the light transmitted through the adjacent background region. Next,
we measured the height profile of the same single nanoflake with profilometry (Dektak XT, 12.5 pm
stylus). We fit the OD versus height profile data to an empirical power function (OD) = A(7)® + C,
where ¢ is thickness, and A, B and C are fit parameters. We could not resolve single layer MoS, with
profilometry or MoS; step edges less than 5 nm due to the surface roughness of the ITO substrate and
the limitations of the instrument. Instead, Raman micro-spectroscopy and OD measurements
confirmed the layer thickness for MoS, material less than five layers thick. Additional details are found

in the Supplementary Material (Determining Nanoflake Thickness).

3.3.3 Edge Dissolution Rate Determination

We quantified the anodic dissolution rate of single nanoflakes by monitoring how the total
area and nanoflake edge boundary changed with time and potential. The procedure is described in the
Results section and graphically illustrated in Fig. 3.1 and Fig. 3.2. Briefly, we threshold each image by
intensity to distinguish the pixels belonging to the MoS; nanoflakes and the ITO substrate (i.e.,
background pixels). Then, we determined the contiguous nanoflake boundary using the edge function

with Canny method!"> in MATLAB. A custom MATLAB script calculated the distance between all

24



edge pixels of the first image to the nearest neighbor edge pixel in the final image of the movie. We
define the lateral anodic dissolution rate (L, um/hr) as the average value for all edge pixels within one
potential step (Fig. B.4). Supplementary Material (Transmission Image Processing) provides further

experimental details and imaging procedures.

3.4 Results

We exfoliated MoS; nanoflakes from either naturally occurring or synthetic MoS, crystals and transferred
the nanoflakes to an ITO substrate. We chose to study both naturally occurring and synthetic crystals

because our previous photoelectrochemical microscopy study!'®

revealed hidden p-type domains in
nominally n-type samples and, therefore, we wanted to explore how this doping heterogeneity might
influence the anodic dissolution process. The mechanical exfoliation procedure produces a heterogeneous

population of nanoflakes, allowing us to correlate anodic dissolution kinetics and physical properties (e.g.,

thickness, area, and perimeter edge length) at the single nanoflake-level.

Fig. 3.1A shows the experimental setup and brightfield imaging approach. The MoS» nanoflake-
coated ITO electrode serves as the working electrode in a 3-electrode electrochemical flow cell that is
mounted on the stage of an inverted optical microscope. In a typical experiment, a potentiostat applies a
potential step waveform from 0.00 V to +1.70 V in 50 or 100 mV/hr increments (Fig. 3.1C). At the same
time, a white light lamp illuminates a microscopic region of the sample in Kohler illumination mode and a
60x objective collects the light transmitted through the sample and projects the photons onto a sSCMOS
camera (Fig. 3.1B). We observe no photocurrent under these low-light conditions. The camera collects 360
images per potential step (0.1 Hz image sample rate). We also acquire images of other nanoflakes in the
cell before and after each potential step by traversing the microscope stage to pre-defined positions. This

procedure allowed us to amass statistics from over 20 individual nanoflakes.
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Fig. 3.1 Experimental setup. (A) Brightfield imaging approach to quantify anodic dissolution rates of
MoS: nanoflakes. A white light source illuminates a microscopic region of the sample and a sSCMOS
camera detects photons transmitted through the MoS, sample and ITO substrate. (B) Initial transmission
image of a representative nanoflake inside the electrochemical cell. (C) Example of the potential step
waveform applied to the working electrode (0.00 V to +1.70 V vs Ag QRE). The blue data points
represent the relative change in the basal surface area for the synthetic nanoflake in (B). (D-F)
Transmission images of the same nanoflake acquired at the end of each applied potential step. Scale bars
are 10 um. The solid green line shows the initial nanoflake boundary.

Fig. 3.1B shows a representative brightfield transmission image of a single nanoflake exfoliated from a
synthetic crystal at the start of the experiment, before the potentiostat applies the waveform. The nanoflake
appears as a dark object against a bright background in this imaging mode because the nanoflake absorbs
and scatters light. The green contour line in Fig. 3.1B indicates the nanoflake boundary, as determined by
the built-in edge detection image processing algorithm in MATLAB (see Supplementary Material
(Transmission Image Processing)). Upon applying increasingly positive potentials, we observe anodic
dissolution along perimeter edge sites, as evidenced by decreased contrast near the nanoflake contour (Fig.
3.1D-F). Control experiments with the electrolyte solution spiked with H,O (0.5 mM) show the dissolution
rate accelerates at the nanoflake contour, suggesting the reaction mechanism proceeds via Eqn. 3.1 (Fig.
B.5). Over time, this anodic dissolution process reduces the nanoflake basal surface area as the edge
boundary recedes for E = +1.50 V vs Ag QRE. Fig. 3.1C shows the percentage of MoS; basal surface area
relative to the initial area as a function of applied potential. The basal plane area rapidly decreases with
increasing positive potentials as the nanoflake undergoes anodic dissolution (Fig. 3.1C). Separately, we
calculate the nanoflake thickness in each frame from OD measurements using a calibration curve
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established by ex situ profilometry measurements. The OD of the nanoflake interior remains constant
despite the shrinking edge contour (Fig. B.6), and this indicates the dissolution process occurs parallel to
the MoS, layers and not perpendicular to the layers (i.e., anodic dissolution is kinetically anisotropic). In
the naturally occurring crystals, we observed more prevalent interior pitting and cracking at interior defects
(see Fig. B.7), in agreement with literature.!'” This pitting dissolution behavior observed for the naturally
occurring samples could be due to the aforementioned n- and p-type doping heterogeneity induced by
varying Mo:S ratio across the sample,''%!13-120 or from a higher local density of defects such as crystal

dislocations and kinks.87-12!

We developed an image analysis algorithm to quantify the anodic dissolution kinetics of single
MoS, nanoflakes. The Supplementary Material (Transmission Image Processing) provides step-by-step
details. Here we provide an overview of the image analysis procedure and how we quantify the edge
corrosion rate (L, in units of pm/hr) for many individual nanoflakes. Fig. 3.2A-inset schematically
illustrates how we quantify L. First, we determine the nanoflake contour with the edge function in
MATLAB. The solid black line in Fig. 3.2A-inset represents the nanoflake contour after the first one-hour
potential step at £ = 0.00 V. Next, we incrementally step the potential to more positive values and evaluate
the nanoflake contour at the end of the potential step. The initial potential step increment (AE) in the positive
potential regime is 100 mV. We reduced this interval to 50 mV for £ > +1.50 V to better resolve the
accelerating edge dissolution reaction. Having determined all edge boundary pixels for the sequential
experiments, we calculate a distance vector between each initial contour pixel and the nearest pixel neighbor
for the following potential step contour (see Supplementary Material for details). Fig. B.4 shows an example
of the distribution of pixel distance vectors after several potential steps. Finally, we determine L for each

one-hour potential step experiment by averaging all vector lengths and converting to units of um/hr.
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Fig. 3.2 Quantifying anodic dissolution kinetics and the dissolution potential Ep. (A) Edge corrosion
rate (L) versus applied potential (E) for the single nanoflake shown in Figure 1b. The inset image shows a
representative L vector for the corrosion rate between +1.55 V and +1.60 V for a single edge contour
pixel. The blue data points in the main panel represent the average L value for all contour edge pixels (see
Fig. B.4 for details). The solid red line represents a fit to the data using an exponential rise function (L =

aePF). The grey shaded region indicates the L value threshold for anodic dissolution. The vertical dashed
line represents Ep, see main text for details. (B) Distribution of Ep values for 20 individual MoS,
nanoflakes.

Anodic dissolution accelerates rapidly with increasingly positive potentials (Fig. 3.2A). To quantify
how the dissolution rate accelerates with E for each nanoflake, we fit L versus E data with an exponential
rise function, L = aexpPE, where a is the amplitude and S describes acceleration of the linear edge
corrosion rate with increasing positive potentials. We define the onset potential for anodic dissolution (Ep)
as the E value where L exceeds a background threshold value, p + 3SD, where p is the average L value over
the electrochemically stable range of E =0.00 V to +1.00 V. The standard deviation of L for the nanoflake

in Fig. 3.2A is 0.067 pm/hr.

The average anodic dissolution potential of 20 nanoflakes is +1.523 + 0.016 V vs Ag QRE (Fig.
3.2B), corresponding to +1.473 +0.016 V vs a commercial 0.01M Ag/AgNOs reference electrode. We
observed no clear correlation between Ep and nanoflake physical properties such as thickness, perimeter
length, basal plane area, or initial edge density (perimeter length divided by the area, see Fig. B.8). The lack

of correlation between Ep and nanoflake characteristics, as well as the narrow Ep distribution, suggest that

28



the onset potential for anodic dissolution reflects a thermodynamic quantity of the system and is not

dominated by kinetic effects.

Interestingly, we observed a strong correlation between nanoflake thickness and the potential-
dependent dissolution rate, parameterized by the fit parameter f. Fig. 3.3B shows representative anodic
dissolution kinetics versus layer thickness for a nanoflake with monolayer (1L), bilayer (2L), and multi-
layer-thick domains. Under equivalent electrochemical conditions, L accelerates more with increasing
positive bias as the layer thickness decreases. Fig. 3.3B shows f scales exponentially with layer thickness
for 20 nanoflakes. Our results reveal similar thickness-dependent dissolution rates for both natural (SPI

Supplies, blue squares) and synthetic (2D Semiconductor, black circles) MoS; crystals.
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Fig. 3.3 — Thickness dependent anodic dissolution of MoS;. (A) L versus E for single (1L), bilayer,
and five layer-thick (5L) regions of the nanoflake shown in the inset. The solid lines are exponential fits
to the L versus E data. Error bars (+30) are shown for the largest error associated with the 2L nanoflake
region. The inset shows a brightfield transmission image of the sample after the £ = +1.60 V potential
step. The colored shaded areas highlight the original domain area. The dashed contour lines indicate the
domain contour after anodic dissolution occurs. (B) Dissolution exponential rate parameter () versus
nanoflake thickness for 20 nanoflakes (excludes the 1L flakes that do not undergo anodic dissolution).
The thickness error bars represent +2¢ uncertainty in correlated profilometry data.

Finally, a major result from our spatially resolved measurements is single layer MoS, does not
exhibit anodic dissolution under the same range of potentials as multi-layer flakes (see dashed red line in
Fig. 3.3A and Fig. B.7 for additional examples). For the mechanically exfoliated samples, we observed two

unique behaviors of single layer MoS.. First, mechanically exfoliated monolayers do not exhibit anodic
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dissolution even though the material may be in direct contact with a neighboring multilayer-thick domain
(Fig. B.9). Second, a multilayer-thick flake can undergo anodic dissolution, but the bottom layer of the
nanoflake remains intact. This observation is consistent with literature'® and only occurs for some regions
within a single nanoflake. Possible explanations for these observations are provided in the Discussion
section. Additional experiments with 1 cm? single layer MoS» film samples that were grown by chemical
vapor deposition and transferred to the ITO electrode did not exhibit anodic dissolution even after applying
+1.70 V for more than 12 hours over 2 days (Fig. B.10). We restricted the applied potential to <+1.70 V

because the ITO electrode undergoes irreversible oxidative damage at higher potentials. 22123

3.5 Discussion

Here we discuss a possible explanation for why anodic dissolution occurs faster with decreasing
nanoflake thickness. Under electrochemical conditions, Gerischer predicted that anodic dissolution
proceeds via an electron tunneling mechanism under dark conditions.®” In this scenario, electrons associated
with midgap surface states tunnel into conduction band states. The energy level scheme below depicts how
tunneling occurs (Fig. 3.4A) and how the tunneling probability could change for few layer-thick MoS: (Fig.
3.4B). First, the energy level of the electron in the surface state defines the tunneling distance to the
isoenergetic position in the conduction band. Electrons located at the highest energy levels of the surface
state have a higher probability of tunneling into the conduction band because energy level overlap occurs
at a shorter distance at the solid/liquid interface, as indicated by the short thick red arrow in Fig. 3.4A.
Conversely, electrons located at lower energy levels of the surface state have a lower tunneling probability
into the conduction band because energy overlap occurs at a greater distance into the solid (indicated by

thin dashed arrow in Fig. 3.4A).
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Fig. 3.4 — Energy level diagram between MoS; conduction band and surface states. (a) anodic
dissolution reaction driven by electron tunneling from surface states (SS) into the bulk MoS» conduction
band; (b) possible explanation for the inverse relationship between tunneling probability and layer
thickness.

Fig. 3.4B illustrates one possible explanation for our observation that the anodic dissolution rate
increases with decreasing layer thickness. It is possible that the band edges change with layer thickness,””:!24
and the band edge movement under applied bias moves the conduction band levels closer to the surface
state.”>7°81 MoS, undergoes an indirect band gap (1.3 eV) to direct band gap (1.9 eV) transition when the
thickness decreases from bulk to monolayer.*’~° It is possible that the electron tunneling probability
increases with decreasing layer thickness as a result of greater energy overlap between the surface states
and conduction band levels of the 2D semiconductor. In this scenario, under conditions of equivalent
applied potential (e.g., +1.60 V), the tunneling probability is greater for thin material (few-layer, thick red
arrow Fig. 3.4B) than for bulk material (thin dashed arrow). Recently, Brunet Cabré et. al. reported slower
interfacial electron transfer kinetics for thicker (2L and 3L) crystals.!?> This effect could be linked to the
band edge shifts schematically illustrated in Fig. 3.4B.

Next, we discuss a possible explanation for why single layer MoS; does not undergo anodic dissolution
at the same applied potential as few layer-thick and bulk MoS,. One explanation for the enhanced stability
is the unique contact from the strong covalent interaction between the single layer MoS, and the ITO
substrate.!!10 Das et al. proposed that this strong interaction stabilizes the “contact” layer (i.e., TMD layer

in contact with the substrate) by suppressing edge reactivity.!?® It is also possible that, due to the
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stabilization from the ITO substrate, the energy levels of the Mo edge site atoms of the single layer MoS»
are lower in energy than those for thick layers. The tunneling probability is much less likely for electrons
located at the lowest energy levels of the surface state (see Fig. 3.4B). Finally, edge oxidation can terminate
dangling bonds along the 1L sheet with MoOj that has been shown to have a remarkably large binding
energy (2.4 eV).'?’ In conjunction with binding to the ITO substrate, MoOj3 could sufficiently cap the 1L
edge with an impervious MoOs3 chain-like perimeter. MoO3 formation on multiple layer MoS, may not
prevent dissolution because there is no additional MoO3 binding to the ITO substrate and because the lattice
mismatch of edge-stacked MoO; would buckle'?” and expose interior defects. Also, the dry anerobic
organic solvent limits oxygen to trace contaminants.

Finally, we discuss why some multilayer-thick nanoflakes undergo anodic dissolution and leave behind
a single MoS: layer (see red region in Fig. 3.3 and Fig. B.9). One possible explanation for complete anodic
dissolution is that solvent molecules and/or electrolyte ions can intercalate between the rough ITO substrate
and the bottom layer of the thick nanoflake, thereby disrupting the strong interaction between the substrate
and 2D semiconductor and enhancing the edge-on dissolution from the reactive edge sites. Another
possibility is that the bottom layer of the thick nanoflake is not in direct electrical contact with the substrate,
perhaps due to either H>O/O, molecules or residual adhesive material trapped between the substrate and 2D
semiconductor as a result of the mechanical exfoliation and transfer process.
3.6 Conclusions

We demonstrated an optical image analysis approach to determine edge dissolution rates of MoS; in
organic solvent. We determine the onset potential (Ep) for MoS; anodic dissolution is ca. +1.473 £0.016
V versus a 0.01M Ag/AgNO; reference. Single nanoflake-level measurements revealed that the anodic
dissolution rate of MoS, nanoflakes increases exponentially with decreasing layer thickness. This trend can
be explained via an electron tunneling mechanism, where electrons located in surface states associated with
Mo defect sites tunnel into the conduction band; the tunneling probability increases with decreasing layer

thickness. Interestingly, single layer MoS» does not exhibit anodic dissolution under the same conditions.
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A strong interaction between the ITO substrate and single layer MoS» could lower the surface state energy

of the Mo edge sites, decreasing the tunneling probability and preventing the anodic dissolution process.
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CHAPTER 4: QUANTIFYING INTERFACIAL ENERGETICS OF MoS: WITH

SPECTROELECTROCHEMSTRY AND MANY-BODY THEORY

With knowledge of the stable electrochemical conditions established in Chapter 3, we move to
quantifying the energy levels of the 2D semiconductor under electrochemical conditions. Specifically, we
want to determine the alignment of the semiconductor’s conduction and valence band edges compared to
the redox potential of molecules in solution. We first examine the well-characterized absorbance spectra of
monolayer MoS,, and specifically focus on the unique interplay between the A exciton and trion peak in
the 600 to 700 nanometer wavelength range. It turns out that a shift in oscillator strength between the
exciton and trion peak provide a spectral fingerprint of the MoS, carrier density. As electron density
increases, the trion peak emerges and the exciton peak is simultaneously quenched. By partnering with
theory collaborators to fit experimental data to modelled spectra, we devise a new way to make band energy

measurements from spatially-resolved optical measurements.

4.1 Conspectus

2D semiconductors Hot carrier extraction occurs in 2D semiconductor photoelectrochemical
cells.'®* Boosting the energy efficiency of hot carrier-based photoelectrochemical cells requires maximizing
the hot carrier extraction rate relative to the cooling rate. One could expect to tune the hot carrier extraction
rate constant (ker) via a Marcus-Gerischer relationship, where ker depends exponentially on AG?” (the
standard driving force for interfacial electron transfer). AG®” is defined as the energy level difference
between a semiconductor’s conduction/valence band (CB/VB) minima/maxima and the redox potential of

reactant molecules in solution. A major challenge in the electrochemistry community is that conventional

¥ This chapter is prepared as a manuscript for publication in the journal Energy and Environmental Science. The
authors’ contributions are found in Appendix A — Division of Work.
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approaches to quantify AG” for bulk semiconductors (e.g., Mott-Schottky measurements) cannot be
directly applied to ultrathin 2D electrodes. The specific problem is that enormous electronic bandgap
changes (>0.5 eV) and CB/VB edge movement take place upon illuminating or applying a potential to a 2D
semiconductor electrode. Here, we develop an in situ absorbance spectroscopy approach to quantify
interfacial energetics of 2D semiconductor/electrolyte interfaces using a minimal many-body model. Our
results show that band edge movement in monolayer MoS; is significant (0.2-0.5 eV) over a narrow range
of applied potentials (0.2-0.3 V). Such large band edge shifts could change ket by a factor of 10-100, which
has important consequences for practical solar energy conversion applications. We discuss the current
experimental and theoretical knowledge gaps that must be addressed to minimize the error in the proposed

optical approach.

4.2 Introduction

2D semiconductors such as monolayer (ML)-MoS, are attractive for photoelectrochemical solar
energy conversion and photocatalysis applications because light absorption produces hot carriers that are
immediately available to participate in interfacial charge transfer reactions. This ultrathin property could
enable the interfacial charge transfer of hot carriers to outcompete charge carrier cooling,'?® which
represents a promising strategy to maximize solar energy conversion efficiency.'?>!3% The exciting
possibility of tuning the electron transfer rate and ensuring it is as fast as possible requires a fundamental
understanding of the energy level alignment between the electronic states of the semiconductor and reactant

molecules in solution. One could expect to tune the interfacial charge transfer rate constant (ker) via a

ol 2
(=AGT+D)*” 131133

Marcus-Gerischer relationship, kgt « exp po

where A is the reorganization energy, k is the

the Boltzmann constant, and 7 is temperature.®® AG*' is the standard driving force for interfacial electron

transfer:Boltzmann constant, and 7 is temperature.'3+13¢ AG*’ is the standard driving force for interfacial

electron transfer:

AG” = Ecg — qE°, 4.1)
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where Ecp is the energy of the conduction band edge, E*' is the formal potential of the redox couple in the
electrolyte, and q is the electronic charge. However, rationally tuning the electron transfer kinetics of the
2D semiconductor is difficult because the interfacial energetics of 2D semiconductor/electrolyte interfaces

are poorly understood.

The specific problem is the 2D semiconductor energy levels move under working photocatalytic or
photoelectrochemical conditions, due to both the applied potential (E)%!37 and absorption of photons. 3813
The phenomenon called band gap renormalization (BGR) involves movement of the semiconductor band
edges,?! resulting in a potential- or light intensity-dependent AG°” that currently remains unknown or ill-
defined.®* BGR results in the semiconductor band gap energy (E,) and, therefore, band edge positions
change with the semiconductor’s carrier concentration (n, cm>). BGR effects are enormous in 2D
semiconductors (e.g., >360 meV in photo-excited ML-MoS,)"*° due to strong Coulomb interactions,
reduced screening effects, and quantum confinement.?!-4+140-148 In the context of photoelectrochemistry,
BGR shifts the semiconductor band edges dramatically upon applying a potential to or illuminating the
semiconductor, changing AG®' (see Eqn. 4.1). Importantly, determining the extent to which applied
potential, BGR, and other effects tune the semiconductor band energies in these low dimensional materials
remains a largely open question inspiring active research. In addition, the large band edge movement is
significant because it violates a key assumption in the field of semiconductor electrochemistry: kgt is
essentially independent of E because the band edges are “fixed”.!*® This assumption means Ecg and Evg
are independent of E and, therefore, AG*' is independent of E, too. There is a critical need to quantify
interfacial energetics of 2D semiconductor/electrolyte interfaces so we can rationally tune the electron

transfer kinetics of these systems for solar energy conversion applications.

Existing approaches and measurement techniques for quantifying interfacial energetics of bulk
semiconductors cannot be directly applied to ultrathin 2D electrode materials. Hankin and co-workers
discussed and compared popular methods:?° (1) Mott-Schottky (MS)"%!5! analysis of differential

capacitance versus potential data, (2) Girtner-Butler (GB) analysis'>? of photocurrent-potential data, and
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(3) determination of the transition potential between anodic and cathodic photocurrents under chopped
illumination. Each method involves key assumptions to extract band edge positions. Those assumptions
often fail even for bulk single crystal electrode materials®® and likely fail for 2D electrode materials. For
example, MS and GB analyses assume the applied potential manifests as a potential drop within the
semiconductor and the band edges remain fixed. As discussed above, large band edge movement is inherent
to 2D semiconductor electrodes. The transition potential method between cathodic and anodic
photocurrents interprets the transition potential as the flatband condition, where the band bending in the
semiconductor is zero. Interpreting this potential as the flatband condition is problematic for 2D
semiconductors because they have large (500 meV)?! exciton binding energies, and it is unclear how much
additional electric field strength (i.e., applied potential) is required to overcome the large binding energy
and induce current flow near the zero-field condition. Another complicating factor is the exciton binding
energies also renormalize upon applying a potential to the 2D semiconductor. Extracting E, with optical
measurements alone is problematic because we cannot assume the optical band gap and E, renormalize in
the same way.5>!48153 Another practical experimental challenge for MS measurements is making defect-
free 2D semiconductor/substrate contacts so the underlying metallic substrate does not contribute to the
capacitance measurement. In summary, the methods for quantifying interfacial energetics of bulk

semiconductor/electrolyte interfaces may not be valid for 2D semiconductor electrodes.

Here we propose a new measurement approach to quantify the band edge movement of 2D
semiconductor electrodes. Our optical approach involves the following steps: (1) acquire potential-
dependent absorbance spectra; (2) extract carrier concentration at each E using many-body theory; (3)
determine E, as a function of carrier concentration using theory or literature data; (2) extract carrier
concentration at each E by matching the phenomenology of a physically transparent many-body model
shown to predict the dependence of spectra on carrier concentration; (3) determine E, as a function of carrier

concentration using theory,!>* time and angle-resolved photoelectron spectroscopy (TR-ARPES) results, '

and scanning tunnelling microscopy (STM) measurements'>; and (4) construct an energy level diagram
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that quantifies BGR and band edge movement as a function of E. The novel aspect of the approach is how
it quantifies carrier concentration via an easily accessible absorbance measurement. The Discussion section
describes critical assumptions in steps 2-4 that currently limit the method to the model ML-MoS, system,
and pinpoints needed developments in experiment and theory to validate the approach for a wide range of

2D materials.

4.3 Methods

4.3.1 Material Synthesis and Transfer

ML-MoS; films were grown via MOCVD on sapphire substrates according to Sebastian et al.'*®

Molybdenum hexacarbonyl (Mo(CO)s) and hydrogen sulfide (H»S) served as the Mo and S sources. H»
served as the carrier gas. The samples were transfer to a 25 mm X75 mm X1.1 mm ITO coated glass
substrates (Delta Technologies Part No. CB-40IN-S111, R=4-10 Q) using a polymethyl-methacrylate
(PMMA )-assisted wet transfer process.™’ First, PMMA (IMM, 495K A5) was spin coated on the ML-MoS,
coated sapphire substrate. The PMMA-coated sample was immersed in a 1.0 M NaOH solution at 70 °C to
separate the PMMA/ML-MoS; film from the sapphire substrate. The separated film was then rinsed
multiple times inside a water bath and finally transferred onto the target ITO substrate. The rinsed film was
lifted from the water bath using the ITO and dried with N, gas. A representative Raman spectrum for ML-
MoS:; before and after transfer is shown in Fig 4.1 below. The excitation laser light source is a 532 nm, 1
mW laser. The slight increase in Raman peak splitting is consistent with uniaxial strain from increased

surface roughness!'>®

or the possibility of additional charge impurities or defects introduced from the transfer
to ITO'>. Note the peak splitting increase did not change to such an extent to indicate multilayer MoS, (e.g.

bi-layer MoS: peak splitting is 22-23 cm™).
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Fig 4.1 - Representative ML-MoS; Raman spectra. MOCVD-synthesized MoS; on (A) sapphire and
(B) ITO. The Raman peak splitting between the A; and E’ vibrations is 19.1 cm™ and 20.0 cm™ for the
sapphire (as grown) and ITO (transferred) substrates, respectively, in agreement with literature reports for
ML-MoS,.%

Confocal Raman micro-spectroscopy was performed on an Olympus IX-73 optical microscope
with a 532 nm Ondax THz laser source. Incident light focused on the sample through a 100X NA 0.95 air
objective (Olympus PlanFL N100X) with a beam diameter of 0.7 um (determined from FWHM of the beam
profile). The laser power at the sample was typically 1 mW. Light was collected in a backscattering
geometry, filtered by the Ondax system, passed through a Horiba iHR550 imaging spectrometer (1800 and
1200 gr/mm), and detected on a Synapse back-illuminated deep depletion charge-coupled device (CCD).
The Raman spectra are the average of four sequential 30 s acquisitions. The spectral resolution is < 2 cm™

I. The system was calibrated to the pair of Stokes and anti-Stokes Raman peaks for either crystalline silicon

(£ 520.8 cm™) or sapphire A (+ 417.4 cm™!). All measurements occurred in air at room temperature.

4.3.2 In Situ Spectroelectrochemistry
We constructed a transparent three-electrode microfluidic electrochemical cell according to

Wang et al.” Electrolyte flowed through the cell at a constant rate of 50 pL./min using an automated
syringe pump. The measured potentials versus Ag wire were converted to common vacuum and NHE

energy scales using a standard Fc/Fc* redox couple and a commercial Ag wire /0.01 M AgNOs electrode
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(CHI #112, Fig. B.1). The electrolyte was sparged (and later blanketed) with N, gas for at least 30 mins

prior to flowing through the electrochemical cell.

Fig 4.2 - Experimental Setup and Example ML-MoS; Sample Region. (A) Cartoon illustration of the
experimental setup. (B) Representative 10x bright field transmission image of the sample showing
predominantly ML-MoS; and some macroscopic defects. (C) 60x image of the sample edge. The yellow
and red polygons show Iy and I ROIs used for A(L) = logio(lo(L)/I(L)) calculations.

The electrochemical cell was mounted on the stage of an inverted optical microscope (Olympus IX73)
where a 60x objective UPLANSAPO60x/W) focused light onto a sSCMOS camera (Teledyne Prime
95B). An Ivium Compactstat Potentiostat applied a constant potential during each spectral
measurement using a Pt wire counter electrode and Ag wire quasi-reference electrode. A Horiba OBB

monochromator (1200 gr/mm, 1.2 mm slit) selected light from a Xe lamp source in 2 nm wavelength steps.
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Fig 4.3 - Representative absorbance spectrum with propagated uncertainty. The spectrum was
collected for ML-MoS, immersed in electrolyte in an electrochemical cell without an applied potential
(Voc =+0.2 V vs Ag). The shaded region represents the 26 confidence limit for the measurement
calculated at each spectral step (i.e. illumination wavelength).
A(A) was calculated for each respective image with I and I, ROI boundaries for each set of potential-
dependent spectral data. Each A(4) is the average of measurements from 12 to 16 images. The
absorbance data was collected using non-sequential applied potentials. A data acquisition system
(DATAQ 4108) synchronized the camera, monochromator, and potentiostat signals. Flake-to-flake
variation of mechanically exfoliated natural crystals'®*16! and heterogeneity across individual CVD-grown
ML-MoS; flakes'®> has been shown to influence optical measurements. This spatial variation could

influence the absolute n value in a minor way, much smaller than the differences shown in Fig 4.3.

Additional experimental details and imaging procedures are located in Section B.11 and Fig. B.11.

4.4 Results

4.4.1 In Situ Absorbance Spectroscopy of ML-MoS>
We employ a widefield hyperspectral imaging method®® on an optical microscope to ensure our

spectroelectrochemistry data stems from only ML-MoS, material. Fig 4.2A shows the experimental setup.
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A MoS;-coated ITO sample serves as the working electrode in an optically transparent three-electrode
electrochemical cell (see Methods for detailed metal-organic chemical vapor deposition (MOCVD) MoS,
growth and subsequent wet transfer procedure). In a typical experiment, we immerse the ML-MoS, sample
in dry, No-saturated electrolyte consisting of 0.25 M tetrabutylammonium hexafluorophosphate
([BusN][PF¢]) and acquire hyperspectral image stacks at constant E by illuminating a microscopic 0.01 cm?
sample region with monochromatic light over the range of 400-700 nm in 2 nm increments (Fig 4.3). A 60x
objective collects the transmitted light from the sample and projects it onto a sensitive sSCMOS camera. Fig
4.2B shows a representative bright field transmission image of the sample. The uniform image contrast
across a large 1 mm? area indicates the sample is predominantly ML-MoS,, as confirmed by Raman micro-
spectroscopy measurements. However, microscopic defects such as tears, voids, wrinkles, and multilayer
folds exist within the sample (see black arrows in Fig 4.2B and Fig. B.2D-F. Those defect features ordinarily

contribute to and complicate the interpretation of ensemble-level electrochemical and optical data.

To ensure our optical data stems from ML-MoS; only, we spatially select regions of interest (ROIs) within
each image that represent pristine ML.-MoS, and ITO (see Fig 4.2C), and calculate A(l) = logio(Zo(1)/I(1)),
where Iy(1) and /(1) are the monochromatic light intensities transmitted through the ITO substrate and ML-
MoS,, respectively. In this way, we acquire spatially resolved in situ absorbance (A) data as a function of
applied potential (E (V) vs Ag wire quasi-reference electrode). This procedure effectively removes the
contributions from macroscopic defects in the sample. The uncertainty in A is < 0.003 as demonstrated in
Fig 4.3. For each absorbance spectrum, the A exciton/trion superpeak is fit to a Gaussian function to extract
peak position (centroid) and absorbance (amplitude) parameters. Additional detailed methods of the
absorbance measurement and Monte Carlo routine to select ROIs are described previously in Appendix B

— Supplemental Information.
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Fig 4.4 - Potential-dependent absorbance spectra. (A) ML-MoS; in 0.25 M [Bu4N][PF6] acetonitrile
electrolyte. The inset highlights the A (655 nm) and C-exciton (425 nm) peak absorbance changes over a
500 mV potential range, where AA is absorbance at each E normalized to the maximum value (AA =Av/
Amax). (B) ML-MoS; potential-dependent absorbance highlighting the A-exciton region with 50 mV E
steps. The arrows represent potential-dependent absorbance trends for A® and A~

Fig 4.4 shows representative absorbance spectra of ML.-MoS; using the hyperspectral imaging technique.
Figure B.12 shows additional experimental data from multiple samples and for multiple potential cycles.
Regardless of the sample, the number of cycles, and the scan direction, we observed the following potential-
dependent trends. First, the absorbance spectra at more positive potentials (light yellow trace in Fig 4.4)
shows three distinct peaks at 655, 610, and 425 nm, which can be attributed to the A, B, and C exciton
transitions, respectively.** The A and B exciton peak intensities decrease and broaden with more negative

potential (dark blue trace in Fig 4.4). On the other hand, the C exciton absorbance feature is essentially

potential-independent (Fig 4.4 - inset).

The potential-dependent trends in Fig 4.4B agree with literature spectroelectrochemistry data for
thin films of three layer-thick MoS; nanosheets and >4 nm-thick colloidal film electrodes.®**®* However,
little attention has been paid to the A-exciton lineshape as a function of applied potential. Fig 4.4B shows
potential-dependent spectra of the A-exciton peak for another ML-MoS, sample using identical
experimental conditions as Fig 4.4A. Two distinct optical transitions contribute to the absorption feature.'®*
The neutral A-exciton absorbance (A°) dominates at positive potentials. At more negative potentials, the

negatively charged trion (A”) absorbs strongly, resulting in a shoulder feature at 670 nm (Fig 4.4B). In the
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section that follows, we describe an approach to quantitatively link the measured absorbance spectrum of
ML-MoS; to carrier concentration using a minimal complexity many-body model of trion formation in ML
TMDs. %4 Regardless of the sample or the number of cycles, we observed the same potential-dependent
trends as Fig 4.4. In other words, there was no optical hysteresis from the sequence of applied potentials.
For the 1.0 V potential range, the absolute change in the absorbance peak amplitudes (AA) is consistently

0.011 £ 0.002 (Fig 4.3).

4.4.2 MND Model and fitting procedure to determine electron density (n)

Here we adopt a model based on the Mahan-Noziéres-De Dominicis (MND) Hamiltonian'?, a
minimal many-body model of a Fermi polaron, to compute carrier density that best describes the measured
absorbance spectrum at each E.° A key feature of the model is its ability to capture how A° and A~
transitions shift in energy and transfer oscillator strength between one another as a function of doping
concentration. Before we discuss the detailed calculation and fitting procedures, we first describe the

predictions of the MND model at positive, intermediate, and negative potentials.

MOCVD-grown ML-MoS:; is n-type, so henceforth we refer to carrier density (n) in terms of electron
density.!3%165.16 The majority carriers are conduction band electrons whose population is modulated by the
external power supply. At positive potentials (e.g., E = +1.00 V, Fig 4.5A), the “undoped” MoS, sample
consists of a fully occupied valence band and unfilled conduction band. At this undoped condition, the
MND model predicts two peaks for the A® and A~ transitions (dashed and dotted lines in Fig 4.5A-B). The
oscillator strength is mostly associated with the higher energy A°transition, as indicated by the thick black
line in Fig 4.5A. After convolving the calculated A° and A~ linewidths to account for Gaussian broadening
and the instrument response, we obtain a single broad peak at 1.894 eV (solid line in Fig 4.5B). The key
point here is that the experimentalist observes a single absorbance peak at positive potentials because the

oscillator strength is mostly associated with A° at lower electron concentrations.

* Additional citation reference pending acceptance and publication (Red/Blue Shift paper)
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Fig 4.5 - Model Scheme and Fitting of Experimental Absorbance Data. Cartoon illustration of ML-
MoS:; electronic structure changes predicted by the MND model. (A) Electronic band gap energy (Ey),
neutral A-exciton energy (E5o) and negatively charged trion energy (E,-) at the low doping condition
(e.g., +1.00 V). (B) Simulated absorbance spectrum (solid lines) predicted from the exciton and trion
contributions (dashed and dotted lines, respectively). (C-D) same as (A-B) but for intermediate
potentials/intermediate electron doping. (E-F) same as (A-B) but for most negative potentials/highest
electron doping. (G) Simulated and optimized absorbance spectra (solid lines) for each experimentally
measured absorbance spectrum (circles).

The situation changes as electron concentration increases. The MND model predicts oscillator strength
transfers from A° to A, as indicated by thicker lines for the A~ transition in Fig 4.5E versus Fig 4.5A,C. At
the same time, the A®and A~ energies decrease, but in different amounts (see dashed and dotted arrows in
Fig 4.5C.E versus Fig 4.5A). The oscillator strength shift changes the A%: A~ intensity ratio and the peak
energy shifts complicate the observed spectrum. As the applied potential shifts from positive to negative,
the experimentalist observes a “super peak™ split into two discernable peaks (see convolved spectrum in
Fig 4.5D, F). A key point of the scheme in Fig 4.5 is that the MND model predicts how and why the “super
peak” absorbance feature at low n (positive potentials) transitions to two separate peaks at high n (negative
potentials). Having summarized the general predictions of the model, we can now discuss the general
fitting procedure to determine electron concentration at each E for the experimental data in Fig 4.4.
Complete MND model calculation details are found in previous work.” Briefly, the model quantitatively

links the experimental observable (absorbance spectrum) to electron concentration via the Fermi doping

energy parameter €, defined as an energy level position at or above the conduction band minimum.>6.164.167
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First, we obtain model parameters, the undoped A° peak position (i.e., energy, width, and height), using
data acquired at E = +1.00 V and account for phenomenological peak broadening by convolving the
simulated peak with a Gaussian. Then, for all other more negative E values (i.e., higher g conditions), we
make an initial guess at the parameters for both A° and A~ and perform a 5-step procedure to determine &g
for every E.” The rationale of the steps is to model the data at the level of the MND outputs (peak positions,
heights, and widths) instead of guessing at the correct Hamiltonian. We can infer the doping density from
the ratio of peak heights in the experimental data based on the series of spectra predicted from the MND

model.

Fig 4.5G shows the results of the fitting procedure applied to the absorbance spectra in Fig 4.4. The
model captures all potential-dependent features of the A-exciton region, specifically how the A® and A~
peak intensities, positions, and widths change with applied potential. A key point of Fig 4.5G is that we
obtain a single g value that best describes the measured spectrum. Minor disagreement between the MND
model and experimental data, such as the high energy tail region, is likely due to the fact that the MND
model only considers the ML-MoS, sample in vacuum and does not consider the possible screening effects
from the substrate and redox electrolyte.” Disagreement between the theory and experiment may also be
due to non-Gaussian sources of broadening that we do not consider, as well as the simple background
subtraction method that does not accurately remove contributions from the B exciton and B trion,’ which

the model does not consider.

Having determined g for each E, we then calculate electron concentration. Previous work applying
the MND Hamiltonian to ML-MoS, has derived an equation to calculate 2D electron concentration, n (in

units of cm~2) assuming a parabolic band structure:

Ume
n =
21

4.2)
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where the degeneracy factor v = 1, the effective mass of the electron m, = 0.045 eV-'A~2 s for pristine ML-
MoS,'%* and u is the chemical potential. At T= 0 K, &g = u. Hence, we substitute the fitted &g values for
u in Eqn. 4.2 to calculate electron concentration. We discuss limitations of this zero-temperature approach

below.

Fig 4.6 shows calculated electron density n values versus E. Electron concentration remains low
for E > +0.50 V, and then it abruptly increases by an order of magnitude over a narrow range (0.30 to 0.50
V). Electron concentration steadily increases with increasingly negative potentials (E < 0.20 V). The
calculated n values agree with measured values for ML-MoS; samples synthesized using the same MOCVD
procedure'®. For comparison, we also calculated n values using the approach of Carroll et al.**, who
adapted Wannier-Mott (WM) effective mass theory for 2D quantum wells'1%° to 2D semiconductors. The
model assumes that the exciton is strongly confined within two dimensions, and that the photogenerated
electron in the conduction band and the hole in the valence band have essentially the same magnitude.
Therefore, the exciton states are written as a linear combination of the independent electron holes and states
and, the carrier density is derived from relative ratio of exciton oscillator strength®!%, Notably, the WM
model does not consider the potential-dependent A~ feature and, therefore, the A-exciton region of the
absorbance spectrum is fitted with a single component Gaussian. As shown below in Fig 4.6 the electron

concentration differs by an order of magnitude but the models result in qualitatively similar behaviour.
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Fig 4.6 - Comparison of two models to calculate electron density. Potential-dependent electron
concentration values calculated via the MND (black diamonds) and WM models (red circles).

The n values calculated from the MND model are likely lower because the approach ignores thermal
contributions and, therefore, will underestimate the true concentration of conduction band electrons. The
MND model only considers the ML-MoS, sample in vacuum and does not consider substrate/electrolyte or
sulfur vacancy contributions to n-type doping.’*!7° On the other hand, the n values calculated from the
Wannier-Mott model sensitively depend on the exciton Bohr radius (n o ag?), which linearly depends on
the effective mass of the electron (m,).*® Varying a, or m, by a factor of 3 results in nearly an order of
magnitude change in n (Fig 4.7). The Bohr radius is influenced by the dielectric environment of the sample

and needs to be addressed.
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Fig 4.7 - Relative exciton oscillator strengths as a function of n using the Wannier-Mott model. The
critical doping density (D.) is annotated with a dashed line to highlight the large influence of ap on n
using this method.
The dielectric environment considered here consists of three layers: &;7¢, Enos,, and Epyecy With reference

values for the respective dielectrics taken as 4.0,'"! 12,5 and 3672, The effective dielectric constant, &, is

wave vector dependent in ML-MoS: because its thickness and exciton radius are comparable. In the large

. . . . & + &
wave vector limit, &+ approaches y,5, = 12.5 In the small wave vector limit, €.t approaches 12—k

= 21. The dielectric environment, n, and a, are not mutually exclusive parameters, so several values of a
are used to calculate the carrier density using the WM model (Fig 4.7).'%® The a, distances chosen in Fig
4.7 correspond to a range of experimental and theoretical results and the & in this study. 310173
Importantly, this shows the dramatic effect of a; when using this approach to calculate n from exciton
oscillator strength (i.e. relative absorbance values). Regardless, while it is difficult to know at this stage
what the true absolute numbers for the electron concentration are, the remarkable agreements in the trends
obtained using the two different approaches discussed indicate that the trends observed for the electron

density as a function of applied potential are robust.

49



4.4.3 Band Energy Diagram Construction

Finally, we construct a band energy diagram for the ML-MoS; electrode using the following
assumptions. First, we pin the conduction band edge of ML-MoS, at +0.45 V vs NHEP*174175_ Second, we
assume band gap renormalization (BGR) only occurs in the valence band (VB), in agreement with theory,!>*
time- and angle-resolved photoelectron spectroscopy (TR-ARPES) results,'** and scanning tunnelling
microscopy (STM) measurements'>. Third, we position the VB edge relative to the fixed CB edge using

n-dependent band gap energy, E,, from theory (Fig 4.8) or experiment.®3
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Fig 4.8 - Potential-Dependent Band Energy Diagram of ML-MoS,. The inset shows the band gap
energy as a function of E. All measurements with 0.25 M [BusN][PFs] acetonitrile electrolyte.

Fig 4.8 shows the resulting band energy diagrams of ML-MoS: as a function of E using n values calculated
from both the MND and WM models. At positive potentials, E, approaches the value predicted for
“undoped” ML-MoS:; (see Fig 4.8 inset). E, decreases with increasingly negative E, causing the VB
minimum to shift by over 200 meV over a narrow E range. The E; decrease (and upward VB shift) is larger
for larger values of n, such as those predicted by the WM model (see red circles in Fig 4.8). E, values
obtained from TR-ARPES measurements'* qualitatively agree. The key point of Fig 4.8 is that BGR effects

cause significant band edge movement (0.2-0.5 eV) and should be given consideration when designing 2D
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electrodes for electrochemical applications, as will be discussed more below. Importantly, the majority of

the BGR shown here occurs over a relatively narrow range of applied potentials.

4.5 Discussion

The enormous BGR effect in 2D semiconductors has important consequences for any
electrochemical application involving interfacial charge transfer. The large CB or VB shifts (0.5 eV) can
occur over a very narrow range of applied potentials (0.2-0.3 V). In turn, the fundamental driving force for
the reaction AG®' changes dramatically. From a kinetic standpoint, the large band edge movements will

dramatically affect interfacial charge transfer rates. If the electron transfer rate constant ker follows a

AG+1)?

Marcus-Gerischer relationship, where kg X exp - pre— then large AG*' changes (e.g., 0.5 eV) could

change kgr by a factor of 10-100.!313¢ Tt is even possible that AG*' changes sign if the VB/CB edge moves
above/below E°'. This means the (photo)electrocatalytic reaction could transition from being spontaneous
in one potential regime to non-spontaneous in another. Note, our study focused only on BGR effects caused
by the applied potential. For light-driven reactions in a photoelectrosynthetic cell, the band edge movement
will be driven by the applied bias and the photogenerated carrier population,'’® further complicating the
interfacial energetics. One could envision leveraging this kinetic or thermodynamic information to design

an “electrochemical switch” for a desired reaction.

We now discuss key assumptions in the proposed approach and point out clear next steps to make
this approach more robust with future advances in experiment and theory. First, our experimental method
does not directly measure band edge positions. We assumed a potential-independent CB minimum value
for this model MoS; system, which may not be valid across all 2D materials and those that have yet to be
discovered. New in situ methods are needed to determine band edge positions of the 2D electrode. Direct
measurement of CB and VB edges yield Eg, which could be compared to the E, values we extract from in

situ absorbance measurements.
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Second, we quantify band edge movement by extracting E, values as a function of n. The first problem
with this strategy is the accuracy of n values obtained using either the MND or WM models. We calculate
n from the g parameter in the MND model using Eqn 4.2, which considers the pristine semiconductor at 0
K. Aside from ignoring the thermally excited carriers, the MND model does not consider the electrolyte,
underlying substrate, spin-orbit coupling to treat the B-exciton and B-trion, and defects that could serve as
extrinsic dopants in the 2D material. A growing body of evidence has shown that defect concentrations

159 qubstrate materials,> solvent,'”” and surrounding environment®! all influence n.!”® Current

and types,
theory does not consider many practical materials and electrochemical factors. Future theory development
is needed to accurately determine electron concentration using in sifu spectroelectrochemistry (e.g.,
absorbance/reflectance, Raman, or PL spectroscopy). The second problem with the strategy is it relies also
on the accuracy of E, values as a function of n. Experimentally measured E, values'* show similar trends
as the theoretical calculations,'” !0 but the absolute values can differ by as much as 0.2 eV. The
disagreement could be due to the fact the models do not consider defects and substrate/environmental
doping effects. Despite the current inaccuracy of calculating n and E,, we believe in situ absorbance
measurements, modelled by many-body theory, represent a viable approach to quantify interfacial

energetics because there is a robust theoretical framework connecting the observed spectrum to critical

parameters relevant to semiconductor energy levels (n and Ey).

One clear advantage of our proposed approach is experimental simplicity. Commercially available
UV-vis spectrophotometers have absorbance resolution < 0.001, which is an order of magnitude lower than
exciton absorbance peak values of ultrathin semiconductors (Fig 4.3). However, large area, defect-free
samples are required for benchtop absorbance measurements. Ensemble-average measurements in a
benchtop instrument report on the average behaviour of the entire sample in the light path, which could
include defects and pinholes in the material as shown in Fig 4.2B and Fig. B.2D-F. One disadvantage of
our proposed approach is the MND model calculations are not trivial. We argue the advantages and

disadvantages of the optical approach proposed herein are similar to the popular Mott-Schottky method for

52



bulk semiconductor/electrolyte interfaces; Mott-Schottky data is easy to acquire but can be difficult to
interpret.?’ Future experimental and theoretical work is needed to adapt the proposed approach for a wide

range of 2D materials and electrochemical cell geometries and components.

4.6 Conclusions

In summary, we developed an all-optical approach to quantify the interface energetics of ML-MoS;
semiconductor-electrolyte interfaces. The method involves (1) measuring potential-dependent absorbance
spectra; (2) fitting the neutral exciton and trion features in the absorbance spectrum using the MND model
to extract the electron concentration, n; (3) extrapolating the electronic band gap at each E using n; (4)
constructing an energy level diagram assuming a known, potential-independent CB edge value. Our results
show that band edge movement in ML-MoS, is significant (0.2-0.5 eV) over a narrow range of applied
potentials (0.2-0.3 V). The band edge movement magnitude depends on the calculated n values. Large
band edge shifts have important consequences for practical electrochemical applications involving
interfacial charge transfer because ker could change by a factor of 10-100. Future experimental and
theoretical work is needed to accurately measure n from in sifu spectroelectrochemical measurements such

as absorbance/reflectance, Raman, or PL spectroscopy.
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CHAPTER 5: REDOX CONTROL OF MONOLAYER MoS2 INTERFACIAL ENERGETICS

The next question addressed in this project is how the interfacial energetics of ML-MoS, changes
when immersed in different electrolyte environments. Extending the methods and electrochemical cell
from the previous study, we now turn to the other side of the interface: the electrolyte. We aim to control

optical and electronic properties of the ML.-MoS; by interfacial contact with different redox species.

Here, the initial hypothesis is: if redox species chemically dope MoS; then the optical absorbance spectrum
matches that of electrostatically-gated conditions. In a systematic way of varying redox species, it may be
possible the energetics of the material such as the flat-band potential (Erg) can be bracketed on an absolute

energy scale. This study provides an improved description of the semiconductor-electrolyte interface.

5.1 Introduction

Layered transition metal dichalcogenides (TMDs) semiconductors show promise in many
electronic, solar, and sensor applications. One such well-studied two-dimensional (2D) TMD is MoS..
The stable exciton formation that dominates its visible absorbance spectrum can be influenced by electron
density.’%!8! Tn addition electron density modulates the formation of an additional charge exciton with
further changes the optical properties of MoS, even at room temperature.’® One traditional method of
modulating charge carrier concentration in semiconductors is applying a gate bias in a field-effect transition
device, but this device requires a fixed geometry with finite terminals. An alternate approach is to
chemically dope the semiconductor via charge transfer: either injecting electrons (n-type dopant) or
extracting electrons (p-type dopant). This charge transfer should immediately induce a shift in the

semiconductor’s Fermi level and thus immediately change its electrical and optical properties.
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Others reported chemical or molecular doping of MoS» using surface drop cast methods,'3? gas
physisorption,'®* solvent immersion'®* and computational calculations.!85 1In these cases, the general
methodology is to measure one two chemical dopant environments to compare the electron donating or
withdrawing effects on MoS,. However, the spontaneous charge transfer does not occur if the chemical
potential of the species is equivalent to the Fermi level of MoS,, and this is the case for equilibrium
conditions at the surface of the semiconductor.

A liquid electrochemical flow cell environment is ideal for rapidly evaluating many chemical
species with varying electrochemical potentials. First, the formal potential (E?’) of an electrochemically
reversible redox couple in a solution defines its electrochemical potential. Here an oxidant (O) + e =
reductant (R). In addition, the equilibrium redox potential is a function of the relative activity of O and R,

and characterized by the Nernst equation:

E=E" — %m% (5.1)
R

Control of the electrochemical potential of the redox environment by flowing electrolytes across the MoS;
surface should modulate its electron concentration immediately. This electronic modulation can be
optically measured. Crucially, redox species concentration is a way to fine-tune the electronic state to
within a couple hundred meV.

Here our preliminary data demonstrates that redox species chemically dope ML-MoS2 in an
electrochemical flow cell. The optical absorbance signatures drastically change as a result of n-dopant or
p-dopant molecules. Further investigations by controlling redox couple concentrations may pinpoint the
elusive flat band potential of a 2D semiconductor using optical measurements.

5.2 Methods

The rationale for selecting the redox potentials of many reversible 1-electron transfer couples
begins with previous measurements in organic electrolytes.!® The electrolyte influence on the interfacial
energetics may be determined using optical exciton absorbance measurements in a transparent

electrochemical flow cell. The MOCVD grown MoS, monolayers is n-type, so the Fermi level (Er) is near
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the conduction band edge (Ecg) .1**!% For example, Fig. 5.1 shows the formal potential of several common
redox couples in the approximate band gap region of MoS,. Under electrostatic gating, modulation of the
semiconductor Er relative to a fixed redox formal potential will deplete or accumulate electrons in the

semiconductor and results in a measurable cathodic or anodic flow of electrons, respectively.
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Fig. 5.1 — Relative formal potential of several reversible redox couples. The rational for selecting the
redox species is based on the location of the formal potential (E®’) versus the intrinsic MoS2 band edges.

5.3 Preliminary Results

As a proof of concept, measurements with ferrocene / ferrocenium (Fc/Fc*) and
decamethylferrocene / decamethylferrocenium (MeoFc/MeoFc*) redox couples in the flow cell indicate
optical response of MoS: is controlled by the electrolyte. For example, Fig. 5.2 shows the absorbance
spectrum of MejoFc/MeoFc* in electrolyte matches an equivalent applied potential of +0.1 V vs Ag wire.
The measured redox potential of this couple is -0.4 V vs Ag wire, so the charge transfer is less than
expected; however, it should be pointed out that the optical response deviates from the open circuit

potential. The experimental data proves the electrolyte is manipulating the optical properties. However,
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the redox does not modulate the optical response to such an extent that matches the formal potential of the

couple.
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Fig. 5.2 — MoS; Absorbance Spectrum with Me;oFc redox couple. The optical spectrum of decamethyl
ferrocene redox couple is similar to an applied potential of +0.1 V vs Ag wire quasireference.

5.4 Discussion

For illustration, Fig. 2.1 depicts relative band edge energy levels of MoS, and electrochemical
potential of a liquid electrolyte (e.g. ferrocenium/ferrocene solution). The relative energy levels are
independent before the phases are in contact. The example electrolyte represents any stable liquid solution
containing a redox pair (A*/A) where A* + e = A is a reversible reaction. The uncertainty in the absolute
A exciton peak absorbance is estimated as 0.003 as shown in Fig 4.3, so changes in peak absorbance . Also,
the absorbance of the redox species should not affect the measurements because the liquid electrolyte

immerses the MoS; and the ITO with equivalent pathlength of the incident light.
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Fig. 5.3 — Additional redox couple molecular gating of MoS,. Reference is Ag/AgCl and electrolyte is
0.1 M KCl in H,O.}

Fig. 5.3 highlights the promising correlation of the optical properties of MoS, after chemical
doping. However, the inability of methyl viologen (MV) to fully bleach the A exciton is attributed to
several potential causes. First, surface states from defects (most likely S vacancies) are expected to pin the
Fermi level. Second, the physical contact of the redox couple may be restricted in the flow cell arrangement.
The flow rate through the cell may indicate if the Third, the ITO electrode may chemically bind the redox

couple. Specifically, Fe has been reported to bind to this electrode.'®’

% Data provided by Rafael Almaraz (see Appendix A)
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CHAPTER 6: OUTLOOK AND FUTURE WORK

In addition to the necessary development of results shown in Chapter 5, several logical extensions
of this work are described below. The purpose of this chapter is to document logical progression of this
work based on the resources available to the Sambur research group at Colorado State University. This

also provides initial hypotheses and considerations to guide new investigations.

6.1 MoS:2 Doping Heterogeneity Influence on Corrosion

The most recent and directly relevant work in the Sambur group that overlaps with this work is that
of Van Erdewyk.%>!8 A reasonable hypothesis is p and n-type doped domain junctions correlate to the inter-
flake corrosion initiation sites. Correlated photocurrent mapping following by full-flake corrosion
experiments may show that these junctions are more likely to initiate and/or accelerate corrosion. This is
in addition to the interesting possibility that the majority carrier (e~ or h*) may also control the corrosion
onset or rate. For example, it is possible that natural p-doped regions do not behave similar to the
predominant n-doped regions. Differences in the natural (i.e. SPI source) and synthetic crystals deserves
attention to more fully develop this possibility. This includes correlated photocurrent mapping and possibly
illuminating with various high intensity light sources to photo-anodically accelerate or otherwise control

the corrosion.!”

The recent setup of a Scanning Electrochemical Cell Microscopy (SECCM) instrument allows for
localized corrosion investigations. SECCM uses a nano or micro-pipette droplet to confine the size of a
electrochemical cell, and by hopping the pipette across the material or substrate, an electrochemical map is
revealed.'®! This is a proven technique that can operate in the aprotic electrolyte use here and at the

potential range necessary to initial anodic corrosion. An obvious hypothesis is that the edge corrosion onset
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potential and lateral corrosion rate would match that of the ensemble electrochemical cell. In addition, the
SECCM permits localized current measurements that are not possible with. This is especially important to
measure the potential at which photoexcited material begins to anodic current if the illumination of the n-

type material increases the anodic potential.
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APPENDICES

A — Division of Work
For Chapter 3, Justin Toole performed the experimental investigation, data analysis, and
MATLAB code development. Justin Toole and Justin Sambur contributed equally to

experimental design, data interpretation, and authorship.

For Chapter 4, all experiments were designed and executed by Justin Toole unless
otherwise stated below. Data processing occurred using custom MATLAB script adapted from
Justin Sambur and Michael Van Erdewyk. The experimental approach for Chapter 4 was
originally developed by Justin Sambur. Justin Sambur was the primary author of Chapter 4, and
Justin Toole is the primary author for all other work. Rafael Almaraz synthesized and
transferred all ML-MoS, samples. Justin Toole, Rafael Almaraz, and Justin Sambur contributed
equally to figures. MND Modeling was entirely conducted by Thomas Sayer at University of
Colorado-Boulder. The preliminary absorbance data of MoS; in aqueous electrolyte solutions

was measured by Rafael Almaraz.

B — Supplemental Information

B.1 Converting Reference Potential to NHE and Vacuum Energy Scales

All experimental data was acquired versus the Ag quasi reference electrode (QRE). To convert measured
potentials to other common reference scales, we determined the formal potential (E°") of a common redox
couple using our QRE and a commercial non-aqueous fritted Ag wire / 0.01 M AgNOs electrode (CHI

#112). To do so, we measured cyclic voltammograms of ferrocene/ferrocenium (Fc/Fc*) versus the same
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Ag QRE as in the flow cell but using clean, polished Pt discs (CHI #102) as working and counter electrodes.
We measured cyclic voltammograms in the same dry, air-free 0.25 M NBu4PFs acetonitrile electrolyte. We
calculate E°' from E; /, values, 0.5(Ep o + Ej ), where E, ; and E, . are the anodic and cathodic peak
potentials. Here we assume the diffusion coefficients of the oxidized and reduced species are equal (Dg, =
Dp.+) (Wang/Compton, 2010). Then, we measured the E*’ of Fc/Fc* versus commercial non-aqueous fritted
Ag wire / 0.01 M AgNO; electrode using the same approach (see blue dashed line in Fig. B.1Error!
Reference source not found.). The respective current peak splitting (AE)) is 68 mV for both references.
Our measured Eg, Jrc+ versus the 0.01 M AgNO; / Ag reference electrode is +0.056 V, which agrees with
literature.'$¢'%2 Our measured Ep /p., versus the Ag QRE is +0.106 V. Thus, the potential conversion
from our Ag QRE to this standard Ag/AgNOs reference is —0.050 V (Equation B1 below). The potential
scale conversion to the NHE scale from Ag/AgNOs reference in this solution is +0.548 V Equation B2.!%3

Therefore, we sum Equation B1 and Equation B2 to yield the total conversion of +0.498 V from our

measured Ag QRE to NHE scale (Equation B3):

E (V vs 0.01 M AgNO;/ Ag) =E (V vs Ag QRE) — 0.050 V (B1)
E (V vs NHE) =E (V vs 0.01 M AgNOs / Ag) + 0.548 V (B2)
E (V vs NHE) =E (V vs Ag QRE) + 0.498 V (B3)

Combining Equation B1 and Equation B2 we use Equation B3 to convert our measured Vg, vs Ag to the

NHE and vacuum scales.!31-193
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E,jp =+ 0.056 v/

0.01 M AgNO; / Ag reference

Ag /Ag® quasi-reference

Current (107 A)
o

2r IE”2=+0,106V -
1
1 1 +
: : 1 mM Fc/Fc
4 1 1 1 1 11 1 1
0.2 0.1 0 0.1 0.2 0.3

Applied Potential (V versus reference)

Fig. B.1 — Cyclic voltammograms of 1 mM ferrocene/ferrocenium in 0.25 M NBu4PFgs in MeCN vs
Ag wire quasi-reference (red trace, right) and standard non-aqueous Ag / 0.01 M AgNO:s fritted

reference (blue trace, left). The scan rate is 100 mV/s. The working and counter electrode geometric
surface area is 0.07 cm?.
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B.2 Additional Example Transmission Images of MoS>

Representative bright field transmission images of the ML-MoS, sample in on ITO-coated glass substrates
contrast the thickness (i.e. optical density), relative sizes, and shapes of the mechanically exfoliated and
MOCVD-grown MoS,. In Fig. B.2A-C are mechanically exfoliated natural MoS, crystals (SPI), and Fig.
B.2D-F are much larger and mostly pristine ML MoS; sheets. The MOCVD ML sheets are encapsulated

inside a 3-electrode electrochemical flow cell.
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Fig. B.2 — Additional Example MoS; Transmission Images. (A) 10X image showing a variety of flake
shapes and lateral sizes of mechanically exfoliated MoS crystals on ITO. (B) 60X image showing similar
flakes of a variety of thickness (as assessed by optical density). (C) Higher resolution 60X image showing
intraflake differences in thickness. (D) 10X image showing macroscopic defects include two interior tears
and a bilayer edge fold. (E) 20X image showing dark particulate debris and interior micro-folds. (F) 60X
image showing bilayer regions and particulate debris. All images illuminated with white lamp.
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B.3 Determination of Nanoflake Thickness

We calculate nanoflake thickness by correlating optical density values obtained via bright field

transmission images with profilometry data of individual mechanically exfoliated MoS, nanoflakes. We
measure the nanoflakes on identical ITO substrates prior to encapsulation inside the electrochemical flow
cell. First, we collect brightfield transmission images of the nanoflakes with an inverted Olympus optical
microscope (IX73) with a 60X objective. The nanoflakes in the main text (Fig. 3.2 and Fig. 3.3) ranged
from 25 to 200 pum in lateral size. The light source for all transmission imaging is a white halogen lamp
(Olympus U-LH100-3). The total illumination area was ca. 250 x 250 um? with average irradiance of ca.
0.01 W-cm™. The camera is a sensitive Photometrics Prime 95B back-illuminated camera with 1200 X
1200 pixel array 11 pm CMOS detector. We calculate spatially resolved OD values following transmittance
intensity measurements reported previously.” Briefly, we calculate OD =log(I/lo) = -log(T), where I is the
light transmitted through a region of an MoS» nanoflake and Iy is the light transmitted through an adjacent
ITO background region.
Next, we measure the thickness of the same regions of the same nanoflake using a DektakXT profilometer
with stylus radius of 12.5 pm. The profilometry data was background subtracted and surface-leveled using
Vision64 software (ver. 5.40). The profilometer minimum vertical range was 6.5 um (0.1 nm bit resolution)
with stylus force of 1 mg. Mapping steps between line scans ranged from 5 to 10 um. The profile height
sensitivity is limited to the surface roughness of 3-4 nm RMS.

Fig. B.3A shows a single profilometry line scan and bright field optical transmission image of the same
MoS; nanoflake. Fig. B.3B shows a complete profilometry map and transmission image for another
representative nanoflake. We calculated OD values and height profiles for different smooth regions of many
nanoflakes. Fig. B.3 shows the OD increases exponentially with layer thickness, in agreement with Beer’s
law. We fit the data to a power function (OD) = A (thickness)® + C. The offset parameter, C, pinned the fit

through the measured OD (0.014) and known thickness (0.7 nm) of a monolayer MoS: crystal. We could
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not resolve MoS: step edges less than 5 nm due to the surface roughness of the ITO substrate and the

limitations of the instrument.
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Fig. B.3 — Correlated profilometry and bright field transmission images. (A) Profilometer line scan
across a MoS; nanoflake on ITO. The inset shows the correlated transmission image with dashed line
representing the 250 um line scan. (B) 200 x 250 um profilometry map of a representative MoS»
nanoflake. We calculated the thickness for basal nanoflake regions after leveling and subtracting the
substrate profile background. (C) OD versus profile height for 18 different nanoflake regions. We added
a single data point at 0.7 nm for the OD value of monolayer MoS», as confirmed by absorbance and
Raman measurements.
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B.4 Transmission Image Processing

Image post-processing occurred using custom code in MATLAB (ver. R2023a). To detect the
pixels associated with MoS, nanoflakes, we first applied a cut-off threshold to each image. All pixels lower
than the mean minus 3o of the background pixel intensity were defined as nanoflakes. For each image, we
identified the nanoflake edge boundary pixels using the Canny edge function with the upper limit of 0.2,
lower limit of 0.1, and 0.5 Gaussian filter parameter. The transmission images in Fig. B.4 below show
the darker nanoflake material within the determined edge boundary before (green, outer line) and after

(red, inner line) an applied potential step.

For each potential step, we calculated the Euclidean distance between each edge pixel of the
first image to the nearest neighbor edge pixel in the final image of the movie. Each initial edge pixel
position is assigned a length (¢, um) from this vector distance (see zoom-in region for E= +1.55 V in
Fig. B.4). For each one-hour potential step measurement, we define the nanoflake’s lateral anodic
dissolution rate (L, um/hr) as the mean €. Fig. B.4 shows a relative frequency distribution of € values
for the potential steps £ = +1.5 V (yellow, left), +1.55 V (blue, center), and +1.60 V (red, right).

Because of non-concentric nanoflake shapes, the € distributions can skew for faster dissolution rates.
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Fig. B.4 — Relative frequency distribution of individual edge distance vectors (f) between sequential
potential steps (+1.50, +1.55, and +1.60 V) for the nanoflake shown in Figure 4.1. The dissolution
rates (L) reported in the main text are the average of all £ values for a nanoflake during a one-hour applied
potential step. The inset images show the initial edge boundary (green) and final edge boundary (red) for
each potential step. N represents the total number of edge pixels evaluated at the beginning of each
potential step (i.e., total number of € values for the respective potential step).
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B.5 Influence of H:0 on Anodic Dissolution Rate

3 electrolyte with 0.5mM H,O -
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Fig. B.5 — Histogram of edge distance vectors (f) for three nanoflakes after 150 pL of deionized H,O
was added to 15 mL of N purged electrolyte solution. For comparison, an example distribution of edge
distance vectors obtained from the neat acetonitrile electrolyte is shown in black. The calculated L values
are an order of magnitude larger (60-68 pm/hr) for H-O-exposed nanoflakes as compared to those in dry
electrolyte (1-6 um/hr). All data for measurements at £ =+ 1.60 V.
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B.6 Interior versus Edge OD changes during Dissolution
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Fig. B.6 — Uniform edge dissolution of nanoflake. (A) Bright field transmission image of the same
nanoflake as Fig. 3.1. The yellow and red pixels represent the light transmitted through the ITO background
(1o, yellow band outside nanoflake) and MoS, nanoflake (/, red band within nanoflake interior) regions. The
transmission intensities of all pixels within the yellow and red regions were averaged to measure OD, where
OD = logio(Io/I). (B) OD for the sample region in (A) versus time. The OD is stable within +0.002, until
the interior sample region undergoes anodic dissolution. The key point is that the edge pixels exhibit anodic
dissolution but the interior nanoflake region remains intact.
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B.7 Natural Versus Synthetic MoS> Transmission Images

natural crystals synthetic crystals

before

after

Fig. B.7 — Representative bright field transmission images of exfoliated MoS: nanoflakes before (top)
and after (bottom) anodic dissolution. (A-D) Naturally occurring crystals from SPI. (E-H) Synthetic
crystals from 2D Semiconductors. We observed more prevalent cracking and pitting in these nanoflake
samples than the natural MoS; crystals, presumably due to doping heterogeneity or dislocations in these
crystals. All scale bars represent 10 pm.



B.8 Correlation between nanoflake physical properties and Ep.
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Fig. B.8 — (A) Optical density (OD), (B) perimeter length, (C) area, and (D) edge density
(perimeter/area). Each data point represents one MoS; nanoflake (N=20).
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B.9 Impervious Monolayer “Footprints”

E=2+160V As exfoliated

Fig. B.9 — Transmission images of monolayer MoS; regions that are uniquely impervious to anodic
dissolution. (A-B) Mechanically exfoliated flakes before (A) and after (B) the 20-hour potential
waveform in Figure 1c of the main text. The solid green (black dashed) boundary depicts the MoS, edge
before (after) the 20-hour measurement. (C-D), (E-F), and (G-H) are the same as (A-B), but for
additional nanoflake examples.
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B.10 Impervious Monolayer MOCVD-grown MoS>

As transferred

+1.70 V (10 hours)

E

Fig. B.10 — Synthetic 1. MoS; sheets do not dissolute. (A-B) Transmission images of a CVD-grown
monolayer MoS, sample in an electrochemical flow cell before (A) and after (B) more than 12 hours and E
= +1.60 V. The solid green (dashed black) boundary depicts the MoS, edge before (after) electrochemical
experiments. (C-D) and (E-F), same as (A-B), but for different regions of the sample. We observed neither
edge nor interior dissolution for E=+1.70 V.

B.11 Monte Carlo Optimized Region of Interest (ROI) Selection

A Monte Carlo routine was used to calculate absorbance spectra for a defined subset of
transmission image pixels within each ROI. The usefulness of this routine was two-fold: (1) it
optimized the time required to analyse the substantial hyperspectral datacube, and (2) it indicated the
optimal ROI size to reduce variance in the optical measurement. The ROI size used in the Monte
Carlo routine is a subset of random pixels bound within a user-defined region of the transmission
image (Fig 4.2C). The total size of that ROI is typically 10 — 50 um in lateral dimensions,
corresponding to a total of 15,000 or more pixels. The Monte Carlo routine iterates the absorbance
calculation for the same image stack while using randomly selecting a defined number of pixels within
the ROI. Fig. B.11 below shows the influence of ROI size on §A where each square pixel represents

183 nm x 183 nm (0.03 um?). Keeping in mind that §A is limited to < 0.003 from the “image-to-
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image” sample variation, an ROI pixel size of 1000 or more is selected to ensure the ROI sample size

does not dominate dA.
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Fig. B.11 — Monte Carlo Optimization to Predict Uncertainty from MoS; heterogeneity. Results of
1,000 independent absorbance spectra calculations using randomly selected pixels of varying ROI size. (A)
Red markers show uncertainty in absorbance (6§A) as a function of the number of random pixels selected
within the ROI. The inset shows a scatter plot of the 1000 best fit parameters for each spectrum using 25 to
500 random pixels; (B) Ellipses denote the 99 % confidence intervals (C.I.) in the absorbance peak Gaussian
fit parameters for the three largest effective ROI sizes. The range of peak amplitude fits (i.e. absorbance)
is consistently < 0.002 for ROIs comprised of 1,000 or more pixels. The random pixels are selected from a
user-defined ROI region that is > 15,000 pixels.

Noting Fig. B.11 and Fig 4.3, the ML-MoS, samples are optically homogenous across domains that are
tens of micrometers in lateral dimensions. The absorbance spectrum and §A is independently
calculated for each iteration. For example, the inset of Fig. B.11 A shows the results of 1,000 Monte
Carlo iterations using several different ROI sizes. The A exciton/trion superpeak amplitude and

centroid is fit to a Gaussian function for each iteration.
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B.12 Trial-to-trial Reproducibility
Concerning the reproducibility of the potential-dependent absorbance data in Chapter 4 and 5, several

different electrochemical flow cells and ML-MoS, regions therein were measured. The fractional

oty

uncertainty of the background region ( -

)was spatially invariant, so differences in calculated absorbance
values likely stem from spatial heterogeneity of the ML-MoS, material. While outside the scope of this
study, we attribute the spatial variance of the absorbance values to heterogenous domains of varying charge
impurities, non-uniform substrate contact (i.e. atomic-scale “wrinkling”), or other defects. The data points

in Figure B.12 below represent the Gaussian fit of the A-exciton/trion superpeak for simplicity.
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Figure B.12 — Multi-trial Potential-Dependent Comparison of A Exciton Peak Absorbance
Measurements.  Absorbance values versus E for multiple ML-MoS, regions among different
electrochemical flow cells.
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LIST OF ABBREVIATIONS

Abbreviation Description
ML-MoS, Monolayer molybdenum disulfide
2D Two-dimensional; sheet-like material that is 1-3 atoms thick
ITO Indium-doped tin oxide coated glass substrate
MOCVD Metal-organic chemical vapor deposition synthesis technique
WE Working electrode
CE Counter electrode
RE Reference electrode
E Applied potential (non-equilibrium), V vs reference
Eonset Onset potential, V vs reference
E Energy, eV
Er Fermi energy, eV
Ecs Conduction Band Edge (minimum), eV
Evs Valence Band Edge (maximum), eV
E, Band gap energy, eV
Eao/Ea- A exciton/trion energy
AGcr Gibbs Free Energy of charge transfer
ket interfacial electron transfer rate constant
n Charge carrier concentration. Here, electron density of 2D material, cm~
MND Mahan-Noziéres-De Dominicis
WM Wannier-Mott
BGR Band gap renormalization
AGcr Gibbs Free Energy of charge transfer
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