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EPIGRAPH

Atoms or elementary particles
Themselves are not real.

They form a world of possibilities
Rather than one of things or facts.

Werner Heisenberg

No great mind
Has ever existed
Without a touch

Of madness.

Aristotle
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Chapter 1. This section introduces the research motivations driving the investigations pursued in

this dissertation. Likewise, it discusses research fields of interest to the work conducted herein,
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such as electrochemistry, Photoelectrochemistry, H> generation, semiconductors, 2D
nanomaterials, and confinement catalysis.

Chapter 2. Oxide growth on the surface of semiconductors during device operation induces charge
carrier recombination and photodegradation, which limit the operation lifetime of
photoelectrochemical devices. Likewise, their commercialization is hindered by the use of
expensive precious metal catalysts to enhance hydrogen evolution kinetics. This work
demonstrates how drop casting Zn 1T-MoS; onto SiNWs generates an interface that overcomes
these challenges.

Chapter 3. Active sites are atomic sites within catalysts that drive reactions and are essential to
catalysis. Spatially confining guest metals within active site microenvironments has been predicted
to improve catalytic activity by altering the electronic states of active sites. Using HER as the
model reaction, we show that intercalating Zn SAs into 1T-MoS, enhances HER performance by
decreasing the overpotential, charge transfer resistance, and the kinetic barrier.

Chapter 4. SACs have the ability to enhance reaction kinetics and the activity, stability, and
selectivity of catalysts. Yet, investigations of the aspects of the SA that induce such desirable
results fall short. In this work, we address this knowledge gap by comparing the performance d'°
guest metals spatially confined within layers of 1T-MoS; to the performance of d° guest metals
under similar confinement using Zn and Sc SAs, respectively.

Chapter 5. Primary driving factors that influence interactions between the guest metal and active
sites include guest metal oxidation state, local coordination geometry, and electronic occupation
of valence states. Although the guest metal’s spin state has the ability to alter its electronic

structure, the impact it has under 1D confinement on catalysis is poorly understood. In this work,
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the electrochemical HER performance of HS and LS Mn SAs confined within 1T-MoS> nanosheets
are compared in acidic conditions.

Chapter 6. The focus of this chapter is to briefly describe the future directions of this dissertation
which involve studying the catalytic effects of confining chiral molecules within the interlayer

spacing of 2D materials.
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CHAPTER 1: General Introduction

1.1 Motivation and Background

1.1.1 Methods of H> Generation and Renewable Alternatives

H: is recognized as an essential green energy carrier that is widely used as a chemical
feedstock in petroleum refinement, fertilizer production, and as a fuel source to produce electricity
and heat. As of 2021, 95% of H» produced in the United States is generated by steam-methane
reformation.! In addition to producing high CO, emissions, this energy-intensive process requires
large scale power plants, making it expensive and inaccessible to countries that lack these

resources (Figure 1.1).

1) CHyg) +Hy0(q) + A <———== CO(q) * 3Hyq)
700-1000°C
3-25 bar

2) CO(g) *+ Hz0(g CO2(g) *+ Hz(g)

Figure 1.1: Steam-methane reformation reaction steps.

Luckily, alternative pathways to H> generation exist. In the electrochemical H» generation
process, electricity is used to split water into H» and O (Figure 1.2a). The overpotential, which is
the amount of energy required to drive HER, may be lowered by using a photoelectrochemical
(PEC) device that harnesses sunlight to drive water splitting (Figure 1.2b).? In the PEC process,
sunlight irradiates the surface of a semiconductor and generates electron/hole charge carriers. The
holes remain in the valence band and the electrons are excited to the conduction band. The
electrons transfer to the semiconductor’s surface, reduce adsorbed H', and generate H>. Both of
these two methods are sustainable, decentralized, and yield pure H», which alleviates the

challenges faced by steam methane reformation.



(a) Electrochemical H, Generation (b) Photoelectrochemical (PEC) H, Generation
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Figure 1.2: Schematic of (a) electrochemical and (b) PEC H, generation.

1.1.2  The Search for Earth-abundant, Inexpensive HER Catalysts

PEC devices face two major challenges inhibiting their commercialization potential. First,
the inevitable growth of native oxides (i.e., SiOx) on the semiconductor surface during device
operation induces charge carrier recombination, photodegradation, and limits operation lifetime.*
4 Second, semiconductors lack efficiency in selectively catalyzing HER and must be coupled with
a catalyst to facilitate HER kinetics and interfacial charge transfer processes.” Catalyst
performance depends on the nature of their active sites, the positions at which catalytic reactions
occur. The most common HER catalysts are expensive precious metals, specifically Pt, due to its
thermoneutral free energy of hydrogen adsorption (AGy+ = 0 eV).% This implies that binding and
releasing adsorbed H' on the catalyst’s surface are both equally facile, which is a requirement for

fast electron transport and H> generation.'”



1.1.3  Earth-abundant MoS>: a Promising Replacement for Expensive HER Catalysts
Earth-abundant MoS; is a transition metal dichalcogenide that was first recognized as a

potential HER catalyst when theoretical calculations revealed the thermoneutral free energy of

hydrogen adsorption (AGy+ = 0.8 eV) located at S vacancies and coordinatively unsaturated Mo

and S atoms exposed along the edge sites of semiconducting 2H-MoS,. !4

(a) S edge (b)
S
2H-MoS,
Trigonal prismatic, D,
¢
C
(c) S atoms - stacked

Interlayer
spacing =
0.615 nm

@M OS

Figure 1.3: Geometric structure of 2H-MoS,.
(a) Layer geometry. (b) Point group. (¢) Side view displaying stacked S atoms and interlayer spacing.

MoS: is a polymorphic material where the Mo atoms are sandwiched between two layers
of S atoms. The most common polymorph of MoS: found in nature is the semiconducting 2H phase
which exhibits trigonal prismatic coordination geometry (Figures 1.3a, 1.3b). This coordination
geometry forces the layers of S atoms to be stacked, which in turn reduces the exposure of Mo
atoms to the catalyst surface and induces hydrophobicity (Figure 1.3¢). The 2H-phase of MoS»
also suffers from inherent layer stacking, which creates an interlayer spacing equal to 0.615 nm.

In 2007, Jaramillo et. al. performed a combined theoretical and experimental studying

aiming to identify the locations of active sites in 2H-MoS..!* Theoretically, AGy+ values near 0 eV



predicted active sites to be limited to Mo edges and S vacancies, while high AGy+ values calculated
for active sites residing along the basal plane predicted these positions to be inert. Experimentally,
the linear trend depicted in a graphical plot of the exchange current density as a function of the
edge length of 2H-MoS:> indicated that the rate of HER is directly proportional to the number of
edge sites in 2H-MoS,;. As the number of vacancies in monolayer 2H-MoS> were

electrochemically increased, the current density generated by the catalyst increased substantially.

(b) “
1T-MoS,
Trigonal antiprismatic, D,4

S atoms = staggered

Interlayer
spacing =
0.629 nm

Figure 1.4: Geometric structure of 1T-MoS,.
(a) Layer geometry. (b) Point group. (¢) Side view displaying stacked S atoms and interlayer spacing.

15.16 incorporating transition metals,'”

Since then, strategies such as increasing S vacancies,
1% and tuning support interactions'®?* have been utilized to increase exposure of active sites in 2H-
MoS,. Be that as it may, the semiconducting nature of 2H-MoS> yields poor charge transport
properties and limits catalytic activity.?!

These challenges may be overcome by converting semiconducting 2H-MoS> to the metallic

IT phase of MoS; (Figure 1.4). In the conversion process to the 1T phase, the bottom S plane

rotates by 180°, resulting with trigonal antiprismatic coordination geometry (Figures 1.4a, 1.4b).



In this coordination geometry, the layers of S atoms become staggered, causing 1T-MoS> to be
hydrophilic (Figure 1.4¢). Likewise, the interlayer spacing increases to 0.629 nm and the reduced
layer stacking inherent to 1T-MoS; renders the basal plane active. The metallic nature and
increased interlayer spacing of the 1T phase of MoS» enhances catalytic activity by facilitating
charge transfer kinetics and exposing active sites located at S vacancies and undercoordinated Mo
and S atoms along the basal plane.?? > Intercalating transition metals within the interlayer spacing
of 1T-MoS; has been shown to further improve catalytic activity of interlayer confined S atoms
by altering their electronic states.®>* As a result, 1T-MoS; exhibits an abundance of active sites
along the basal plane, S vacancies, and lattice positions occupied by transition metal dopants. For
these reasons, 1T-MoS: is considered to be an ideal candidate for replacing Pt, the best performing

HER catalyst to date.

1.1.4 Confinement Catalysis in 2D Materials

Heterogeneous catalysis is responsible for producing nearly 90% of the chemicals we use
in daily life.2% 2 In fact, the most energy-intensive processes (i.e., N2 fixation via the Haber-Bosch
process, Ha generation via steam-methane reforming) are driven by heterogeneous catalysis.?’
Heterogeneous catalysts play a key role in driving these chemical transformations by increasing
the rate, efficiency, and selectivity of the reactions involved.?® The performance of these catalysts
depends on the nature of their active sites, which are the positions at which catalytic reactions
occur.

Spatial confinement of active site microenvironments (the local coordination environment

and electronic states of active sites) within catalysts has been predicted to alter the frontier orbital

energies and adsorption/desorption energies of confined active sites in a manner that enhances the



catalyst’s activity.?>? Electronic properties of confined active sites are directly influenced by their
coordination environment, which in turn alters the adsorption energetics of reaction intermediates

31" Therefore, the relationship between active sites, local

and catalytic activity/selectivity.
microenvironments, and confined species dictates catalytic performance. However, designing a

prototype system that enables the understanding of catalytic confinement effects at the atomic level

remains challenging.
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Figure 1.5: Schematic diagram depicting the spatial confinement of first-row transition metals Sc, Mn, and
Zn within the interlayer spacing of 1T-MoS..

SACs are catalysts that exhibit SAs stabilized within supporting substrates by either
adsorbing to the substrate’s basal plane or substituting atoms within the substrate’s lattice. As such,
SACs offer an ideal prototype for the investigation of confinement catalysis. Along with
demonstrating a superior catalytic performance compared to nanoparticles and nanoclusters in
traditional metal catalysts, SACs exhibit flexibility with respect to crystallinity, coordination

number, and electronic structures.’? Likewise, when employing noble metal SAs, SACs require



significantly smaller quantities of noble metals to achieve competitive catalytic performances to
produce solar fuels and industrial chemicals.

Suitable substrates for confinement catalysis require stable structures and a high density of
exposed active sites.>! Most investigations of confinement catalysis have been limited to porous
3D substrates (i.e., zeolites, metal-organic frameworks, etc.).?”> ** However, difficulty with
decoupling the effects of surface area from the effects of confinement makes understanding the
influence of spatial confinement on catalytic activity within these highly porous materials
challenging.®*

Compared to their 3D counterparts, 2D materials exhibit well-defined layered structures, a
variety of polymorphs, and tunable geometric and electronic properties. For these reasons, 2D
materials provide an ideal platform to understand how confining guest species near active sites
located within their interlayer spacing influences catalytic performance. The ability to control the
electronic states of basal plane active sites and create sandwich-like structures with different types
of 2D materials provides versatility in controlling chemical reactivity that is unachievable for 3D
substrates.®® Likewise, intercalating guest species into 2D materials provides a unique opportunity
to understand how confinement influences catalysis by controlling the geometry and size of
confined microenvironments within which active sites reside.

Computational studies have predicted the interactions between active sites and guest
species confined within their local microenvironments to heavily influence catalytic activity.>¢*
Yet, experimental evidence of such outside of carbon-based 2D materials is limited.>* Here, we
seek to fill this knowledge gap by modulating the electronic states of interlayer confined S atoms
in 1T-MoS; with transition metal intercalants and elucidating the effects of confining metals with

varied d orbital occupancy on HER catalysis.



1.2 Addressing the Knowledge Gap
This dissertation’s primary goal is to understand the effects of interlayer transition metal
confinement on the catalytic performance of 2D materials (Figure 1.5). Therefore, the following

specific aims were pursued.

1.2.1 Specific Aims of This Dissertation
1. Improving the stability of silicon nanowires during PEC H» generation with Zn 1T-MoS,.
2. Zn SA confinement effects on catalysis in 1T-phase MoS,.
3. Impact of metal SA d-orbital occupation on confinement catalysis: d° vs. d'°.

4. Effects of SA spin state on confinement catalysis.

1.3 Characterization Techniques Employed in this Work

A diverse assortment of analytical techniques traditional to studies of intercalation
chemistry were employed in this work to develop a well-rounded investigation that is both
qualitative and quantitative. Identification of whether the metal SAs (Zn, Sc, HS Mn, and LS Mn)
adsorb to the basal plane of 1T-MoS; or substitute Mo atoms within the substrate’s crystal lattice
was determined by STEM to identify the conditions of confinement each type of SA adopts.
Uniform distribution of SAs, Mo, S, and O atoms, along with identification of contamination (if
any), was elucidated using EDX analysis. Bulk expansion of 1T-MoS>’s interlayer spacing
specifically induced by adsorbed SAs was evidenced by visible peak shifts in the XRD patterns of
each catalyst studied in this work. Shifts in the 20 peak at 14.07° corresponding to the (001) plane

that bisects the interlayer spacing of 1T-MoS; to lower values of 20 confirm expansion of the



interlayer spacing. In contrast, shifts to higher 26 values correspond to a reduction in the interlayer
spacing. HRTEM images were utilized to measure changes in fringe spacings along the edges of
the 2D substrate induced by SA intercalation, which is the region where catalysis is most likely to
take place.

Retention of the lattice structure of 1T-MoS; post-intercalation was confirmed via Raman
spectroscopy. Presence of the 1T phase was evidenced by additional peaks present in the 100-500
cm! region that correspond to TA, LA, Iy, J2, I3, and E1; modes. Additionally, softening of the A,
mode with respect to the E'; mode, which arises from weakened interlayer coupling confirmed
the dominant presence of the 1T phase and lack of the 2H phase in the bulk region of the catalyst
substrate. FTIR spectroscopy was employed specifically for the LS Mn SAs case, to confirm
whether or not the ligands that force Mn into a LS configuration are retained when under
confinement. Oxidation states of atomic species present along the catalyst surface where HER
occurs was identified using XPS analysis and was subsequently used to elucidate the bonding
environment of the active sites along the catalyst surface. EPR analysis was employed to perform
any magnetic studies necessary to achieve the research goals of this work.

All electrochemical studies were performed under N»>-saturated acidic conditions (0.5 M
H>SO4, pH = 0) within a three-probe electrochemical cell. Ag/AgCl and graphite were employed
as reference and counter electrodes, respectively. Purely electrochemical studies conducted herein
employed working electrodes composed of carbon fiber paper with the catalyst ink drop cast on
top. Specifics for the preparation of each catalyst ink are detailed in the Materials and Methods
section of each chapter. PEC studies were conducted using a visible light shortpass filter
(FESHO0750, Thor labs), and a steady DC-powered 150 W Xe arc lamp (New Port) light source

calibrated to 100 mW/cm? using a Si photodiode providing one sun’s illumination for accurate



analysis of solar collection and catalytic performance. Catalyst deposition onto working electrodes
prepared for PEC studies also employed the drop cast method — specifics of their preparation steps
are detailed in the Materials and Methods section in Chapter 2. HER was employed as the model
reaction to evaluate changes in catalytic performance with respect to the electronic occupation of
d-orbitals in SAs confined near active sites in 1T-MoS; for all investigations performed in this
dissertation.

Additional techniques were employed in certain cases where necessary, including XAS to
extract information related to bonding environments of SAs under confinement. Specific details
of each technique employed is provided in the Materials and Methods section of every chapter

following this introduction.

1.4 Expected Outcomes

This dissertation focuses on investigating the catalytic effects of confining transition metal
ions with fully occupied (Zn*, a d'° metal), partially occupied (Mn?*, a d> metal), and empty (Sc**,
a d° metal) d orbitals within the interlayer spacing of 1T-MoS:. As a d° metal, Mn may adopt a
high or low spin configuration depending on the ligands the metal coordinates to, we propose to
investigate the effects of the guest metal’s spin state on confinement catalysis in 2D materials for
my final project. We hypothesize that the guest metal’s coordination geometry and d orbital
occupation may be altered to enhance metal-support interactions, drive charge transfer between
the metals and active sites, and manipulate confinement effects on catalytic performance.

Research in the field of confinement catalysis with 2D materials is still in its infancy.
Unique to this work is the potential to clarify the dynamics between reactants and metal ions

spatially confined within 2D materials as they operate in catalytic processes. Intercalating
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transition metal ions into layered materials enables confined microenvironments to be controlled
according to the guest metal’s coordination geometry and electronic states. Although this
dissertation focuses on understanding how spatially confining first-row transition metal ions
within the microenvironments of 1T-MoS, impacts HER activity, the basis of this work may be
easily adopted to other types of catalytic reactions and layered materials. Since confinement effects
have been recognized for their importance in heterogeneous, homogeneous, and enzymatic

catalysis, the knowledge we gain will benefit all fields of catalysis.
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CHAPTER 2: Improving the Stability of Silicon Nanowires During Photoelectrochemical
Hydrogen Generation with Zinc 1T-phase Molybdenum Disulfide

2.1 Abstract

Semiconductor photoelectrodes directly convert sunlight into stored chemical energy. In
photoelectrochemical devices, this photoconversion process relies on the junction between the
semiconductor and catalyst to drive charge separation and generate electron/hole charge carriers.
The growth of native oxides (SiOx) on the surface of semiconductors during device operation
induces charge carrier recombination and photodegradation, which limit the operation lifetime of
PEC devices. Likewise, the commercialization of photoelectrochemical devices is hindered by the
use of expensive, rare precious metal catalysts such as platinum to enhance hydrogen evolution
kinetics. This work demonstrates how drop casting zinc 1T-phase molybdenum disulfide (Zn 1T-
MoS;) onto silicon nanowires (SINWs) generates an interface that overcomes these challenges.
This Zn 1T-MoS2/SiNWs junction drives hydrogen evolution under acidic conditions (0.5 M
H>SO4) comparably to platinum-modified SINWs (Pt/SiNWs) with a positive overpotential of 164
mV at 10 mA cm™ and low Tafel slope of 42 mV dec!. Compared to the bare SINWs, the Zn 1T-
MoS2/SiNWs junction retained roughly 66% more photocurrent density and reduced SiOx growth
by 16% after 24 hours of continuous electrolysis. By developing a deep understanding of the
catalyst-semiconductor interface, photoelectrochemical devices may be effectively designed to

maintain their stability over a lifetime of operation.
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2.2 Introduction

As unprecedented worldwide economic growth induces an upsurge in global energy
demand, the need for an efficient, renewable replacement for fossil fuel-driven energy generation
has never been more prevalent. Hydrogen (H>) is recognized as an essential global energy carrier
because it features the highest energy content per weight and can provide energy in a form that is
easily stored and consumed upon demand.> *’ Likewise, the magnitude of available solar power
striking the Earth’s surface is equivalent to 130 million 500 MW power plants, making solar energy
a promising alternative to coal-driven energy sources.*! Hence, commercially employing a
photoelectrochemical (PEC) platform that harvests sunlight to convert water into clean fuels such
as Hy is a longstanding objective of research efforts in renewable energy generation.

In the PEC H» generation process, solar irradiation strikes the surface of a semiconductor
and generates electron/hole charge carriers. The holes remain in the semiconductor’s valence band,
while the free electrons are excited to the semiconductor’s conduction band. In the conduction
band, the electrons transfer to the semiconductor’s surface, reduce adsorbed hydrogen ions (H"),
and generate H, (Figure S2.1).*> % Although semiconductors collect solar energy proficiently,
they lack efficiency in selectively catalyzing HER.> As a consequence, semiconductors usually
need to be coupled with an H» evolution catalyst to facilitate HER kinetics and interfacial charge
transfer processes. To date, the most common H; evolution catalysts are noble metals, specifically
platinum (Pt), due to its thermoneutral Gibbs energy of hydrogen adsorption (AGu+~ 0 eV).*? For
a heterogeneous catalyst, this implies that binding and releasing adsorbed H' on the catalyst’s
surface are both equally facile, which is a requirement for fast electron transport and H»
generation.'® Pt and other noble metals, however, are expensive and rare. To reduce device costs

without sacrificing performance, Pt must be replaced with a cost-effective HER catalyst that
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performs equivalently. One promising replacement for noble metal HER catalysts is molybdenum
disulfide (MoS:), an Earth-abundant catalyst that maintains a AGu= very close to 0 V.28

MoS; is a two-dimensional (2D) layered nanomaterial composed of an atomic layer of
molybdenum (Mo) atoms sandwiched between two atomic layers of sulfur (S) atoms via strong
interplanar covalent bonding.* Stacked layers of MoS: are held together by weak out-of-plane van
der Waals forces.* In nature, MoS; primarily exists in its semiconducting 2H phase (2H-MoS>).
2H-MoS; has trigonal prismatic crystal symmetry, hexagonal layer symmetry, and is stable and
semiconducting due to the paired electrons inhabiting the 4d valence orbitals of the Mo*" atoms.**
46 Primitive unit cells of 2H-MoS: exhibit two layers of MoS: stacked atop each other. Therefore,
available HER active sites that facilitate H, evolution reactions (HER) in 2H-MoS; are limited to
positions along the Mo and S edges.** *’ One may increase the exposure of active sites in MoS:
by conversion to the metallic 1T phase (1T-MoS»). 1T-MoS; has octahedral crystal symmetry and
distorted tetragonal layer symmetry.*® In 2H-MoS,, the trigonal prismatic crystal symmetry allows
the positions of the top and bottom S atom planes to be aligned with one another. In 1T-MoS», the
octahedral crystal symmetry causes the bottom plane of S atoms to be rotated by 180° with respect
to the upper plane.*® Therefore, whereas in 2H-MoS; the layer of S atoms sandwiching the Mo
atomic layer are stacked, the top and bottom layers of S atoms are staggered in 1T-MoS,. This
change in layer symmetry increases the exposure of S atoms, which in turn increases electronic
conductivity and enables fast electron transport for HER.!% %’ This symmetric distortion, along
with intercalation of transition metals, increases the interlayer spacing between adjacent layers of
MoS; and exposes the large density of active sites on the basal plane that previously were
unattainable.” °° Furthermore, the staggered S atoms bring the Mo atoms closer to the surface of

the catalyst-liquid interface, thus increasing the 2D material’s hydrophilicity by increasing the
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number of accessible hydrophilic surface sites.>! Although the metastable nature of 1T-MoS; limits
catalytic performance, several publications have demonstrated how modifying MoS» with various
transition metals may increase HER performance and stability.** 4 523% Liang et al. proposed the
ability of Zn*" ions to increase interlayer spacing and hydrophilicity in MoS» by forming strong
interactions with surrounding water molecules and diffusing through the interlayer spacing as a
hydrated Zn** complex.’! In light of this, we incorporated Zn>" ions into 1T-MoS: to determine
whether this modification enables an increase in the amount of H» generated by our PEC device.

Another major challenge to commercializing PEC H» generation is directly related to the
instability of the semiconductor employed. Generally, Si is one of the most commonly used
semiconductors for PEC water splitting because its conduction band straddles the overpotential
required to drive HER.*> However, the amount of H» produced by Si semiconductor materials tends
to decline over time due to charge recombination and material degradation at the semiconductor-
liquid junction.®* 3% A key parameter that affects the operation lifetime of Si semiconductors is
the intrinsic instability of the Si surface due to oxidation.>* Here, to increase the amount of surface
area available for light absorption, MACE was employed to fabricate SINWs. Unfortunately,
employing the MACE process to increase the surface area escalates the growth of native oxides
(SiOx), which further prevents charge transfer across the semiconductor-liquid junction.* Often,
protection layers are deposited onto Si surfaces to limit further growth of SiOx during
photoelectrolysis. Without a protective layer, photocorrosion will hasten the deterioration of the
device’s performance and substantially limit operation lifetime.>

In this work, thioacetamide was hydrothermally reacted with an Anderson-type
polyoxometalate precursor ((NH4)s[ZnMosO24Hs]-5H20) to synthesize Zn 1T-MoS». To expedite

charge transfer kinetics and protect the electrode from photocorrosion, Zn 1T-MoS» was drop cast
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onto SINWs (Zn 1T-MoS,/SiNWs) to form a catalyst-semiconductor interface. Results were
compared to the HER performance of Pt-coated SiINWs (Pt/SiNWs) to evaluate whether Zn 1T-
MoS; is an adequate HER catalyst replacement for Pt. The PEC performance was analyzed under
acidic conditions (0.5 M H2SO4) and demonstrated a PEC performance comparable to Pt-coated
SiNWs (Pt/SiNWs) under the same conditions. After 24 hours of continuous electrolysis, the Zn
1T-MoS2/SiNWs retained 66% more photocurrent density than the bare SINWs. Evidence from
this work indicates that drop casting Zn 1T-MoS, along the SiINWs surface provides a layer of
protection from surface oxidation, which results with a significant improvement in the SINWs
stability. Research efforts to date have demonstrated how modifying 1T-MoS, with transition
metals enhances electrochemical Hx generation.!”> 2430 36-60 However, investigations of the PEC
performance and junction formed between nanostructured Si semiconductors and 1T-MoS>
catalysts modified with transition metals remain scarce. Therefore, this work seeks to not only
determine the feasibility of Zn 1T-MoS: as a replacement catalyst for noble metals in PEC systems
but also to understand the interfacial phenomena driving PEC performance and stability. In doing
so, interfaces may be constructed to maintain their stability over a lifetime of operation. By
replacing expensive precious metals with equally efficient low-cost materials, this research
provides an opportunity to generate clean energy from natural resources that are abundant and

decentralized.

2.3 Results and Discussion
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2.3.1 Structural Analysis of Zn 1T-MoS>/SiNWs

Figure 2.1: SEM i;‘riging of Zﬁ 1T-MoS,/SiNWs.
(a) Surface and (b) cross-sectional view of bare SINWs. (¢) Surface and (d) cross-sectional view of Zn 1T-
MoS,/SiNWs. (e) EDX elemental mappings.

Surface and cross-sectional SEM imaging with corresponding EDX elemental mappings
of both the bare SINWs and Zn 1T-MoS»/SiNWs indicate the following results (Figure 2.1). The
surface and cross-sectional images of the bare SINWs show their customary vertical alignment and
uniformity in terms of density, size, and shape, with each NW between 7-9 pum in length (Figures
2.1a, 2.1b, S2.3). Slight agglomeration is visible near the tips of the SINWSs, which is an inherent
side effect of van der Waals forces and capillary forces induced by the wet chemical etching
process.®!> ¢ The octahedrally coordinated atoms observed by high-angle annular dark-field
scanning transmission electron microscopy confirm the successful synthesis of MoS» in the 1T
phase (Figure S2.4). The surface and cross-sectional images of the Zn 1T-MoS»/SiNWs show that

Zn 1T-MoS; distributes uniformly across the SINWs surface (Figures 2.1¢, 2.1d). Further cross-

sectional SEM and EDX profiling of the Zn 1T-MoS,/SiNWs indicate that the majority of the
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deposited Zn 1T-MoS» remains near the SINWs surface (Figure S2.5). This may be attributed to
the longitudinal direction of growth that is characteristic to 2D nanosheets. Lastly, the EDX
elemental maps confirm the presence and uniform distribution of the Zn atoms, along with the
other elements, throughout the catalyst material (Figure 2.1e).

Surface analysis of the electronic effects that arise from modifying 1T-MoS, with Zn atoms
was performed by characterizing both Zn 1T-MoS; and 1T-MoS; by XPS (Figures 2.2, S2.6,
S2.7). Experimental peak values and assignments are provided in Table S2.1. Peak positions
identified in the Zn 2p spectrum correspond to the Zn** oxidation state (Figure S2.6). Both
samples show two sets of doublet peaks in the Mo 3d, S 2s (Figures 2.2a, 2.2¢), and S 2p (Figures
2.2b, 2.2d) spectra. The purple peaks displayed in the Mo 3d spectra represent Mo*" and confirm
the presence of stoichiometric 1T-phase M0S2.% Presence of the minor Mo 3d peaks shown in
orange indicate that an oxidized Mo®" species exists along the surface of both samples.®® These
results indicate that both 1T-MoS; and Zn 1T-MoS» are primarily composed of stoichiometric
MoS: with a region of S depleted MoSx along the surface.®* In both samples, associated S 2p
doublets are present for both MoS> and MoSx (Figures 2.2b, 2.2d). While a shift is not observed
for peaks present in the S 2p and O Is spectra, the Mo 3d and S 2s peaks in Zn 1T-MoS»
demonstrate an upshift of 0.1-0.3 eV compared to 1T-MoS> (Table S2.1). Observed upshifts up to
0.1 eV fall within the step size employed during XPS data collection (step size = 0.100 eV/step)
and are therefore considered negligible. However, the Mo 3d3» peak assigned to MoSx in Zn 1T-
MoS; is upshifted by 0.3 eV compared to the Mo 3d3» peak assigned to MoSx in 1T-MoS;. This
shift to a higher binding energy indicates that the incorporation of Zn increases the electron density
of the d orbitals represented by the 3ds» peak in MoSx.!” Fundamentally, weak interactions

between atoms do not alter electron distribution sufficiently enough to change binding energy
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values significantly.%® Thus, since binding energy shifts were not observed for stoichiometric
MoS,, bonding interactions between Zn and 1T-MoS; are unlikely and the structure of 1T-MoS>
remains unchanged. Conversely, the binding energy shifts observed for MoSx suggests that
covalent bonding interactions occur between Zn and S depleted MoSx near the catalyst surface

where HER occurs.

(a) (b)

320{Mo3d &S 2s 160

140+
g 4 120
2 o
2 ; 100
) i)
E E 80
E -E 60_
40+
236 234 232 230 228 226 224 166 164 162 160
Binding Energy (eV) Binding Energy (eV)
(c)  1400- (d)
Mo 3d & S 2s 500 52°
1200+
b G 400
b!’.:_100(]— a /Mosz
2 L4
> 800+ > 300
‘» a MoS.
S 600 o X
[T ) J
g £ 200 e
~ 400+
100+
200+
L2 RIS AL AR A LAY EOEE] LR RLTE LELAR LALGY RRAARLELLS LESIE SLEES SRRIE T TT Tv[vey L T frrrerrrerr T TY LI LI L T T
236 234 232 230 228 226 22 166 164 16 160
Binding Energy (eV) Binding Energy (eV)

Figure 2.2: XPS of 1T-MoS, (a-b) and Zn 1T-MoS; (¢-d).
The purple and orange peaks are assigned to MoS; and an oxidized MoSx species, respectively. (a, ¢) Mo
3d and S 2s spectra. (b, d) S 2p spectra.

Raman spectra were collected for 2H-MoS,, 1T-MoS,, and Zn 1T-MoS; to elucidate the
structural changes that arise from modifying 1T-MoS; with Zn (Figure S2.8a). Associated Raman
peak assignments are provided in Table S2.2. Peaks arising from transverse acoustic phonon

modes at the M point of the first Brillouin zone (TA), longitudinal acoustic phonon modes at the
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M point of the Brillouin zone (LA), and the Ji, J», and J; phonon modes are all observed for both
1T-MoS> and Zn 1T-MoS,. The Ji, J2, and J3 modes occur as a result of superlattice distortion in
the basal plane.’® The presence of these five modes arise from symmetry-induced defects, are
indicative of the formation of 1T-MoS., and are not present in 2H-MoS.4>-%7-6¢ E;, modes present
in both 1T-MoS; and Zn 1T-MoS; correspond to the in- plane relative vibration of S atoms.*® 2H-
MoS, exhibits peaks assigned to the in-plane E's,, out-of-plane Ajs and 2LA phonons,

respectively, customary to what is seen in literature.*® ¢7 E!

2¢ modes arise from in-plane lattice
vibrations of S atoms moving in the same direction, opposite of the direction of vibration
experienced by the Mo atoms they are bonded to.%® The A, modes indicate out-of-plane lattice
vibrations of Mo-bound S atoms moving in opposite directions.® Further investigation of E'5; and
A1z modes provides insight into the amount of strain and layer thickness present within the MoS:
samples.*> ®7- 68 The change in intensity of the E'2, peak with respect to the A1, peak is associated
with a decrease in layer thickness and is a typical sign of structural defects in the material’s crystal
structure.®® ® Furthermore, it provides additional evidence that the bulk catalyst material is
dominated by the 1T-phase of MoS». Softening of the Ajg mode arises from the weakening of
interlayer coupling and stiffening of the E'2, mode increases with decrease in the number of
layers.** Likewise, the incorporation of defects (i.e. vacancies or dopants) into a material will
produce new defect-induced peaks and/or increase the linewidths of peaks present in the Raman
spectrum.’® Upon comparing the Raman spectrum of 1T-MoS: to Zn 1T-MoS,, the negligible
difference in peak positions, lack of new peak formation, and similar peak widths observed imply

that the overall structural features inherent to the 1T-MoS; nanosheets are well maintained in Zn

1T-MoSo.
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XRD patterns are provided in Figure S2.8b for MoS; phase confirmation. Both diffraction
patterns of bulk 1T-MoS; and Zn 1T-MoS: powder samples were successfully indexed to Powder
Diffraction File (PDF) #01-075-1539 which corresponds to the signature peaks of 1T-MoS».”!
XRD peak broadening is characteristic to nanomaterials and reveals the high concentration of
defects in both samples.”” This result is in agreement with the presence of oxidized Mo®" in the
XPS spectra (Figure 2.2). Minor peaks present at 20 = 28.7° and 47.6° in the Zn 1T-MoS> XRD
spectrum are assigned to ZnS (PDF #00-001-0792). ZnS is an expected side product formed by
Zn?" ions that react either with excess thioacetamide or the S atoms released upon S vacancy
formation in the reaction chamber during hydrothermal synthesis (see Materials and Methods
section for Zn 1T-MoS; synthesis). Similar results have been previously reported.® !> Both XRD
and Raman spectroscopy are bulk characterization techniques, whereas XPS and SEM are surface-
sensitive techniques. The minor presence of ZnS in the XRD spectrum that is absent in the XPS
and Raman spectra indicates that some ZnS is likely present in the bulk region of the powder
sample, but not on the surface where HER occurs. Thus, the ZnS phase is not considered to
catalytically contribute to Zn 1T-MoS; or facilitate HER. In summary, structural characterizations
provided by the SEM, EDX, XPS, Raman, and XRD data all prove the existence of Zn*" atoms in

1T-MoS.

2.3.2 Photoelectrochemical HER Performance

Resulting PEC analysis of HER performance under acidic conditions of bare SiNWs,
Pt/SiNWs, and Zn 1T-MoS2/SiNWs is provided in Figure 2.3. To determine the best catalyst
concentration for optimal PEC performance, the Zn 1T-MoS»/SiNWs were investigated with the

following concentrations: 1, 5, 10, and 15 mg mL’'. Resulting onset potentials (E°nset),
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overpotentials (), saturated potentials (E°sa), and maximum photocurrent densities (Jmax)
extracted from the linear sweep voltammograms (LSVs) shown in Figure 2.3a are provided in
Table S2.3. The results show that as the catalyst concentration of the Zn 1T-MoS2/SiNWs samples
increased, E°nset and E°at both became more positive and Jmax decreased (see the Materials and
Methods section for parameters used to define E°onset and E°¢). Of the electrodes tested, the
electrode with 1 mg mL™! catalyst concentration (Zn 1T-MoS2(1mg/mL)/SiNWs) produced the
most comparable E°onset (425 mV), %t (-302 mV), and Jmax (36.5 mA cm?) values to those of the
Pt/SiNWs electrode (355 mV, -277 mV, and 37.2 mA/cm?, respectively). When high
concentrations of catalytic material are employed in a PEC device, the distance between metal
centers within the catalyst decreases, and the generated electron/hole pairs suffer from charge
recombination, causing the decrease in PEC efficiency observed as the catalyst concentration
increased.”® Further comparison of the Zn 1T-MoS»(1mg/mL)/SiNWs electrode provided in Table
S2.4 demonstrates this electrode’s performance compared to previously reported state-of-the-art
MoS2/SiNWs interfaces.

To understand the mechanism and rate-determining step for HER, Tafel slopes corresponding to
the LSVs collected (Figure 2.3a) were plotted and are provided in Figure 2.3b. In accordance
with the LSV results, the Tafel slope produced by each sample increased as the catalyst
concentration increased. The Zn 1T-MoS»(1mg/mL)/SiNWs produced the lowest Tafel slope (42
mV dec!). This slope indicates that HER at the Zn 1T-MoS: active sites follows the Volmer-
Heyrovsky mechanism, where the desorption of Hz is the rate-determining step (Figure S2.4).7*
Work published by Qian et. al. demonstrated the ability to lower the Tafel slope of MoSe> from
92 mV dec! to 58 mV dec’! by doping Zn into the MoSe lattice.”® Liu et. al. reported a 35 mV

dec! Tafel slope for Zn-MoS, and concluded that HER follows the Volmer-Heyrovsky
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mechanism, where electrochemical desorption is the rate limiting step, in agreement with our
results.”® Shi et. al. reported a 51 mV dec™! Tafel slope for Zn-doped 2H-MoS>, concluding that
the rate limiting step involves the recombination of two adsorbed H atoms and the presence of Zn
makes HER more favorable.!” Theoretical calculations predict 1T-MoS:’s Tafel slope to be 60 mV
dec!.”” However, this prediction is based on the assumption that the HER-facilitating active sites

are restricted to the edge sites in 1T-MoSz. Voiry et al. reported a 41-46 mV dec™! Tafel slope
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Figure 2.3: Electrochemical performance of the bare SiNWs, Pt/SiNWs, and Zn 1T-MoS,/SiNWs at the
following concentrations: 1, 5, 10, and 15 mg mL"!.

All tests were performed in 0.5 M H,SOs. (a) LSVs. (b) Tafel plot. (¢) Nyquist plot fitted to the equivalent
circuit shown. (d) IPCE of the Zn 1T-MoS,(1mg/mL)/SiNWs. An applied bias of -0.4 V was employed for
all IPCE measurements.

before iR correction for 1T-MoS» nanosheets under acidic conditions.?? In this work, the lower
Tafel slope is attributed to the participating HER active sites located along the basal plane of 1T-

MoS,. To evaluate the performance of 1T-MoS> on SiINWs against that of Zn 1T-MoS,, 1 mg mL"
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' of 1T-MoS: was drop cast onto SiNWs (1T-MoS2/SiNWs) and analyzed by LSV. Compared to
the E°onset (303 mV) and E°¢ (-477 mV) of 1 mg mL™! produced by the 1T-MoS,/SiNWs, the Zn
1T-MoS2(1mg/mL)/SiNWs exhibit a positive shift in E®onset (425 mV) and E®qc (-302 mV) (Figure
S2.9). These results confirm the improvement in catalytic activity induced by the presence of Zn
in 1T-MoS,. The Pt/SiNWs Tafel slope reported (118 mV dec™!) is much higher than Tafel slopes
for Pt/C (~30 mV dec™!) most commonly reported in similar studies.!”> 3% 3% 7® Deviation of
experimental Tafel slopes from theoretical predictions tends to occur for reasons related to the
solvent environment, surface defects, finite coverage of adsorbed H atoms, potential-induced
changes in the reaction mechanism, interactions between the electrode’s surface and the adsorbed
species, and/or variation in experimental conditions.’® In a previous HER kinetics study using the
same electrolyte (0.5 H2SO4), Pt(100) was confirmed to exhibit two Tafel slopes: ~37 mV dec™! at
low overpotentials and ~112 mV dec™! at high overpotentials.” Additionally, the Pt(100) surfaces
were reported to follow the Volmer-Heyrovsky HER mechanism. Here, we postulate that the Pt
deposited on the Pt/SINWs may be similar to the (100) phase. Theoretical Pt(100) Tafel slopes are

known to follow the linear relationship described in Equation (2.1):”°

b=2 (2.3RT)

F (2.1)
where R is the gas constant, T is the temperature, and F is Faraday’s constant. By this relationship
(Equation 2.1), the theoretical Tafel slope for Pt(100) is equal to 118 mV dec’!, which in
agreement with the experimental Tafel slope reported for the Pt/SiINWs.

Nyquist plots were collected to compare limitations caused by charge and mass transport
experienced by the various concentrations of Zn 1T-MoS»/SiNWs and Pt/SiNWs (Figure 2.3c).

All results were fitted to an equivalent circuit (inset of Figure 2.3¢). The decreasing trend in the

semicircle radius is proportional to the decreasing concentration of Zn 1T-MoS» and indicates a
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decrease in charge and mass transport limitations. Corresponding calculated charge-transfer
resistance (R¢) results demonstrate the same trend (Table S2.5). The lowest R is produced by the
Pt/SiINWs, as expected. Of the wvarious catalyst concentrations studied, the Zn 1T-
MoS2(1mg/mL)/SiNWs experiences the least charge transport limitations and yield the most
comparable results to the Pt/SiINWs, in agreement with the LSV results.

The incident photon-to-current efficiency (IPCE) of the Zn 1T-MoS>(1mg/mL)/SiNWs
electrode was measured to understand how efficiently this PEC device converts incident light into
electrical energy across the near-ultraviolet (UV) to the near-infrared (IR) wavelength range
(Figure 2.3d and Table S2.6). Maximum IPCE values of ~60% are achieved at the near-IR range
(850-900 nm), which is comparable to the IPCE values of previously reported studies involving
SiNWs.3% 81 While an ideal IPCE plot will show a square curve with near 100% efficiency, most
devices cannot achieve this ideal conversion performance due to carrier recombination effects.
When incident photons strike a semiconductor’s surface, charge carriers are generated, which
consist of majority and minority carriers. Since the SINWs in this study are fabricated from p-type
Si, the minority carriers here are electrons and the majority carriers are holes. The photogenerated
minority carriers must travel a distance equivalent to the absorption depth of the incident photons
to reach the conduction band and react with available H" ions to generate Hy. If the minority carrier
diffusion length and bandgap between the valence and conduction bands are shorter than the
incident photon’s absorption depth, the photoexcited charge carriers will recombine and the IPCE
will decrease.®? Thus, the decrease in efficiency shown in the lower wavelength region is an
indication of charge recombination limiting device efficiency. Previously, a study by He et al.
revealed the indirectly proportional relationship between SiNWSs length and IPCE at lower

wavelengths.®! Therein, the enhanced aggregation experienced in longer SINWs resulted in greater
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charge recombination losses across lower wavelength regions. In this work, the fabricated SINWs
maintained lengths ranging between 7.5-9 pum (Figure S2.3). Light traveling at shorter
wavelengths cannot reach the junction and achieve charge separation if the diffuse distance is too
long. When this occurs, carriers recombine instead of reacting with H' ions. Likewise, the
occurrence of bunching at the tips of the SINWs (Figure 2.1b) also limits photon absorption by
reducing the amount of exposed semiconductor surface area to an extent. On the other hand,
current generation with wavelengths above 1100 nm is limited by Si’s 1.12 eV bandgap.®* Overall,
the PEC performance and IPCE indicate that the Zn 1T-MoS2(1mg/mL)/SiNWs experience some
charge recombination but still provide a competitive, low-cost catalyst-semiconductor interface

for effective PEC H; generation.

2.3.3 Stability Performance

To evaluate the stability performance over long-term operation, the bare SINWs and Zn
1T-MoS>2(1mg/mL)/SiNWs were each subjected to 24 hours of continuous electrolysis in acidic
media (Figure 2.4). Resulting 24-hour electrolysis under both light and dark conditions
demonstrates the photocatalytic activity of Zn 1T-MoS2(1mg/mL)/SiNWs (Figure S2.11). After
24-h electrolysis, the bare SINWs and Zn 1T-MoS2(1mg/mL)/SiNWs retained approximately 20%
and 85% of their photocurrent densities, respectively. XPS evaluation before and after electrolysis
demonstrate an 18% increase in SiOx content for the bare SINWs (Figures S2.12a, S2.12b),
whereas the Zn 1T-MoS>(1mg/mL)/SiNWs exhibit a 2% increase in SiOx growth (Figures S2.12¢,
S2.12d). Although slight loss of catalyst is experienced during electrolysis, retention of the
catalyst-semiconductor interface is evidenced by the presence of Mo and S along the SiINWs

surface, as determined by post-electrolysis cross-sectional SEM and EDX analysis (Figure S2.13).
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Based on these results, the improvement in SiNWs operation lifetime is ascribed to the reduced

growth of SiOx witnessed when Zn 1T-MoS; is drop casted along the SINWs surface. Upon drop
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Figure 2.4: Photocurrent degradation over 24 h of operation.

Stability tests ran at the following saturated potentials: bare SINWs =-0.8 V; Zn 1T-MoS,(1mg/mL)/SiNWs
=-0.6 V. Photocurrents retained: bare SINWs = 20%; Zn 1T-MoS,(1mg/mL)/SiNWs = 85%. The stability
tests were conducted in 0.5 M H»SO; electrolytic solution using a split electrochemical cell with three-
electrode configuration. Ag/AgCl was used as the reference electrode and a graphite rod was employed as
the counter electrode. The half cells were separated by a Nafion™ 211 semi-permeable membrane.

=
|

casting Zn 1T-MoS: onto the SINWSs, the catalyst primarily deposits across the top of the SINWs
(Figures 2.1d, S2.5). Doing so allows the layer of Zn 1T-MoS: to passivate dangling bonds along

the SiNWs surface that would otherwise be oxidized into insulating SiOx when exposed to water.>
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As a result, Zn 1T-MoS; slows oxidation of the SiINWs surface which in turn extends the
photocathode’s operation lifetime.

The H; evolution and Faradaic efficiency plots (Figure S2.14) show a 2.44 pmol min™! H,
generation rate with high catalytic selectivity for HER. These results suggest that this catalytic
system can efficiently and selectively use the supplied electrical energy for HER. Calculations of
turnover frequency (TOF) and turnover number (TON) to determine the amount of H» able to be
catalytically generated per active site per second are provided in the Supporting Information.
Resulting values include a 0.53 s' TOF and 45,792 TON for Zn 1T-MoS>. These values are
indicative of the high catalytic activity and selectivity Zn 1T-MoS» exhibits towards HER.

LSVs before and after 24-hour electrolysis for each sample tested were collected to unveil
more insight into the changes occurring to the catalyst-semiconductor interface over time (Figure
S2.15). Experimental values of E°onset, Eat, and Jmax before and after 24-hour electrolysis for each
electrode is provided in Table S2.7. The bare SINWs (Figure S2.15a) experienced an almost
complete loss in Jmax and an increase of 225 mV vs. RHE in E°nset. E°sat after electrolysis was
unable to be determined because the electrode’s potential would not saturate. The major decline in
photocurrent density demonstrates the instability of the liquid-semiconductor interface when the
bare SiNWs surface is directly exposed to the electrolyte. In contrast, the Zn 1T-MoS2/SiNWs
(Figure S2.15b) lost ~20% of the initial Jmax measured, E°onset increased by 143 mV vs. RHE, and
E°a negatively shifted by 89 mV vs. RHE. The smaller shift in E°onset for the Zn 1T-
MoS>(1mg/mL)/SiNWs demonstrates the ability of Zn 1T-MoS: to protect Si nanostructures from
HER performance degradation over extended operation lifetimes. Overall, these findings not only
highlight how catalytically active, selective, and stable the Zn 1T-MoS,/SiNWs interface is

towards HER, but also validate its potential for successful long-term PEC H» generation.
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2.4 Conclusions

The research presented attempts to mitigate the two major challenges experienced by PEC
H> generation devices. First, the need to discover an Earth-abundant catalyst with a catalytic
performance comparable to Pt. Second, developing a catalyst-semiconductor interface that reduces
the growth of SiOx on SiNWs and improves PEC operation lifetimes. Resulting evaluation of PEC
performance indicates that Zn 1T-MoS2(1mg/mL)/SiNWs perform comparably to Pt/SINWs in
terms of onset potential and maximum photocurrent density. Furthermore, Zn 1T-
MoS,(1mg/mL)/SiNWs produces a smaller Tafel slope than the Pt/SiNWs (42 mV dec™' compared
to 118 mV dec™!). The reduction in SiOx growth when Zn 1T-MoS; is drop casted onto SiNWs was
determined to enable the SINWs to retain 66% more photocurrent after 24 hours of electrolysis.
Current and future applications of semiconductor devices demand high-performance systems that
prevent the accumulation of insulating oxide layers and fast charge transfer kinetics. Here, we
demonstrate how modifying SINWs interfaces with Zn 1T-MoS: provides a potential solution to

simultaneously achieve the aforementioned goals.

2.5 Materials and Methods

2.5.1 Chemicals

Ammonium heptamolybdate tetrahydrate [(NH4)¢6M07024-4H20, 99%, Alfa Aesar] and

thioacetamide (C2HsNS, 99+%, Acros Organics) were used without further purification.
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2.5.2 1T-MoS> Synthesis

1T-MoSz2 nanosheets were synthesized hydrothermally according to the following
procedure. First, 50 mg of (NH4)6M07024-4H>0 (Mo7) and 80 mg of C2HsNS were added together
in a 25 mL autoclave, diluted with 10 mL of deionized water, and sonicated until fully dissolved.
Afterwards, the autoclaves were sealed within a hydrothermal reactor and heated at 180°C for 24
hours. Once heating ceased and reactors cooled down to room temperature, the catalyst solution
was transferred to 14 mL vials, washed, and centrifuged six times: twice with deionized (DI) water,
twice with 200 proof ethyl alcohol, and twice with acetone. The supernatant layer was removed
from the vials after each centrifugation step. Upon completion of washing, the catalyst material
was dried at ~100°C for 24 hours, finely ground into a powder, and stored under ambient

conditions.

2.5.3 (NH4)4[ZnMosO24Hs]-5H>O Synthesis

(NH4)4ZnMosO24Hs-5SH2O  (ZnMog) was prepared in accordance with previous
publications.?* ® In detail, 6180 mg Mo7 (5 mmol) was dissolved into 80 mL of DI water under
bath sonication, then heated to 100°C. 1487 mg Zn(NO3)>-6H20 (5 mmol) was dissolved into 20
mL of DI water by bath sonication, then added to the Mo7 solution under vigorous magnetic
stirring. Heating and stirring of the mixture were maintained for 2 h until the crude product was
obtained. After, the crude product was isolated by filtration and purified by recrystallizing twice
in hot water maintained at 80°C. The final product was dried in a vacuum oven at 50°C for 24

hours to obtain the desired ZnMos precursor, which was stored under ambient conditions.
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2.5.4 Zn 1T-MoS: Synthesis

Zn 1T-MoS; nanosheets were synthesized hydrothermally according to the following
procedure. First, 50 mg of ZnMog and 80 mg of CoHsNS were added together in a 25 mL autoclave,
diluted with 10 mL of deionized water, and sonicated until fully dissolved. Afterwards, the
autoclaves were sealed within a hydrothermal reactor and heated at 180°C for 24 hours. Once
heating ceased and reactors cooled down to room temperature, the catalyst solution was transferred
to 14 mL vials, washed, and centrifuged six times: twice with deionized water, twice with 200
proof ethyl alcohol, and twice with acetone. The supernatant layer was removed from the vials
after each centrifugation step. Upon completion of washing, the catalyst material was dried at
~100°C for 24 hours, finely ground into a powder, and stored under ambient conditions. A dopant
concentration of 6.24 % Zn in Zn 1T-MoS; was confirmed by inductively coupled plasma optical

emission spectrometry (ICP-OES).

2.5.5 Silicon Nanowires Fabrication

525 um of (100)-oriented p-type boron-doped Si wafers with resistivity = 3-5 Q cm
(WaferPro LLC) were used. Prior to fabrication, each Si wafer was cut into quarters using a scorer
for facile handling during SiNWs synthesis, followed by covering their backside with Kapton tape
for protection. To clean the Si wafers, they were sonicated first in acetone for 5 min, then in DI
water for 5 min. The SINWs were prepared at room temperature, without stirring, using a modified
adaption of a previously published MACE procedure.®’ Between each step during the MACE
process, exposure to air was minimized as much as possible. Likewise, the wafers were laid flat in
each solution to ensure vertical growth of SINWs. First, the Si wafer was immersed in 5 wt% HF

for 90 s to remove native Si oxides, followed by a quick dip in DI water. Next, the wafer was
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immersed in 0.02 M AgNOs3/10 wt% HF solution for 60 s to grow metallic silver (Ag)
nanoparticles onto the Si surface via electroless Ag deposition, followed by a quick dip in DI water.
After, the wafer was transferred to a burial solution [10 wt% (5 M) HF to 30 wt% H20O: to produce
a volumetric ratio of 10:1] for 10 min, allowing the Ag nanoparticles to bury into the Si wafer and
create the nanowires, followed by a quick dip in DI water. The wafer was then moved to a 35 wt%
HNO:s solution for 15 min to remove the Ag nanoparticles, followed by a quick dip in DI water.

The resulting SINWs were carefully dried with a Kimwipe and allowed to dry under air.

2.5.6 Photoelectrode Fabrication

After removing the Kapton tape from the SiNWs, the fabricated SINWs were cut into
appropriately sized pieces (0.1-0.3 cm?). The backside of the SiNWs were washed with DI water
and etched in 5 wt% HF for 30 s to remove surface oxides. Next, a thin layer of commercial Ga-
In eutectic alloy was applied to the backside to create an ohmic contact. Then, the sample’s
backside was carefully pressed onto a spiral Cu wire coated with conductive Ag paint. Contact
with the sample’s surface was minimized as much as possible to avoid damaging the nanowires.
Afterwards, the Cu wire’s tail was passed through a glass tube to provide a mechanically stable
body, leaving the spiral Cu wire holding the sample head assembly outside of the glass tube. The
resulting electrode assembly was electrically insulated by covering any exposed Cu wire/Ag paint
and the junction between the electrode’s head and glass tube with Loctite E-120 HP epoxy
adhesive. A second layer of epoxy was added after drying for 24 hours. After addition of the second
layer of epoxy and prior to employment in any electrochemical experiments, the electrodes were

dried for another 48 h under ambient conditions. Resulting electrodes all had exposed volumetric
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areas between 0.1-0.3 cm? Surface areas were measured using Image J software

(https://imagej.nih.gov/ij/).

2.5.7 Pt Nanoparticle Deposition

Electrodes were first etched in 5 wt% HF for 30 s, rinsed with DI water, and dried with N>.
Electrodes were then immersed in 5 mM K>PtCle/1 wt% HF solution for 30 s, washed with DI

water, then dried with N».

2.5.8 1T-MoS> and Zn 1T-MoS> Deposition

Electrodes were first etched in 5 wt% HF for 30 s, rinsed with DI water, and dried with N»>.
One drop of Zn 1T-MoS: was then drop cast onto the electrode’s surface using a 200 pL pipette
and laid flat to dry for 5 min. This process was repeated twice for all electrodes employed herein
unless otherwise stated. All electrochemical measurements were conducted immediately after the

catalyst was deposited onto the electrodes.

2.5.9 Structural Characterization

SEM images and EDX analyses were collected using the FEI Quanta 450 FEG SEM at 20
eV. The same EDX operating conditions with the best achievable spatial and energy resolution
were employed to acquire all elemental mappings reported. High-angle angular dark-filled
scanning transmission electron microscopy (HAADF-STEM) images were acquired by a
convergence semiangle of 22 mrad and inner and outer collection angles of 83 and 165 mrad,
respectively. X-ray photoelectron spectroscopy (XPS) spectra were collected using the Kratos

AXIS Supra equipped with a monochromatic Al Ka X-ray source, ran at 300 W, and operated at
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15 kV. All XPS samples were measured within a 300 x 700 um? spot size and operated at <10®
torr chamber pressure. The C 1s peak for aliphatic hydrocarbons at a binding energy of 284.8 eV
was used as an internal binding energy reference. XPS spectra were fitted with XPSPEAK 4.1
software and the baseline was fitted to a Shirley background. 80% Lorentzian-Gaussian parameters
were employed for all peak analyses and x> was maintained below 5.0 for all spectra analyzed.3®
Raman spectra were recorded using a Thermo Scientific DXR Raman microscope, employing an
Ar-ion laser operating at 532 nm. FTIR spectra were measured using a PERKIN ELMER FTIR
spectrometer. Powder XRD characterizations were performed on a Bruker D8 Advance X-ray

diffractometer using Cu-Ko radiation (A = 1.5418 A).

2.5.10 Photoelectrochemical Measurements

All PEC measurements were conducted in 0.5 M H>SOs electrolytic solution using a
standard three-electrode configuration. A CHI 660E Electrochemical Workstation was used to
perform all electrochemical testing, a visible light shortpass filter (FESH0750, Thor labs), and a
steady DC-powered 150 W Xe arc lamp (New Port) light source calibrated to 100 mW cm? using
a Si photodiode provided one sun’s illumination for accurate analysis. Comparative AM 1.5 and
Xe Arc lamp power profiles are provided in our previously reported work.®” Pt wire and Ag/AgCl
(3 M NaCl, BASI) were employed as the counter and reference electrodes, respectively.
Preparation of working electrodes employed the drop casting method to load catalyst material onto
the semiconductor substrate (the SINWs). Catalyst concentrations were prepared by diluting Zn
1T-MoS; with the volume of acetone appropriate for each desired concentration. All potentials
reported were calibrated with respect to the Ag/AgCl reference electrode in acidic media (pH = 0)

using Equation (2.2):
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Erue = Eag/agal +0.241 + 0.059pH (2.2)
Linear sweep voltammograms (LSVs) were conducted under ambient conditions from 0.4
V to -1.4 V under the following parameters: scan rate = 0.1 V s, sample interval = 0.001 V, and
sensitivity = 0.001 A V!, Electrochemical impedance measurements for the reported Nyquist plots
were performed at -0.05 V, with 0.005 V variation in the frequency range of 1-10° Hz and 12 steps
per decade. Onset potentials were extracted from the LSV tests, defined as the potential at which
the photocurrent began to increase (0.05 mA cm™). The saturation potential was defined as the

potential at which the photocurrent value was saturated and ceased increasing.

2.5.11 Stability Testing

The stability tests were conducted in 0.5 M H»SO4 electrolytic solution using a split
electrochemical cell with three-electrode configuration. Ag/AgCl was used as the reference
electrode. To avoid the risk of Pt leaching during electrolysis, the half cells were separated by a
Nafion™ 211 (purchased from Fuel Cell Store) semi-permeable membrane and a graphite rod was
employed as the counter electrode. Stability tests were conducted at each photocathode’s saturated
potential (bare SINWs =-0.8 V; Zn 1T-MoS2(1mg/mL)/SiNWs = -0.6 V) using the amperometric

technique and 0.001 A V! sensitivity.

2.5.12 Incident Photon-to-Current Efficiency (IPCE) Measurements

All TPCE measurements were performed in a 0.5 M H2SO4 electrolytic solution using a
standard three-electrode configuration. The chronoamperometric i-T technique using a CHI 660E
Electrochemical Workstation and steady DC-powered 150 W Xe arc lamp (New Port) light source

calibrated to 100 mW cm™ using a Si photodiode was employed for all IPCE measurements. Zn
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1T-MoS2(Img/mL)/SiNWs was used as the working electrode, Pt wire was used as the counter
electrode, and Ag/AgCl (3 M NaCl, BASI) was used as the reference electrode. An applied bias
of -0.4 V was employed for all IPCE measurements. 10 nm band pass filters centered at 400, 450,
500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 1000, and 1050 nm were used to limit wavelength
ranges from the light source during the IPCE measurements. Photocurrent density at each
irradiation intensity (AJx) was monitored by finding the difference between the dark and irradiated
photocurrent densities at a given applied voltage bias.?® The total photon flux (I) was measured at
each wavelength using an Si photodiode placed at an distance equivalent to the working electrode’s

position. IPCE (%) for monochromatic light at each wavelength measured was calculating using

Equation (2.3):
mA
1240xAJ 1 (==
IPCE = X—’L(mmwf) x 100% 2.3)
A(nm)xl(cmz)

All tabulated values are provided in Table S2.4.

2.5.13 Gas Chromatography and Faradaic Efficiency

H> concentrations were calibrated and measured with a Shimadzu GC-2010 Plus Tracera
equipped with a Molecular Sieve 5A capillary column and a barrier ionization discharge (BID)
detector. 99.9999% He was used as the carrier gas. Split temperature was maintained at 200°C and
the split ratio was set to 2.5 (split vent flow = 20.58 mL min'; column gas flow = 8.22 mL min!;
purge flow = 0.5 mL min™"). The column (0.53 mm, RT-Msieve 5A) temperature was maintained
at 40°C and the BID temperature was maintained at 235°C. The BID detector gas flow rate was
set to 50 mL min™'. All calibration and sample gases were collected immediately prior to injection
using a 50 uL Hamilton gas tight syringe. For H» calibrations, high purity sodium was reacted with

deionized water in a septum-sealed glass vial to produce 1500 ppm of H». 5, 10, 15, 20, 25, and 30
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uL samples (which correspond to 250, 500, 750, 1000, 1250, and 1500 ppm, respectively) of H»
gas were injected in succession into the GC. Calibration curves were fitted by plotting the H»
concentration against the H, peak are measured by GC. Calibration curve accuracy was confirmed
with a standard Gasco H» calibration gas. The Faradaic efficiency (FE) for H» generation was

calculated using Equation (2.4):

number of H, molecules * 2
= — * 0 .
FEHZ total current (&) = time (s) 100% (2.4)

2.5.14 ICP-OES

Sample compositions were quantified by an inductively coupled plasma optical emission
spectrometer (Perkin Elmer Optima 3000 DV). Commercially available Zinc standard solutions
(1000 mg/L in nitric acid, Sigma Aldrich) were used for calibration. The standards were diluted to
1000 ppb (ng/g), 500 ppb, 100 ppb, 50 ppb, and 1 ppb, respectively, by the mixed acid solutions
(5 vol. % HCI1 + 5 vol. % HNO3) to establish the calibration curves. The correction coefficient of
the as-established calibration curves is 99.96% for Zn. All samples were dissolved in concentrated
HNOj then diluted to a concentration of 5% with DI water, and finally Zn concentration was

diluted ~25 times using the 5% HNO; for measurements.
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2.7 Supplementary Information

Turnover frequency (TOF) and turnover number (TON) calculations

TOF and TON values were calculated as follows:

C
1 —
j(mAz) * A(cm?) 26.9 mAz x 13A * =5 0.209 cm?
TOF (s™1) = cm _ cm? 103mA 14 — 05351
2% F (L) * n(mol) 2 * 96485 ¢ * 5.5 X 1078 mol
mol mol

Jj = current density;
A = electrode surface area;
F = Faraday's constant;

n = moles of H,

60s 60 min

= iLi =0.53s71 % X
TON = TOF =* length of stability test = 0.53 s T min 1h

X 24 h = 45,792
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Figure S2.1: PEC H» generation schematic.
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Figure S2.2: Schematic of Volmer-Heyrovsky HER mechanism.
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Figure S2.3: Cross-sectional SEM image of the bare SINWs. Measured lengths are shown in green.

h

Figure S2.4: HADDF-STEM image confirming the successful synthesis of MoS; in the 1T phase.
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Figure S2.5: Zn 1T-MoS,/SiNWs cross-sectional SEM images and corresponding EDX elemental
mappings.
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Figure S2.6: XPS spectra of Zn 2p peaks in Zn 1T-MoS,.
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Figure S2.7: XPS spectra of the O 1s peak in (a) 1T-MoS; and (b) Zn 1T-MoS:.
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Figure S2.8: Structural characterization of Zn 1T-MoS; (red), 1T-MoS; (black), and 2H-MoS; (blue). (a)
Raman spectra. (b) XRD spectra.
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Figure S2.9: LSV comparison of the bare SINWs (black), 1T-MoS,/SiNWs (blue), and Zn 1T-
MoS>(1mg/mL)/SiNWs (red).

A 1 mg/mL concentration of 1T-MoS, was drop cast onto the SiNWs two times, similar to Zn 1T-
MoS,(1mg/mL)/SiNWs, to prepare the 1T-MoS,/SiNWs electrodes.
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Figure S2.10: LSV comparison of the bare SINWs to the Zn 1T-MoS,/SiNWs with 10 mg/mL of Zn 1T-
MoS:; drop cast one (red), two (green), and three (blue) times.

LSV analysis of the performance of the Zn 1T-MoS2/SiNWs with a constant catalyst
concentration of 10 mg/mL and varied catalyst deposition was conducted. Bare SINWs were
compared against SINWs loaded with 1, 2, and 3 drops of Zn 1T-MoS,. While the difference is
minor, results show that 2 drops of catalyst loaded onto the SINWs provides the most positive
onset potential. Therefore, the electrochemical analyses conducted throughout this study were
performed with 2 drops of Zn 1T-MoS; loaded onto the SINWs.
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Figure S2.11: Comparison of Zn 1T-MoS,(1mg/mL)/SiNWs undergoing 24 h electrolysis under dark
(green) and light (black) conditions.

50



(a) 1 Si2p (pre-iT) N\ (b) | Si2p (post-iT)
1000 — ‘si Si
— - ~ 800
, ("]
2 800 a i
2 1 L
600 — 2> 600 )
% J 'E SiO,
1 -
£ 400- $i0, g 19.4/7 at%
- d 1.29 at% = 400 L
200 — \ L .
| 200
0 —
LI} I LI B I T T l L A l LI I LI I T T T I T T T I T T T I T T T I L] L
106ev 104 102 100 98 106eV 104 102 100 98
Binding Energy (eV) Binding Energy (eV)
(€) 120 sj2p (Pre-iT) \ (d) e00g; 2p (Post-iT) “
100 500 =
S 80— 2 400 Sio,
A A 3.43 at%
Q | \«
2 60 g 300 - >
2 2
| —
£ 40 £ 00—
20 —
100 -
I L) T T I L) ] L l T T L] I T L] L\ I T T I T T T I T Ll T I L) T T I T T T I L) T
106 eV 104 102 100 98 106 eV 104 102 100 98
Binding Energy (eV) Binding Energy (eV)

Figure S2.12: XPS analysis of SiOx growth in the bare SiNWs (a-b) compared to Zn 1T-
MoS,(1mg/mL)/SiNWs (c-d).

The bare SINWs (a) before and (b) after 24 h of electrolysis. Zn 1T-MoS»(1mg/mL)/SiNWs (¢) before and
(d) after 24 h of electrolysis.
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Figure S2.13: Cross-sectional SEM and EDX analysis of the Zn 1T-MoS>(1mg/mL)/SiNWs after 24 h of
electrolysis in 0.5 M H2SOs.
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Figure S2.14: H; evolution (red) and Faradaic efficiency (blue) of the Zn 1T-MoS,(1mg/mL)/SiNWs.
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Figure S2.15: LSVs before and after 24-h electrolysis in 0.5 M H,SOs.
(a) Bare SINWs. (b) Zn 1T-MoS,(1mg/mL)/SiNWs.
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Table S2.1: XPS peak assignments for 1 T-MoS; and Zn 1T-MoS;

Line Binding Energy (eV) Peak Assignments
1T-MoS: Zn 1T-Mo$S:
Zn 2pip -- 1023.5 Zn**
Zn 2p3p -- 1046.6 Zn**
Mo 3ds) 229.1 229.2 MoS2, Mo**
230.0 230.1 MoSx, Mo®*
Mo 3d3 232.4 232.5 MoS2, Mo**
233.3 233.6 MoSx, Mo®*
S 2psn 162.1 162.1 MoS,, S*
163.4 163.4 MoSy, S*
S 2pin2 163.3 163.3 MoS,, S*
164.6 164.6 MoSy, S*
S 2s 226.0 226.1 MoS>
226.9 227.0 MoSx
O1ls -- 531.1 Organic C-O
532.2 532.2 Organic C=0
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Table S2.2: Raman spectra peak assignments for 2H- MoS,, 1T-MoS,, and Zn 1T-MoS;

Peak Positions (cm™) Peak Assignments
2H-MoS: 1T-MoS: Zn 1T-MoS:
-- 112 112 TA
-- 123 123 TA
- 147 147 h
- 194 194 LA
-- 237 236 I
- 284 282 Eig
-- 335 335 I3
374 376 375 Ely
400 402 401 Alg
445 -- -- 2LA
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Table S2.3: Resulting photoelectrochemical onset potentials (E°nset), overpotentials (1), saturation
potentials (E®s), and maximum current densities (Jmax)

Electrode E°onset n E°sat Jmax
(mVys. RHE) (mVvs. RHE) (mVvs. RHE) (mA/cm?)

Bare SiINWs 370 -182 -655 37.8
Pt/SiINWs 355 181 =277 37.2
Zn 1T- 425 164 -302 36.5
MoS2(1mg/mL)/SiNWs

Zn 1T- 321 -17 -360 34.9
MoS>(5mg/mL)/SiNWs

Zn 1T- 302 -1 -409 23.7
MoS>(10mg/mL)/SiNWs

Zn 1T- 324 97 -88 16.5
MoS>(15mg/mL)/SiNWs

E°onset values were defined as the potential at which the photocurrent began to increase (0.05 mA/cm?).
Overpotentials were measured at 10 mA/cm? photocurrent density.
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Table S2.4: Comparison of HER performance of MoS,-based catalysts in 0.5 M H>SO4

Electrode Catalyst E°nset M Tafel Jmax Stability Reference
Catalyst Deposition (mV  (mV  Slope (mA/cm?)

Method VSs. VS. (mV/dec)

RHE) RHE)

Zn 1T- drop 425 164 42 36.5 24 h This work
MoS2/SiNWs casting
MoS2/TiO2/n*p-  drop 225 75 84 25 75min ¥
SiNWs casting and

annealing
MoS»/Ag/p- drop 62 330 - 50 1.5h 52
SiNWs casting
MoS2/p-SiNWs  chemical 260 50 77 35 48 h >4

vapor

deposition
MoS»/TiO2/n'p-  atomic 300 264 -- 19 -- 53
SiNw-3um layer

deposition
Co-doped MoS; drop 192 50 45.7 30 8h %
Si microwires  casting
Ni-doped MoS, drop 192 50 50.2 20 8h %
Si microwires casting
Fe-doped MoS: drop 166 10 65.6 30 8h %
Si microwires  casting

Overpotentials () were measured at 10 mA/cm? photocurrent density.
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Table S2.5: Resulting Nyquist plot data equivalent circuit fittings.

Electrode Rs(Q) CPE-T CPE-P  Ru«(Q)
Pt/SINWs 2898  4.4916x10°  0.89283  34.08
Zn 1T-MoS>(1mg/mL)/SiNWs 28.82  55316x10°  0.98956  266.4
Zn 1T-MoS>(5mg/mL)/SiNWs 13.93  3.4970x10° 097754 1255
Zn 1T-MoS>(10mg/mL)/SiNWs 100.1  54912x10°  0.94838 2051
Zn 1T-MoS>(15mg/mL)/SiNWs 144.4  7.7995x10° 096278 2432

The data reported was measured at 1 =-200 mV. R, R and CPE represent the electrolyte, charge transfer
resistance, and the constant phase angle element, respectively.
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Table S2.6: Experimental [PCE values of Zn 1T-MoS>(1mg/mL)/SiNWs

Wavelength, A (nm) Photon Flux, ¢ Photocurrent Density, IPCE (%)

(mW/cm?) J (mA/cm?)
400 0.535 0.01433 8.3
450 0.701 0.02224 8.7
500 0.775 0.01996 6.4
550 0.828 0.03170 8.6
600 0.837 0.06156 15.2
650 0.873 0.09947 21.7
700 0.930 0.15605 29.7
750 1.338 0.30504 37.7
800 0.982 0.27889 44.0
850 0.697 0.28401 59.4
900 3.758 1.65287 60.6
950 4.166 1.55572 48.7
1000 1.592 0.44297 34.5
1050 0.768 0.19330 29.7
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Table S2.7: Resulting photoelectrochemical onset potentials (E®onset), saturation potentials (E°s,), and
maximum current densities (Jmax) of electrodes before and after electrolysis

Electrode Bare SiNWs Zn 1T-MoS2(1mg/mL)/SiNWs
Pre-iT  Post-iT  Pre-iT Post-iT

EConset (mV vs. RHE) 171 396 177 320

E°at (mV vs. RHE) -359 -- -389 -478

Jmax (MA/cm?) 32.5 5 36.3 28.9

Photocurrent Retained (%) ~15% ~80%

E°onset values were defined as the potential at which the photocurrent began to increase (0.05 mA/cm?).
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CHAPTER 3: Zinc Single Atom Confinement Effects on Catalysis in 1T-phase
Molybdenum Disulfide

3.1 Abstract

Active sites are atomic sites within catalysts that drive reactions and are essential to
catalysis. Spatially confining guest metals within active site microenvironments has been predicted
to improve catalytic activity by altering the electronic states of active sites. Using hydrogen
evolution (HER) as the model reaction, we show that intercalating zinc single atoms between
layers of 1T-MoS> (Zn SAs/1T-MoS;) enhances HER performance by decreasing the
overpotential, charge transfer resistance, and the kinetic barrier. The confined Zn atoms
tetrahedrally coordinate to basal sulfur atoms and expand the interlayer spacing of 1T-MoS:> by
~3.4%. Under confinement, the Zn SAs donate electrons to coordinated S atoms, which lowers the
free energy barrier of H* adsorption/desorption and enhances HER kinetics. In this work, which is
applicable to all types of catalytic reactions and layered materials, HER performance is enhanced
by controlling the coordination geometry and electronic states of transition metals confined within

active site microenvironments.
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3.2 Introduction

H: is recognized as an essential green energy carrier that is widely used as a chemical
feedstock in petroleum refinement, fertilizer production, and as a fuel source for electricity/heat
generation.”’ As of 2021, 95% of H» produced in the United States is generated by steam-methane
reformation.”? In addition to being energy-intensive, this centralized process increases CO-
emissions and requires large power plants that are expensive to build. Consequently, this method
of Ha generation is not accessible to countries that lack these resources.”?

Luckily, alternative pathways to H, generation exist.”*

Using electrochemical methods to
drive the H> evolution reaction (HER) provides a sustainable, decentralized alternative by
requiring only water to yield H> with high purity.®>*® As such, it circumvents the challenges of
steam-methane reformation and enables countries with limited resources to become more self-
reliant. Before electrochemical H> generation can be implemented into society, critical obstacles
still need to be overcome. Primarily, electrocatalysts that are cost-effective, highly efficient, and
durable must be developed to replace precious metal electrocatalysts currently employed in
commercialized electrolyzers.”’? Since the performance of electrocatalysts depends on the nature
of their active sites, methods that maximize active site performance in the next generation of
electrocatalysts need to be established.

Theoretical studies have revealed that spatially confining microenvironments (the local
coordination environment and electronic states of active sites) within catalysts can enhance the
catalyst’s activity by modulating the frontier orbital energies and adsorption/desorption energies
of active sites.'% 1°! Electronic properties of confined active sites are directly influenced by their

coordination environment, which in turn alters the adsorption energetics of reaction intermediates

and catalytic activity/selectivity.!®> Therefore, the relationship between active sites, local
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microenvironments, and confined species dictates catalytic performance. However, designing a
prototype system that enables the understanding of catalytic confinement effects at the atomic level
remains challenging.

Single-atom catalysts (SACs), in which single atoms (SAs) are stabilized within supporting
substrates by either adsorbing to the substrate’s basal plane or substituting atoms within the
substrate’s lattice, offer an ideal prototype for the investigation of confinement catalysis. Along
with demonstrating a superior catalytic performance compared to nanoparticles and nanoclusters
in traditional metal catalysts, SACs exhibit flexibility with respect to crystallinity, coordination
number, and electronic structures.'®® Likewise, when employing noble metal SAs, SACs require
significantly smaller quantities of noble metals to achieve competitive catalytic performances to
produce solar fuels and industrial chemicals.

To understand confinement effects between catalysts and their microenvironments,
identifying a paradigmatic support material is crucial. Commonly employed scaffolds that provide
spatial confinement include channels in carbon nanotubes (CNTs) and porous sites in zeolites and
metal organic frameworks (MOFs).!9% 1% In these cases, methods such as doping the catalyst with
nonmetals, forming bimetallic active sites, and synthetically inducing an anisotropic catalyst
surface have all been shown to enhance catalytic activity.'%1%7 However, both zero-dimensional
(0OD) nanocavities in zeolites/MOFs and one-dimensional (1D) nanocavities in CNTs suffer from
major disadvantages, such as complex structural and chemical composition.!> % These
complexities create an uneven environment surrounding the active sites and make understanding
confinement effects very difficult at the microscopic level.!0% 104

Compared to their three-dimensional (3D) counterparts, two-dimensional (2D) materials

exhibit well-defined layered structures, a variety of polymorphs, and tunable geometric and
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electronic properties. Computational studies have predicted the interactions between active sites
and guest species confined within their local microenvironments to heavily influence catalytic
activity.!®119 Yet, experimental evidence of 2D materials other than carbon-based 2D materials is
limited.!"! For these reasons, exploring other 2D materials for confinement studies would provide
an ideal platform to understand how confining guest species near active sites located within the
substrate’s interlayer spacing influences catalytic performance.

HER is an ideal model reaction for confinement studies due to the fast kinetics of H"
diffusion that occurs between layers of 2D materials.!® Customarily, the HER activity of HER
catalysts is evaluated using hydrogen adsorption free energies (AGux). Both non-metal and
transition metal HER catalysts follow the same trend, where maximum HER activity is achieved
at around AGu+ = 0 Ev.”” 2 In the continuous search for Earth-abundant catalysts, MoS> serves
as a role-model in HER catalysis.””® For decades, its activity has been considered limited due to
the extremely high energy of proton adsorption on the basal plane of semiconducting 2H-MoS>
(AGu+ = 1.92 eV). This changed when theoretical calculations revealed the extremely
thermoneutral nature of edge sites in 2H-MoSz (AGu* = 0.08 eV).!!3 Volcano plots published in
literature that are used to access HER activities of metal nanoparticles and other HER catalysts
have demonstrated that, compared to other commonly employed non-precious HER catalysts,
molybdenum dichalcogenides maintain a AGpu+ nearest to zero.””> % 14115 Therefore, MoS; is
considered to be an ideal candidate because of the fast HER kinetics it sustains. The best
performing HER catalysts are precious metals such as Pt, which are rare and expensive. In contrast,
MoS; is comprised of Earth-abundant elements and thus is much less expensive and more feasible
at scale. For these reasons, MoS; is considered to be more advantageous than other high

performing HER catalysts.
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Various strategies have been employed to expose more active edge sites in 2H-MoS».!'®

7 For instance, Wang et. al. employed a mild H2O» chemical etching strategy to investigate the
impact of both the concentration and distribution of S vacancies in MoS» on HER activity.!!® The
results suggest that the homogeneous distribution of single S-vacancies throughout the MoS»
nanosheet surface achieves optimal HER performance, as demonstrated by the 48 Mv/dec Tafel
slope and 131 Mv overpotential reported. Subsequently, the direction of MoS>-based HER
research shifted with the discovery of the metallic 1T-phase of MoS», due to the higher density of
active sites available along the basal plane of 1T-MoS,.!!% 120

Compared to the trigonal prismatic 2H-phase of MoS,, 1T-MoS; layers feature well-
defined octahedral symmetry which increases the exposure of surface active sites for enhanced
catalytic performance.'?! Furthermore, metallic 1T-MoS: exhibits exceptional charge transport
properties compared to its 2H-phase semiconducting analogue, thus enabling further exposure of
active sites at which surface reactions take place.'?> 1> While 2H-MoS; is known to be the more
thermodynamically stable phase in nature, intercalation of SAs between layers of MoS» enables
MoS:> to remain stable in the 1T-phase.'?* In addition, the distinct, local atomic environment and
uniform chemical nature of SAs offer remarkable advantages of distinguished activity, selectivity,
and stability studies for HER.

Thus far, only a few catalytic confinement studies have utilized MoS; as the host material.
For example, Chen et al. intercalated platinum (Pt) nanoparticles within the van der Waals gaps of
bulk MoS, and discovered that confinement not only suppressed the aggregation of Pt
nanoparticles but also facilitated the transfer of H3O" during HER.'?* Likewise, Luo et al. inserted
Co(OH), nanoparticles between layers of bulk MoS; to improve the HER performance of MoS»

under alkaline media.!?® Unfortunately, previous confinement studies either suffer from utilization
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of precious metals or difficulty with controlling the size and structure of intercalated species,
resulting with an unsystematic study of confinement effects.

Other works have investigated the catalytic effects of modifying 1T-MoS; with first-row
transition metals. Huang et. al. discovered that hydrothermally synthesizing 1T-MoS» with Fe, Co,
and Ni enhances HER activity in alkaline media by doping the guest metals into the 1T-MoS»
lattice in a 1:6 X:Mo ratio (X = Fe, Co, or Ni).!?’ Li et. al. reported the ability to enhance the HER
performance of 1T-MoS» by either substituting lattice sites with copper (Cu) SAs or adsorbing Cu
SAs along the 1T-MoS> basal plane.!?® Each of these methods of stabilizing Cu SAs was achieved
by employing syringe injection or hydrothermal synthetic methods, respectively. Meanwhile, in a
volcano plot reported by Deng et. al., Zn demonstrated a AGu+ value near 0 Ev, indicating that it
is one of the few non-precious metals that may be able to modify the HER activity of MoS,.!%
Therefore, Zn SAs were selected as the guest intercalants in this study to investigate the effects of
non-precious metal confinement effects on HER catalysis.

In this work, Zn SAs were intercalated within the interlayer spacing of 1T-MoS2 (Zn
SAs/1T-MoS,) via syringe injection into hydrothermally synthesized 1T-MoS; (see Supporting
Information for detailed synthesis procedure). Results reported herein show that the confined SAs
maintain a Zn>" oxidation state and expand the interlayer spacing of 1T-MoS; by ~3.4% (0.022
nm). Changes in catalytic performance during HER were monitored electrochemically under
acidic conditions, where a decrease in overpotential (1T-MoS> =265 Mv; Zn SAs/1T-MoS, =177
Mv) and charge transport limitations (1T-MoS> = 106.4 Mv/dec; Zn SAs/1T-MoS» = 84.9 Mv/dec)
were observed when Zn SAs were intercalated between 1T-MoS: layers. The experimental
findings were further confirmed computationally using proton adsorption energies predicted from

first principles density functional theory (DFT) and partial density of states (PDOS) plots. In
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addition to facilitating HER kinetics, the spatial confinement of Zn SAs was predicted to enhance
interactions between protons and the microenvironments of nearby active sites they are confined

within.

3.3 Results and Discussion

3.3.1 Adsorption of Zinc Single Atoms Along the Basal Plane of 1T-MoS>

(b)

ADF Intensity (a.u.)
e €

0.0 0.5 1.0 15 2.0
Distance (nm)
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OO0

(d) Adsorption Model
XOOXX

Figure 3.1: HAADF-STEM characterization and quantitative identification of Zn SAs adsorption to the
basal plane of 1T-MoS..

(a) Atomically resolved HAADF-STEM image of the monolayer sample at 60 keV. (b) Intensity profiles
taken along five adjacent lines (L1-L5) indicated by the different colored rectangles in (a). The red arrows
point to the locations of Zn SAs. (¢) Side view of the atomic structure of the Zn substitution model and the
simulated HAADF-STEM image. The yellow, green, and purple atoms represent S, Mo, and Zn,
respectively. (d) Side view of the atomic structure of the Zn adsorption model and the simulated HAADF-
STEM image. (e) Comparison of intensity profiles from the experimental image and two simulated images
of replaced and adsorbed models, respectively. All scale bars in (a, ¢, d) are 0.5 nm.
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SAs may be stabilized on appropriate substrates by either substituting lattice vacancies or
adsorbing to the substrate’s basal plane. In this work, high-angle annular dark-field scanning

transmission electron microscopy (HAADF-STEM) was used to identify the positions occupied
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by Zn SAs in the 1T-MoS; lattice (Figures 3.1, S3.1). In the HAADF-STEM image shown in
Figure 3.1a, the intensity of each lattice site is correlated to the atomic number of the element
occupying the lattice site.'*° If the Zn SAs substitute Mo lattice sites, the lattice vacancies occupied
by Zn SAs will appear darker since Zn (Zz, = 30) has a lower atomic number than Mo (Zmo = 42).
Instead, brighter spots are observed, indicating that the Zn SAs adsorb to the basal plane and
occupy sites above Mo atoms. Additional evidence that the Zn SAs adsorb to the basal plane of
1T-MoS: is shown by the HAADF-STEM images provided in Figure S3.1 (designated with red
circles).

Line profiles taken from Figure 3.1a (labeled L1 through L5) show an increase in annular
dark field (ADF) intensity for lattice site positions with observably brighter intensities in L1 and
L4 (Figure 3.1b). For comparison, line profiles extrapolated from the simulated models of
substitution (Figure 3.1¢) and adsorption (Figure 3.1d) were plotted against the experimental
ADF intensity of L4 (Figure 3.1e). Results show that while the ADF intensity of L4 (1.95 a.u.)
does not match that of the simulated substitution model (0.52 a.u.), it corresponds well with the
ADF intensity of the simulated adsorption model (1.95 a.u.). These results further confirm that the
Zn SAs adsorb to the basal plane of 1T-MoS..

HAADF-STEM images collected under continuous electron beam irradiation revealed the
ability to trigger the migration of Zn SAs across the 1T-MoS; basal plane (Figure S3.2). When
the electron beam was focused on the same region for 109 s, the Zn atom located in L4 (t=0s,
designated with a red arrow in Figure S3.2a), jumps to L5 (t =109 s, Figure S3.2b). After 203 s,
only one of the four Zn atoms (designated by the yellow arrow) present remains in the same
position, while the other three Zn atoms migrate out of the scope’s area (Figure S3.2¢). These

observations further confirm that rather than substituting into the lattice, the Zn SAs adsorb to the
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basal plane of 1T-MoSo. It is worth mentioning that the dynamic movement of SAs under electron
beam conditions is well known.'3!"133 It would be intriguing to understand if the dynamics of SAs
persists under catalytic conditions. However, a spectroscopic or microscopic technique needs to
be developed that can confirm dynamics of SAs while supplying the minimum amount of external

energy required to trigger their movements.

3.3.2 Expansion of 1T-MoS:> Lattice Fringe Spacing by Intercalated Zinc Single Atoms

By convention, intercalation reactions are characterized by the expansion of a layered
substrate’s crystal lattice along the ¢ axis.!** Expansion of 1T-MoS>’s interlayer spacing was
evidenced by visible peak shifts in the X-ray diffraction (XRD) patterns of Zn SAs/1T-MoS»
compared to that of 1T-MoS: (Figures 3.2a, 3.2b). Peak broadening observed in the diffraction
pattern of bulk Zn SAs/1T-MoS2 compared to 1T-MoS; arises from the overlap of hexagonal 1T-
MoS> (P63/mmc; PDF #75-1539) and monoclinic M02S3 (P21/m; PDF #72-0821). M02S3 consists
of molecular Mo-S chains intercalated between 1T°-MoS; layers (Figure S$3.3).!3 Interestingly,
the peak overlap observed in 1T-MoS; splits into two separate peaks in Zn SAs/1T-MoSz: the
(001) plane bisecting the interlayer spacing of 1T-MoS; and the (101) plane bisecting the Mo-S
chains that intercalate the 1T’-MoS; layers in Mo02Ss. The diffraction peak indexed to the (001)
plane of 1T-MoS: shifts from 14.07° (0.629 nm) to 13.59° (0.651 nm) when Zn SAs are present,
which corresponds to a ~3.4% (0.022 nm) increase in 1T-MoS>’s interlayer spacing. Likewise, the
peak indexed to the (101) plane of Mo2S3 shifts from 16.28° (0.544 nm) to 15.72° (0.563 nm) in
Zn SAs/1T-MoS> and also corresponds to a ~3.4% (0.019 nm) expansion. DFT calculations

reported in literature have predicted a decreased diffusion energy barrier for SA migration between
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2D layers as the interlayer spacing increases.'*® 137 Here, the interlayer spacing of 1T-MoS2

expands to accommodate the occupation of interlayer lattice sites by Zn SAs.
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Figure 3.2: XRD and HRTEM analysis of 1T-MoS, lattice expansion induced by intercalated Zn SAs.

(a) Zn SAs/1T-MoS; (purple) and 1T-MoS; (blue) XRD patterns. (b) Zoomed in region of XRD patterns
to highlight shifts observed for the (001) and (101) planes in 1T-MoS; and Mo,Ss, respectively. (¢) 1T-
MoS, HRTEM image. (d) Zn SAs/1T-MoS, HRTEM image. Experimental fringe spacings are shown in

yellow.

Comparing the distance between lattice fringes in 1T-MoS; to those found in Zn SAs/1T-

MoS:; (Figure 3.2d) generates similar results. Images produced by HRTEM with the electron beam

aligned in parallel to the 1T-MoS; basal plane show an average distance of 0.632 £ 0.06 nm for

lattice fringes found in 1T-MoS; (Figure 3.2¢). Lattice fringes present in Zn SAs/1T-MoS; yield

an average distance of 0.661 £ 0.09 nm (Figure 3.2d), which is roughly 0.029 nm larger than the
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1T-MoS: lattice fringes observed when Zn SAs are absent. This result corresponds to a 4.6%
average increase in 1T-MoS;’s interlayer spacing. Altogether, the XRD and HRTEM results both

suggest that intercalating Zn SAs expands 1T-MoS’s interlayer spacing.

3.3.3 Structural characterization of Zn SAs/1T-MoS>

The Zn SAs/1T-MoS> were analyzed by STEM and EDX spectroscopy to atomically
visualize the layer geometry and confirm the elemental components present (Figure S3.5). The
resulting elemental maps of Zn, Mo, and S confirm the presence of these atoms in Zn SAs/1T-
MoS; and demonstrate the uniform distribution of Zn SAs throughout the substrate (Figures S3.5c,
S3.5e, S3.5f). Correspondingly, the octahedral coordination of Mo and S atoms displayed
throughout the Moir¢ patterns of Zn SAs/1T-MoS» confirms the presence of the 1T phase of MoS»
(Figures S3.5a, S3.5d).

To understand how the confinement of Zn SAs impacts the electronic structure of 1T-
MoS,, XPS was employed to compare the elemental and chemical composition of Zn SAs/1T-
MoS; and 1T-MoS; (Figure S3.6, Table S3.1). Peaks identified in the Zn 2p spectrum of Zn
SAs/1T-MoS; correspond to the presence of Zn*>* and confirm that the SAs retain their Zn>*

oxidation state after intercalation (Figure S3.6g).!*®

Deconvolution of peaks in the Mo 3d, S 2s
(Figures S3.6a, S3.6b), and S 2p (Figures S3.6¢, S3.6d) spectra produces two sets of doublet
peaks, in which the set of peaks at lower binding energies (shown in purple) are assigned to Mo*"
and S? oxidation states in 1T-MoS2."*® The sets of doublet peaks at higher binding energies (shown
in green) correspond to unsaturated Mo*°* and S*" oxidation states and indicate the presence of a
non-stoichiometric MoSx species along the surface of each sample.'*® Consequently, while the

majority of both samples consists of stoichiometric 1T-MoS», a portion of S vacant MoSx exists

near the catalyst surface.'** Compared to 1T-MoS2, Zn SAs/1T-MoS: displays downshifts in
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binding energies up to 0.19 eV. Downshifts up to 0.10 eV fall within the step size (0.10 eV)
employed during XPS analysis and as such are considered negligible. However, peak shifts
exceeding the step size employed are observed for the S 2p doublet assigned to MoSx (Figure
S3.6¢, S3.6d). This shift to lower binding energies indicates that the Zn SAs donate electrons to
the S atoms of MoSx.!*’ This electron donation likely occurs to facilitate the stabilization of Zn
SAs within the substrate’s interlayer spacing. Further evidence of the lack of structural changes to
1T-MoS> upon intercalating Zn SAs is provided by the FTIR spectra, which also demonstrates
negligible chemical and electronic structure changes (Figure S3.4).

Next, Raman spectroscopy was employed to explore key structural details such as lattice
strain and vacancy defects. The Raman spectra for 1T-MoS> and Zn SAs/1T-MoS; are displayed
in Figure S3.7 with experimental peak positions listed in Table S3.2. Existence of the 1T-phase
in both samples is confirmed by the presence of TA and LA phonon modes at the M point of the
first Brillouin zone, J1, J2, Eig, and J3 phonon modes. The negligible difference in 1T-MoS; and
Zn SAs/1T-MoS: peak positions provides further evidence that the lattice structure of 1T-MoS»
remains intact in the presence of Zn SAs.!!

To compare differences in the magnetic properties and amount of S vacancies, Zn SAs/1T-
MoS; and 1T-MoS, were both evaluated by EPR spectroscopy. Additionally, 2H-MoS, was
evaluated and treated as the control during EPR analysis. The EPR spectrum of 2H-MoS; displays
a narrow line shape and isotropic g-value (g = 2.005) that is attributed to dangling Mo-S bonds
generated by S vacancies (Figure S3.8a).!'> 142 In contrast, 1T-MoS: (Figure S3.8b) and Zn
SAs/1T-MoS, (Figure S3.8c) both produce complex EPR spectra in which more than one
paramagnetic center is present. Since 1T-MoS» and Zn SAs/1T-MoS: yield similar g-values, the

following assignments of paramagnetic centers applies to both samples. Direct correlation of the
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specific g-values each paramagnetic center is assigned to is provided in Table S3.3. The first
paramagnetic center identified corresponds to paramagnetic S atoms in short chains (g = 2.042)
and electron hole centers localized on S atoms (g = 2.026).'* The second paramagnetic center,
which generates g-values between 1.932 to 1.959 and 2.017 to 2.019, is assigned to Mo>" species
coordinated to S atoms.!**14¢ The existence of Mo>* species corresponds to the presence of Mo

5/6+

species at higher oxidation states (Mo>"®") in the XPS spectra (Figure S3.6) and is a result of local

structural defects in 1T-MoS: that give rise to undercoordinated Mo atoms within the substrate. !4’
The signals observed for g-values between 1.993 to 2.005 are ascribed to S-Mo>" defects and
dangling Mo-S bonds generated by S vacancies, respectively.'*> %7 The negligible difference in
signal intensity of 1T-MoS; to that of Zn SAs/1T-MoS; indicates that the concentration of S

vacancies is similar in both samples.'!> 4% 148 Therefore, the influence of S vacancies on the

catalytic performance of Zn SAs/1T-MoS; is excluded.

3.3.4 Coordination Environment and Valence States of Zn SAs/I1T-MoS>

To confirm the chemical states and atomic dispersion of the Zn SAs, the electronic and
coordination structures of Zn SAs/1T-MoS> were studied by XAS at both the Zn K-edge (Figure
3.3) and Mo K-edge (Figure S3.9). The XANES spectra (Figure 3.3a) show that the white line
intensity and absorption edge of Zn SAs/1T-MoS: are closer to ZnO than Zn foil, indicating that
the SAs exist in the Zn?" oxidation state. This is also reflected by the first derivative of the XANES
spectra (Figure 3.3b). The k’-weighted EXAFS spectra (Figure 3.3¢) and Fourier-transformed
EXAFS spectra in R-space (Figure 3.3d) correlate well with their best fitting lines modeled by
DFT (Figure 3.5b), respectively, and suggest that Zn exists as SAs tetrahedrally coordinated to 4

S atoms. The coordination environment adopted by Zn SAs under confinement was first modeled
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Figure 3.3: Zn K-edge XAS characterization of Zn SAs/1T-MoS,.
(a) XANES spectra with Zn foil and ZnO as reference samples. (b) Derivative of XANES spectra. (c)
EXAFS spectra in K space. (d) EXAFS spectra in R space.

as 1T-MoS: layers confining a Zn SA octahedrally coordinated to the S basal planes. After
structural optimization, the SA’s coordination geometry reorganized into a tetrahedral
coordination with the S basal planes. Specifically, the Zn SAs formed asymmetric Zn-S1 and Zn-
S3 coordination structures with the upper and lower S layers with bond lengths equal to 2.31 A
(Table S3.4). Typical peaks correspond to Zn-Zn bond formation (>2.50 A) were not observed
(Figure 3.3d), which indicates that the SAs remain atomically dispersed when under
confinement.!4% 1% This tetrahedral coordination enables the Zn SAs to stabilize the expanded

interlayer spacing of 1T-MoS;, which in turn retains greater exposure of basal plane S active sites

for enhanced HER performance.
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Figure S3.9a shows the XANES spectra of Mo foil, 1T-MoS;, and Zn SAs/1T-MoS; at
the Mo K-edge corresponding to the 1s—5p transition. The edge energy of Zn SAs/1T-MoS: is
visibly higher than Mo foil and very close to 1T-MoS», suggesting that the Mo atoms in Zn
SAs/1T-MoS; have a similar oxidation state to that of 1T-MoS,. This conclusion is further verified
by the first derivative spectra of XANES (Figure S3.9b), where the valency of Mo atoms in Zn
SAs/1T-MoS; is nearly the same as that of 1T-MoS,. The Mo K-edge EXAFS spectra in K-space
(Figure S3.9¢) and Fourier-transformed EXAFS spectra in R-space (Figure S3.9d) coincide well
with the fitting line (also based on the DFT model in Figure 3.5b), indicating that the Mo atoms
in Zn SAs/1T-MoS» are octahedrally coordinated to 6 S atoms and an increase in S vacancies is
not observed. The fitting results of the Fourier-transformed EXAFS spectra in R-space (Table
S3.5) show that while half of the Mo-S bonds are at lengths that are expected for 1T-MoS, (2.41
A), the other half exhibit longer bond lengths equal to 2.62 A (Table S3.5). This increase in bond
length may be ascribed to the slight distortion of octahedrally coordinated Mo-S centers induced
by the intercalation of Zn SAs.

Altogether, these results confirm a few key findings. First, the Zn SAs adsorb between
layers of 1T-MoS» and are stabilized by Zn-S bonding interactions. Second, intercalating Zn SAs
between layers of 1T-MoS; expands the interlayer spacing by ~3.4%. Third, the incorporation of
Zn SAs does not influence the electronic properties or concentration of S vacancies as compared
to pristine 1T-MoS,. Instead, the Zn SAs retain their 2+ oxidation state and d'° electronic
configuration, which inhibits their ability to perform as active sites for HER. Lastly, the Zn SAs
tetrahedrally coordinate to basal S atoms and induce slight distortion of up to half of the Mo-S
bonds in 1T-MoS,. Based on these findings, the impact of Zn confinement on HER catalysis in

1T-MoS: is believed to solely be caused by confinement effects.
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3.3.5 HER Activity of Zn SAs/I1T-MoS>

Changes in HER performance with intercalation of Zn SAs was monitored
electrochemically under acidic conditions (N»-saturated 0.5 M H>SOs4) within a three-electrode
configuration (detailed in the Supporting Information’s Experimental Section). LSVs were
collected to measure the amount of overpotential (measured at -10 mA/cm?) 1T-MoS; requires to
drive HER and elucidate how the overpotential changes when Zn SAs are confined near basal
plane active sites in 1T-MoS,. Comparison of overpotentials yielded by 1T-MoS: intercalated with
2.5, 8.5, and 16.5 mg of Zn SAs show that the overpotential peaks at 177 mV vs. RHE with 8.5
mg of Zn SAs intercalated into 1T-MoS» (Figure S3.10a, Table S3.6). The same trend is observed
when analyzing the EIS of the samples to evaluate charge transport limitations (Figure S3.10b).
The lowest charge transfer resistance (18.41 Q) is observed when 8.5 mg of Zn SAs is intercalated
into 1T-MoS; (Table S3.7). These results indicate that intercalating 8.5 mg of Zn SAs enhances
1T-MoS:’s catalytic performance, while quantities above or below this amount exhibit worse HER
activity and slow down charge transport efficiency. When 8.5 mg of Zn SAs are intercalated, 1T-
MoS:’s overpotential was reduced by 88 mV (Figure 3.4a, Table S3.6), indicating that less energy
is required to drive HER when Zn SAs are spatially confined within 1T-MoS:’s interlayer spacing
(Figure 3.4a).

Tafel slopes were extracted from the onset potential region of the LSVs to identify how the
presence of Zn SAs changes the rate at which HER proceeds on 1T-MoS; in acidic media (Figure
3.4b). In the first step of the HER mechanism, known as the Volmer step, a proton is reduced at
an active site and adsorbed to the catalyst’s surface. In the second step, Hy is released through one

of two pathways: either by a second proton/electron transfer, known as the Heyrovsky step, or the
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recombination of two adsorbed protons, known as the Tafel step.'>! Since catalysts that exhibit the
best HER performance yield the lowest overpotentials, these catalysts will produce the lowest
Tafel slopes.”® Comparison of Tafel slopes produced by 1T-MoS> (107.2 mV/dec) and Zn SAs/1T-
MoS; (84.9 mV/dec) shows a decrease of 22.3 mV/dec when Zn SAs are intercalated between 1T-
MoS; layers (Figure 3.4b). Spatial confinement has been predicted to increase the electrochemical
potential of confined reacting species, which in turn enhances charge transfer between the catalyst
surface and adsorbed protons. As a result, less applied voltage is needed to produce the same
current density.!'® Here, the lowered kinetic barrier through which the HER mechanism proceeds
is evidenced by the decrease in Tafel slope observed when Zn SAs are under confinement.
Comparison of these results to similar cases of SACs reported in literature reveals a similar trend
in overpotential and Tafel slopes for 2H and 1T MoS: supports intercalated with first row transition
metals that exhibit similar electronic configurations to Zn>* (Table S3.8).

Confinement-induced changes in charge transfer properties were evaluated by EIS (Figure
3.4c¢). A reduction in charge transfer resistance when Zn SAs are spatially confined within 1T-
MoS; is evidenced by the observably smaller radius of the semi-circle produced by Zn SAs/1T-
MoS; compared to the radius of the semi-circle produced by 1T-MoS,. Numerically, Zn
confinement reduces charge transfer resistance in 1T-MoS; from 127.5 Q to 18.41 Q. This
decrease in charge transfer resistance implies that the rate of charge transfer from the active sites
to the adsorbed protons is increased with interlayer confinement of Zn SAs.

In catalysis, the rate of an electrocatalytic reaction is directly proportional to the active
surface area. Therefore, CV (Figure S3.11) was employed to derive the double-layer capacitance
and calculate the ECSA of 1T-MoS; and Zn SAs/1T-MoS> (Figure 3.4d). Compared to the ECSA

1T-MoS; yields (7 mF/cm?), Zn SAs/1T-MoS; yields an ECSA equal to 29 mF/cm?, roughly four

83



@ (b)
U 2 , 240
——————————————————— = 107.2 mVidec
-20+ T 200
x
‘E -40 / ‘>£ 1609 84.9 mvidec—
3 E 120 ﬂ
§, -60 E 80 n SAs/ (o]
- c
[
-80 E 43
T S — — — S L
-0.50 -0.40 -0.30 -0.20 -0.10 0.00 05 06 0.7 o.sl |0.9 1.0 141
Potential (V vs. RHE) Log|J
(©) gor—— — - e
4 —/\/—C@— LN SAS/ -Nl0S, 7_ o7
50
| 6
- 40- N:E: 53 i 3
= 30- < 43 g
N E E 34
20+ =
o 2..
104 14
0- T T T T T T T T T 0- T T T T T T T T T
0 20 40 60 80 100 120 20 40 60 80 100
Z'(Q) Scan Rate (mV/s)
(©) 4o ()
-20 74 i 154 \
“g 40 o
L /' L 104
< / w
€ .e0- e
=
5+
-80
e U srptrereeyestrenm oo
-0.30 -0.20 -0.10 0.00 -0.5 0.4 -0.3 -0.2 -0.1 0.0
Potential (V vs. RHE) Potential (V vs. RHE)

Figure 3.4: Electrochemical characterization of Zn SAs/1T-MoS; in N,-saturated 0.5 M H,SO4 within a
three-electrode configuration.

(a) Polarization curves of HER for CFP, 1T-MoS,, Zn SAs/1T-MoS; and Pt/C (20%). (b) Tafel plots of 1T-
MoS,, Zn SAs/1T-MoS,, and Pt/C (20%). (c) EIS results for 1T-MoS, and Zn SAs/1T-MoS, fitted to the
equivalence circuit shown. (d) Scan-rate dependence of the current density at E = -300 mV vs. RHE. (e)
Electrochemical stability test of Zn SAs/1T-MoS.. (f) TOF values of Zn SAs/1T-MoS,.

times greater than 1T-MoS,’s ECSA. As a measure of the catalyst’s surface area that is accessible
to the electrolyte, this improvement implies that there is roughly four times more area available to
facilitate charge transfer when Zn SAs are confined near basal plane active sites. This result

corresponds well with the EIS results and may be correlated to the increase in fringe spacing
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induced by the Zn SAs in 1T-MoS; that was observed in the HRTEM and XRD results (Figure
3.2).

To test the stability of Zn SAs/1T-MoS» during catalysis, LSVs were collected both before
and after the catalyst was subjected to 3,000 CV scans (Figure 3.4e). After 3,000 cycles, the
overpotential increased by only 14 mV at 10 mA/cm?. The excellent stability was further evidenced
by continuous electrolysis at -0.2 V vs. RHE which showed nearly unchanged current generation
after 24 hours (~20 mA cm, Figure S3.12). XPS spectra of Zn SAs/1T-MoS2 on CFP were
collected before and after collecting 3,000 CV scans to evaluate the catalyst’s structural stability
(Figure S3.13, Table S3.9). The presence of both MoS, (Mo*") and MoSx (Mo”%") is confirmed
by the pre- (Figures S3.13a, 3.13c, 3.13e, 3.13g) and post-CV (Figures S3.13b, 3.13d, 3.13f,
3.13h) XPS spectra. While Zn?* SAs are observed near the catalyst surface before running CVs
(Figure S3.13a), they are lost after the CV scans are completed (Figure S3.13b). Prior to stability
testing, small amounts of MoOs (Figures S3.13¢, S3.13g) and SO4* (Figures S3.13e, S3.13g) are
observed on the sample surface. After stability testing, MoO3 disappears (Figures S3.13d, S3.13h)
and the layer of SO4> present on the sample grows (Figures S3.13f, S3.13h). Specifically, the
sample initially starts with 4.55 at% of SO4*. After CV is completed, 20.56 at% of SO4* is
observed on the sample’s surface. Furthermore, the Zn 2p peaks reappear after sputtering the
sample for 30 s (Figure S3.14). Based on these results, the following observations were made. O»
has been reported in literature to form Mo-oxide species by bonding to unsaturated Mo atoms at
vacancy sites on defect-rich MoS, surfaces via chemical adsorption.!>? '3* Furthermore, O
adsorption has been reported to not alter the electronic properties of MoS».!3* Therefore, the
complete loss of MoO3 after electrolysis indicates that this species is localized along the sample

surface and is likely caused by surface oxidation during working electrode preparation.
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Meanwhile, interactions between the electrolyte and catalyst surface during HER drive the growth
of SO4> on the catalyst surface. The significant increase of SO4> on the catalyst surface likely
inhibits the ability to see the Zn 2p peaks after electrolysis, considering that the concentration of
intercalated Zn SAs is so low (0.90% as determined by ICP-OES, Table S3.10). Since SO4>is a
soluble ion, once the sample is submerged into the electrolyte, SO4* may redissolve. The
reappearance of Zn 2p peaks after sputtering the sample for 30 s indicates that the Zn SAs
intercalated between layers beneath the catalyst surface remain intact. The lack of significant
decline (14 mV shift) in HER performance after 3,000 CVs observed further confirms that the
integrity of the catalyst structure is well maintained (Figure 3.4e).

As previously mentioned, an average mass percent of 0.90% Zn SAs in Zn SAs/1T-MoS>
quantified by ICP-OES (Table S3.10) was employed to determine TOF values and evaluate the
catalyst’s efficiency towards HER (Figure 3.4f). Similar to the polarization curves, the TOF values
increase with higher potential. This result aligns well with reports from literature as well.'** In our
previous work, 1T-MoS, substituted with Ni SAs yielded a TOF of 0.7 s at 130 mV
overpotential.'?” Here, the intercalation of Zn SAs between layers of 1T-MoS; yields a TOF equal
to 1.40 s™' at 177 mV overpotential, when the current density is 10 mA/cm?. Overall, the effects of
Zn confinement within 1T-MoS» layers include decreased overpotentials, lowered kinetic barriers,

faster charge transfer rates, and increased active surface area, all while retaining excellent stability.

3.3.6 Correlation of Confinement Effects to HER activity

First principles DFT calculations were performed to elucidate how confined Zn SAs
influence 1T-MoS;’s catalytic performance. Initially, two positions occupied by a Zn SA located

above the basal plane of a single layer of 1T-MoS> were considered (Figure S3.15). In the first
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structure, the Zn SA was positioned above an Mo atom (Single layer Zn SAs/1T-MoS> — Model
I). In the second structure, the Zn SA is positioned above an S atom (Single layer Zn SAs/1T-MoS»
— Model II). Compared to the normal length of Zn-S bonds (~2.36 A), both coordination structures
yield elongated Zn-S bond lengths that are greater than 2.95 A.!> Therefore, the formation of Zn
SAs/1T-MoS; is predicted to be unfavorable for Models I and II with only a single layer of 1T-
MoS,. Instead, two or more layers of 1T-MoS; are required to stabilize intercalated Zn SAs and
properly investigate the catalytic effects of spatially confining Zn SAs within the

microenvironment of 1T-MoS; active sites.
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Figure 3.5: DFT computational analysis of 1T-MoS; and Zn SAs/1T-MoS,.

(a) Top view. The Zn SA adsorption site between 1T-MoS; layers is circled in red. (b) Side view. Optimal
adsorption modes of H". Proton adsorption sites are circled in blue. (¢) Calculated AGy~ for HER at 0 V vs.
RHE and pH = 0. The yellow, cyan, purple, and white spheres represent S, Mo, Zn, and H atoms,
respectively.

In effort to understand why the Zn SAs prefer to adsorb to the basal plane on top of Mo
atomic positions instead of substituting within the 1T-MoS; lattice, local active configurations
demonstrating the possible atomic positions of Zn SAs on 1T-MoS> were constructed and their
resulting formation energies for each configuration were compared to evaluate why the Zn SAs
are prone to adsorb on top of Mo sites between layers of 1T-MoS,. In total, there are four possible

anchoring sites for Zn SAs on 1T-MoS» (Figure S3.16). The reported chemical potentials used to
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calculate the formation energies discussed herein for S, Mo, and Zn were taken from the S8
molecule, Mo metal, and Zn metal, respectively. In the first model (Figure S3.16a), a Zn SA was
tetrahedrally coordinated to 1T-MoS> with one bond formed with the top layer’s basal plane and
three bonds formed with the bottom layer’s basal plane respectively. In this configuration, the Zn
atom is adsorbed on top of an Mo atom and the formation energy is -6.06 e¢V. In the second model
(Figure S3.16b), a Zn SA was tetrahedrally coordinated to form three bonds with the upper basal
plane and one bond with the lower basal plane. However, the instability of this configuration
caused the model to rearrange itself into a tetrahedral coordination that forms two bonds with the
upper basal plane and two bonds with the lower basal plane. In this configuration, the Zn atom
adsorbs on top of an S atom and the formation energy is -5.77 eV. In the third configuration
(Figure S3.16¢), an Mo atom is substituted by a Zn atom, which generates a formation energy
equal to -2.14 eV. In the fourth configuration (Figure S3.16d), a Zn atom substitutes an S atom in
the lower basal plane, which generates a formation energy equal to -4.16 eV. Comparison between
the different formation energies of the four configurations shows that the first configuration with
the most negative formation energy (Figure S3.16a, -6.06 ¢V) is the most likely configuration to
occur due to being the most thermodynamically stable configuration. This result corresponds with
the experimental STEM results (Figure 3.1).

To understand how confining Zn SAs within the microenvironment of 1T-MoS; active
sites changes the proton adsorption/desorption kinetics of 1T-MoS2, AGu= values for a trilayer of
IT-MoS> and a trilayer 1T-MoS» intercalated with a tetrahedrally coordinated Zn SA were
calculated for HER at a potential of 0 V vs. RHE and pH = 0 (Figure 3.5). Predicted models of the
top view and optimal adsorption modes of H* for both cases are demonstrated in Figures 3.5a,

3.5b. The extremely negative AGu= value (-5.40 eV) yielded by trilayer 1T-MoS: indicates that
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adsorption of protons to the S active sites will be strong. Consequently, desorption of adsorbed
protons upon producing H> will be challenging, and sluggish reaction kinetics are expected for
active sites located along the basal plane. In contrast, Zn SAs/1T-MoS; yields a much more
thermoneutral AGpu= (0.00294 eV), indicating that HER adsorption and desorption kinetics will be
much more facile when Zn SAs are confined near the basal plane active sites in 1T-MoS,.
Altogether, these calculations correspond well with the experimentally observed improvement in
HER performance.

Mulliken charge analysis was employed to predict the changes in the electron density of S
active sites along the basal plane when Zn SAs are confined within their microenvironments
(Figure S3.17). Here, 3D isosurface diagrams of differential charge are displayed for Zn SAs/1T-
MoS,. Charge clouds shown in blue represent energetically negative regions where the atom has
lost electrons. Charge clouds shown in red exhibit positive charge and represent atoms that have
gained electrons. The tetrahedral coordination of Zn SAs to basal S atoms yields a thermoneutral
free energy value, making this coordination structure ideal for fast HER kinetics. In this
coordination structure, the Zn atom donates electrons to nearby basal plane S atoms on 1T-MoSa,
resulting with the formation of strong ZnS bonds. This electron transfer changes the adsorption
behavior of H atoms attached to neighboring S active sites. Based on these predictions, one may
deduce that confining Zn SAs enhances the catalytic activity of 1T-MoS; by increasing electron
density surrounding the S active sites around SAs. As a result, the catalytic activity of 1T-MoS> is
enhanced accordingly.

To reveal the influence of Zn intercalation on the band structure of 1T-MoS2, the PDOS
spectra of the Zn 4s (black), Zn 3d (blue), S 3s (green), and S 3p (purple) orbitals were evaluated

(Figure S3.18). Results show a strong electronic overlap between the Zn 4s and S 3p orbitals.
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Together with the Mulliken charge population analysis of the atomic orbitals (Figure S3.17), one
may deduce that the electrons transfer from the Zn 4s orbital to the S 3p orbital during Zn-S bond
formation, which in turn causes the Zn atom to lose electrons and exhibit a positive valence state.
Consequently, the S atoms coordinated to the adsorbed Zn atom gain electrons and exhibit a more
negative valence state than they would in bare 1T-MoS,. These results match well with the
experimental XPS results reported herein (Figure S3.6). In regard to the effects of electronic
accumulation at S sites on H* adsorption, near the Fermi level the density of states mainly come
from S atoms, while the contribution from Zn is close to 0 eV. Therefore, the Zn atoms exhibit
weak adsorption capacity for H" and are thus inactive, which is consistent with the H" adsorption
configuration. In contrast, the S atoms have available p orbitals that can form bonds with H". The
observed electron transfer from Zn to neighboring S atoms (Figures S3.17, S3.18) leads to an
increase in electron filling and decrease in empty orbitals near the Fermi level, which weakens the
electron accepting ability of S sites and thus H" adsorption.

To further elucidate the influence of Zn intercalation on the electronic structure and
resulting HER activity of 1T-MoS», the PDOS spectra of the s and p orbitals in 1T-MoS; and Zn
SAs/1T-MoS; were compared (Figure S3.19). As elucidated from Figure S3.18, electron transfer
from Zn to neighboring S atoms results in a higher electron filling extent of neighboring S atoms.
As shown by Figure S3.19a, this leads to a negative shift in the p band center of S atoms in Zn
SAs/1T-MoS; from -3.78 (red dashed line) to -4.0 eV (green dashed line) and a decrease in the
intensity of state density compared to 1T-MoS» near the Fermi level (shown in the black dashed
box). Since the electronegativity of the S atom is stronger than a proton’s electronegativity, the
protons will donate electrons to active S sites in the adsorption process. However, the increase in

electronic occupation of the S 3p orbitals and decrease in empty orbitals near the Fermi level

90



caused by Zn intercalation will cause a reduction in the electron accepting ability of the S atoms.
Although the adsorption of protons is not strictly linear with the atomic electron density of S, it is
negatively correlated. Thus, the number of electrons transferred to 1T-MoS; induced by proton
adsorption is reduced after Zn intercalation. Proton adsorption capacity reduces from -5.40 eV to
0.5819 eV after Zn intercalation, which in turn sharply increases the catalyst’s HER activity.

Since Zn intercalation influences the electronic structure of the catalyst’s entire surface,
we also calculated the H" adsorption behavior of some typical sites (Figure S3.20). The results
suggest that Zn intercalation causes the HER activity of the catalyst’s entire surface to improve, as
shown by the resulting AGu+ values being closer to 0 eV for all of the H" adsorption sites
considered. Meanwhile, compared to the neighboring S atoms in the first coordination sphere, the
adsorption capacity of neighboring S atoms in the second coordination sphere is also weakened
and yields better HER activity than the S atoms in the first coordination sphere (0.00294 eV).

To explore the influence of interlayer spacing expansion on HER activity of 1T-MoS,, we
manually set the lattice parameters of the supercell to increase by 3.4% along the Z axis before
structural optimization (Figure S3.21a). By fixing the lattice parameters, only the structure of the
ion step can be changed during structural optimization (Figure S3.21b). Calculation results show
a AGy+ of -4.8081 eV, far worse than Zn SAs/1T-MoS; (0.00294 eV). In this regard, the electronic
regulation of neighboring S atoms is believed to be the root cause of the observed improvement in
HER activity upon intercalating Zn SAs between layers of 1T-MoS,. By comparison, the lattice

spacing expansion is only a secondary factor.

3.4 Conclusions
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In this work, the catalytic effects of confining Zn SAs within the interlayer spacing of 1T-
MoS; was investigated and several key findings were revealed. First, the Zn SAs adsorb to the
basal plane of 1T-MoS». Second, this adsorption behavior allows the Zn intercalants to expand the
interlayer spacing of 1T-MoS: by ~3.4%. Third, as SAs existing in the Zn** oxidation state, the Zn
intercalants tetrahedrally coordinate to nearby S atoms and donate electrons to basal S atoms.
While they do induce a slight distortion in the 1T-MoS; lattice, the octahedral coordination
surrounding Mo atoms remains unchanged. Zn confinement does not alter the amount of S
vacancies or magnetic properties significantly. Catalytically, spatial confinement of Zn SAs within
1T-MoS: causes an 88 mV decrease in overpotential, 22.3 mV/dec decrease in Tafel slope, 109.09
Q drop in charge transfer resistance, and excellent stability. Based on the in-depth structural
analysis reported herein, the significant improvement in catalytic performance observed is
attributed to the effects of confining Zn SAs within the microenvironments of basal plane active
sites in 1T-MoS,. DFT and PDOS calculations predict Zn SAs/1T-MoS: to yield a much more
thermoneutral AGu+ (0.00294 eV) compared to 1T-MoS, (-5.40 eV), suggesting that HER
adsorption and desorption kinetics will be much more facile when Zn SAs are under confinement.

This work reveals that intercalating transition metal ions such as Zn?" into catalytic layered
materials such as 1T-MoS; enables the electronic states of confined microenvironments to be
controlled according to the guest metal’s coordination geometry and electronic states. In turn, the
catalytic activity of 2D supports may be enhanced accordingly. Although this work investigates
the confinement of Zn SAs within the microenvironments of 1T-MoS’s basal plane active sites
and its influence on HER performance, the basis of this work may easily be adopted to other types

of catalytic reactions and layered materials. Since confinement effects have been recognized for
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their importance in heterogeneous, homogeneous, and enzymatic catalysis, the knowledge gained

from this work may be appropriately applied to all fields of catalysis.

3.5 Materials and Methods
3.5.1 Chemicals
Ammonium heptamolybdate tetrahydrate [(NH4)sMo07024:6H20, 99% Alfa Aesar| and

thioacetamide (CH3CSNH», 99+% Acros Organics) were used without further purification.

3.5.2 Synthesis of 1T-MoS> nanosheets

First, 50 mg of (NH4)6M07024-6H20, 80 mg of CH3CSNH>, and 10 mL of deionized (DI)
water were combined in a 25 mL autoclave and sonicated until fully dissolved. Once dissolved,
the autoclave was sealed within a hydrothermal reactor and heated at 180°C for 24 h. Once the
reactor cooled to room temperature, the solution of crude product was transferred to 15 mL Conical
Centrifuge Tubes. The crude product was washed and centrifuged three times: once with DI water,
once with ethyl alcohol, and once with acetone. The solutions were centrifuged for 10 min. at
~4,000 rpm in between each washing step and the supernatant layer was removed after each
centrifugation step. After washing, the purified product was dried in a vacuum oven at ~80°C and
~25 inHg for 24 h. The dried and purified product was finely ground with a mortar and pestle and

stored under ambient conditions.

3.5.3 Synthesis of Zn SAs/1T-MoS>

First, 50 mg of 1T-MoS,, 15 mL DI water, and 35 mL ethanol were combined and

continuously stirred at room temperature during the entire synthesis. Next, 2.5, 8.5, and 16.5 mg
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of ZnCl, was dissolved in 6 mL of DI water to prepare Zn SAs (2.5 mg)/1T-MoS», Zn SAs (8.5
mg)/1T-MoS,, and Zn SAs (16.5 mg)/1T-MoS,, respectively. A syringe pump apparatus was
employed to inject the Zn solution into the 1T-MoS» solution. To do this, the entire solution of
ZnCl> was injected into the 1T-MoS; solution at a 10 pL/min flow rate. The solution stirred
continuously at room temperature for 24 h after the injection was complete. Afterwards, the
solution was transferred to 15 mL Conical Centrifuge Tubes, centrifuged for 10 min. at ~4,000
rpm, washed with DI water, and centrifuged again for the same amount of time. The supernatant
layer was removed after each centrifugation step. The purified product was dried in a vacuum oven
at ~80°C and ~25 inHg for 24 h, then finely ground with a mortar and pestle and stored under

ambient conditions.

3.5.4 Characterization

XRD patterns were measured using a Panalytical X Pert multipurpose XRD with Cu-Ka
radiation (A= 1.5418 A) at 45 kV and 40 mA, with step size = 0.02° and scan step time = 17.75 s.
The measurement range was from 10° to 80° in terms of 20. XPS measurements were collected
with a PHI 5600 XPS system equipped with a monochromatic Al Ka X-ray source and Omni Focus
111 lens, operating at 250 W, 14 kV, 600 um? spot size, and a maximum base pressure of 5x10”
torr. A 90° angle was maintained between the X-ray source and analyzer. Survey spectra were
collected with 117.4 eV pass energy, 1.0 eV/step, and 50 us dwell time. Multiplexes were collected
using 11.75 eV pass energy, 0.100 eV/step, and 50 ps dwell time. The instrument was calibrated
to Au 4f72, = 84.00 eV and Cu 2p3» = 932.67 eV immediately prior to collecting data. All spectra
were calibrated to C 1s = 284.8 eV.!>® Multiplexes were fitted using IgorPro XPS Tools Software.

A Shirley background and 80% Lorentzian-Gaussian was employed for all peak analyses. FTIR
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spectra were collected using a PERKIN ELMER CE-440. Raman spectra were recorded using a
Thermo Scientific DXR Raman Spectrometer employing an Ar-ion laser operating at 532 nm, 50
um pinhole, and 3.0 mW laser power. EPR characterization was carried out on a Bruker EMX
spectrometer (X-band) operating at a frequency of ~9.46 GHz. Field frequency modulation,
modulation amplitude, and microwave power were set to 100 kHz, 0.4 mT, and 2.0 mW,
respectively in every case to avoid saturation effects. All EPR measurements were recorded at
room temperature.

AC-STEM was performed using the JEOL Grand ARM equipped with two spherical
aberration correctors at 300 kV. HAADF-STEM images were acquired by a convergence
semiangle of 22 mrad and inner and outer collection angles of 83 and 165 mrad, respectively. EDX
spectroscopy was conducted using JEOL dual EDX detectors and a specific high count analytical
TEM holder. Sample compositions were analyzed by a Perkin Elmer Optima 3000 DV ICP-OES.
Commercially available Copper standard solutions (1000 mg L™ in nitric acid, Sigma Aldrich)
were used for calibration. The standards were diluted to 1000 ppb (ng g™!), 500 ppb, 100 ppb, 50
ppb, and 1 ppb, respectively, by mixing acid solutions (5 v/v% HCI + 5 v/v% HNO:3) to establish
the calibration curves. All samples were dissolved in concentrated HNO3 and then diluted to a
concentration of 5% with DI water. Zn SAs/1T-MoS: were diluted 100 times using 5% HNOj3 for
measurements.

Mo K-edge XAS spectra were collected at beamline 4-1 from the Stanford Synchrotron
Radiation Lightsource (SSRL). The X-ray fluorescence was detected by a Lytle-type fluorescence-
yield ion chamber detector. To reduce background noise from elastic scattering, the Soller slits
were aligned and fitted with suitable Z-1 filters. Mo K-edge XAS data was measured within the

range 19.778-20.887 keV in fluorescence mode with a step size of 0.25 eV at the near edge. The
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Zn K-edge XAS was run within the 9.46-10.50 keV range in fluorescence mode with a step size
of 0.25 eV at the near edge. All samples were prepared by placing a small amount of homogenized
powder mixed with boron nitride (via agate mortar and pestle) on 3M Kapton Polyimide tape,

which was purchased from 3M (https:/ www.3m.com/).

3.5.5 Electrochemical Measurements

All electrochemical measurements were conducted in Nz-saturated 0.5 M H2SOq4
electrolytic solution within a three-electrode configuration. A CHI 660E electrochemical
workstation was used for all electrochemical measurements. Graphite was employed as the counter
electrode and Ag/AgCl (3 M NaCl, BASI) as the reference electrode. Electrodes were prepared by
drop casting 200 pL of catalyst ink (50 uL each time, repeated 4 times) onto a 1x2 cm? piece of
CFP. The loading of catalysts on CFP is 1 mg/cm?. All potentials reported were calibrated with
respect to the Ag/AgCl reference electrode in acidic media (0.5 M H2SO4) using Equation (2.2).

LSVs were conducted under ambient conditions from 0 to -0.8 V with 5 mV/s scan rate, 1
mV step size, and 0.001 A/V sensitivity. Onset potentials were extracted from the LSVs and
defined as the potential at which the current began to increase (0.05 mA/cm?). Overpotentials were
measured at -10 mA/cm?. EIS measurements were performed at -0.4 V with 0.005 V variation in
the frequency range of 1-10° Hz and 12 steps per decade. The electrochemical active surface area
(ECSA) was derived from cyclic voltammograms (CV) measured with varying scanning rates of
20, 40, 60, 80 and 100 mV s!. The stability of Zn SAs/1T-MoS, was evaluated by running CV for
3,000 cycles from 0 to -0.8 V, followed by comparison of the initial and final LSV curves. The
turnover frequency (TOF) was reported as the TOF corresponding to the overpotential reported

(177 mV vs. RHE).
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3.5.6 Computational Methods

Density functional theory (DFT) calculations were performed using CASTEP coding. The
electronic exchange-correlation potential was conducted using the Perdew-Burke-Ernzerhof
(PBE) functional of generalized gradient approximation (GGA) and the ultrasoft pseudopotentials
were used. The kinetic energy cutoff was set to 400 eV for the plane-wave basis set. Brillouin zone
integration was sampled with the 3x3x1 MonkhorstPack mesh K-point for bulk and surface
calculations, respectively. The DFT dispersion correction (DFT-D) method was used to correct the
van der Walls interactions. A three-layer repeating unit supercell with the formula Mo027Ss4 and
Mo,7S54Zn were constructed for bulk calculations. Monolayered 1T-MoS> (Mo9Sis), Zn SAs/1T-
MoS:2 (Mo9S1sZn), with a vacuum region of 15 A along the Z axis, were constructed based on the
HAADF-STEM imaging. The convergence tolerances were set to 1107 eV per atom for energy,
1x10-3 A for maximum displacement, and 0.03 eV A™! for maximum force. The thermodynamic

energies and Gibbs free energies AGu+ were calculated using Equation (3.2):
1
AGy = Esurp+  — Esury — EEHZ + AEzpg — TAS (3.2)

where AEzpr and AS are the difference in the zero-point energy and entropy between the
adsorbed H atom and the gaseous phase Hz. At T=300 K, AGu+ may be calculated using Equation
3.3):

1
AGy+ = Esyrfsn — Esury — 5 En, +0.24 €V (3.3)
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3.7 Supplementary Information

Figure S3.1: Identification of the adsorption model of Zn SAs/1T-MoS, by STEM.
Monolayer regions of 1T-MoS, sheets are outlined in yellow. The red circles highlight brighter atomic
positions where Zn atoms are located on top of Mo atoms.

Figure S3.2: Migration of Zn SAs on 1T-MoS,. STEM images of continued electron beam irradiation

for: (a) 0's, (b) 109 s, and (¢) 203 s.

Scale bars are all 1 nm. Yellow lines and arrows indicate the edge of this region, while the Zn SA acts as a
reference to align the images. The Zn SA indicated by the red arrow moves from the L4 to L5 at 109 s, then
disappears after 203 s.

The maximum energy En transferred from a high energy electron with an accelerating voltage of
E to the atomic nucleus may be calculated using the following equation: 32 157

E =21477x10" x E(E +1.022x10°)/ 4

where 4 is the atomic mass and the energies are in unit of eV. For the 60-keV electron beam used
in our experiments, the £y, for Zn atoms is 4.65 eV. Such energy is larger than the bonding energy
of Zn-S (1.06-2.63 eV).!3® Therefore, the electron beam is expected to be able to drive the
migration of Zn SAs adsorbed along the 1T-MoS; basal plane.
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Figure S3.3: Lattice structure of monoclinic Mo,Ss.
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Figure S3.4: FTIR spectra of Zn SAs/1T-MoS; (purple) and 1T-MoS; (blue).

Figure S3.5: STEM and EDX mapping of Zn SAs/1T-MoS,.
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Figure S3.7: Raman spectra of Zn SAs/1T-MoS; (purple) and 1T-MoS; (blue).

(b)

Intensity (a.u.)

500

(a)
1500 7
1000
& 5003
2 o [ 0=2008
2
2 -5004
=
10004
-1500
L] T T ¥ L] L T L] ¥
310 320 330 340 350 360 370
Magnetic Field (mT)
I g-202~ (c) E e
12004 g=2.042 1T-MoS, 1200 Zn SAs/1T-MoS,
800 ~ 800 9= Z'MZ\&
] 3 \ ? =2.017
E [
400 < 4004 /| \f Lo=19
] 2 2 Yl R
] i) — ] X
0+ c 0 d TR _
] 2 g=2027 || \ P
] = |\ \/
=400 AN y \%{ “~g=1922
-800 -8004 g= z_oosf g=1.958
: T T T T T T T T T T T T T T T T T T T T T T
310 320 330 340 350 360 370 310 320 330 340 350 360 370

Magnetic Field (mT)

Magnetic Field (mT)
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Figure S3.9: Mo K-edge XAS characterization of Zn SAs/1T-MoS,.

(a) XANES spectra with Mo foil and 1T-MoS; as reference samples. (b) Derivative of XANES spectra. (c)
EXAFS spectra in k space. (d) Fourier-transformed EXAFS spectra in R space.
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Figure S3.10: Electrochemical analysis of how the HER performance of 1T-MoS; changes as the

quantity of Zn SAs increases.
These measurements were performed within a standard three-electrode configuration, with N»-saturated 0.5

M H>SO4s as the electrolyte. (a) LSVs. (b) EIS fitted to the equivalent circuit shown.
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Figure S3.11: CV measurements of (a) 1T-MoS; and (b) Zn SAs/1T-MoS,.
Measurements were performed within a standard three-electrode configuration 0.5 M H,SO4 saturated with
N was used as the electrolyte. The scanning rates are 20, 40, 60, 80, and 100 mV s™! respectively.
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Figure S3.12: Recorded current generation during 24 hours of continuous electrolysis at -0.2 V vs. RHE
with Zn SAs/1T-MoS; used as the working electrode.
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Figure S3.13: XPS data and peak assignments for Zn SAs/1T-MoS; (a, ¢, e, g) before and (b, d, f, h)
after collecting 3,000 CV scans.

(a, b) Zn 2p. (¢, d) Mo 3d and S 2s. (e, f) S 2p. (g, h) O 1s.
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Figure S3.14: XPS analysis of Zn 2p (a) before and (b) after sputtering the sample for 30 s.
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Figure S3.15: DFT models of the single layer Zn SAs/1T-MoS..
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(d)

Figure S3.16: Possible configurations of Zn SA anchoring sites on 1T-MoS..

(a) Tetrahedral coordination forming one bond with the upper basal plane and three bonds with the lower
basal plane. (b) Tetrahedral coordination forming two bonds each with the upper and lower basal planes.
(¢) Zn substituting an Mo atom within the 1T-MoS; lattice. (d) Zn substituting an S atom in the bottom
basal plane.
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Figure S3.17: Mulliken charge analysis and 3D isosurface diagrams of a tetrahedrally coordinated Zn SA
coordinated to S atoms along the basal plane of 1T-MoS..

The purple and yellow atoms represent Zn and S, respectively. Charge clouds shown in blue represent
energetically negative regions where electrons have been lost. Charge clouds shown in red exhibit positive
charge and represent regions where electrons have been gained.
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Figure S3.18: PDOS spectra of the Zn 4s (black), Zn 3d (blue), Zn 2p (red), S 3s (green), and S 3p
(purple) orbitals.
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Figure S3.19: 1T-MoS; and Zn SAs/1T-MoS, PDOS spectra of s and p orbitals and H" adsorption
models.

(a) PDOS spectra of the s and p orbitals in 1T-MoS, and Zn SAs/1T-MoS,. (b) H" adsorption model on 1T-
MoS:. (¢) H" adsorption model on Zn SAs/1T-MoS.
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Figure S3.20: Calculated AGy+ for HER at typical H* adsorption sites (at 0 V vs. RHE and pH = 0) with
models of the H* adsorption sites Zn-1 through Zn-10.
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Figure S3. 21: Supercell modeling of H* adsorption on 1T-MoS: with the Z axis increased by 3.4% (a)

before and (b) after structural optimization.
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Table S3.1: XPS data and peak assignments for 1T-MoS; and Zn SAs/1T-MoS;

Peak Binding Energy (eV) Peak Assignment
1T-MoS: Zn SAs/1T-MoS:

Zn 2p3p - 1022.80 Zn**

Zn 2pin -- 1045.80 Zn**

Mo 3dsn 229.05 229.03 MoS,, Mo**
229.93 229.84 MoS,, Mo™®*

Mo 3d3n 232.15 232.13 MoS2, Mo**
233.03 232.94 MoS,, Mo™®*

S 2psn 161.90 161.81 MoS>, S*
163.45 163.26 MoSy, S*

S 2p12 163.10 163.01 MoS>, S*
164.65 164.46 MoSy, S*

S 2s 225.95 225.93 MoS»
226.83 226.74 MoSx

Ols 531.20 531.93 Organic C=0
532.48 533.39 Organic C-O
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Table S3.2: Raman peak assignments for 1T-MoS; and Zn SAs/1T-MoS,

Peak Positions (cm™) Peak Assignments
1T-MoS: Zn SAs/1T-MoS:2
113 113 TA
125 124 TA
149 148 I
195 195 LA
213 213 LA
237 237 A5}
284 283 Eig
336 334 I3
377 376 E'5
402 400 Alg
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Table S3.3: Assignments of experimental g-values for 2H-MoS,, 1 T-MoS,, and Zn SAs/1T-MoS,

g-values Assignment

2H-MoS: 1T-MoS: Zn SAs/1T-MoS:2

2.042 2.042 Paramagnetic S in short chains
2.026 2.027 Electron hole center localized on S atoms
2.019 2.017 Mo’" species coordinated to S atoms

2.005 2.005 2.005 Dangling Mo-S bonds generated by S vacancies
1.994 1.993 S-Mo>" defects
1.959 1.958 Paramagnetic Mo®" coordinated to S atoms
1.936 1.932 Mo’" species coordinated to S atoms

Table S3.4: Local structure parameters of Zn SAs/1T-MoS; fitted from the Zn K-edge EXAFS spectra

Sample Path CN  AE(eV) R (A) o2 (A?)

Zn SAs/1T-MoS: Zn-S 4 -9.6 231 0.009
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Table S3.5: Local structure parameters in Zn SAs/1T-MoS: fitted from Mo K-edge EXAFS spectra

Sample Path CN R (A) o’ (A%

1T-MoS, ? Mo-S 6 2.44 0.010

Zn SAs/1T-MoS, Mo-S1 3 2.41 0.001
Mo-S2 3 2.62 0.0089

@ Control sample taken from reference.'?’

Table S3.6: Comparison of the overpotentials and Tafel slopes observed for each sample evaluated in this

work
Sample Overpotential (mV vs. RHE) Tafel slope (mV/dec)
CFP - -
Pt/C 37 34.0
1T-MoS» 265 107.2
Zn SAs (2.5 mg)/1T-MoS» 199 --
Zn SAs (8.5 mg)/1T-MoS» 177 84.9
Zn SAs (16.5 mg)/1T-MoS» 187 --

Overpotentials are defined as the potential (mV vs. RHE) measured at -10 mA/cm?.
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Table S3.7: Equivalent circuit fittings for EIS data

Sample Rs () Ret () CPE-T CPE-P
1T-MoS 2.289 127.5 0.0247 0.923
Zn SAs (2.5 mg)/1T-MoS, 2.302 82.13 0.0573 0.828
Zn SAs (8.5 mg)/1T-MoS» 2.191 18.41 0.00410 0.897
Zn SAs (16.5 mg)/1T-MoS; 2.371 34.59 0.0209 0.915

The data was measured at overpotentials of -200 mV. Ry, Re, and CPE represent the electrolyte, charge
transfer resistance, and the constant phase element, respectively.

Table S3.8: HER performance comparison with similar 1T-MoS; single atom catalysts

Catalyst Intercalation Electrolyte  Overpotential Tafel Slope Reference
Method (mV vs. RHE) (mV/dec)
Zn SAs/1T-MoS2  Adsorption 0.5 M H2SO4 177 84.9 This work
Zn 2H-Mo$S; Substitution 0.5 M H2SOs 300 51 140
Zn 2H-Mo$S; Substitution 0.5 M HSOs 194 78 %0
Ni(OH), 2H-MoS,  Adsorption 0.5 M HSO4 139 45 139
CUags 1T-MoS: Adsorption 0.5 M H,SOs 173 91 160
Cusu 1T-MoS: Substitution 0.5 M H2SO4 160 86 160
Co 1T-MoS; Adsorption 0.5 M H,SOs 84 47 58
Mn 2H-MoSe; Substitution 0.5 M H,SOs 167 60 161
V 1T/2H-MoS; Substitution 0.5 M HxSO4 146 48 162
(V¥ and
Adsorption
(V?)

Overpotentials were measured at -10 mA/cm?.
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Table S3.9: XPS data and peak assignments for Zn SAs/1T-MoS; before and after collecting 3,000 CV

scans

Peak Zn SAs/1T-MoS:2 Peak Assignment
Pre-CV Post-CV

Zn 2p3p 1022.41 -- Zn**

Zn 2pin 1045.41 -- Zn**

Mo 3dsp 229.03 228.98 MoS2, Mo**
229.96 229.94 MoSx, Mo
232.45 - MoO3;, Mo®"

Mo 3dsn 232.13 232.08 MoS2, Mo**
233.06 233.04 MoSx, Mo
235.55 - MoO3;, Mo®"

S 2p3n 161.96 161.82 MoS,, $*
163.45 162.99 MoSy, $*
168.99 168.90 SO4*

S 2p1n 163.16 163.02 MoS,, $*
164.65 164.19 MoSy, $*
170.19 170.10 SO4*

S 2s 225.93 225.88 MoS>
226.86 226.84 MoSx

O ls 530.75 - MoO3, 0%
531.88 532.35 SO4*
532.88 533.75 Organic C-O
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Table S3.10: ICP-OES analysis of 1T-MoS, intercalated with the various amounts of Zn SAs studied in

this work
Sample Zn (Wt%) Mo (wt%) Zn:Mo (mol)
Zn SAs (2.5 mg)/1T-MoS2 0.634 29.286 0.032
Zn SAs (8.5 mg)/1T-MoS» 1.016 27.465 0.054
Zn SAs (16.5 mg)/1T-MoS> 1.125 24.596 0.067
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CHAPTER 4: Impact of Metal Single Atom d-Orbital Occupation on Confinement
Catalysis: d° vs. d!°

4.1 Abstract

SACs have the ability to enhance reaction kinetics and the activity, stability, and selectivity
of catalysts. Yet, investigations of the aspects of the SA that induce such desirable results fall short.
Much research has investigated the impact of the guest metal’s oxidation state and coordination
geometry on confinement catalysis. Likewise, theoretical calculations have predicted the
electronic structures of guest metals to be driving the enhanced catalytic performance of the
catalyst materials they are confined within. Experimentally, it seems that in the never-ending
search for synthetic methods that enhance confinement catalysis, published investigations of the
impact of the metal intercalant’s d-orbital occupation on confinement catalysis are nonexistent. In
this work, we address this knowledge gap by comparing the performance d'° guest metals spatially
confined within layers of 1T-MoS> to the performance of d’ guest metals under similar
confinement using Zn and Sc SAs, respectively. Electrochemically, the Zn SAs reduce the HER
overpotential of 1T-MoS: by 88 mV, while the Sc SAs only reduce 1T-MoS:’s overpotential by 3
mV. Electronically, the Zn SAs donate electrons to nearby S active sites which in turn promotes
HER kinetics. In contrast, electronic donation between the Sc SAs and S active sites is not
observed. Altogether, this work demonstrates that the electron occupation of d orbitals belonging

to intercalated SAs is necessary to enhance catalysis in 2D materials.

4.2 Introduction
Spatial orientation of d orbitals in TMDs has been shown to generate a variety of electronic

phases that give rise to a wide range of macroscopic properties.'®® These changes in electronic,
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physical, or structural properties may in turn impact catalytic performance. Since active sites are
the locations at which catalytic reactions occur, the geometry, coordination, and electronic
structure of their microenvironments is critical to optimizing the physical and chemical properties
of SACs employed in catalytic reactions.*’ Several synthetic strategies have been demonstrated to
optimize desired properties in SACs. Intentional construction of surface defects on layered
substrates, known as defect engineering, creates traps that in turn may capture guest metal dopants
or intercalants to synthesize SACs that exhibit a well-defined microenvironment. Depending on
the type of layered substrate employed, defect sites may be generated through the formation of
atomic vacancies within the substrate’s lattice. For instance, Qiao et. al. employed defect
engineering to anchor Pt SAs to FeOx through the formation of O vacancies in the substrate.!%
The resulting Pt/FeOx catalyst demonstrated high stability and activity towards CO oxidation to
H». The observed improvement in catalytic activity was attributed to reduction in CO adsorption
energy and activation barriers for CO oxidation induced by the partial occupation of 5d orbitals in
the Pt SAs. Fine-tuning metal-support interactions provides another valuable method to modify
the electronic structure of SAs by forming covalent/ionic bonds with their substrates.?° Qu et. al.
employed this strategy to capture transition metal ions (such as Fe, Co, Ni, and Cu) on GO.!® By
employing a facile dangling bond strategy under ambient conditions, they synthesized SACs in
which the M? species (M = Fe, Co, Ni, Cu) were oxidized to M®" (0 < § < 3) species by transferring
electrons to the dangling O groups in GO. The resulting SACs exhibited enhanced ORR activity
and stability accordingly. Another promising route to synthesizing SACs with desired catalytic
properties involves heteroatom tethering, where metal-support interactions are manipulated to
form anchoring sites on a substrate that attach to metal SAs.>* Wang ez. al. employed this strategy

to load atomically dispersed metals (such as Ru, Rh, Pd, Ir, and Pt) on mesoporous S-doped carbon
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substrates.'® Specifically, the S-doped Pt/C and Ir/C catalysts exhibited 30- and 20-fold higher
activity compared to commercial Pt/C and Ir/C catalysts employed in formic acid oxidation and
quinoline hydrogenation, respectively.

Spatial confinement is both an effective and versatile method to construct SACs with well-
defined microenvironments for enhanced catalytic activity.>® Most important to maximizing the
results of this strategy are the selection of substrates that exhibit uniform cavities and mononuclear
metal precursors that possess suitable charge states and molecular size with respect to the substrate
they form SACs with. In this strategy, microporous diffusion limitations ensure the uniform
dispersion of guest metal precursors throughout the substrate material. Acceleration of reactions
may be achieved via spatial confinement by increasing the local concentration of reagents/catalysts
within the active site’s microenvironment, as well as by pre-organizing reagents into a
conformation that exhibits favorable reactivity.!®” In a similar manner, catalytic selectivity may be
enhanced by restricting the region of space housing active site microenvironments in a manner that
enables only the reagents that possess an appropriate size or shape to fit within the confined
cavity.'®’

Since SACs have demonstrated their ability to enhance reaction kinetics and the activity,
stability, and selectivity of catalysts, one must inquire about the aspects of the SA that induce such
desirable results. For example, how do factors such as the SA’s ionic radius, coordination
geometry/bonding environment, and oxidation state influence catalysis? Examples of such
questions that scientists have sought to address are discussed here. In order to understand the role
of undercoordinated sites in 2D substrates in CO dissociation under confinement, Zhang et. al.
sandwiched Rh(111) and a monolayer of #-BN to create a 2D confined region within which CO

dissociation/activation was investigated.!®® DFT results predicted that CO dissociation restricted
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between layers of #-BN and Ru(111) does not occur. Undercoordinated B atoms were determined
to be responsible for #-BN-assisted CO activation due to having substantially stronger CO affinity
than pristine #-BN or undercoordinated N atoms. Additionally, undercoordinated B atoms at large
vacancy or edge sites demonstrated greater stability and higher resistance towards CO and O
poisoning. Based on these results, undercoordinated active sites were shown to facilitate CO
dissociation more readily than what could be achieved by the #-BN overlayer on Ru(111) that
maintained a pristine lattice structure. Tang et. al. tailored the selectivity of ORR on SACs in acidic
media by modifying the atomic structure of the catalyst’s first and second coordination spheres. 1*
To do this, the authors first doped graphene with active sites such as Co, Fe, Ni, Mo, Pt, efc. Lattice
sites within the metal dopant’s first coordination sphere were substituted with nonmetal dopants
(N, S, O, P) and vacancies. The second coordination sphere was modified by incorporating various
functional groups into the C matrix. Results showed that applying modifications to the active site’s
first and second coordination spheres tailors ORR selectivity from a four-electron pathway to a
two-electron pathway. Calculations performed predicted these changes to alter the *OOH
adsorption behavior of active sites in a manner that yields >95% selectivity for acidic H2O>
electrosynthesis. An example of how coordination environment impacts catalytic activity is
provided by Zhang et. al., which reports the enhancement of ORR by tuning the coordination
environment of Fe, Co, and Ni SAs anchored on a porous N,S co-doped carbon (NSC) matrix. !
During synthesis, the authors noted that the Fe SAs coordinated strictly to four N atoms in the
NSC matrix with two of the N atoms bonded to S atoms in the second coordination sphere. In
contrast, Co and Ni formed a single bond with an S atom within the first coordination sphere in
addition to bonding to three N atoms. While all three cases showed enhanced ORR activity, the

FeN4S: center site yielded the highest ORR activity due to exhibiting higher charge density and
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lower energy barriers for the intermediate species and products formed. Altogether, it seems that
in the never-ending search for synthetic methods that enhance confinement catalysis, published
investigations of the impact of the metal intercalant’s d-orbital occupation on confinement
catalysis are nonexistent. Thus, we seek to address this knowledge gap in both this chapter and the
next.

In this work, 1T-MoS; intercalated with Sc SAs is synthesized by hydrothermally reacting
ScCl3, (NH4)sM07024-4H>0, thioacetamide, and urea together in water (detailed in the Materials
and Methods section). Changes in HER performance were measured in acidic conditions (0.5 M
H>SO4) using a three-electrode configuration with Ag/AgCl and graphite as the reference and
counter electrodes, respectively. Results showed that spatial confinement of Sc SAs within 1T-
MoS; basal active site microenvironments causes a negligible difference in overpotential (1T-
MoS; =265 mV; Sc SAs/1T-MoS; =262 mV) and HER kinetics (1T-MoS, = 107.2 mV/dec; Sc
SAs/1T-MoS, = 108.7 mV/dec), as well as a significant decrease in charge transport limitations
(1T-MoS2 =127.5 Q; Sc SAs/1T-MoS, = 14.23 Q). In this chapter, we analyze the changes in 1T-
MoS;’s structural properties induced by the spatial confinement of Sc SAs and employ the results
to elucidate the driving forces behind the catalyst’s observed activity and stability towards HER.
Afterwards, the results are compared to the performance of Zn SAs/1T-MoS, to identify a
relationship between 1T-MoS>’s HER performance and the d-orbital occupation of metal

intercalants.
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4.3 Results and Discussion
4.3.1 Structural Characterization of Sc SAs/I1T-MoS>

Evidence of whether the Sc SAs adsorb to the 1T-MoS» basal plane or substitute Mo atoms
within 1T-MoS>’s crystal lattice was collected using HAADF-STEM imaging (Figure 4.1).
Visibly brighter spots scattered across the Moiré pattern of 1T-MoS: confirm the adsorption of Sc
SAs to the 1T-MoS; basal plane (Figure 4.1a). A simulated model of the adsorption process is
provided in Figure 4.1b. The intensity profile shown in Figure 4.1c is extracted from the row of
atoms highlighted in yellow in Figure 4.1a. The visibly greater ADF intensity of the peak
corresponding to the brightest atom in the row selected experimentally confirms the adsorption of
an Sc atom on top of an Mo atom. EDX mappings evidence the uniform distribution of Sc, Mo,
and S atoms throughout Sc SAs/1T-MoS: (Figure S4.1).

Intercalation of metal SAs in the formation of SACs has the potential to induce various
structural defects into 2D materials. Raman spectroscopy is well-known as a fast, convenient, and
nondestructive technique commonly employed to investigate the fundamental properties of 2D
materials, including atomic displacement of lattice vibrations and defect-induced phase
transitions.!”! Therefore, Raman spectroscopy was employed to explore structural changes to 1T-
MoS:; induced by the intercalation of Sc SAs. Raman
spectra for 1T-MoS2 and Sc SAs/1T-MoS: are provided in Figure 4.2a with experimental peak
positions given in Table S4.1 The presence of Ji, J2, Eig, J3, TA, and LA phonon modes at the M
point of the first Brillouin zone confirm that both samples are predominantly in the 1T-phase. An
in-depth description of each phonon mode present is provided in Chapter 2. The higher intensity
of the E'5; peak compared to the A, peak further confirms the majority presence of 1T-MoS.

Evidence of 2H-phase contributions is characterized by the dominant intensity of the Ay peak
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compared to the E'5; peak and is unobservable in both samples. The negligible difference in peak
positions between 1T-MoS» and Sc SAs/1T-MoS; suggests the lack of changes in the bulk lattice

structure of 1T-MoS: upon Sc SA intercalation.'”?
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Figure 4.1: HAADF-STEM characterization and quantitative identification of Sc SAs adsorption to the
1T-MoS; basal plane.

(a) Atomically-resolved HAADF-STEM image of the sample. (b) Side view of the atomic structure of the
Sc SAs/1T-MoS; adsorption model and simulated HAADF-STEM image. Scale bar is 0.5 nm. (¢) Intensity
profile taken along the row of atoms highlighted in the yellow box in (a).

A shift in the peak corresponding to the (001) plane in 1T-MoS> observed in the XRD
pattern of Sc SAs/1T-MoS; confirms the intercalation of Sc SAs within the interlayer spacing of
1T-MoS; (Figure 4.2b). XRD patterns for 1T-MoS> and Zn SAs/1T-MoS: are included for
comparison. Peak broadening observed in the diffraction pattern of Sc SAs/1T-MoS: indicates that
the same overlap of hexagonal 1T-MoS2 and monoclinic Mo2S3 occurs in Sc SAs/1T-MoS; as was
observed for Zn SAs/1T-MoS; and 1T-MoS,. Additional peaks present in Sc SAs/1T-MoS»
correspond to hexagonal MoOs (P63/m).'”> ' In contrast to Zn SAs/1T-MoS,, planes
corresponding to Mo02S3 in Sc SAs/1T-MoS: do not experience changes in d-spacing. In Sc
SAs/1T-MoS,, the (001) plane bisecting the interlayer spacing of 1T-MoS; shifts from 14.07°

(0.629 nm) to 13.26° (0.665 nm), which corresponds to a 5.7% (0.036 nm) expansion of 1T-MoS>’s
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interlayer spacing. Greater expansion of 1T-MoS;’s d-spacing to accommodate Sc SAs than what
is required to accommodate Zn SAs is expected due to Sc’s larger ionic radius (rg. = 75 pm, 1z, =
60 pm).!”> Similar to the results observed for Zn SAs/1T-MoS,, the interlayer spacing of 1T-MoS:

expands to accommodate the occupation of interlayer lattice sites by Sc SAs.
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Figure 4.2: Structural characterization of Sc SAs/1T-MoS..

(a) Raman spectra of 1T-MoS, (blue) and Sc SAs/1T-MoS, (orange). (b) XRD patterns of 1T-MoS, (blue),
Zn SAs/1T-MoS; (green). and Sc SAs/1T-MoS; (orange). The purple dashed line marks the 26 value that
corresponds to the (001) plane in 1T-MoS.

Changes in the electronic structure of 1T-MoS: induced by the intercalation of Sc SAs was
evaluated by XPS. Resulting XPS spectra of 1T-MoS: and Sc SAs/1T-MoS2 were compared to
evaluate changes in oxidation states and chemical compositions induced by the intercalation of Sc
SAs (Figure 4.3). Peak values and assignments are provided in Table S4.2 (along with XPS data
for Zn SAs/1T-MoS; for comparison). The Mo 3d, S 2s, and S 2p spectra demonstrate two sets of
doublet peaks assigned to two different Mo species (Figures 4.3a, 4.3b). The purple doublets
observed correspond to Mo*" and S* oxidation states in 1T-MoS2.%> The green doublets are
assigned to unsaturated Mo”®" and S? oxidation states and indicate the presence of a

nonstoichiometric MoSx species along the surface of each sample.®* The XPS spectra of 1T-MoS:
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and Zn SAs/1T-MoS; also demonstrate the same set of 1T-MoS> and MoS; species, as discussed
in detail in Chapter 3 (Figure S3.6). Thus, we conclude that although the majority of Sc SAs/1T-
MoS: consists of stoichiometric 1T-MoS5, a portion of MoSx exists near the catalyst surface.®*
Compared to 1T-MoS2’s Mo 3d spectrum, the Mo 3d, S 2p, and S 2s peaks attributed to 1T-MoS»

and MoSx in Sc SAs/1T-MoS; exhibit downshifts up to 0.10 eV. Downshifts of up to 0.10 eV fall
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Figure 4.3: XPS data and peak assignments of Sc SAs/1T-MoS.
(a) Mo 3d and S 2s spectra. (b) S 2p spectrum. (¢) Sc 2p spectrum. (d) O 1s spectrum.

within the step size (0.10 eV) employed during XPS analysis and thus are considered negligible.

An additional set of doublets in the Mo 3d spectrum (shown in blue) indicates the presence of
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MoO; (Mo%").% The presence of MoOs in Sc SAs/1T-MoS; likely arises from O, bonding to
unsaturated Mo atoms via chemical adsorption at vacancy sites within the catalyst.!”® 77 A small
amount of physically-adsorbed SO4?" is observed in the S 2p spectrum of Sc SAs/1T-MoS; that
may be removed from the substrate by washing with DI H»0.2* The O 1s peaks located at 530.37
eV and 532.08 eV confirm the presence of MoO3 and SO4*, respectively (Figure 4.3d).®* Since
the Sc 2p region overlaps with the Mo 3p region, peaks attributed to the three Mo species present
in Sc SAs/1T-MoS; are shown in gray (Figure 4.3c). Two doublets assigned to Sc species are
observed in this region and are colored in various shades of pink. The observed Sc 2p doublet
shown in pink (Sc 2ps2 = 403.87 eV) is attributed to Sc**.®* This results confirms that the
intercalated Sc SAs exist in the d° electronic state. Biesinger et. al. reported the Sc 2p peak binding
energies for various Sc species, including Sc’ metal and Sc-oxides.!”® According to Biesinger, the
binding energy of Sc2O3 occurs at 401.7 eV with a corresponding O 1s peak at 529.7 eV indicative
of a lattice oxide. Likewise, the Sc 2p3» peak corresponding to SCOOH is observed at 402.9 eV
with a broad O 1s peak at 531.8 eV indicative of an oxyhydroxide species. The absence of these
peaks in the Sc 2p and O 1s spectra of Figures 4.3¢, 4.3d confirm the absence of Sc-oxides in Sc
SAs/1T-MoS,. Thus, the Sc** ions exist as SAs confined within the local microenvironments of

active sites located along the basal plane of 1T-MoS.

4.3.2 Catalytic Comparison of Sc SAs/I1T-MoS: (d° Case) with Zn SAs/1T-MoS> (d"’ Case)

Changes in HER performance induced by the intercalation of Sc SAs was measured
electrochemically under acidic conditions (N2-saturated 0.5 M H2SO4) within a three-electrode
configuration. LSVs were collected to quantify how 1T-MoS2’s overpotential (measured at -10

mA/cm?) changes when various concentrations of Sc SAs (5 mg, 10 mg, 15 mg, and 20 mg) are
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intercalated between layers of 1T-MoS; (Figure S4.2a). Upon comparison of the overpotentials
produced by 1T-MoS;, samples intercalated with 5, 10, 15 and 20 mg of Sc SAs, results showed
that 1T-MoS; intercalated with 15 mg of Sc SAs (Sc (15 mg) SAs/1T-MoS>») yields the best
overpotential (262 mV vs. RHE) of the four cases (Table S4.3). Spatially confining 5, 10, and 20
mg of Sc SAs within 1T-MoS; produced significantly higher overpotentials equal to 340, 293, and

311 mV vs. RHE, respectively.
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Figure 4.4: Electrochemical characterization of Sc SAs/1T-MoS,, Zn SAs/1T-MoS,, 1T-MoS,, and Pt/C
(20%).
Data was collected in N-saturated 0.5 M H,SOs within a three-electrode configuration. (a) HER

polarization curves. (b) Tafel plots. (¢) EIS results fitted to the equivalent circuit shown.

EIS was employed to evaluate charge transfer resistance and mass transport limitations for

each electrode (Figure S4.2b, Table S4.4). Analysis of the high frequency (low Z’) region is
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shown in Figure 4.2b’s inset. The lowest charge transfer resistance was achieved by Sc (20 mg)
SAs/1T-MoS; (16.77 Q), followed by Sc (15 mg) SAs/1T-MoS; (42.87 ), Sc (10 mg) SAs/1T-
MoS: (7.005x107 ), and Sc (5 mg) SAs/1T-MoS:z (1.025x10° Q). Sc (5 mg) SAs/1T-MoS:
displays mass transport limitations, indicated by the linear portion of the curve in the low frequency
(high Z’) range. Sc (5 mg) SAs/1T-MoS», and Sc (15 mg) SAs/1T-MoS» produce two semi-circles,
indicating that these two electrodes experience minor ion conduction resistance in addition to
charge transfer resistance. Thus, Sc (20 mg) SAs/1T-MoS: is believed to yield the lowest charge
transfer resistance due to the lack of ion conduction resistance experienced by the electrode, which
in turn allows H" ions to flow more easily to the electrode surface where they may be reduced to
form Hy. Although Sc (20 mg) SAs/1T-MoS: yields the lowest charge transfer resistance, Sc (15
mg) SAs/1T-MoS» was selected for HER activity comparison with Zn SAs/1T-MoS» because it
produced the lowest overpotential of the various Sc SA concentrations studied.

After identifying the optimal concentration of Sc SAs intercalated within 1T-MoS,, the
HER performance of Sc (15 mg) SAs/1T-MoS> was compared to 1T-MoS, and Zn SAs/1T-MoS;
to evaluate differences in catalytic performance between the d° (Sc SAs/1T-MoS2) and d'° (Zn
SAs/1T-MoS,) cases (Figure 4.4). First, the overpotentials yielded by each case clearly
demonstrates that that the d'° case, Zn SAs/1T-MoS,, yields a significantly lower overpotential
compared to the d° case, Sc SAs/1T-MoS: (Figure 4.4a). Numerically, Zn SAs/1T-MoS; reduce
the overpotential of 1T-MoS; by 88 mV vs. RHE, whereas Sc SAs/1T-MoS; only lower 1T-MoS:’s
overpotential by 3 mV vs. RHE (Table S4.3). With respect to Tafel slopes, Zn SAs/1T-MoS: yields
the lowest Tafel slope (84.9 mV/dec), while Sc SAs/1T-MoS: (108.7 mV/dec) produces a Tafel
slope very similar to that of 1T-MoS> (107.2 mV/dec) (Figure 4.4b). Customarily, SACs are

predicted to lower the kinetic barrier through which HER proceeds.*” In Chapter 3, the lower Tafel
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slope produced by Zn SAs/1T-MoS, compared to 1T-MoS; indicated that spatial confinement of
Zn SAs does lower the kinetic barrier through which HER proceeds (Figure 3.4b and Table S3.6).
As a result, a lower overpotential is observed when Zn SAs are under confinement. Since the
difference in Tafel slope between Sc SAs/1T-MoS» and 1T-MoS: is negligible, we conclude that
the Sc SAs do not change the kinetic barrier and facilitate HER kinetics when confined within the
local microenvironment of basal plane active sites in 1T-MoSo». This result is further demonstrated
by the negligible change in overpotential observed by Sc SAs intercalation within 1T-MoS,.
Comparison of the charge transfer resistance shows that Zn SAs/1T-MoS: (34.59 Q) yields a lower
value for charge transfer resistance than Sc SAs/1T-MoS; (42.87 Q). The difference in charge
transfer for the two cases arises from the ion conduction limitations and slightly greater charge
transfer resistance Sc SAs/1T-MoS, experiences. Resistance to ion conduction is not observed for
Zn SAs/1T-MoS». These results tell us that, compared to d° guest metals, spatially confining d'°
metals within active site microenvironments in 1T-MoS2 enhances HER performance by not only
lowering the amount of energy required to drive HER but also reducing resistance towards ion
conduction and charge transfer experienced by the electrode.

In attempt to understand the reasons driving Sc SAs/1T-MoS>’s lack of improvement in
catalytic performance compared to 1T-MoS», a few experimental findings from Chapter 3 must be
revisited. As discussed in detail in Chapter 3, evidence of electron donation from confined Zn SAs
to basal S active sites was experimentally identified from the downshift in the binding energies of
the S 2p doublet assigned to MoSx (Figure S3.6d, Table S3.1). Additionally, DFT analysis
discussed in Chapter 3 theorizes that this electronic interaction between Zn SAs and their
neighboring S atoms causes AGn= to decrease from -4.30 eV to 0.00294 eV, which in turn enables

HER adsorption and desorption kinetics to be much more facile (Figure 3.5). In contrast, XPS
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analysis of Sc SAs/1T-MoS» does not induce any electronic donation from the Sc SAs to the S
atoms in either 1T-MoS> or MoSx (Table S4.2). Catalytically, Sc SAs/1T-MoS» exhibit an
overpotential and Tafel slope that is almost identical to 1T-MoS: (Table S4.3). These results lead
us to believe that spatial confinement of d° metals such as Sc SAs is unable to improve the HER
performance of 2D materials such as 1T-MoS» because they do not electronically alter the local
environments of active sites in the substrate. Surprisingly, confinement of d° guest metals does
lower charge transfer resistance. However, this change is not effective enough to significantly
improve 1T-MoS2’s HER performance comparably to the improvement induced by d'° guest
metals.

In a similar manner to how the stability of Zn SAs/1T-MoS» during HER catalysis was
tested, LSVs were collected before and after subjecting Sc SAs/1T-MoS» to 3,000 CV scans
(Figure S4.3). After 3,000 CV scans, the overpotential increased by 104 mV vs. RHE, ~7x more
than the overpotential shift observed for Zn SAs/1T-MoS, (14 mV increase observed, Figure
3.4e). This major shift in overpotential indicates that Sc SAs/1T-MoS» does not exhibit optimal
stability for HER catalysis in acidic media. These results clearly demonstrate that the d' case
outperforms the d° case in terms of catalytic stability. In Chapter 3, the Zn SAs/1T-MoS: surface
was evaluated by XPS before and after being subjected to CV cycles (Figure S3.13 and Table
S3.9). Based on the results, the high stability of Zn SAs/1T-MoS> was attributed to the structural
retention of the catalyst material after 3,000 cycles. Results for the Sc SAs/1T-MoS; catalyst
surface before (Figure S4.4) and after (Figure S4.5) running 3,000 CV cycles differed
tremendously. Numerical comparison of the results is provided in Table S3.5. After running 3,000
CV cycles, significant loss of both MoS> and S atoms is observed (Figures S4.5a, S4.5b). The Mo

3d doublets belonging to MoS: upshift by 0.26 eV, whereas those belonging to undercoordinated
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MoSx upshift by 1.73 eV. This major upshift in binding energy indicates that electrons are
withdrawn from Mo centers during catalysis. The at% of Sc SAs in Sc SAs/1T-MoS: decreases
from 1.65 at% pre-CV (Figure S4.4c) to 0.07 at% post-CV (Figure S4.5¢), which tells us that
almost all of the Sc SAs are lost during catalysis. This result further evidences the instability of
this d° guest metal when under confinement. Lastly, major growth of MoO3 occurs, which has the
potential to block many active sites in the remaining portion of the catalyst material (Figures
S4.5a, S4.5d). As a result, a major decline in the HER performance of Sc SAs/1T-MoS; is
observed after long-term electrolysis, which is attributed to the poor retention of the catalyst
structure observed with d° metal intercalation.

An interesting observation when comparing the catalytic performance of the d° and d'°
cases involves the increase in 1T-MoS,’s interlayer spacing that occurs when Sc SAs are under
confinement compared to when Zn SAs are under confinement. Customarily, one would assume
that the increase in interlayer spacing would allow a greater density of active sites along the basal
plane of 1T-MoS: to be exposed.”- 1" In turn, the catalytic activity would be expected to improve.
Instead, we observe that, although Sc SAs increase the interlayer spacing of 1T-MoS2 2.3% more
than Zn SAs do, an improvement in the HER activity is not observed. This observation indicates
that increasing the interlayer spacing of 1T-MoS> does not necessarily guarantee an improvement
in the catalyst’s activity. Instead, this work demonstrates a trend between electron donation from
guest metal SAs to S active sites and changes in HER overpotential. This electron donation was
observed for the Zn SAs case, along with an 88 mV decrease in HER overpotential. In contrast,
the lack of electron donation from the Sc SAs to nearby S active sites resulted with a negligible (3

mV) decrease in 1T-MoS2’s overpotential. These results suggest that changes in HER activity are
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more heavily influenced by electronic effects than changes in the catalytic substrate’s interlayer

spacing.

4.4 Conclusions

In this work, d° Sc SAs were spatially confined within the microenvironments of basal
plane active sites in 1T-MoS,. The structure and HER performance of Sc SAs/1T-MoS, was
assessed in detail. The resulting catalytic performance of Sc SAs/1T-MoS> was compared to the
catalytic performance of Zn SAs/1T-MoS:» to establish a trend between the d-orbital occupancy of
metal single atoms confined near basal plane active sites in 1T-MoS,. The oxidation state of the
intercalated Sc** ions was confirmed by XPS and XRD. While structural changes to the bulk 1T-
MoS; material was not observed, a 5.7% increase in 1T-MoS;’s interlayer spacing was observed.
This increase in interlayer spacing, however, does not correspond to an increase in catalytic
activity. Experimentally, the spatial confinement of Sc SAs reduced the overpotential of 1T-MoS»
by only 3 mV. XPS analysis of Sc SAs/1T-MoS: did not show any significant change in the binding
energies measured for Mo and S species in 1T-MoS; or the undercoordinated MoSx species present
within the sample. This lack of change in binding energies indicates that the electronic
environment of basal S atoms remains unchanged when Sc SAs are confined within their local
microenvironments. As a result, the activation barrier that drives HER and the corresponding
catalytic activity remains unchanged. These results are found to be in contrast to those discovered
for Zn SAs/1T-MoS: (reported in detail in Chapter 3). Altogether, these results suggest that
electronic occupation of d orbitals belonging to SAs spatially confined within active site
microenvironments is required to enable the adsorption and desorption kinetics to be altered in a

manner that enhances HER performance.
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4.5 Materials and Methods
4.5.1 Chemicals

Ammonium heptamolybdate tetrahydrate [(NHs)sM07024:6H20, 99% Alfa Aesar],
thioacetamide (CH3CSNH,, 99'% Acros Organics), urea (H,NCONH,, Sigma-Aldrich), and
scandium(III) chloride hexahydrate (ScCl3-6H20, 99.9% STREM Chemicals) were used without

further purification.

4.5.2 Synthesis of Sc SAs/I1T-MoS>

First, 50 mg of (NH4)sM07024:-6H>0, 80 mg of CH3CSNH>, 40 mg of HNCONHpo, either
5, 10, 15, or 20 mg of ScCl3-6H20, and 10 mL of deionized (DI) water were combined in a 25 mL
autoclave and sonicated until they were fully dissolved. Once dissolved, the autoclave was sealed
within a hydrothermal reactor and heated at 180°C for 24 h. Once the reactor cooled to room
temperature, the solution of crude product was transferred to 15 mL conical centrifuge tubes. The
crude product was washed and centrifuged three times: once with DI water, once with ethyl
alcohol, and once with acetone. The solutions were centrifuged for 10 min at ~4,000 rpm in
between each washing step and the supernatant layer was removed after each centrifugation step.
After washing, the purified product was dried in a vacuum oven at ~80°C and ~25 mmHg for 24
h. The dried and purified product was finely ground with a mortar and pestle and stored under

ambient conditions.
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4.5.3 Characterization

HAADF-STEM images were acquired using JEOL Grand ARM equipped with two
spherical aberration correctors at 300 kV by a convergence semiangle of 22 mrad and inner and
outer collection angles of 83 and 165 mrad, respectively. Energy dispersive X-ray spectroscopy
(EDX) was conducted by using JEOL dual EDX detectors and a specific high count analytical
TEM holder. XPS measurements were collected with a PHI 5600 XPS system equipped with a
monochromatic Al Ka X-ray source and Omni Focus III lens operating at 250 W, 14 kV, 600 pum?
spot size, and a maximum base pressure of 5 x 10~ Torr. A 90° angle was maintained between the
X-ray source and analyzer. Survey spectra were collected with 117.4 eV pass energy, 1.0 eV/step,
and 50 ps dwell time. Multiplexes were collected using 11.75 eV pass energy, 0.100 eV/step, and
50 ps dwell time. The instrument was calibrated to Au 4f7, = 84.00 eV and Cu 2p3»2 = 932.67 eV
immediately prior to collecting the data. All spectra were calibrated to C 1s = 284.8 eV.!3°
Multiplexes were fitted using IgorPro XPS Tools Software. A Shirley background and 80%
Lorentzian—Gaussian were employed for all peak analyses. Raman spectra were recorded using a
Thermo Scientific DXR Raman Spectrometer employing an Ar-ion laser operating at 532 nm, a
50 um pinhole, and 3.0 mW laser power. XRD patterns were measured using the Bruker D2
PHASER XE-T benchtop XRD with Cu—Ka radiation (A = 1.5406 A) at 30 kV and 10 mA, step
size = 0.02°, and scan step time = 1.0 s/step. The measurement range was from 6° to 80° in terms

of 26.

4.5.4 Electrochemical Measurements

All electrochemical measurements were conducted in Nj-saturated 0.5 M H>SOg4
electrolytic solution within a three-electrode configuration. A CHI 660E -electrochemical

workstation was used for all electrochemical measurements. Graphite was employed as the counter
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electrode and Ag/AgCl (3 M NaCl, BASI) as the reference electrode. Electrodes were prepared by
drop casting 100 puL of catalyst ink (20 pL each time, repeated 5 times) onto a 1x2 cm? piece of
carbon fiber paper (CFP). The loading of catalysts on CFP is ~1 mg/cm?. All potentials reported
were calibrated with respect to the Ag/AgCl reference electrode in acidic media (0.5 M H2SO4)
using Equation (2.2).

LSVs were conducted under ambient conditions from 0 to -0.8 V with 5 mV/s scan rate, 1
mV step size, and 0.001 A/V sensitivity. Onset potentials were extracted from the LSVs and
defined as the potential at which the current began to increase (0.05 mA/cm?). Overpotentials were
measured at 10 mA/cm?. EIS measurements were performed at -0.45 V with 0.005 V variation in
the frequency range of 1-10° Hz and 12 steps per decade. The stability of Sc SAs/1T-MoS> was
evaluated by running CV at a 0.01 V/s scan rate for 375 cycles from 0 to -0.43 V, followed by

comparison of the initial and final LSV curves.
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4.7 Supplementary Information

Carbon Scandium Molybdenum

Figure S4. 1: EDX mappings of Sc SAs/1T-MoS,.
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Figure S4.2: Electrochemical analysis of how the HER performance of 1T-MoS; changes as the quantity
of Sc SAs increases.

These measurements were performed within a standard three-electrode configuration with N»-saturated 0.5
M H,SO; as the electrolyte. (a) LSVs. (b) EIS fitted to the equivalent circuit shown. The inset zooms into
the low Z’ vs. -Z” region for clarity.
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Figure S4.3: Stability evaluation of Sc SAs/1T-MoS,.
(a) LSVs measured before and after running 3,000 CV cycles. (b) Corresponding CV.
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Figure S4.4: XPS data and peak assignments for Sc SAs/1T-MoS; on CFP before running 3,000 CV

cycles.

(a) Mo 3d and S 2s spectra. (b) S 2p spectrum. (c¢) Sc 2p spectrum. (d) O 1s spectrum.
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Figure S4.5: XPS data and peak assignments for Sc SAs/1T-MoS; on CFP after running 3,000 CV

cycles.

(a) Mo 3d and S 2s spectra. (b) S 2p spectrum. (c¢) Sc 2p spectrum. (d) O 1s spectrum.
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Table S4.1: Raman peak assignments for Sc SAs/1T-MoS;

Peak Positions (cm™)
Peak Assignments

1T-MoS:2 Sc SAs/1T-MoS:
113 113 TA
125 123 TA
149 146 AN
195 193 LA
213 212 LA
237 237 AP
284 283 Eig
336 335 J3
377 376 Ely
402 400 Alg
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Table S4.2: XPS data and peak assignments for Sc SAs/1T-MoS,

Binding Energy (eV)
Peak Peak Assignment
1T-MoS: Sc SAs/1T-MoS2 Zn SAs/1T-MoS:2
Zn 2p3p - 1022.80 - Zn**
Zn 2pip - 1045.80 -- Zn*"
Sc 2p3n - - 399.57 Sc?
-- -- 402.55 St
Sc 2pin - - 403.87 Sc¢?
-- -- 407.14 Sc3*
Mo 3dsp 229.05 228.98 229.05 MoSz, Mo**
229.93 229.93 229.94 MoSx, Mo*¢*
- - - Mo0O3, Mo®*
Mo 3dsp 232.15 232.08 232.15 MoSz, Mo**
233.03 233.03 232.94 MoSx, Mo*¢*
- - - Mo0O3, Mo®*
S 2p3n2 161.90 161.80 161.98 MoS,, S*
163.45 163.28 163.33 MoSx, S*
- - - SO4*
S 2pin2 163.10 163.00 163.18 MoS,, S*
164.65 164.48 164.53 MoSx, S*
- - - SO4*
S 2s 225.95 225.88 225.95 MoS,
226.83 226.83 226.84 MoS«
O 1s - - - MoOs3
531.20 531.56 531.24 Organic C=0
- - - SO4*
532.48 533.18 532.73 Organic C-O
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Table S4.3: Comparison of the overpotentials and Tafel slopes observed for Sc (5 mg) SAs/1T-MoS,, Sc
(10 mg) SAs/1T-MoS,, Sc (15 mg) SAs/1T-MoS,, and Sc (20 mg) SAs/1T-MoS,

Sample Overpotential (mV vs. RHE) Tafel slope (mV/dec)
Carbon fiber paper (CFP) -- --
Pt/C 37 34.0
1T-MoS» 265 107.2
Zn SAs/1T-MoS: 177 84.9
Sc SAs (5 mg)/1T-MoS» 340 --
Sc SAs (10 mg)/1T-MoS; 293 --
Sc SAs (15 mg)/1T-MoS: 262 108.7
Sc SAs (20 mg)/1T-MoS: 311 --

Overpotentials are defined as the potential (mV vs. RHE) measured at -10 mA/cm?.

Table S4.4: Equivalent circuit fittings for EIS data reported for Sc (5 mg) SAs/1T-MoS», Sc (10 mg)
SAs/1T-MoS,, Sc (15 mg) SAs/1T-MoS, and Sc (20 mg) SAs/1T-MoS,

Sample Rs (Q) Ret (Q) CPE-T CPE-P
1T-MoS, 2.289 127.5 0.0247 0.923
Zn SAs/1T-MoS; 2.191 18.41 0.00410 0.897
Sc SAs (5 mg)/1T-MoS, 1.948  1.025x10°  0.0261 0.557
Sc SAs (10 mg)/1T-MoS, 2.034  7.005x107  0.00985 0.543
Sc SAs (15 mg)/1T-MoS, 1.728 42.87 0.00830 0.611
Sc SAs (20 mg)/1T-MoS, 1.199 16.77 0.00391 0.738
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Table S4.5: XPS data and peak assignments for Sc SAs/1T-MoS; before and after collecting 3,000 CV

scans

Sc SAs/1T-MoS:2

Peak Peak Assignment
Pre-CV Post-CV
Sc 2p3n 399.39 399.01 Sc?
402.90 403.00 Sc3t
Sc 2pin 403.39 403.11 Sc?
407.75 407.85 Sc3t
Mo 3dsp 228.96 22921 MoS2, Mo*"
229.93 231.66 MoSx, Mo”**
233.28 233.43 MoO3, Mo®
Mo 3dsp 232.06 232.31 MoS,, Mo*"
233.03 234.76 MoSy, Mo”¢*
236.38 236.53 MoOs, Mo®
S 2p3n 161.94 162.01 MoS>, $*
163.45 163.43 MoSx, S*
169.38 169.19 SO4*
S 2pin 163.14 163.21 MoS,, S*
164.65 164.63 MoSx, S*
170.58 170.39 SO4*
S 2s 225.86 226.11 MoS:
226.83 227.04 MoSx
O ls 530.98 531.01 MoO3, O*
531.84 -- Organic C=0
532.20 532.15 SO4*
533.10 533.20 Organic C-O
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CHAPTER 5: Effects of Single Atom Spin State on Confinement Catalysis

5.1 Abstract

Spatial confinement of metal SAs within local microenvironments of active sites enhance
catalytic activity by electronically manipulating active site frontier orbitals in a manner that alters
the adsorption/desorption energies which drive reaction kinetics. Primary driving factors that
influence interactions between the guest metal and active sites include guest metal oxidation state,
local coordination geometry, and electronic occupation of valence states. Although the guest
metal’s spin state has the ability to alter its electronic structure, the impact it has under 1D
confinement on catalysis is poorly understood. In this work, the electrochemical HER performance
of HS and LS Mn SAs confined within 1T-MoS» nanosheets are compared in acidic conditions
(0.5 M H2SOs4). In the HS case, the Mn SAs substitute Mo atoms within the 1T-MoS> crystal
lattice, adopt d° electron configuration and octahedral coordination geometry, and decrease 1T-
MoS;’s overpotential by 64 mV. In the LS case, the Mn SAs adsorb to the basal plane of 1T-MoS,
octahedrally coordinate to their LS inducing ligands and basal S atoms, and reduce 1T-MoS>’s
overpotential by 24 mV. This smaller reduction in HER overpotential is attributed to the smaller
extent of electron donation provided by the LS Mn SAs to nearby S active sites compared to the
HS Mn SAs. Elucidating the effects of the confined metal’s spin state enhances the ability to
control the manner in which confined single atoms influence the catalytic performance of 2D

substrates in all fields of catalysis.

5.2 Introduction
Unique to complexes formed with first-row transition metals that have electron

configurations between d* through d’ is the ability to rearrange their valence electrons. This
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rearrangement occurs to reduces electron-electron repulsion that arises when the electrons are
paired in the same orbital. According to Hund’s Rule, pairing electrons in the same orbital requires
energy. When electrons are added to an orbital, it occurs in a manner that minimizes the orbital’s
total energy, known as the pairing energy. When two electrons occupy the same orbital, the two
electrons repel each other. As a consequence, the energy and stability of the orbital they occupy
increases. Whether the electrons pair up or occupy higher energy orbitals depends on the crystal
field splitting energy (A). If the crystal field splitting energy is greater than the pairing energy,
greater stability will be achieved by pairing electrons in lower level degenerate orbitals. Metal
complexes with this type of electron configuration are considered LS. If the crystal field splitting
energy is less than the pairing energy, greater stability will be achieved by keeping electrons in the
lower level degenerate orbitals unpaired and allowing additional electrons to singly occupy higher
level degenerate orbitals. Metal complexes with this type of electron configuration are considered
HS.

In the LS configuration, the crystal field splitting energy between the metal complex’s
HOMO and LUMO frontier orbitals is greater compared to the crystal field splitting energy
exhibited by the HS configuration. As an example, a schematic diagram of the HS and LS d° orbital
configurations using octahedral coordination as an example is provided in Figure S5.1. Although
the example provided is of an octahedral complex, it is important to note that these configurations
may occur for any type of coordination geometry. The one exception involves tetrahedrally
coordinated 3d (first row) transition metals, which always adopt HS configurations due to the rarity
of the complex’s pairing energy to exceed its crystal field splitting energy.'®! In addition to the
number of valence electrons that occupy a 3d metal’s d orbitals, the types of ligands that bond to

the metal center will influence the crystal field splitting energy and resulting spin configuration of
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the metal complex formed. Metal complexes formed with strong m-donating ligands (i.e., halides,
S*, 0%, NRy, RO") favor HS configurations, whereas those formed with m-accepting (i.e., CO,
NO", bipy, CN", CNR) or g-donating ligands (i.e., OHz, NH3, CH3", H") favor LS configurations.
Likewise, complexes formed with first-row transition metals in low valence states tend to prefer
low crystal field splitting energies (HS configuration) whereas those formed with first-row
transition metals in high valence states prefer larger crystal field splitting energies (LS
configuration). Due to the fact that the crystal field splitting energy increases down a group in the
periodic table, the majority of second and third row transition metal complexes are LS regardless
of the ligands they bond to.

The catalytic performance of SACs is strongly dictated by their electronic structure. The
electronic structure of SACs is regulated by their local atomic structure, including the coordination
geometry and oxidation state of the guest metal.'®? These factors control the local arrangement of
orbitals belonging to active sites within the SAC which in turn influence the reaction kinetics that
drive catalysis.’! Therefore, once the guest metal is confined within an active site’s local
microenvironment, the energies of the active site’s frontier orbitals will be affected by the guest
metal’s electronic configuration. As an intrinsic property of SACs, the spin configuration of
confined guest metals will influence the electronic properties of the SAC’s active sites. '*? Gong
et. al. reported the ability to control the spin states of Co SAs to be LS or HS by regulating the
oxidation states of single Co atoms such as Co*-TAP and Co®*-TAP, respectively.'®* Based on
experimental findings and theoretical simulations, Co**-TAP with HS configuration demonstrated
greater activity and selectivity towards electroreduction of CO2 to HCOOH via the COOH pathway
compared to the LS configurated Co**-TAP. In contrast, Co?’"-TAP demonstrated greater

selectivity towards converting HCOOH into CO and CH4. DFT calculations predicted lower
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energy barriers for the two hydrogenation steps that facilitate CO» reduction to HCOOH to be the
primary factors driving the improvement in selectivity and activity. Li ef. al. enhanced the
performance of electrochemical NRR by anchoring Fe SAs on a S and N co-doped C matrix (Fesa-
NSC).'® Based on their findings, doping S atoms generated an FeN3S coordination that pushed
the Fe" SAs to adopt a medium spin state (t2.°e,'). Theoretical analysis of the NRR mechanism
showed that the energy barrier of the reaction’s rate determining step, reductive protonation of the
adsorbed "N intermediate, was lowered when the Fe SAs coordinate to three N atoms and one S
atom (FeN3S) compared to when they are coordinated to four N atoms (FeN4), which in turn
improved catalytic activity.

In this chapter, we investigated the catalytic effects of spatially confining octahedrally-
coordinated Mn SAs, a d’ first-row transition metal, in HS and LS configurations near basal plane
active sites in 1T-MoS. In the HS case, all five d orbitals are singly occupied (t; 93652). In the LS
case, two of the tog orbitals are doubly occupied, one is singly occupied, and both e, orbitals are
empty (t, gsego). To synthesize the HS case, MnCl> was syringe injected into a 1T-MoS»
dispersion (HS Mn SAs/1T-MoS>). For the LS case, Mn(bpy)(CO)3;Br was syringe injected into a
dispersion of 1T-MoS: (LS Mn SAs/1T-MoS;). Detailed synthetic steps are provided in the
Methods section and schematic diagrams of each SAC is provided in Figure S5.2. We
hypothesized that the orbitals that overlap well with p, orbitals belonging to basal S atoms in 1T-
MoS; will promote bond formation. This bond formation, in turn, will enhance charge transfer
effects between the guest metal and catalytic substrate. As demonstrated by the results for Zn
SAs/1T-MoS; discussed in detail in Chapter 2, enhancement of charge transfer from the metal
intercalant to 1T-MoS: will alter its H* adsorption and H> desorption energies and promote HER

kinetics. Since the d,z orbital overlaps best with the p, orbital, and the d,2 orbital is partially
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occupied in the HS case and empty in the LS case, we hypothesized that the HS case will
outperform the LS case. Based on our experimental findings, HS Mn SAs spatially confined near
the catalyst surface exhibited d> electron configuration, greater electron donation from the HS Mn
SAs to nearby S active sites, and lowered 1T-MoS:’s overpotential by 64 mV. In contrast, LS Mn
SAs residing near the catalyst surface exhibited d* electron configuration under confinement, less
electron donation from LS Mn SAs to S active sites compared to the HS case, and reduced 1T-
MoS;’s overpotential by 24 mV. The greater improvement in HER performance demonstrated by
HS Mn SAs/1T-MoS:; is ascribed to the HS Mn SAs ability to donate more electrons to nearby S
active sites compared to the extent of electron donation exhibited by the LS Mn SAs. This chapter
concludes with an overall comparison of the catalytic performance of all four cases of d-orbital
occupations investigated herein and identifies trends between the confined SA’s d-orbital
occupation, electronic modulation of S active sites, and resulting impact on 1T-MoS>’s HER

activity.

5.3 Results and Discussion

5.3.1 Structural Characterization of HS Mn SAs/I1T-MoS>
HAADF-STEM images produced by HS Mn SAs/1T-MoS> demonstrated surprising
results compared to the d” and d'° cases investigated (Figure 5.1). Whereas both Sc and Zn SAs

adsorb to the basal plane of 1T-MoS; (see Figure 3.1 in Chapter 3 and Figure 4.1 in Chapter 4),
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Figure 5. 1: HAADF-STEM characterization and quantitative identification of HS Mn SAs
substitution into the 1T-MoS: lattice.

(a) Atomically-resolved HAADF-STEM image of the sample. (b) Side view of the atomic structure of the
HS Mn SAs/1T-MoS:; substitution model and simulated HAADF-STEM image. Scale bar is 0.5 nm. (c)
Intensity profile taken along the row of atoms highlighted in the yellow box in (a).

the HS Mn SAs in fact substitute lattice sites occupied by Mo atoms in 1T-MoS>’s crystal structure
(Figure 5.1a). Since the Mo atoms exhibit octahedral coordination in the 1T-MoS; lattice, we
conclude that the HS Mn SAs that substitute Mo atoms in 1T-MoS> also adopt octahedral
coordination geometries. A simulated model of the substitution process provided in Figure 5.1b
matches the atomic sites boxed in yellow in Figure 5.1a. In Figure S.1¢, intensity profiles
extracted from the highlighted atomic sites in Figure 5.1a demonstrate a decreased ADF intensity
for the Mo lattice site that has been replaced by a HS Mn SA. EDX mappings shown in Figure
S5.3 confirm the uniform distribution of Mn, Mo, and S atoms throughout HS Mn SAs/1T-MoS».
As a liquid phase intercalation process, the syringe injection method used to synthesize HS Mn
SAs/1T-MoS; is governed by the kinetic and thermodynamic nature of the liquid-intercalant
source and host.!®® Similar to vapor phase synthetic methods, liquid phase intercalation methods
lack control over the composition of the final product. In other words, syringe injection synthesis

does not force the SAs into the lattice sites desired to be occupied. Regardless, since substitution
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of Mo sites still allows the HS Mn SAs to reside within the local microenvironment of S active

sites along the basal plane, this result is not believed to conflict with the investigation conducted

herein.
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Figure 5.2: XRD and HAADF-STEM analysis of changes to 1T-MoS: interlayer spacing induced by HS
Mn SAs and LS Mn SAs.

(a) HS Mn SAs/1T-MoS; (red), LS Mn SAs/1T-MoS; (pink), and 1T-MoS; (blue) XRD patterns. The
purple and grey dashed lines highlight the (001) plane in 1T-MoS; and (101) plane in Mo,Ss, respectively.
(b) HAADF-STEM image of fringe spacing along the edge of LS Mn SAs/1T-MoS,. Experimental fringe
spacings are shown in yellow.

Changes in d-spacing with substitution of HS Mn SAs into 1T-MoS:> lattice sites were
evaluated using the XRD pattern produced by HS Mn SAs/1T-MoS; (Figure 5.2a, shown in red).
Peak shifts corresponding to the (001) plane of 1T-MoS: are not observed. However, a slight shift
from 16.28° (0.544 nm) to 15.87° (0.558 nm) in the (101) plane that bisects Mo-S chains that
intercalate the 1T’ -MoS; layers in Mo02S3 is observed. Customarily, if the HS Mn SAs adsorbed to
the basal plane of 1T-MoS,, an increase in d-spacing would be expected, as was observed for Zn
SAs/1T-MoS; and Sc SAs/1T-MoS> (see Figure 3.2a in Chapter 3 and Figure 4.2b in Chapter 4,
respectively). The absence of this peak shift further confirms the substitution of HS Mn SAs into

1T-MoS>’s crystal structure.
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One of the primary synthetic goals of the intercalation strategies employed in this work is
to ensure that 1T-MoS» remains structurally intact after intercalation of each type of guest metal
studied herein. Raman spectroscopy was employed to evaluate the resulting structure of the
catalyst post intercalation of HS Mn SAs. Resulting spectra of HS Mn SAs/1T-MoS2 compared to
1T-MoS; and LS Mn SAs/1T-MoS; is shown in Figure S5.4a. Corresponding peak positions and
assignments are provided in Table S5.1. Existence of the 1T phase in the bulk region of HS Mn
SAs/1T-MoS; is confirmed by the presence of Ji, J2, Eig, J3, TA, and LA phonon modes at the M
point of the first Brillouin zone. If desired, an in depth discussion of these types of phonon modes
is provided in Chapter 1. Likewise, the greater intensity of the E'», peak with respect to the Ajg
peak further confirms the majority presence of 1T-MoS; and indicates that the 2H-phase of MoS
does not exist within the sample. As shown in Table S5.1, a slight variation in peak positions
between 1-3 cm™ occurs with the presence of HS Mn SAs. However, these shifts are not significant
enough to indicate that the HS Mn SAs induce a structural change in the bulk region of 1T-MoS,.!"?

As a fundamental aspect of this chapter, confirmation of the SA’s spin state is crucial.
Probing the paramagnetic properties of a metal species with EPR spectroscopy is a valuable
technique that may be used to elucidate the geometric and electronic structure of the guest metal
being studied.!®® Customarily, the EPR spectrum of HS Mn?" (S = 5/2) shows six characteristic
hyperfine lines with axially anisotropic g-values.'®” However, upon substituting into 1T-MoS2’s
crystal lattice, a single broad isotropic signal (g = 2.031) is observed at both room temperature
(Figure S5.5a) and 40 K (Figure S5.5¢) which likely corresponds to electron hole centers
localized on S atoms.'®” Assignments of g-values are also provided in Table S5.2. The lack of
signal induced by the HS Mn SAs may be due to the very low quantity of HS Mn SAs that are

intercalated within 1T-MoS. It is important to note that the magnetic studies conducted on HS Mn
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SAs/1T-MoS; are still preliminary. Since evidence that the Mn SAs adopt HS configurations in
the bulk region of the catalyst material is still unclear, further in-depth magnetic studies are
necessary to develop a thorough understanding of the catalyst’s magnetic structure.

Electronic modulations of active sites were measured by XPS. Resulting XPS spectra of
HS Mn SAs/1T-MoS, was compared to 1T-MoS; to identify changes in oxidation states and
chemical compositions that arise when HS SAs are under spatial confinement (Figure S5.6). Peak
values and assignments are provided in Table S5.3. Two sets of doublet peaks are present in the
Mo 3d, S 2s, and S 2p spectra, similar to the results observed for 1T-MoS», Zn SAs/1T-MoS,, and
Sc SAs/1T-MoS; in previous chapters. The purple doublet peaks correspond to Mo*" and S*

).> The green doublet peaks correspond to unsaturated

oxidation states in 1T-MoS» (Figure S5.6¢
Mo>®" and S** oxidation states and indicate the presence of a nonstoichiometric MoSx species
along the surface of each sample.®® Similar to conclusions made in previous chapters, while a
portion of MoSx that exists near the catalyst surface, the bulk region of the catalyst consists of
stoichiometric 1T-Mo0S,.%* A downshift in the Mo 3d peaks equal to 0.07 eV is observed for MoS»,
with no shift in binding energy observed for the MoSx species. Since this shift is within the step
size (0.10 eV) employed when the data was collected, this shift is considered negligible. The S 2p
peaks assigned to MoS» experience a negligible downshift equal to 0.10 eV as well (Figure S5.6d).
In contrast, the S 2p peaks belonging to MoSx downshift by 0.17 eV, slightly less than what was
observed for Zn SAs/1T-MoS» (0.19 eV downshift, see Figure S3.6 and Table S3.1 in Chapter 3).
This result implies that under spatial confinement the HS Mn SAs donate electrons to nearby S
atoms in MoSx.!” The O 1s spectra confirms the presence of organic C-O and C=0, which is

associated with adventitious carbon present in the sample (Figure S5.6b).> MoO; and SO4*

species were not observed. Likewise, lacking evidence of any type of oxide or oxyhydroxide peaks
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in the O 1s spectrum confirms the absence of any Mn-oxide or Mn-oxyhydroxide species near the
catalyst surface. The Mn 2p spectrum displays doublet peaks which correspond to the Mn?>*
oxidation state (Figure S5.6a).'®® The multiplet splitting observed for Mn 2p arises in atoms that
contain unpaired electrons. When unpaired electrons are present, photoionization may form a core
electron vacancy which in turn may induce coupling between an unpaired core electron and an
unpaired outer shell electron. As a result, multiple final states may be created, which in the
photoelectron spectrum of Mn 2p are displayed as multiple doublet peaks.'*® This confirmation of
the HS Mn SAs existing in the Mn?" oxidation state indicates that the HS Mn SAs retain their d°

electron configuration when spatially confined between layers of 1T-MoS.

5.3.2 Structural Characterization of LS Mn SAs/I1T-MoS>

Due to the molecular nature of the LS Mn SAs, it is reasonable to assume that their ability
to substitute Mo atoms in the 1T-MoS; crystal lattice may be limited. To verify the truth behind
this hypothesis, HAADF-STEM imaging and EDX mappings were collected (Figures 5.3, S5.7).
Adsorption of the LS Mn SAs was confirmed by the presence of brighter lattice sites at positions
occupied (Figure 5.3a). A simulated sketch of the expected STEM results for adsorption behavior
is shown in Figure 5.3b. Due to the low atomic number of the C, N, O, and H atoms that make up
the bpy and CO ligands, their presence cannot be verified via STEM analysis. The experimental
ADF intensity extracted from the section of Figure 5.3a highlighted in a yellow box was plotted
in the line profile shown in Figure 5.3¢c. The higher intensity of the peak corresponding to the
brightest lattice site in the section of atoms analyzed experimentally supports the adsorption
behavior of the LS Mn SAs. EDX mappings of a section of the catalyst material show the uniform

distribution of the Mn, Mo, and S elements in LS Mn SAs/1T-MoS: (Figure S5.7).
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Figure 5.3: HAADF-STEM characterization and quantitative identification of LS Mn SAs adsorption to
the 1T-MoS, basal plane.

(a) Atomically-resolved HAADF-STEM image of the sample. (b) Side view of the atomic structure of the
LS Mn SAs/1T-MoS, adsorption model and simulated HAADF-STEM image. Scale bar is 0.5 nm. (¢)
Intensity profile taken along the row of atoms highlighted in the yellow box in (a).

The resulting XRD pattern produced by LS Mn SAs/1T-MoS: shows an overall structure
similar to 1T-MoS; and the results observed for the d°, d'°, and HS d° cases (Figure 5.2a, shown
in pink). Slight formation of narrow peak structures present in the spectrum indicates the existence
of a more crystalline catalyst structure, in contrast to the highly amorphous crystal structure
observed in of the other cases studied in this work. The peak corresponding to the (001) plane of
1T-MoS; is highlighted with a purple dashed line in Figure 5.2a. The lack of a shift in that peak
to a higher or lower 20 value suggests that the average d-spacing in the bulk material remains
unchanged when LS Mn SAs are intercalated within layers of 1T-MoS:. Customarily, energy must
be expended by the 2D host to generate larger interlayer sites for larger guest species to occupy. '
This results suggests that the parameters of the synthetic method employed was not sufficient

enough to intercalate the LS Mn SAs deep within the bulk material. However, confirmation of this
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hypothesis is unable to be achieved due to the inherent layer stacking that makes it impossible to
reliably identify LS Mn SAs in the bulk region of 1T-MoS..

HAADF-STEM images displaying fringes near the edge of LS Mn SAs/1T-MoS, were
also analyzed to investigate the change in fringe spacing near the edge of the catalyst material
where the likelihood of HER occurring is greatest (Figure 5.2b). Compared to the average d-
spacing of 1T-MoS; (0.632 £ 0.06 nm, Figure 3.2¢, discussed in Chapter 3), lattice fringes in LS
Mn SAs/1T-MoS; show an average distance equal to 0.804 + 0.2 nm. This result hints that the LS
Mn SAs may primarily reside near the edge regions of the catalyst material, since observation of
lattice regions further from the catalyst’s edge show crystalline, uniform lattice structure (Figure
S5.8). This result corresponds well with the XRD results, which lack evidence of a peak shift of
the (001) that would indicate an increase or decrease in d-spacing in the bulk material. Altogether,
these results suggest that the intercalation of LS Mn SAs is restricted to edge regions of the catalyst
material.

To verify the structural retention of 1T-MoS; after spatially confining the LS Mn SAs
within the interlayer spacing of 1T-MoS>, Raman spectroscopy was again utilized. Results are
demonstrated in Figure S5.4a with peak positions and assignments provided in Table S5.1.
Similar to previous results, the presence of J1, J2, Eig, J3, TA, and LA phonon modes at the M point
of the first Brillouin zone and higher intensity of the E'», peak compared to the A1, peak validate
the fact that the bulk catalyst material exists in the 1T phase and the absence of the 2H phase.
Negligible shifts in peak positions corresponding to each phonon mode conclude the structure of
1T-MoS; is in fact retained after intercalating LS Mn SAs.!7? Retention of the bpy and CO ligands
post intercalation of LS Mn SAs into 1T-MoS: is critical to ensure that the Mn centers retain their

LS character when under spatial confinement. Spectral fingerprints unique to each type of ligand
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may be readily identified by FTIR analysis. Therefore, this technique was employed to confirm
the presence of bpy and CO ligands in LS Mn SAs/1T-MoS; (Figure S5.4b). Vibrational modes
corresponding to sp?> CH stretching, C=C stretching, and CN stretching confirm the presence of
bpy ligands in the sample. Likewise, peaks corresponding to CO stretching confirm the presence
of CO ligands. Altogether, these results confirm that the Mn centers retain the ligands necessary
to force them into a LS configuration all while retaining the overall lattice structure of 1T-MoS>
and suggest that the LS Mn centers maintain octahedral coordination geometry under spatial
confinement.

Next, EPR spectroscopy was employed to evaluate the paramagnetic nature of the LS Mn
SAs under spatial confinement. Again, we observe a single broad isotropic signal (g = 2.017) at
both 293 K (Figure S5.5b) and 40 K (Figure S5.5d) which likely corresponds to unsaturated Mo>*
species coordinated to S atoms.!**!°? Similar to the HS Mn SAs case, it is important to note that
the magnetic studies conducted on LS Mn SAs/1T-MoS: are still preliminary. Although the EPR
spectra for LS Mn SAs/1T-MoS2 demonstrate the broad isotropic signal expected that would be
expected for LS Mn SAs, the results are still unclear and further in-depth magnetic studies are
necessary to develop a thorough understanding of the catalyst’s magnetic structure.

Electronic modulations to the 1T-MoS, substrate were evaluated by XPS. The results,
including oxidation states and chemical composition, are provided in Figure S5.9. Corresponding
peak positions and assignments are available in Table S5.3. Two sets of doublet peaks observed
in the Mo 3d, S 2s, and S 2p spectra correspond to Mo*" and S* oxidation states in 1T-MoS>
(shown in purple) as expected (Figure S$5.9¢).%> The second set of doublet peaks located at higher
binding energies correspond to unsaturated Mo*®" and S* oxidation states and confirm the

presence of nonstoichiometric MoSx along the surface of the sample, similar to previous
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conclusions made for all other SACs studied in this work.®> Compared to 1T-MoS>, the LS Mn
SAs downshift S 2p peaks belonging to nonstoichiometric MoSx by 0.12 eV (Figure S5.9d). All
other peaks in the Mo 3d and S 2p spectra either display negligible downshifts within the step size
limit or do not shift at all. Based on these results, we conclude that while some electronic donation
from the LS Mn SAs to the S atoms in MoSx is observed, it is less than what is contributed by the
HS Mn SAs. Similar to HS Mn SAs/1T-MoS», the O 1s spectrum displays peaks corresponding to
organic C-O and organic C=0, whose presence may be attributed to the existence of adventitious
carbon on the sample (Figure S5.9b).% The Mn 2p spectrum displays sets of doublet peaks which
are assigned to the Mn>" oxidation state (Figure S5.9a).' Multiplet peak splitting is observed for
the LS Mn SAs case in a manner similar to what was observed for the HS Mn SAs. In addition to
having oxidation states which exhibit significant multiplet splitting, the oxidation states for Mn
also exhibit overlapping binding energy ranges for the multiplet splitting structures.'®® These
results indicate that although the LS Mn center exists in the Mn" oxidation state when syringe
injection synthesis begins, the LS Mn centers near the catalyst surface oxidize to a higher oxidation
state when under spatial confinement. Confirmation of the LS Mn SAs existing in the Mn>"

oxidation state tells us that the LS Mn centers have d* electronic configurations near the catalyst

surface, in contrast to the d° electron configuration maintained by the HS Mn SAs.

5.3.3 Catalytic Performance of the High Spin vs. Low Spin Cases of Mn SAs/I1T-MoS>
Electrochemical analyses were performed in acidic conditions (N2-saturated 0.5 M H>SO4)

using a three-electrode configuration. Graphite and Ag/AgCl were employed as the counter and

reference electrodes, respectively. LSV (Figure S5.10a) and EIS (Figure S5.10b) analyses were

performed on 1T-MoS; substrates hosting 5, 10, and 15 mg of HS Mn SAs. The results indicate
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that loading 10 mg of HS Mn SAs yields the best overpotential and lowest charge transfer
resistance. Therefore, the HS and LS cases of intercalated Mn SAs were compared by injecting 10
mg of each precursor (MnCl for HS Mn SAs, Mn(bpy)(CO)3Br for LS Mn SAs) into 1T-MoS
(synthesis details are provided in the Methods section). Catalytic performances of the two spin
cases were compared to 1T-MoS» and Pt/C to evaluate changes in 1T-MoS,’s HER performance
and compare the results to a well-known high performing HER catalyst (Figure 5.4a). Numerical
results for LSVs and EIS results collected are available in Tables S5.5 and S5.6, respectively. As
demonstrated in Figure 5.4a, both spin cases reduce the overpotential of 1T-MoS>. The HS Mn
SAs reduce 1T-MoS»’s overpotential by 64 mV, whereas the LS Mn SAs reduce 1T-MoS>’s
overpotential by 21 mV. The difference in overpotential between HS Mn SAs/1T-MoS; and LS
Mn SAs/1T-MoS; is large enough (40 mV difference) to conclude that changing the spin
configuration of the SA influences HER performance. In support of our preliminary hypothesis,
these results indicate that the HS Mn SAs are able to lower the amount of energy required to drive
HER at 1T-MoS:> active sites more than the LS Mn SAs can.

Tafel slopes extracted from the LSV onset potential region shown in Figure 5.4b further
verify these results. While LS Mn SAs/1T-MoS; slightly lower’s 1T-MoS»’s Tafel slope, a greater
decrease is observed for the HS Mn SAs/1T-MoS». As a method employed to measure changes in
the rate at which the HER mechanism proceeds, the catalyst that exhibits lower Tafel slopes is
expected to require the lowest overpotential to drive HER.!*> The lower Tafel slope produced by
HS Mn SAs/1T-MoS, compared to LS Mn SAs/1T-MoS» suggests that the kinetic barrier through
which HER proceeds is lowered when the Mn SAs exhibit high spin characteristics.

Figure 5.4¢ shows the EIS results produced by 1T-MoS>, HS Mn SAs/1T-MoS», and LS

Mn SAs/1T-MoS», with quantitative results provided in Table S5.6. Clearly, the semi-circle radius
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Figure 5.4: Electrochemical characterization of HS Mn SAs/1T-MoS,, LS Mn SAs/1T-MoS,, 1T-MoS,,

and Pt/C (20%).
Measurements were collected in Na-saturated 0.5 M H>SO4 using a three-electrode configuration. (a) HER
polarization curves. (b) Tafel plots. (¢) EIS results fitted to the equivalent circuit shown.

of both HS and LS cases are significantly smaller than 1T-MoS2’s semi-circle radius.
Fundamentally, a decrease in the semi-circle’s radius corresponds to a decrease in charge transport
limitations experienced by the electrode during device operation. The observed results therefore
suggest that both spin configurations lower charge transport resistance in 1T-MoS,. Deeper
analysis of the curve produced by LS Mn SAs/1T-MoS; identifies a non-vertical line following
the semi-circle curve present. This straight line indicates that the electrode is subject to diffuse
layer resistance.'®® Numerically, this diffuse layer resistance is represented by the Warburg
constant (Aw) shown in Table S5.6. The experimentally confirmed presence of diffuse layer

resistance in the LS case indicates that ion transport is limited in either the diffuse layer region or
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bulk electrolyte. As a result, transport of H' ions through the electrolyte to the electrode surface,
where they may subsequently be reduced to H, is inhibited, along with the electrochemical
performance.

Similar to the d° and d'° cases respectively discussed in Chapters 2 and 3, the stability of
both spin cases was evaluated by subjecting each catalyst to 3,000 CV cycles. Pre- and post-CV
XPS analysis of HS Mn SAs/1T-MoS>’s is provided in Figure S5.12 and Figure S5.13,
respectively. A numerical comparison of the results is provided in Table S5.6. LSVs collected
before and after CV was performed are provided in Figures SS5.11a, S5.11b. Both spin
configurations exhibit high stability after 3,000 cycles. Surprisingly, while HS Mn SAs/1T-MoS>’s
overpotential increases by a mere 12 mV (Figure SS5.11a), LS Mn SAs/1T-MoS»’s overpotential
decreases by 5 mV, indicating that the overpotential improved after running 3,000 CV cycles
(Figure S5.11b). To gain a better understanding of these intriguing results, surface analysis of
each electrode was performed before and after running CVs. After 3,000 cycles, shifts in binding
energies of peaks belonging to MoS> and MoSx present in HS Mn SAs/1T-MoS; are negligible
(Figures S5.12, S5.13). Slight growth of MoOs (Figures S5.13b, S5.13¢) and SO4> (Figures
S5.13b, S5.13d) are both observed. Analysis of the Mn 2p spectra of HS Mn SAs/1T-MoS» shows
that 0.40 at% of Mn SAs near the catalyst surface is lost during catalysis and oxidation of the Mn
SAs retained from Mn?* to Mn** is observed (Figures S5.12a, $5.13a). Oxidation of the Mn SAs
near the catalyst surface provides further support of the observed donation of electrons from the
HS Mn SAs to the basal S atoms in 1T-MoS,. Overall, the high stability observed for the HS case
is attributed to structural retention of the catalyst material during catalysis.

XPS analysis of LS Mn SAs/1T-MoS>’s is provided in Figure S5.14 and Figure S5.15,

respectively. A numerical comparison of the results is provided in Table S5.7. Prior to running
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CV cycles, surface oxidation of LS Mn SAs/1T-MoS: is evidenced by the presence of MoOs3 in
the Mo 3d and O Is spectra (Figures S5.14b, S5.14¢). Post-CV XPS analysis confirm that this
layer of surface oxidation is removed during catalysis (Figures S5.15b, S5.15¢). SO4>" growth is
observed in the same manner as it was for the HS case (Figures S5.15b, S5.15d). Negligible
changes in Mo 3d and S 2p binding energies belonging to MoS> and MoSx in LS Mn SAs/1T-
MoS; confirms structural retention of the catalyst material in a similar manner to what was
observed for the HS case. Therefore, the same conclusion relating the high stability during
catalysis to the retention of the catalyst’s structure is made. However, Mn 2p peaks could not be
identified after LS Mn SAs/1T-MoS:» was subjected to 3,000 cycles (Figure S5.15a). Even after
sputtering the catalyst surface for 30 s, the peaks remained absent (Figure S5.16b). STEM results
previously demonstrated in Figure 5.2b suggested that the LS Mn complexes only intercalate near
the edges of 1T-MoS>’s nanosheets. Therefore, loss of LS Mn SAs is hypothesized to occur easily
during catalysis. Since the bulky ligands attached to the LS Mn SAs may potentially block basal
plane active sites, the loss of these species may be the culprit driving the slight improvement in

overpotential observed after running 3,000 cycles.

5.3.4 Resulting Trend and Factors Driving the Catalytic Activity Observed for the d°, Low Spin
d? High Spin &, and d"° Cases

In order to fully conclude the work completed herein, an analysis of the electrochemical
performance of each SA case studied and correspondence with the electronic factors driving these
results is necessary. A full comparison of the electrochemical performance of all four SACs studied

in this work is provided in Figure 5.5. Numerical results are reported altogether in Table S5.8.
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Altogether, comparison of the LSVs (Figure 5.5a), Tafel slopes (Figure 5.5b), and EIS (Figures

5.5¢, 5.5d) demonstrate a consistent trend between HER performance and electronic occupation
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Figure 5.5: Electrochemical comparison of HS Mn SAs/1T-MoS,, LS Mn SAs/1T-MoS,, Sc SAs/1T-

MoS,, Zn SAs/1T-MoS;, 1T-MoS,, and Pt/C (20%).

Measurements were collected in N»-saturated 0.5 M H,SO, within a three-electrode configuration. (a) HER
polarization curves. (b) Tafel plots. (c¢) EIS results fitted to the equivalent circuit shown. (d) Zoomed in
region of EIS data to visualize results for HS Mn SAs/1T-MoS,, LS Mn SAs/1T-MoS,, and Sc SAs/1T-

MoS; more clearly.

of d-orbitals belonging to guest metals spatially confined near basal plane active sites in 1T-MoSa.
In 2018, Benson et. al. employed covalent chemical functionalization to modify the electronic
properties of 1T-MoS..!”> By functionalizing 1T-MoS> with a series of organic phenyl rings
ranging from electron withdrawing to electron donating character, the authors discovered that the
electronic nature of these functional groups can influence HER kinetics on the 1T-MoS: substrate.

According to their results, 1T-MoS: covalently bonded to the most electron donating functional
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group (p-(CH3CH2)2NPh-MoS») studied yielded the best HER performance of the various cases
studied. These results correspond well with the trend in electron donating character observed with
the four guest metal cases studied in this work.

As the electronic occupation of d-orbitals belonging to guest metals confined within active
site microenvironments increases, the catalyst’s HER performance increases. The d° case, Sc
SAs/1T-MoS,, yielded the worst catalytic performance, in which 1T-MoS>’s overpotential
decreased by only 3 mV. The detailed investigation of the d° case described in Chapter 3 brought
us to conclude that the lack of electron donation from the Sc SAs to S atoms in 1T-MoS; and its
unsaturated MoSx component led us to this lack of change in HER performance. The LS Mn SAs
residing near the catalyst surface exhibited a d* electron configuration, induced a 0.12 eV
downshift in MoSx’s S 2p doublet, and decreased 1T-MoS:’s overpotential by 21 mV. The HS Mn
SAs located near the catalyst surface retained their d° electron configuration, downshifted MoSx’s
S 2p doublet by 0.17 eV, and decreased 1T-MoS>’s overpotential by 64 mV.

Lastly, our d'° case, Zn SAs/1T-MoS>, downshift the S 2p doublet belonging to unsaturated
MoSx by 0.19 eV, and reduced the overpotential of 1T-MoS> by 88 mV, which was the greatest
reduction in overpotential of all the cases studied. DFT calculations employed to analyze changes
in HER kinetics induced by the intercalated Zn SAs demonstrated that the spatial confinement of
the Zn SAs yields a thermoneutral AGy+ value (0.00294 eV compared to -5.40308 eV generated
by a trilayer of 1T-MoS,, see Figure 3.5b in Chapter 3). As a result, HER kinetics are predicted
to be much more facile when this d'° guest metal is confined within 1T-MoS, active site
microenvironments. Based on these results, we draw the following conclusions. Electronic
donation from the SAs to S active sites increases as the electronic occupation of d-orbitals

belonging to SAs increases. This electron donation facilitates HER kinetics and improves catalytic
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performance. Thus, we conclude that intercalated SAs that maintain higher d-orbital occupations
are required to drive electron donation to S active sites and enhance HER performance accordingly

(Figure 5.6).

5.4 Conclusions

HS Mn2* = d5 Zn?* = d"0

1111 11111 drdrdedrdr

de_pdpz dy,, dy, d,, de_pd,.d,, dy, dy, dy2_2d:d,, dy, dy, dy_pdpd,, dy, dy,

>

Increased d-orbital occupation of confined metals linked to enhanced catalytic performance
Figure 5.6: Observed trend between d-orbital occupation of confined SAs and HER performance.

Comparing all four cases of SA d-orbital occupations, we observe the following.
Electrochemically, a decrease in overpotential is observed as electronic occupation of d-orbitals
increases. Electronically, as the d-orbital occupation of SAs increases, the number of electrons
donated to nearby active sites increases. This electron donation facilitates HER kinetics by making
the H" adsorption/H> desorption process easier to occur. As a result, lower overpotentials are
required to drive HER. Altogether, this work addresses a major knowledge gap in confinement
catalysis by identifying the relationship between the guest metal’s valence electrons and catalytic
performance. Since quantum confinement is a phenomenon present in all nanomaterials,
intercalation strategies and metal confinement effects may be used to enhance electronic and
structural properties in all types of nanomaterials. It is well known that current efforts to develop
novel materials with enhanced properties requires the incorporation of nanomaterials to achieve
these goals. Properties of 2D materials can be synthetically controlled by inducing atomic
modifications such as defects and dopants. Therefore, the insight gained from this work reveals

synthetic methods that enable precise control over properties in nanomaterials, which in turn can
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maximize the performance of novel materials, devices, and applications sought after by the sci-

tech industry today.

5.5 Materials and Methods

5.5.1 Chemicals

Ammonium heptamolybdate tetrahydrate [(NHs)sMo07024:6H20, 99% Alfa Aesar],
thioacetamide (CH3CSNH», 99'% Acros Organics), urea (H.NCONH>, Sigma-Aldrich),
manganese(II) chloride  tetrahydrate (MnCl2-4H-0, 99"%  Acros Organics),
bromopentacarbonylmanganese(I) (Mn(CO)sBr, 98% Alfa Aesar), 2,2’-dipyridyl (Oakwood

Chemicals), and diethyl ether (Fisher Scientific) were used without further purification.

5.5.2 Synthesis of HS Mn SAs/I1T-MoS>

First, 50 mg of (NH4)sM07024-6H>0, 80 mg of CH3CSNH>, 40 mg of HNCONHpo, either
5, 10, or 15 mg of ScClz-6H>0, and 10 mL of deionized (DI) water were combined in a 25 mL
autoclave and sonicated until they were fully dissolved. Once dissolved, the autoclave was sealed
within a hydrothermal reactor and heated at 180°C for 24 h. Once the reactor cooled to room
temperature, the solution of crude product was transferred to 15 mL conical centrifuge tubes. The
crude product was washed and centrifuged three times: once with DI water, once with ethyl
alcohol, and once with acetone. The solutions were centrifuged for 10 min at ~4,000 rpm in
between each washing step and the supernatant layer was removed after each centrifugation step.
After washing, the purified product was dried in a vacuum oven at ~80°C and ~25 mmHg for 24
h. The dried and purified product was finely ground with a mortar and pestle and stored under

ambient conditions.

179



5.5.3 Synthesis of Mn(bpy)(CO)3Br

First, 2 mmol of Mn(CO)sBr and 2 mmol 2,2’-dipyridyl (which same compound as 2,2’-
bypridine) were added to a 100 mL three-prong round bottom flask. The flask was filled halfway
with diethyl ether and attached to a reflux apparatus and heating mantle. The reagents were
refluxed in ether for 30 mins (while stirring to prevent bumping). The product precipitates
immediately as fine orange crystals. The mother liquor was then cooled to -80°C using liquid N2
to complete precipitation. The product was vacuum filtered, washed twice with 30 mL of ice cold
diethyl ether, and dried under vacuum. The final product was wrapped in aluminum foil to protect

it from light and stored in a refrigerator when not in use.

5.5.4 Synthesis of LS Mn SAs/1T-MoS>

To start, 50 mg of 1T-MoS», 15 mL DI water, and 35 mL ethanol were combined and
vigorously stirred at room temperature throughout the entire synthesis. Next, a solution of LS Mn
SAs was prepared by adding 6.0 mL of acetonitrile to 10 mg of Mn(bpy)(CO)3Br and sonicating
the solution until completely dissolved. This solution was transferred to a syringe and attached to
a syringe pump apparatus which was utilized to inject the LS Mn SAs solution into the 1T-MoS:
dispersion. During this step, the entire solution of Mn(bpy)(CO)3Br was injected into the 1T-MoS»
dispersion at a 10 pL/min flow rate. After the injection was complete, the solution continued to be
vigorously stirred at room temperature for seven days. Afterwards, the solution was transferred to
15 mL Conical Centrifuge Tubes, centrifuged for 10 min. at ~4,000 rpm, washed with DI water,

and centrifuged again for the same amount of time. The supernatant layer was removed after each
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centrifugation step. The purified product was dried in a vacuum oven at ~80°C and ~25 inHg for

24 h, then finely ground with a mortar and pestle and stored under ambient conditions.

5.5.5 Characterization

HAADF-STEM images were acquired using JEOL Grand ARM equipped with two
spherical aberration correctors at 300 kV by a convergence semiangle of 22 mrad and inner and
outer collection angles of 83 and 165 mrad, respectively. Energy dispersive X-ray spectroscopy
(EDX) was conducted by using JEOL dual EDX detectors and a specific high count analytical
TEM holder. XPS measurements were collected with a PHI 5600 XPS system equipped with a
monochromatic Al Ko X-ray source and Omni Focus III lens operating at 250 W, 14 kV, 600 pm?
spot size, and a maximum base pressure of 5 x 10~ Torr. A 90° angle was maintained between the
X-ray source and analyzer. Survey spectra were collected with 117.4 eV pass energy, 1.0 eV/step,
and 50 pus dwell time. Multiplexes were collected using 11.75 eV pass energy, 0.100 eV/step, and
50 us dwell time. The instrument was calibrated to Au 4f7, = 84.00 eV and Cu 2p3» = 932.67 eV
immediately prior to collecting the data. All spectra were calibrated to C 1s = 284.8 eV.!%0
Multiplexes were fitted by using IgorPro XPS Tools Software. A Shirley background and 80%
Lorentzian—Gaussian were employed for all peak analyses. Raman spectra were recorded using a
Thermo Scientific DXR Raman Spectrometer employing an Ar-ion laser operating at 532 nm, a
50 um pinhole, and 3.0 mW laser power. XRD patterns were measured using the Bruker D2
PHASER XE-T benchtop XRD with Cu—Ka radiation (A = 1.5406 A) at 30 kV and 10 mA, step
size = 0.02°, and scan step time = 1.0 s/step. The measurement range was from 6° to 80° in terms
of 20. FTIR spectra were collected using a PERKIN ELMER CE-440. EPR spectra were analyzed

with the Bruker EMXplus X-band CW EPR spectrometer system operating at a frequency of 9.36
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GHz. Field frequency modulation, modulation amplitude, and microwave power were set to 100
kHz, 0.6 mT, and 0.02 mW, respectively, in every case to avoid saturation effects. EPR

measurements were recorded at 293 K and 40 K.

5.5.6 Electrochemical Measurements

All electrochemical measurements were conducted in Nz-saturated 0.5 M H2SO4
electrolytic solution within a three-electrode configuration. A CHI 660E electrochemical
workstation was used for all electrochemical measurements. Graphite was employed as the counter
electrode and Ag/AgCl (3 M NaCl, BASI) as the reference electrode. Electrodes were prepared by
drop casting 100 uL of catalyst ink (20 pL each time, repeated 5 times) onto a 1x2 cm? piece of
CFP. The loading of catalysts on CFP is ~1 mg/cm?. All potentials reported were calibrated with

respect to the Ag/AgCl reference electrode in acidic media (0.5 M H2SO4) using Equation (2.2).

LSVs were conducted under ambient conditions from 0 to -0.8 V with 5 mV/s scan rate, 1
mV step size, and 0.001 A/V sensitivity. Onset potentials were extracted from the LSVs and
defined as the potential at which the current began to increase (0.05 mA/cm?). Overpotentials were
measured at -10 mA/cm?. EIS measurements were performed at -0.45 V with 0.005 V variation in
the frequency range of 1-10° Hz and 12 steps per decade. The stability of Sc SAs/1T-MoS> was
evaluated by running CV at a 0.01 V/s scan rate for 375 cycles from 0 to -0.43 V, followed by

comparison of the initial and final LSV curves.
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5.7 Supplementary Information
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Figure S5.1: HS and LS d° orbital configurations under octahedral coordination geometry.

XXXXXX

o-~ (
Co **c

: A S
OO
HS Mn SAs/1T-MoS, LS Mn SAs/1T-MoS,

O@Mo VS OMnO®C ®©0 ON

Figure S5.2: Molecular models of HS Mn SAs/1T-MoS; and LS Mn SAs/1T-MoS;.
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Figure S5.3: EDX mappings of HS Mn SAs/1T-MoS..
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Figure S5.4: Structural characterization and peak assignments of HS Mn SAs/1T-MoS; and LS Mn

SAs/1T-MoS.

(a) Raman spectra. (b) FTIR spectrum.
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Figure S5.5: EPR analysis of HS Mn SAs/1T-MoS; and LS Mn SAs/1T-MoS; at (a-b) 293 K and (¢-d)
40 K.
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Figure S5.6: XPS data and peak assignments of HS Mn SAs/1T-MoS.
(a) Mn 2p spectrum. (b) O 1s spectrum. (¢) Mo 3d and S 2s spectra. (d) S 2p spectrum.
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Figure S5.7: EDX mappings of LS Mn SAs/1T-MoS..
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LS Mn SAs/1T-MoS,

Figure S5.8: Additional HAADF-STEM image of LS Mn SAs/1T-MoS, demonstrating uniform lattice
structure in the bulk region of the catalyst material.
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Figure S5.9: XPS data and peak assignments for LS Mn SAs/1T-MoS..
(a) Mn 2p spectrum. (b) O 1s spectrum. (¢) Mo 3d and S 2s spectra. (d) S 2p spectrum.
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Figure S5.10: Electrochemical analysis of how the HER performance of 1T-MoS; changes as the

quantity of HS Mn SAs increases.

These measurements were performed within a standard three-electrode configuration with N»-saturated
0.5 M H,SO; as the electrolyte. (a) LSVs. (b) EIS fitted to the equivalent circuit shown.
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Figure S5.11: Stability evaluation of (a,¢) HS Mn SAs/1T-MoS, and (b,d) LS Mn SAs/1T-MoS,.
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Figure S5.12: XPS data and peak assignments for HS Mn SAs/1T-MoS: on CFP before running 3,000

CV cycles.

(a) Mn 2p spectrum. (b) O 1s spectrum. (¢) Mo 3d and S 2s spectra. (d) S 2p spectrum.
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Figure S5.13: XPS data and peak assignments for HS Mn SAs/1T-MoS; on CFP after running 3,000 CV

cycles.

(a) Mn 2p spectrum. (b) O 1s spectrum. (¢) Mo 3d and S 2s spectra. (d) S 2p spectrum.
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Figure S5.14: XPS data and peak assignments for LS Mn SAs/1T-MoS, on CFP before running 3,000

CV cycles.

(a) Mn 2p spectrum. (b) O 1s spectrum. (¢) Mo 3d and S 2s spectra. (d) S 2p spectrum.
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Figure S5.15: XPS data and peak assignments for LS Mn SAs/1T-MoS; on CFP after running 3,000 CV

cycles.

(a) Mn 2p spectrum. (b) O 1s spectrum. (¢) Mo 3d and S 2s spectra. (d) S 2p spectrum.
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Table S5.1: Raman peak assignments for HS Mn SAs/1T-MoS;, LS Mn SAs/1T-MoS,, and 1T-MoS,

Peak Positions (cm™)

1T-MoS: HS Mn SAs/1T-MoS:2 LS Mn SAs/1T-MoS:2

Peak Assignments

113 113 115 TA
125 123 125 TA
149 147 150 Ji

195 194 196 LA
213 214 215 LA
237 236 240 AP

284 283 284 Eig
336 335 337 J3

377 375 378 Els
402 401 404 Alg

Table S5.2: Assignments of experimental g-values for HS Mn SAs/1T-MoS; and LS Mn SAs/1T-MoS;

g-values Assignment

HS Mn SAs/1T-MoS:2 LS Mn SAs/1T-MoS:2

2.031 Paramagnetic S in short chains

2.017 Mo’* species coordinated to S atoms
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Table S5.3: XPS data and peak assignments for HS Mn SAs/1T-MoS,, LS Mn SAs/1T-MoS,, and 1T-

MoS,
Peak Binding Energy (V) Peak Assignment
1T-MoS2 HS Mn SAs/1T-MoS: LS Mn SAs/1T-MoS:2
Mn 2p32 -- 640.24 -- Mn?*
-- 641.62 -- Mn?*
-- -- 641.62 Mn**
- - 643.17 Mn**
Mn 2p12 -- 651.39 -- Mn?*
-- 653.02 -- Mn?*
-- -- 654.00 Mn3*
-- -- 655.54 Mn3*
Mo 3ds>  229.05 228.98 229.05 MoS2, Mo**
229.93 229.93 229.94 MoSx, Mo*%*
-- -- -- MoO;, Mo®*
Mo 3d3,  232.15 232.08 232.15 MoS,, Mo*"
233.03 233.03 232.94 MoSx, Mo*®*
-- -- -- Mo0Os, Mo®*
S 2p3n 161.90 161.80 161.98 MoS,, S*
163.45 163.28 163.33 MoSx, S*
-- -- -- SO4*
S 2p1e 163.10 163.00 163.18 MoS>, $*
164.65 164.48 164.53 MoSy, S*
-- -- -- SO4*
S 2s 225.95 225.88 225.95 MoS»
226.83 226.83 226.84 MoSx
O1ls - -- -- MoO:s
531.20 531.56 531.24 Organic C=0
-- -- -- SO4*
532.48 533.18 532.73 Organic C-O
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Table S5.4: Comparison of the overpotentials and Tafel slopes observed for HS Mn SAs/1T-MoS,, LS
Mn SAs/1T-MoS,, 1T-MoS,, Pt/C, and CFP

Sample Overpotential (mV vs. RHE) Tafel slope (mV/dec)
CFP -- --
Pt/C 37 34.0
1T-MoS; 265 107.2
HS Mn (5 mg) SAs/1T-MoS: 264 --
HS Mn (10 mg) SAs/1T-MoS: 201 99.0
HS Mn (15 mg) SAs/1T-MoS: 219 --
LS Mn SAs/1T-MoS» 241 106.4

Table S5.5: Equivalent circuit fittings for EIS data reported for HS Mn SAs/1T-MoS, and LS Mn

SAs/1T-MoS;

Sample Rs(2) R«(®) CPE-T CPEP Aw(Qs
1/2)
1T-MoS, 2.289 127.5 0.0247 0923 -
HS Mn (5 mg) SAs/1T-MoS 1.113 1226 6.09x10%  0.941 -
HS Mn (10 mg) SAs/1T-MoS, 1397  0.0186 0.767 0.972 -
HS Mn (15 mg) SAs/1T-MoS; 1.371 1.445  0.00986  0.755 -
LS Mn SAs/1T-MoS: 0.125 1292 5.72x10°  0.972 1.268
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Table S5.6: XPS data and peak assignments for HS Mn SAs/1T-MoS, before and after collecting 3,000
CV scans

HS Mn SAs/1T-MoS2

Peak Peak Assignment
Pre-CV Post-CV
Mn 2ps» 640.33 -- Mn?*
642.17 -- Mn?*
-- 641.71 Mn?*
-- 643.23 Mn3*
Mn 2p12 651.63 -- Mn?
654.17 - Mn?*
- 653.71 Mn®*
- 655.23 Mn®*
Mo 3dsp 228.88 228.97 MoS2, Mo**
229.83 229.82 MoSx, Mo/
- 232.93 MoO3, Mo®"
Mo 3dsn 231.98 232.07 MoS2, Mo**
232.93 232.92 MoSx, Mo/
- 236.03 MoO3, Mo®*
S 2p3n 161.71 161.81 MoS>, $*
163.34 163.22 MoSy, S*
169.33 169.15 SO4*
S 2pip 162.91 163.01 MoS>, $*
164.54 164.42 MoSy, $*
170.53 170.35 SO4*
S 2s 225.78 225.87 MoS>
226.73 226.72 MoSx
O1s - 530.72 MoO3, 0%
- -- Organic C=0
532.13 532.17 SO4*
532.69 533.49 Organic C-O
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Table S5.7: XPS data and peak assignments for LS Mn SAs/1T-MoS; before and after collecting 3,000

CV scans
LS Mn SAs/1T-MoS:2
Peak Peak Assignment
Pre-CV Post-CV
Mn 2p3p2 -- - Mn?*
_ . Mn2*
641.52 -- Mn**
643.12 -- Mn?*
Mn 2pis2 -- - Mn?*
_ . Mn2*
653.90 -- Mn**
643.12 -- Mn**
Mo 3ds» 229.01 229.01 MoS,, Mo*"
230.10 230.10 MoSx, Mo”*
23291 -- MoO3, Mo®*
Mo 3dzn 232.11 232.11 MoS,, Mo*"
233.20 233.20 MoSx, Mo/
236.01 - MoO3;, Mo®*
S 2p3n 161.97 161.99 MoS>, $*
163.57 163.45 MoSy, S*
169.27 169.03 SO4*
S 2p1n 163.17 163.19 MoS>, $*
164.77 164.65 MoSy, S*
170.47 170.23 SO4*
S 2s 22591 22591 MoS»
227.00 227.00 MoSx
O ls 530.92 -- MoOs, O*
531.84 531.30 Organic C=0
532.58 532.29 SO4*
533.55 533.20 Organic C-O
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Table S5.8: Electrochemical comparison of each sample evaluated in this dissertation

Sample d-orbital Overpotential Tafel Rs (2) R« (2) CPE-T CPE-P

Occupation (mV vs. slope

RHE) (mV/dec)

PyC - 37 340 = - - -
IT- i 265 1072 2289 1275 00247  0.923
MoS;
/n
SAS/IT-  dl° 177 849 2191 1841 0.00410 0.897
MoS;
HS Mn
SAs/IT- ds 201 9.0 1397 0018 0767 0972
MoS;
LS Mn _
SAs/IT- d 241 1064 0125 1202 >7Z gom
MoS,
Sc
SAs/IT- d 262 1087 1728  42.87 000830 0611
MoS,
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CHAPTER 6: Recommendations for Future Work

6.1 Introduction
The goal in this chapter is to identify remaining experiments that would be worth exploring.
Likewise, future research directions of this project that may be of interest to future generations of

graduate students continuing this research are discussed.

6.1.1 Further Magnetic Analysis of 1T-MoS: Intercalated HS and LS Mn SAs

Based on the results discussed in Chapter 5, further analysis of the magnetic properties of
HS Mn SAs/IT-MoS; and LS Mn SAs/1T-MoS: is necessary to truly understand the magnetic
interactions occurring between the Mn SAs and 1T-MoS.. In Fall 2022, a new graduate student
joined Dr. Gu’s research group with the intention of continuing my research project. I have
mentored her for the last year and have trained her to successfully continue these studies. Likewise,
in-depth DFT analysis of the magnetic interactions between the substrate and intercalants, along
with changes in kinetic properties related to the effects of confining Mn SAs in each type of spin
state, will be vital to fully understand the results reported herein. Collaborations with our
colleagues in Dr. Xiangheng Xiao’s research group at Wuhan University to perform these
calculations are already underway. Once these studies are complete, we intend to publish the
findings reported in Chapter 5 so that the knowledge gained from our discoveries may benefit our

scientific community.

6.1.1 Chiral-Induced Spin Selectivity (CISS)

The most attractive aspect of quantum confinement involves the ability to manipulate the

electronic and optical properties of materials when they reach the nanoscale. Compared to bulk
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materials, the enhancement of these properties observed in nanomaterials is highly sought after to
achieve next-generation devices for quantum information science, smart materials, and
semiconductors. 76198

Similarly, the discovery of CISS has exposed the ability to manipulate spin orientation in
chiral molecules in the absence of magnetic fields, which enables the development of novel
spintronic applications in next-generation devices.!”® As low-symmetry molecules that lack
inversion and mirror symmetry, chiral molecules often exhibit unique optical properties with
respect to circular polarization. Therefore, in the next phase of this research project, Dr. Gu is

interested in marrying these two concepts and pursuing the intercalation of chiral molecules within

2D substrates.

6.1.2 Spatial Confinement of Chiral Molecules within 1T-MoS:

2D materials such as 1T-MoS; provide an ideal platform for spatial confinement of chiral
molecules due to the non-bonding van der Waals forces that exist between layers of nanosheets.
These unique van der Waals gaps allow guest species to intercalate between layers without
breaking the in-plane crystalline ordering of the nanosheets’ covalently-bonded atomic layers.>%
Synthetic methods of 2D materials intercalated with chiral molecules are similar to those that were
employed in this thesis work, such as syringe injection synthesis.

Preliminary research conducted thus far involves spatial confinement of R-

methylbenzylamine or S-methylbenzylamine within the van der Waals gaps of 1T-MoS: (Figure
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Figure 6.1: Schematic drawing of 1T-MoS; intercalated with methylbenzylamine.
In R-methylbenzylamine, -NH> points into the screen. In S-methylbenzylamine, -NH> points out
of the screen.

6.1). Characterization is in the preliminary stage and will include techniques such as XRD, STEM,
CD, Raman spectroscopy, and UV-Vis spectroscopy. These techniques will elucidate changes in
interlayer spacing, confirm the direction of circularly polarized light induced by the
heterostructure, identify changes in interlayer interactions or identify phase changes in the bulk
material if they arise, and identify excitonic transitions from the valence band to the conduction

band in the 2D substrate.
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6.3 Impact of Chiral Molecular Intercalation on 2D Properties

A vital detail of the future work proposed in this chapter involves the potential applications
of the proposed future work. One of the key aspects that influences the efficiency of
electrochemically-driven catalytic reactions involves electron transport. The reaction rate driving
catalytic reactions is highly dependent on the speed at which electrons can move through the
electrochemical circuit. Thanks to recent advances in the CISS effect, the efficiency of electron
transport through chiral molecules, which depends on the electron’s spin, was found to change
with the enantiomeric form of the chiral molecule and the direction of the electron’s linear
momentum.?’! Therefore, we hypothesize that controlling the enantiomeric form of the chiral
molecule confined within active site microenvironments may allow the catalyst’s reaction kinetics
to be altered/enhanced accordingly. It is important to note that since this concept arises from small
spin-orbit coupling contributions, there are some concerns that this spin contribution to the total
angular momentum of molecular collisions is not effective enough to control chemical
processes.??? While this view is valid for achiral molecules, recent experiments have shown that
chiral catalysts display prominent spin selectivity effects.??* Specifically, they demonstrated spin-
selective electron transport through chiral films adsorbed on electrodes.

Another potential application involves incorporating CISS effects into solar energy
conversion processes. Molecules that form long-lasting charge-separated states via photo-induced
electron transfer are ideal systems for artificial photosynthesis.?** Intercalating chiral molecules
into catalytic substrates has the potential to enhance charge separation, which in turn could enhance
charge collection and PEC-driven reactions such as HER. These examples are just a taste of the
potential applications that hybridizing CISS effects with confinement effects could have in the

field of catalysis and beyond.
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6.2 Conclusion

Future research directions related to confinement of guest species for enhanced electronic
and/or optical properties of 2D materials are discussed in this chapter. The primary research gaps
to be addressed include further DFT analysis and experimental magnetic studies of HS and LS Mn
SAs under 1T-MoS: confinement to provide new insights into the catalytic and electronic effects
of confining guest metals with differing spin states within the local microenvironments of 1T-
MoS2 active sites. Likewise, a brief discussion of future research directions involving chiral

molecular intercalation into 2D lattice structures is provided.
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