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Abstract

With increasing global energy consumption, increased ammonia demands, ever decreasing
fuel reserve, and severe climate change, there has been a large drive to explore various clean,
renewable, and affordable energy sources. However, several prolific renewable energy sources,
such as wind and solar, suffer from intermittent availability. To overcome this, several strategies
have been explored to enable the storage of excess energy in chemical bonds to be utilized later
during high demand. Hz has the highest energy density among all chemical fuels and can be
combusted to release “clean” energy, with water being the only product. Currently, the primary
methods of generating H> is through steam reforming, coal/oil coke/biomass gasification, and H.O
splitting. As all but the latter generate enormous amounts of CO, there is a drive to develop H.O

splitting, a pollution-free, low-cost, and efficient H. and O production technology.

The hydrogen evolution reaction (HER) is a pivotal process in the field of energy
conversion and storage, particularly in the context of sustainable hydrogen production. Current
electrocatalysts for HER, while effective, are often reliant on precious metals such as platinum,
which are expensive and scarce. This highlights the urgent need for the development of new, cost-
effective, and abundant electrocatalysts. In this context, molybdenum disulfide (MoS.) based
materials have emerged as promising candidates for HER. MoS;, a transition metal
dichalcogenide, offers several advantages including natural abundance, cost-effectiveness, and
tunable electronic properties. However, the catalytic performance of bulk MoS: is limited due to
a low density of active sites, however, recent research has shown that the catalytic activity of MoS;

can be significantly enhanced by engineering its morphological and structural properties.



This thesis will first explore the challenges and advancements of existing MoS;-based
electrocatalysts. Through the rest of the thesis, we use electrodeposition to form various MoS;-
based heterostructures, such as CoSx/MoSz, ZnO/MoS;, and ZnO/ZnS/MoS,, as well as the
amorphous MoSx phases and several MoSx-based alloys, such as MoSxSey, MoSxOy, and
MoTey/MoSx. We utilize a combination of substrate modifications and post-synthesis treatments
to modify the overall morphology, crystallinity, and chemistry of the studied material. Using a
variety of characterization technigues, this thesis studies the processing-structure-properties of the
various electrocatalysts towards the hydrogen evolution reaction with the goal of enabling viable

HER electrocatalysts.
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1.0 Introduction

1.1 Background and Motivation

With the increase in global energy consumption, increased ammonia demands, ever
decreasing fuel reserve, and severe climate change, there has been a large drive to explore various
clean, renewable, and affordable alternative energy sources.! One strategy that has been explored
includes converting clean energies to electric power to store them in chemical carriers, such as
H,?. H> has the highest energy density among all chemical fuels, as shown in Figure 1.1,
(theoretically 142 MJ/kg) and can be combusted to release “clean” energy, with water being the
only product.® As such, there has been a drive to develop pollution-free, low-cost, and efficient H»

production technologies.
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Figure 1.1: Diagram demonstrating the capabilities
of energy storage techniques as a function of time
and power

Currently, the primary method of generating hydrogen is through steam reforming, coal/oil

coke/biomass gasification, and H,O splitting. These processes, which account for 95% of the



global H» production, involve the use of fossil fuels, releasing pollutants and greenhouse gases in
the process. As such, these techniques account for nearly 1% of the world’s annual CO; emissions
and require roughly 1% of the world’s energy production.* This H, is then used in other high
demand industrial processes, such as oil refining and fertilizer production.’ In comparison, by
splitting H>O into H> and O» using renewable energies, H> can be produced in a clean, green, and

sustainable way while also supplying Oz, which has extensive industrial applications.>

There are a number of approaches to splitting water, such as electrolysis, photolysis,
photoelectrolysis, pyrolysis, and biolysis.”* Out of these techniques, electrolysis is inarguably the
most promising technique due to its simple, clean, safe, and scalable process that manufacture high
purity products. However, the main obstacle to the widespread and large-scale production is the
large energy consumption needed.” To minimize this, researchers have heavily investigated
materials that would lower the electrode polarization, thereby reducing the overpotential of the
hydrogen evolution reaction (HER) by lowering the activation energy and accelerating the reaction
rate.” While platinum and other noble metal-based electrocatalysts are well known to catalyze the

HER efficiently, their widespread use is restricted by high cost and scarce geological reserves.’
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1.2 Alternative MoSz-based Electrocatalysts

For this reason, alternative electrocatalysts based on naturally abundant transition metal

10-13 are increasingly being pursued. One prominent and

sulfides, phosphides, nitrides, and carbides
the most heavily investigated example is the transition metal dichalcogenide (TMDC), MoS., and
MoS;-based catalysts. Crystalline MoS; is comprised of sandwiched S — Mo — S layers and can
be categorized into three polymorphs, hexagonal (2H), trigonal (1T), and rhombohedral symmetry
(3R). Among the three crystalline phases, 2H and 1T are the most widely utilized. In 2005, MoS:
was first reported as a promising electrocatalyst due to its edge sites being able to effectively drive
HER. Calculations showed that the Gibbs adsorption energy for H*, AG") a4s, of the (1010) edge
site is around 0.08 eV, which is very close to that of Pt (~ 0 eV), as shown in Figure 1.2a. *1°
However, this low AGM.q4s is only observed along the edge planes of crystalline MoS», thus
inherently limiting the number of active catalytic sites as shown in Figure 1.2b.2° Recent efforts
have attempted to increase the number of active sites in MoS», as well as in transition metal
selenides, via several approaches, such as: heterostructure design, increasing edge sites (such as

vertically aligned synthesis), purposeful creation of sulfur vacancies, the use of nanoparticles, or

nanowires.
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inert sites
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A common strategy for enhancing the HER performance is to maximize the specific area
of the catalytically active edge sites. This has been accomplished by synthesizing MoS: in and on
via various morphologies, such as nanoparticles, nanosheets, vertical nanoflakes, and what will be
discussed in this thesis, nanowires. This has become even more relevant as it was shown that the
HER catalytic activity of the MoS: increases linearly with the number of edge sites.?! A brief

overview of these follows.

MoO3-MoS:> core shell nanowires were synthesized via the sulfurization of MoO3
nanowires in an H,S atmosphere.?? This nanowire morphology allowed for high surface area of
the catalytically active MoS» by exposing a larger number of active edge sites per geometric area.
Additionally, the authors noted that the MoOs core facilitated charge transport along the nanowires
and the catalyst performed reasonably well, requiring 250 mV to reach 10 mA/cm?. However,
TEM revealed a lower density of exposed edge sites than anticipated, with a significant portion of
the MoS: basal wrapping around the nanowires. Overall, this proved a positive step towards the

use of MoS: based nanowires, albeit requiring a toxic environment.

MoS; nanoparticles have been synthesized in a variety of manners, such as thermal
sulfurization, chemical reduction, and chemical exfoliation to name a few.?* > This again was to
maximize the exposed active edge sites of MoS> while minimizing the inert basal plane. The most
promising approach was the solvothermal synthesis using (NH4)MoSs4 and hydrazine in
dimethylformamide. The resulting MoS» was then supported on reduced graphene oxide (r-GO)
which saw a substantial improvement over non-supported MoS,. This led to a reduction in
potential required to drive the hydrogen evolution reaction (HER) via improved dispersion and
charge transport. More work has followed with other carbon-based materials as the supporting

electrode, such as carbon paper and graphene.?®2®
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Another approach has been to use flat substrates, but to vertically align the MoS so that
the edge sites are exposed.?’ This allows for fast electron transport through the MoS; layers while
limiting the exposure of the basal plane. This vertical structure was synthesized using electron
beam deposited Mo that was annealed in a sulfur environment. Unfortunately, this morphology

had limited success due to its large Tafel slope and low turnover frequency.

Another tact that will be explored in this thesis is the formation of heterostructures, as it
has been shown that the interface between MoS; and other materials can be highly catalytically
active, thereby increasing the catalytic activity over the individual species.>** They also afford
for variations in the morphology, allowing for various geometries to be explored and optimized
for HER, like the M0S>2-MoOj; nanowires discussed earlier. A variety of different materials with
MoS: have been investigated and have been shown to modulate the HER performance. For
example, MoS>/Mo02C, 1T-MoS2/CoS, Ni(OH)2/MoS>, MoS,/NiCo-based layered double
hydroxide, NioP/MoS»/carbon nanotubes, and MoS>/MoP> have all been investigated.>**! Through
these studies, MoS, demonstrated fast adsorption of Hass when synthesized as a heterostructure
with other materials, such as carbides, phosphides, oxides, etc. by increasing the slow Volmer step
in the hydrogen evolution reaction. The wide materials space as well as the modulation of the
interface is a likely path forward when designing MoS;-based heterostructure catalysts for the
hydrogen evolution reaction. This thesis will focus on two primary heterostructures, that of MoS:
with ZnO and ZnS, and that of MoS: with Co9Ss and CoS.. Both of these topics will be explored

more thoroughly in their respective chapters.
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The final approach this thesis will explore is focused on highly disordered and alloyed
polymeric MoSx. Coordinated polymeric MoSx chains, typically termed amorphous MoSx or a-
MoS, exhibit excellent catalytic activity for HER, owing to the combination of structural
heterogeneity that increases catalytic site density combined with short-range atomic arrangements
that enable adequate electronic conductivity for use in electrochemical processes.!'!#>-4
Amorphous MoSy is comprised of polymeric aggregations of Mo*" clusters, with a variety of

bonded sulfurs such as bridging S»*, terminal S>>, unsaturated S>, and apical S* ligands, as seen

in Figure 1.3. This structure is based on the building blocks of [Mo03S13]* clusters and share similar
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Figure 1.3: Amorphous MoSx coordination polymer with [Mo03S13]* building block units to form
a chain !! b) HAADF-STEM images of (Mo3S13)* clusters and a-MoSx chains !
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characteristics to each other. Bridging sulfurs connect two adjacent Mo within the cluster or two
Mo between clusters and are analogous in configuration to the edge plane in crystalline MoS,.
Apical sulfides lie completely within the cluster and are bonded to 3 Mo atoms and are analogous
to the basal plane sulfides in crystalline MoS,. Finally terminal disulfides are bonded to a single

Mo and do not have a strong analogy to the crystalline system.

While a-MoSx has been known for several decades, their excellent catalytic activity
towards HER was discovered only recently.!%*4748 They have been synthesized in a variety of
manners, such as electrodeposition, hydrothermally, via wet chemical reactions, and even through
the use of ionic liquids. '%**° A-MoSx have proven to be highly active and versatile catalysts for
HER in acidic conditions. They are able to be prepared in significantly milder conditions and faster
synthesis cycles than their crystalline counterparts. Their short-range atomic arrangements give
rise to interesting catalytic properties that can be manipulated to increase catalytic activity.*>47-%
Their simple, mild, and low cost preparation make a-MoSx-based materials very attractive for the
development of cost-effective electrochemical hydrogen producing materials.

1.3 Thesis Objectives

While achievements and progress has been made on MoS»-based electrocatalysis for HER,
further improvements must be made to move towards a commercial hydrogen generating material.
Each mentioned technique above has its weaknesses that limit the effectiveness of the catalyst.
Novel MoS; and a-MoSx materials are still hotly investigated, however many of the strategies for
modulating the surface/interface require complicated, toxic, or expensive equipment to achieve.
As such, this thesis will focus on the modification of MoS:-based materials via several low-cost,

easily expandable, and simple strategies to enable an increase in the HER catalytic activity. This

will be approached via the synthesis of MoSz on ZnO and ZnO/ZnS nanowires, c-CoSx/MoS:
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based heterostructures, and the investigation of MoSx and its various chalcogen alloys. Namely,

there will be five primary chapters:

1 The heterostructure of ZnO/MoS; and ZnO/ZnS/MoS: was investigated to determine the impact
the increase in surface area and the different interface band alignments have on the HER catalytic

activity in both acidic and alkaline conditions.

2 The heterostructure of CoSx/MoS, was investigated as a function of CoSx:MoS; ratios to
elucidate the impact that the difference in structure, interfaces, and chemistry has on the HER

catalytic activity in both acidic and alkaline conditions.

3 The influence of oxygen on the HER catalytic activity of amorphous MoOxSy was investigated

and identified via in-depth XPS and Raman analysis.

4 The influence of selenium alloyed with MoSx deposited via electrodeposition is investigated as
a function of selenium fraction to determine the effect that selenium alloying has on the catalytic

properties of Se-MoSx towards HER.

5 The influence of the MoTey phase with MoSx deposited via electrodeposition is investigated as
a function of tellurium content to determine the effect that tellurium-based heterostructures have

on the catalytic properties of Mo towards HER.
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2.0 Experimental Methods

2.1 Synthesis Methods

2.1.1 Electrodeposition
Electrodeposition is a thin film growth technique in which the growth of the film is controlled by

the electrochemical reduction of ions from the electrolyte.’! The electrolyte is a carefully
controlled ionic conductor that supports the chemical species of interest, usually in water. This
process was first developed in 1799 where a galvanic cell between zinc as the anode, and copper
as a cathode, and a copper salt, resulted in the plating of copper at the cathode.> What we would
consider modern electrodeposition began in 1840 with John Wright’s discovery of the
electrodeposition of silver from a metal cyanide electrolyte.>? Since this, electrodeposition has

been used in a wide range of fields, from metallurgy through microelectronics and nanotechnology.

53

The general process of metal electrodeposition follows the generic formula of
(MyLy)* + nxe - xM° + yL (1)

where L is a molecule, ion, or radical tightly bound to the metal ion, M, and thus forms a
complexing species which will take in the charge transfer process. x is the number of species
involved, n is the net number of electrons that will be transferred in the process per deposited atom
while z is the charge of the electroactive species in electron units. Overall, this is an inner-sphere

electron, or covalent linkage, process that involves the adsorption of the ion onto the electrode
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Potentiostat

‘WE: Working Electrode
R: Reference Electrode
C: Counter Electrode

Electrolyte

Figure 2.1: Schematic of electrodeposition in a typical
three electrode setup’*

surface, followed by the transfer of electrons to reduce the ion. Therefore, this process is controlled
by several factors, such as the diffusion of ions from the electrolyte to the surface, the electrode-
electrolyte interface, charge-transfer kinetics, and the specific electrodeposition mechanism. The

overall process can be seen in Figure 2.1.%*

The deposition of thin films is a heavily researched area with many varying techniques, so
it begs the question, why electrodeposition, and why for TMDs? Currently, the most utilized
techniques for synthesizing TMDs are chemical vapor deposition/transport, molecular beam
epitaxy, and mechanical/liquid exfoliation. However, all these techniques suffer from a variety of
synthesis constraints or issues, such as the need for ultrahigh vacuum, high temperature, use of
dangerous chemical such as H»S streams, and/or expensive and specialized equipment. By using
electrodeposition for TMD synthesis, many of these limitations are removed as it allows for the
synthesis at room temperature, atmosphere pressure, and is overall much simpler, quicker, and
scalable than other methods. Additionally, electrodeposition has less stringent substrate

requirements than other techniques and allows for the deposition on complex, 3D substrates, such

18



as carbon paper, allowing for an increase in overall total active area per unit area, thereby

increasing the overall performance of the catalyst.

Overall, our materials will be deposited from two primary electrolyte baths, (i) those of
metal chalcogen complexes, such as (MoS4)*, or of elemental species, where the metal and
chalcogen are not bonded when deposited. The latter method is used when the sulfur containing
precursor, Na,S, causes complete precipitation of the transition metal, such as cobalt.”> The

electrolyte preparation will be discussed in more detail within their respective sections.

2.1.2 Annealing

Depending on the deposition and desired film characteristics, a post-deposition annealing
process can be employed. Two primary regimens will be explored, annealing below and above the
crystallization temperature. In the former, this is done to achieve the modification, such as the
removal of oxygen or addition of sulfur, of the amorphous MoSx film while retaining the
amorphous characteristics. The high temperature anneals are primarily done to react the non-
reacted metal and chalcogen to form the TMDC and be catalytically active, such as in our

crystalline-CoSx/MoS: work.

Most of the anneals accomplished in this work were achieved in an MTI OTF-1200X tube
furnace. Prior to annealing, the tube was purged with the inert gas of choice, such as high purity
nitrogen or forming gas (5% H2/95% Ar) for 30 minutes. Annealing was accomplished by ramping
the temperature by 7.5°C/minute to the desired set-point. Slower or faster ramp rates could be
achieved, but for consistency a constant ramp-rate was maintained. The flow of the inert gas was
kept constant through the annealing process at a flowrate of roughly 200 - 250 ccm, depending on
the gas. Following the anneal, the furnace was allowed to cool down naturally, again with the

constant flow of inert gas.
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2.2 Characterization Methods

2.2.1 X-ray Photoelectron Spectroscopy

2.2.1.1 Fundamentals
X-ray photoelectron spectroscopy (XPS) is a characterization technique that utilizes the

photoelectric effect to obtain both elemental and chemical information of a material. The
photoelectric effect works by irradiating the sample with photons, in this case x-rays, that interact
with the electrons. This interaction causes the electrons to be “ejected” from the material, hence
the term photoelectron. Following ejection, the photoelectron passes through a hemispherical
analyzer which consists of two concentric hemispherical electrodes. These electrodes are held at
a particular voltage so that electrons with kinetic energy equal to the pass energy follow a circular
trajectory. As the photoelectrons pass through the hemispherical analyzer, the photoelectrons are
linearly dispersed depending on their kinetic energy. When acquiring a spectrum in constant
analyzer energy mode, the voltages of the two hemispheres are fixed while the voltages of the
electrostatic lenses in front of the analyzer are swept. This allows for each detector channel to
count the photoelectrons with the selected kinetic energy for a selected amount of time. Due to
the conservation of energy, the binding energy of the electron can be determined if the photon

energy is known following

KE = hv — BE — d)sample (2)
where KE is the kinetic energy of the photoelectron measured by the analyzer, /v is the energy of
the incident X-ray, BE is the binding energy of the photoelectron, and ¢gsampie is the sample work

function. This phenomenon can be seen visually in Figure 2.2.%
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Figure 2.2: Schematic of the photoemission
process where a known energy x-ray ejects a

core level electron, leaving behind a core-
hole. ¢

As each core level electron’s binding energy related to the number of protons in the nucleus,
the density of electrons around the atom, and electron-electron interactions, each element has a
unique set of core-level binding energies.>® Therefore, XPS is a highly effective tool in determining
composition as well as chemical analysis at the surface. XPS is conventionally plotted with
intensity as a function of binding energy, as seen in the survey scan in Figure 2.3a and it can be
used as an element identification tool as seen by the Au, Mo, and S, with adventitious carbon and

oxygen from atmospheric exposure.

However, when atoms are bonded to differing atoms, a redistribution of charge will occur
due to the formation of chemical bonds. This will cause a change in the binding energy of the core
level, also known as a chemical shift. Figure 2.3b shows the high-resolution spectra of the Mo 3d

core level. As can be seen, there are three distinct chemical states of Mo from the varying bonding
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environment, e.g., sulfur vs. two oxygen atoms vs. three oxygen atoms. As such, XPS can be used

to identify the shift of chemical environments.

As can be seen in Figure 2.3b, there are two peaks for each associated chemical state. This
arises from spin-orbit coupling which occurs because of the interaction between the electron’s
spin, s, and its orbital angular momentum, 1. By summing these two together, the total angular
momentum, j, of the electron can be calculated by j = |1 + s|. As electrons are fermions, they will
have a +% spin associated with them. The orbital angular momentum will be 0, 1, 2, or 3,
depending on the core level being observed (e.g., s, p, d, f). In Figure 2.3b, the Mo 3d spectra is
shown, so by following the j = |l + s| equation, the total angular momentum can be calculated to
be j = 5/2 or 3/2 with the 5/2 being the peak with the lower binding energy. The ratio between the
areas of the two associated peaks are also governed by physical underpinnings, that being relative
degeneracy for the energy levels. This can be calculated with the equation 2j + 1, so 6 for j=5/2
and 4 for j=3/2, yielding a ratio of roughly 3:2. This ratio will be roughly 2:1 for p orbitals and

4:3 for f orbitals.
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Figure 2.3: a) Survey XPS scan of gold deposited on MoS». Figure courtesy of K. Freedy and b)
MoSxOy sample with surface oxidation demonstrating the ability to distinguish varying chemical
states.
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2.2.1.2 Quantitative analysis
For quantitative analysis, we can use the peak intensity of the chemical species of interest.

The intensity of the peak is a function of several factors as follows:

I = nFopyTA 3)

where n is the number of electrons from the photoemission process per unit volume, F is the flux
of x-rays, o is the partial photoionization cross-section, ¢ represents the angular distribution, y
represents the fraction of o retained, T is a transmission function, and A is the inelastic mean free
path. Together, the term o¢yTA can be referenced as the relative sensitivity factor (RSF) of the
particular core level electron. Each core level has its own unique RSF value which is dependent
on the system being used. Given a constant X-ray flux, we can normalize the intensity of each peak
with their specific RSF value, resulting in a RSF normalized intensity. This can then be used to

compare atomic concentrations and get chemical compositions of our samples.

2.2.1.3 Chemical Shifts
In addition to analyzing elemental and chemical composition, we can also use XPS to

identify any electronic changes in our material. For the majority of this work, we will be focusing
on electronic changes that manifest themselves due to a change in chemistry, and therefore will be
called chemical shifts. In the simplest cases, if our material originally has two elements and a third
is added, a few things can happen. If the new atom has a lower electronegativity than the atom it
is replacing, then we would expect a peak shift of the other atoms bonded to it to shift towards a
lower binding energy. Conversely, if it is bonded to a new atom with a higher electronegativity, we

would expect a shift towards higher binding energy.
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2.2.1.4 Valence Band
The valence band (VB) spectra is the region that lies close to 0 ev as can be seen in Figure

2.4a. The valence band maximum (VBM) can be determined via the intersection between the
extrapolated lines from the linear region of the drop-off spectra and the noise level, as shown in.

Where they intersect is what will be referred to as the VBM as can be seen in Figure 2.4b.>”

a) Valence Band ' ' ' ' b) Valence Band Maximum ' ' '
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Figure 2.4: a) Valence Band Spectra of MoOxSy with the red box representing the zoomed in
section represented in b) Valence band spectra with linear fits to calculate the VBM.

2.2.1.5 Overlayer Thickness Calculations
We can use XPS to estimate the thickness of an overlayer by using the intensities from the

substrate without the overlayer, the bulk overlayer without any substrate signal, and comparing it
to the intensities of the sample that has the substrate with the overlayer present. The basic premise
of this technique is that since any photoelectrons that are generated will have to pass through the
overlayer, attenuating them. As such, the intensity of the overlayer (Ioverlayer) and substrate (Isubstrate)

with an overlayer thickness d, can be calculated with the following equations:
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—d “4)
Ioverlayer = :;erlayer[l — €xp
foverlayer CL cos6
—d
Lsubstrate = sozibstrate [exp ( ) ©)
gsubstrate CL cos6

The Igperiayer and Igpserate Tepresent the intensities of bulk samples of the overlayer and

substrate, respectively. The €,periayer ¢ and €sypsirate ¢ are the effective attenuation lengths
(EAL) of'the core levels that come from the overlayer and substrate and pass through the overlayer.
0 is the take-off angle with respect to the surface normal. The National Institute of Standards and
Technology (NIST) EAL databases are used to find and calculate the appropriate EALs for the
different overlayer/substrate chemistries.’®*” We use EAL instead of the inelastic mean free path
in these calculations as it accounts for elastic scattering effects as well as accounting for instrument

specific geometry.*

2.2.1.6 Analysis Systems
All XPS conducted within this study was carried out on either the McDonnell instrument

or the NMCF Phi Versaprobe I1I. The McDonnell instrument is equipped with a monochromated
Al Ka source with an energy of 1486.7 eV and are generated with a XM 1200 monochromated X-
ray source with a 500 mm Rowland circle diameter and a spot size of ~ Imm. The photoelectrons
are collected by a R3000 ScientaOmicron analyzer that is 135 mm in diameter and is equipped
with three curved and three straight slits for balancing intensity with resolution. Our resolution at
2 eV pass energy and 20 eV kinetic energy is <3 meV. kolXPD was used for spectral deconvolution
of the core-level spectra, with Voight line shapes for spectral features and a Shirly background.
With metallic features, Doniach-Sunjic line chapes are used to fit the profile of metallic materials

more accurately.®!

25



2.2.2 Raman Spectroscopy

2.2.2.1 Fundamentals
Raman spectroscopy is a non-destructive spectroscopic technique used to determine the

vibrational modes of materials. The technique relies on the inelastic scattering of photons, also
known as Raman scattering. The photon source in the form of monochromatic light, usually from
a laser, is used. This photon interacts with the phonon or other excitations of the system which
results in the energy of the photons being shifted up or down, as can be seen in Figure 2.5. There
are two types of scattering that can occur, elastic and inelastic. Elastic, also known as Rayleigh
scattering, is by far the most common and corresponds to when the molecule gets excited by a
photon, inducing a rise in energy to a virtual state that is proportional to the incident photon’s
energy, and then immediately relaxes back to the ground state it was in previously. This releases
a photon of the same energy as the incident photon and carries no molecular information. The other
type of scattering, inelastic, also known as Raman scattering, occurs when the scattered photons
have a different energy than the incident photons. Stokes Raman scattering occurs when the
molecule returns to a higher vibrational ground state energy level than it was in before, leading to

releasing a photon with a longer wavelength than the incident photon. This transition occurs only

States of an excited
electronic state

Virtual states

Energy
v/

Excited vibrational level
2 of ground state n

Lowest vibrational level of

Raman Rayleigh ~ Raman anti- ground electronic state
Stokes Stokes

Figure 2.5: Jablonski diagram of the different scattering
phenomenon
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approximately 1 in every 10 million excitations.®? Anti-Stokes Raman scattering occurs when the
excited molecule returns to a lower vibrational ground state energy releases a photon with a shorter
wavelength than the incident photon. Anti-Stokes Raman scattering occurs even less frequently

than Stokes Raman scattering.

This shift in wavelength of interest is then measured as the Raman shift, as given by

AD = (—— —
=G n

where A7 is the Raman shift expressed in wavenumber, A, is the excitation wavelength, and A;is

the Raman spectrum wavelength.

These shifts are vital to understanding the investigated material, as each molecule has a
unique Raman spectrum due to their unique vibrational, rotational, and electronic modes, also
known as rovibronic states, that can be excited to these virtual states. However, these vibrational
and rotational modes are only Raman active if they result in a change of polarizability in the

molecule. As shown in the simplified Equation (7)

Hinducea = & * Efield (7

where o is the polarizability, Efelq is the constant electric field produced by the excitation light
source, and Linduced 1S the induced dipole moment. The polarizability correlates with the magnitude
of the Raman effect as it measures the ease with which the electron cloud around a molecule can
be distorted and undergo rotational and vibrational modes. As such, in order for a vibrational mode

to be Raman active, the polarizability must change during the vibration, and for a rotation to be
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Raman active, the polarizability much change as the molecule rotates in an electric field. The

intensity of Raman scattering is given by
| = Kla?w* (8)

where K consists of constants such as the speed of light, | is the laser power, o is the frequency of
the incident radiation, and o is the polarizability as mentioned before. The data is typically
represented as the intensity vs Raman shift (cm™). These wavenumber shifts are characteristic of
specific vibration modes within the material and can be used to determine the chemical and crystal

structure of the material.

2.2.2.2 Analysis System
All Raman conducted within this study was conducted with the NMCF Renishaw InVia

Confocal Raman microscope. The laser used was a 514 nm laser with both 1800 gr/mm and 3000

gr/mm for gratings. The detector is a CCD detector.

2.2.3 UV-Visible Spectroscopy

2.2.3.1 Fundamentals
UV-visible spectroscopy (UV-Vis) is an adsorption or reflectance spectroscopy technique

that is based on the Beer-Lambert Law which is as follows

I
A=alc= 10g1070 ©)

where A is the absorbance, a is the absorptivity, 1 is the optical length path, c is the concentration
of the attenuating species, and Ip and I are the intensity of the incident light and transmitted
intensity, respectively. As such, it is a technique that measures the number of discrete wavelengths

that are absorbed or transmitted through the sample. Similar to Raman spectroscopy, irradiating
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the sample with photons causes the molecules to increases in energy, with the total potential of the
molecule being represented by the sum of its discrete levels of electronic, vibrational, and
rotational energies. When the incident light has enough energy (i.e. particular wavelength) to cause
transitions between electronic energy levels, a narrow absorbance band is measured that is
characteristic of that particular transition. However, vibrational and rotational energy levels are

superimposed on the electronic energy levels, broadening the measured bands as shown in Figure

2.6 63
Ea — electronic energy levels
e vibrational energy levels

—_— —_— — rotational energy levels
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Figure 2.6: Electronic transitions and UV-visible spectra

The near-edge absorbance region can be used to determine the optical bandgap by fitting
it with a simple expression in which the intercept gives the band-gap, known as Tauc plots. The
Tauc method assumes that the energy-dependent absorption coefficient, a, is expressed by

Equation (10).

(10)

N
I

(a * hv) B(hv — Ey)
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where 4 is the Planck constant, v is the photon frequency, E; is the band gap, and B is a constant.
The v is a factor that depends on the nature of the transition, direct or indirect, and is equal to 'z or

2, respectively.®* o can be calculated using Equation (9) to get

2.303* A
o= (11)
t
where ¢ is the thickness of the layer of the sample. To obtain the optical band gap, the left-hand
side of Equation (10) is plotted as a function of the right-hand side. This will give a sharp, linear
region that is characteristic of semiconductor materials. The x-axis intersection of the linear region

yields the optical band gap energy, as shown in Figure 2.7.
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Figure 2.7: Tauc plot for a) direct and b) indirect bandgap

2.2.3.2 Analysis System
The instrument utilized was the Agilent Cary 5000 UV-Vis-NIR Spectrophotometer with a

range from 175 to 3300 nm using a PbSmart NIR detector. The visible light source is a tungsten

halogen lamp, and the UV source is a deuterium arc source. It is set up in a double beam
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arrangement with an out-of-plane double Littrow monochromator to accurately ensure background
subtraction. We want to thank Professor Zebarjadi for allowing us to use her instrument.

2.2.4 X-ray Reflectivity

2.2.4.1 Fundamentals
X-ray reflectivity (XRR) was briefly used in this study as a non-destructive technique to

measure the thickness of thin film samples. It works by irradiating the film with glancing angle
X-rays that interact with the interfaces, producing a reflection from each interface. For example,
X-rays will interact with the thin film/air interface and the substrate/thin film interface. The
interference between these reflected X-rays will change with the angle of reflection (controlled by
the beam side optics) and this periodic oscillation in intensity can be plotted as a function of
incident angle. This will form periodic oscillations in the intensity, known as Kiessig fringes.®®

This Kiessig fringes can be fit to calculate sample characteristics such as thickness, roughness, and

density.

2.2.4.2 Analysis System
The NMCF’s Malvern-Panalytical Empyrean diffractometer was used throughout this

study. It is equipped with a Cu anode that radiated Cu Ka radiation with a wavelength of 1.5406

A.

2.2.5 X-ray Diffraction

2.2.5.1 Fundamentals
While the amorphous MoSx cannot be detected via XRD, this technique is especially

important when analyzing the crystalline MoS; and its alloys, as in the cobalt sulfide/molybdenum
sulfide as well as in the ZnO/MoS, work. XRD’s underlying principle follows the Ewald sphere
in which constructive interference occurs when the diffraction vector is also a reciprocal lattice

vector. It can be more simply described via Bragg’s law, which follows as

31



nAd = 2d sinf (12)

where n is an integer that represents the diffraction order. When Bragg’s Law is satisfied, the
incident X-rays scatter at the angle 0. The diffracted rays are collected at the detector and are
plotted in intensity vs. 20. The peak designations are then indexed using knowledge of the sample

and expected crystal structure, providing insights into the structure properties relationship.

As the majority of the XRD work in this study was carried out on 3D, complex substrates,
Bragg Brentano mode was used to encompass as much of the sample as possible. In this geometry,
the divergent and diffracted beams are focused on a fixed radius from the sample position. This
geometry has the advantage of high peak intensity with minimal noise as well as excellent

resolution due to the focused beam.

2.2.5.1 Analysis System
The NMCEF’s Malvern-Panalytical Empyrean diffractometer was used throughout this

study. It is equipped with a Cu anode that radiated Cu Ka radiation with a wavelength of 1.5406

A.

2.2.6 Scanning Electron Microscopy

2.2.6.1 Fundamentals
In SEM, an image of a sample is produced by scanning the sample surface with a focused

beam of high-energy electrons and measuring the resultant signals that emerge due to the energy
dissipation of the decelerating electrons. The resultant signals include secondary electrons (SE),
backscattered electrons (BSE), diffracted backscattered electrons (EBSD), and photons used for
energy-dispersive X-ray spectroscopy. This work will primarily be using SE, BSE, and the EDS
capabilities of the instrument. SE are the most valuable for demonstrating morphology and

topography while BSE are useful for illustrating contrasts between areas of different chemical
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composition. The X-rays generated from the inelastic collisions between the incident electrons
with the electrons that are in discrete orbitals around the atom are specific in their energy and
therefore are characteristic of a particular element, allowing for the generation of an elemental map
overlay on an image. SEM will be useful to image our sample’s morphology and elemental

distribution which will aid in determining the origin of the various properties of the catalysts.

2.2.6.2 Analysis System
A mixture of NMCF’s scanning electron microscopes were used throughout this study.

Primarily, the Thermo Scientific Phenom XLG2 SEM and the FEI Quanta 650 SEM. The Phenom

uses a CeBg source and the Quanta 650 uses a Field Emission Gun for the electron beam.

2.2.6 Electrochemical Measurements

2.2.6.1 Linear Sweep Voltammetry
The primary electrochemical measurement that will be carried out is linear sweep

voltammetry (LSV), which generates polarization curves. This is achieved via a potentiostat and a
three-electrode setup to deliver potential to the solution and measure the change in current. The
three-electrode setup consists of the working, reference, and counter electrodes. A potential,
supplied by the potentiostat, is delivered to the working electrode and this is where the
oxidation/reduction reaction occurs with the opposite reaction occurring at the counter electrode.
As the reduction/oxidation of the species at the working electrode takes place, the products diffuse
away from the surface and new species can contact the surface of the working electrode. This
reaction is monitored by measuring the current, or flow of electrons, into or out of the working
electrode; this is a direct measurement of the electron exchange between the electrode/electrolyte

interface.
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One primary reaction will be studied, the hydrogen evolution reaction (HER), with future work
proposed for the oxygen evolution reaction (OER). The HER is measured by sweeping towards a
negative potential to cause a reduction. The HER mechanism involves three known elementary

reaction steps in acidic media:

Volmer: H;O™+ ¢” — Hags + H20 13)
Tafel: Hads + Hads — H2 (14)
Heyrovsky: Hags + H;O™ + ¢ — Hz + HoO (15)

and three known elementary reaction steps in alkaline media:

Volmer: H2O + ¢ — Hags + HO (16)
Tafel: Hags + Hags — H2 (17)
Heyrovsky: Hags + H2O + ¢ — Hz + H,O (18)

OER is measured by sweeping towards a positive potential to cause oxidation. The OER

mechanism is as follows.

OH (aq) -> OHags + € (19)

OH (aq) + OHags -=> H2O(1) + € + Oads (20)
Ouds + OH (aq) -> OOHags + € Q1)
20ads => 02(g) (22)

OOH,gs + OH (aq) -> O2(g) + H20(1) (23)
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The efficacy of the catalyst towards either reaction will be quantified by the overpotential required

to reach 10 mA/cm? when scanning at 10mV/sec and by the Tafel slope, where the Tafel slope can

[Volmer-Tafel mechanism | |Vo|mer-Heyrovsky mechanism I

chemical desorption electrochemical desorption

H,

}\, J\

Volmer (discharge) reaction

(@

Figure 2.8: The two possible reaction pathways for
HER to occur.®

help us understand the rate limiting step of the reaction. For HER, the Volmer reaction will be
followed by either the Tafel or Heyrovsky reaction; therefore, there are two possible reaction
pathways with those being the Volmer-Tafel and Volmer-Heyrovsky pathways. These reactions
can be seen in Figure 2.8.°¢ If the Volmer adsorption reaction is the rate limiting step, a Tafel slope
of 120 mV/dec would be expected. If the Tafel or Heyrovsky recombination’s are rate limiting, the
Tafel slopes would fall between 30 — 40 mV/dec. The reactions are strongly dependent on the
inherent surface chemistry, crystallinity, and electronic structure of the catalyst and, through these

electrochemical measurements, we can determine the processing-structure-property relationships.
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3.0 Crystalline MoS;-based Heterostructures

3.1 Study of Electrodeposited Molybdenum Disulfide on Zinc Oxide
and Zinc Oxide/Zinc Sulfide Nanowires

3.1.1 Background and Motivation
In this work, we demonstrate a simple hydrothermal, electrochemical, and annealing
method to fabricate and control various phases of ZnO, ZnS, and MoS: layered nanowires on

carbon paper (CP) for use as an effective HER catalyst.

Recently, hybrid core/sheath nanostructures consisting of a metal oxide semiconductor core
(ZnO, TiO2, MnO, etc.) covered by transition metal dichalcogenides (TMDC) layers and other
chalcogenides, such as ZnSe, CdS, and CdSe, have been explored as potential efficient catalysts
due to their more efficient charge separation.’’””! Among the metal oxides, ZnO is an important
group II-IV semiconductor with a band gap of 3.37 eV and a Hall mobility on the order of 200
cm?V-Is Its low cost, non-toxicity, ease of synthesis and crystallization, and natural abundance
make it an ideal and promising material for catalytic applications, most notably as a photocatalyst.
It is currently regarded as the best alternative to TiO> for electrochemical applications due to its
faster charge transfer and prolonged electron lifetime when compared to TiO2. However, ZnO by
itself is inactive for HER and suffers from degradation in both acidic and alkaline conditions due
to its amphoteric nature. As such, it is often coated with an active species that can be enhanced by

the ZnO while also serving to protect it.

The ZnO/MoS: and other ZnO/TMDC interfaces have been studied previously and have
shown promise given a reduction in band gap, maintained charge mobility, and improved charge

separation due to the lattice mismatch. These studies have been accomplished with a variety of
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methods, from drop-casting, solvothermal, and metal-organic chemical vapor deposition’>””” with
a variety of morphologies, from films, nanoparticles, nanorods, and nanowires.”*’’-"° However,
these studies have all been conducted on flat, 2D substrates, limiting their overall active surface
area. As such, our study will be conducted on a 3D, porous substrate to maximize the overall active

surface area.

Taking this a step further, it is possible to elevate the catalytic activity via charge movement
engineering by incorporating an additional semiconductor with the appropriate band structure and
forming a ternary heterostructure. When done, the electrons can be further spatially confined
through the creation of electron and hole sinks, further enhancing charge separation.®*®!

Furthermore, the ternary heterostructure generates an additional interface with further lattice

mismatch, modifying the band structure and leading to increased catalytic activity.%

Finally, the impact of band alignment will be explored. The two primary types of band
alignments that will be explored are type-I (straddling) and type-II (staggered) and can be seen in
Figure 3.1.1. There is a type-III (broken), but this isn’t relevant to the investigated heterostructures.
In a type-I, the conduction band minimum of SC-A is higher than that of SC-B where the valence
band maximum of SC-A is lower than that of SC-B. Therefore, both electrons and holes from SC-
A are transported to the conduction band and valence band of SC-B, not resulting in better charge
separation. Type-II differs in that the electrons from SC-A are transferred to SC-B whereas the

holes from SC-B are transferred to SC-A, resulting in better charge separation.
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Figure 3.1.1: Different types of band alignment in a
heterojunction®?

In the ZnO/MoS: and the ZnO/ZnS/MoS; heterostructure, both type-I and type-II band
alignments have been reported. However, as mentioned earlier, there is a non-consensus on the
location of the relative band positions depending on synthesis and characterization technique as
can be seen in Figure 3.1.272%3% Ag can be seen, there is a variety of type-I and type-II alignments
for the same heterojunction, both between ZnO/ZnS, ZnO/MoS,, and ZnS/MoS,. To this end,
differences in band structure, even with systems with identical constituent materials synthesized
in similar manners, are quite common. This is particularly true for materials with conduction and/or
valence bands located at a similar level. Additionally, this is further compounded by the fact that
the band structure is extremely sensitive to, among others, the density of defects, presence of
doping, and technique used to measure the band alignment (XPS, impedance-based measurements,
photoluminescence, etc.). A change in synthesis conditions, synthesis methods, and choice of

substrate is likely to impact the band structure and alignment of the materials.
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Figure 3.1.2: Energy band diagrams of a) ZnO/ZnS/Mo$S; piezoelectric nanoarrays’> b) ZnO/ZnS/Mo$S: heterostructures®® c)
Zn0/ZnS/MoS; nanostructure® d) ZnS-ZnO-MoS; heterostructure supported on RGO e) ZnO@MoS, nanocomposite®’ f)
ZnO@ZnS nanostructures®®

3.1.2 Synthesis Methods

3.1.2.1 Synthesis of ZnO Nanowires
To synthesize ZnO nanowires (NWs), a simple hydrothermal technique was used. Briefly,

carbon paper (CP) was first heated to 500°C for 1 hour in air to increase its wettability. Then, the
CP was soaked in an aqueous solution containing 0.1M potassium permanganate (KMnOj4) for 1
hour to form a seed layer. Then, this seeded CP was placed into an autoclave with a solution
containing 15 mM zinc nitrate hexahydrate (Zn(NO3)2)*6H>0), 15 mM hexamethylenetetramine
((CH2)6N4), and 0.4 parts ammonia (e.g. 100 mL solution with 96 mL H>O and 4 mL ammonia).

The autoclave was then sealed and placed into the MTI Compact Forced Air Oven at 90°C for 24
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hours. After cooling to room temperature, the CP/ZnO NWs was water washed and dried at 80°C

for 3 hours.

3.1.2.2 Electrodeposition of MoSx on ZnO NWs

/ ZnO NW growth
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Figure 3.1.3 Synthesis steps for CP-ZnO-MoS»
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The approach is explained in more detail in Chapter 4.1 but will be described here briefly.
MoSx was electrodeposited from a chemical bath containing 50 mM sodium molybdate dihydrate
(NaxM004*2H,0) and 0.2 M sodium sulfide and was based on Levinas et al.’s work.”® The general

equation for the sulfidation of MoO4>" when titrated from a pH of 13 to a pH of 8 follows

MoO4* + 4HS™ + 4H" <> MoS4* + 4H,0 (24)

The MoS4* anion was electrodeposited under potentiostatic conditions at a potential of -
1.5 Vwsk for 30 minutes with the CP/ZnO as the substrate. It was then removed immediately from

the electrolyte and rinsed with DI water.
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3.1.2.3 Formation of ZnO/MoS: and ZnO/ZnS/MoS2 nanowires

To crystallize, the MoSx coated nanowires were annealed in an MTI OTF1200X single
zone tube furnace under flowing ultra-pure nitrogen. They were initially annealed at a variety of
temperatures with 550°C being used for all further testing which will be covered in this section.
To form the ZnO-ZnS-MoS» nanowires, elemental sulfur was placed upstream to sulfurize the ZnO
and to form a ZnS region between ZnO and MoS,.

3.1.3 Results

3.1.3.1 Impact of Annealing Temperature
Figure 3.1.4 shows the SEM images of the synthesized CP/CT substrates. As it can be seen

in Figure 3.1.4a, the ZnO NWs are densely packed and are uniformly distributed. These NWs
possess a high aspect ratio with diameters in the hundreds of nanometers and lengths of several
micrometers. Figure 3.1.4b/c demonstrates that following anneals at 450°C and 550°C the
nanowires structure is retained. Above these temperatures, the nanowire morphology is lost as
seen in Figure 3.1.4d-f. In addition to the loss of morphology, a small mass loss was also measured

via differential scanning calorimetry starting around 550°C.
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Figure 3.1.4: SEM images of a) ZNO NWs, b) ZnO-MoSé annealed at 450°C, c¢) ZnO-MoS:
annealed at 550°C, d) ZnO-MoS; annealed at 650°C, ) ZnO-MoS; annealed at 750°C, f) ZnO-
MoS; annealed at 850°C

Raman spectroscopy was carried out to understand how the crystal structure evolved as a
function of temperature and of sulfur presence while annealing, shown in Figure 3.1.5. A brief
analysis of the Raman spectrum is given here with a more detailed analysis later in the chapter.
The main MoS: peaks are located at 382 cm™ and 408 cm™ and generally dominate the spectra.
The primary ZnS peak is given at 348 cm™ and the primary ZnO is given at 438 cm™ but is
generally buried under the broad longitudinal acoustic mode of MoS; that is located at 450 cm™.
Additionally, fluorescence can be seen on the right-hand side of the figure which is due to the
presence of the ZnS phase. As such, a few takeaways can be derived from this data. One, the
presence of sulfur during annealing encourages the formation of a ZnS phase and is most
pronounced at 550°C while without the presence of sulfur no ZnS is formed. This is further

confirmed by the lack of fluorescence which is caused by the presence of the ZnS phase.

Additionally, this demonstrates that the MoS; phase is stable at all tested temperatures, even if the
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ZnO scaffolding is not. Therefore, all samples from here on will be annealed at 550°C for

comparisons.

850C Sulfur |_
——750C sulfur | ZNS
—— 650C Sulfur
—— 600C No Sulfur
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—— 550C Sulfur
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MoS2

' I i I
MoS,
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"
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Figure 3.1.5: Raman spectra of the CP-ZnO-MoS; as a function of annealing
temperature and presence of sulfur while annealing. The blue dashed lines
represent the ZnS phase, the orange lines are attributed to the MoS; phase,
and the green dashed line is attributed to the ZnO phase

3.1.3.2 Structural Properties of ZnO/MoS2 and ZnO/ZnS/MoS:
To compare the impact that annealing in the presence of sulfur has on the morphology of

the nanowires, sulfur was placed upstream in the furnace. Figure 3.1.6 shows typical SEM images
of the various treatments and the well-preserved nanowire structure. The ZnO/ZnS/MoS> NWs are
distinctly more textured than when no sulfurization takes place. This potentially occurs while both
Zn0O and ZnS are cubic materials, ZnS has a significantly larger lattice parameter than that of ZnO

and of hexagonal MoS,.

44



Figure 3.1.6: SEM micrographs of a) ZnO NWs, b) ZnO/MoS; NWs, and ¢) ZnO/ZnS/MoS»
nanowires

XRD patterns of the various nanowires are shown in Figure 3.1.7. The Bragg diffraction
hump at 20 = 14.17° was indexed to the (002) plane of hexagonal MoS, (ICDD 01-075-1539).°!
The peaks located at 20 = 17°, 27.8°, 32.7°, 48.66°, 52.25°, and 57.28° are attributed to leftover
NaxMoOy4 precursor (ICDD 98-004-4523). The peaks located at 20 =~ 31.9°, 34.5°, 36.4°, 47.6°,
56.7°, 63.0° are attributed to the cubic ZnO phase (ICDD 01-086-8923). The peaks at 20 = 27.8°,

28.6°,30.6°,43.3°,47.6°,51.8°, and 56.5° are attributed to the cubic phase of ZnS (ICDD 04-007-
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9852). Finally, the peaks at 20 = 26.6°, 29.5°, and 54.75° are attributed to the substrate, graphic

carbon (ICDD 01-075-2078). However, there is a peak at 20 = 12° and 14.8° that is unidentified.
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_|—— Carbon
— Na,Mo0O,
—2Zn0O

I e

| . I‘. | IH
10 15 20 25 30 35 40 45 50 55 60
20

Figure 3.1.7: XRD pattern of the various nanowire electrocatalyst

Offset Y values
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The zoomed in region between 10° - 20° can be seen in Figure 3.1.8. As can be seen, there
is an extra peak at 20 = 12.08° and a small hump at 14.83° in the ZnO-MoS; sample. This has
been duplicated and therefore is unlikely an outlier. Regarding the peak at 12.08°, we hypothesize
that this is associated to an expanded c-axis MoS», a phenomenon that is reported in literature
when MoS: is intercalated with various ions, or the formation of the 1T phase. However, applying
Bragg’s Law, the interlayer spacing is expanded by 104 pm from normal MoS», suggesting that
oxygen is the intercalant given the atomic radius of oxygen which ~50 pm. This has been reported
in literature and is consistent with our findings.’>** This would also help explain why this peak is
not present in the sulfurized sample, as the excess sulfur environment would preferentially bond
and prohibit the oxygen from diffusing between the MoS: sheets. It is interesting to note the
sharpness of the 12.08° peak. The peak at 14.83° would suggest that the interlayer spacing has
shrunk by ~26.2 pm. This has been attributed to the interface between ZnO and MoS: cause by

lattice mismatch.®*> Both the ZnO-MoS> and ZnO-ZnS-MoS, samples have significant

8000 ———T——— T T 71—
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Figure 3.1.8: XRD patterns of the primary MoS, region of
the MoS> containing nanowires
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broadening and decreased intensity over the reference MoS», suggesting a decrease in crystallite

size.

A closer look at the Raman data from Figure 3.1.5 is plotted below in Figure 3.1.9. In the
spectrum, the peaks at roughly 384 cm™! and 407 cm™ are attributed to the in-plane Ez, mode and
the out-of-plane A, mode, respectively.”® In addition, the forbidden Ei, mode is present in all
samples, indicating broken symmetry and is associated with edge species.”’ In addition to the
Raman modes for 2H-MoS, distinct phonon modes at 154 (J1), 219 (J2), and 327 cm™ (J3) are
noted. These modes are characteristic of the metallic 1T-MoS,, a reported side effect of the
intercalation of ions.”®!% This further supports the XRD results found in Figure 3.1.8.
Additionally, the primary modes of A1, and E'5; have shifted by ~2.2 cm™!, indicating that the MoS
is under tensile stress.!?"1%? Finally, the E> mode of ZnO and the Ei mode can be seen at 439 and

349 cm™, respectively.
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Figure 3.1.9: Raman of CP-MoS,, CP-ZnO-MoS,, and CP-ZnO-
ZnS-Mo$S»
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3.1.3.3 Chemical Properties of ZnO/MoS:2 and ZnO/ZnS/MoS:
To understand the chemical structure of the various nanowires, XPS was conducted to

understand the chemical structure of the various nanowire heterostructures and can be seen in
Figure 3.1.10. Within the Zn 2p3, spectra, two species are present, with ZnO being the lower
binding energy species at ~1021.9 eV and ZnS present at higher binding energies at 1022.9 eV.
Within the S 2p spectra, there are three primary species, those corresponding to MoS» at ~161.9
eV, ZnS at ~162.8 eV, and sulfate species at ~169.7 eV. The sulfur spectrum was deconvoluted
with two doublets, with the constraints of an energy difference of 1.18 eV between the 2p3» and
2p12 and with an intensity ratio of 2:1. The 2p3,» and 2pi» were summed together for ease of
viewing. The Mo 3d spectra can be deconvoluted into distinctive doublet (3ds. and 3d3,2) peaks.
The primary constituents are 1T-MoS,, 2H-MoS, MoO:, and MoO3, with the 3ds, located at 229
eV, 229.3 eV, 230.8 eV, and 232.4 eV respectively. The Mo 3d peaks were deconvoluted with a
binding energy difference of 3.13 eV between the 3ds,» and 3d3» and with a fixed intensity ratio of
3:2. The sulfur 2s is also present within the Mo 3d spectra and is fit using parameters from the S

2p spectra.
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Figure 3.1.10 XPS of a) CP-ZnO nanowires, b,c) CP-ZnO-ZnS nanowires, d,e) CP-MoS; annealed with no sulfur,
f,g) CP-MoS; annealed with sulfur, h,I,j) CP-ZnO-MoS> nanowires, and k,1,m) CP-ZnO-ZnS-MoS; nanowires

Starting from the top of Figure 3.1.10, the main differences between the CP-ZnO and CP-

Zn0O-ZnS is that only ZnO is present in the ZnO sample, whereas the spectra is dominated by ZnS

in the CP-ZnO-ZnS sample. Moving down to Figure 3.1.10 d-g, which are the CP-MoS, samples

without and with sulfur annealing, the primary difference is the large presence of the MoO3 oxide

phase in the MoS: sample that was annealed without any sulfur. This is expected as the unsaturated

bonds would oxidize quickly to form MoQOs. Comparing the CP-ZnO-MoS; and CP-ZnO-ZnS-

MoS; samples, again a major difference is the presence of the MoOs3 oxide phase in the sample

that didn’t see sulfur annealing, CP-ZnO-MoS>. In addition, the CP-ZnO-MoS; also exhibits the
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asymmetric peak characteristic of 1T MoS,. While the peak positions are close, the spectra could
not be fit without the addition of the asymmetric peak, further supporting the XRD and Raman
results. Finally, a feature that has been attributed to MoS>[O2]x is present in the CP-ZnO-MoS; and
not present in any of the other samples. This has been shown to be present in oxygen intercalated
MoS; by forming a superlattice, again supporting the idea that oxygen is acting as the
intercalant.!®*-1%7 Regarding Zn, only ZnO is present in the CP-ZnO-MoS: sample whereas there

is a mixture of ZnO and ZnS in the CP-ZnO-ZnS-MoS; sample.

To determine the band offsets, the method by Kraut et al. is utilized where the valence band

offset can be determined via'®

_ MoS; MoS; Zno Zno
AV = AE¢y + (Eyg v — Eypn) — (BZn%p — Edgi
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Zn0O/MoS.
E /MoS;

EZnO/MoSZ
Zn2p

Mo 3d is the energy difference between Zn 2p and Mo 3d core

where AEq; =

levels (CL) obtained by measuring the ZnO/MoS; heterojunction. Eﬁg 532(1 - E%oljz and E ZZ,’;gp —

EZRY are the energy differences between the Mo 3d, ZnO 2p CLs and the valence band maximums

for the reference MoS; and ZnO samples. A method of linearly extrapolating the valence band
spectra leading edge to the baseline is used to determine the positions of the valence band
maximums in the valence band spectra.!?®!% The valence band spectra are shown below in Figure

3.1.11 and the values are listed in Table 3.1.1.
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Figure 3.1.11: Valence band measurements of a) CP-ZnO nanowires b) completely sulfurized
CP-ZnS nanowires c) CP-MoS; and d) CP-MoS; annealed in sulfur
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Table 3.1.1: Binding Energies for the various chemical states

Sample State Binding Energy (eV)
CP-ZnO Zn 2p 1021.86
VBM 2.32
CP-ZnS Zn 2p 1022.74
VBM 2.4
CP-MoS> Mo 3d 229.126
VBM 0.8
CP-MoS: (S) Mo 3d 229.017
VBM 0.72
CP-ZnO-MoS; Zn2p 1021.87
Mo 3d 229.276
CP-ZnO-ZnS-MoS; Zn 2p (ZnO) 1021.83
Zn 2p (ZnS) 1022.99
Mo 3d 229.064

By following the above approach, a band diagram of the two studies nanowires can be

constructed. However, we do want to caution that like the papers mentioned in the introduction,
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there is uncertainty for this approach. The method of linear extrapolation is commonly used in
determining the VBM of semiconductors but is somewhat subjective where the linear line is drawn
and its relationship with the Urbach tail. Another potential for systematic error is the spatially
averaged nature of XPS. This leads to an uncertainty in exactly what is being analyzed, i.e. if there
is any underlying, unbonded ZnO, ZnS, or MoS> that is not part of the nanowires. However, the
complex geometry protruding from the surface, the surface sensitivity of the technique, and the
minimal signal of carbon substrate, this impact is likely minimal. Finally, this does not consider

any band bending. The band diagrams can be seen in Figure 3.1.12.

a)  [ZnO MosS, b)
Zn0 Zns MosS,
tAEC_O'76 eV $AE, =013 ¢V
i AE,=0.487 eV
1.23 eV 123eV
3.37eV
3.37eV 3.6eV
AE, = 1.88 eV
AE,=1.38¢V AE,=0.36¢V$

Figure 3.1.12: a) Band alignment diagram of CP-ZnO-MoS: nanowires and b) of the CP-ZnO-
ZnS-MoS; nanowires

In the first of the examined structures, the CP-ZnO-MoS; nanowires exhibited a type-I
band alignment where the MoS: is straddled by the ZnO. This is consistent with some of the
findings mentioned earlier. 8% This would facilitate electron transfer from ZnO to MoS>, but
would not provide any benefit from charge separation and the holes would also flow from ZnO to
MoS;. In the CP-ZnO-ZnS-MoS; nanowire structure, a mixed type-Il/type-I band alignment is

noted. The interface between ZnO/ZnS exhibits a type-II band alignment where the electrons
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would flow from ZnO to ZnS but the holes would move from the ZnS to ZnO, providing some
charge separation. The interface between ZnS and MoS: is a type-I band alignment where both the
holes and electrons would accumulate in the MoS,. This mixed band alignment is consistent with
one of the mentioned papers.®® Overall, having the electrons accumulate in the MoS> where they

can immediately perform water reduction at the surface would result in a net positive for catalysis.

3.1.3.4 Electrochemical Properties of ZnO/MoS:2 and ZnOQ/ZnS/MoS:
To examine the impact the heterostructures have on the HER properties of the catalysts in

acidic and alkaline conditions, polarization experiments were performed, shown in Figure 3.1.13.
A standard way of comparing catalysts is to determine the overpotential to reach 10 mA/cm?. In
both acidic and alkaline conditions, ZnO and ZnO-ZnS showed little activity, especially in alkaline
conditions. The CP-MoS; sample annealed with the presence of sulfur performed notably better
than the CP-MoS: without sulfur, likely due to the saturated bonds and the lack of the insulating
MoOs phase. As can be seen, the CP-ZnO-ZnS-MoS: exhibited the lowest overpotential in both
the acidic and alkaline conditions. CP-ZnO-MoS; demonstrated promising results in acidic
conditions, performing greater than either ZnO or MoS; individually, but did not perform well in
alkaline conditions. The performance and Tafel slopes are recorded in Table 3.1.1. The Tafel slope
(b), 1.e., the slope of the linear, low overpotential regime, is the overpotential required to increase
the current density by one order of magnitude. As the Tafel slope is dictated by the reaction
mechanism laid out in the experimental section, we can determine that the Volmer-Heyrovsky is
the reaction mechanism for the ZnO-ZnS whereas the Volmer-Tafel mechanism is the reaction

mechanism for all MoS; containing catalysts.!!°
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Additionally, the slowest step for the MoS>-containing catalysts is the Tafel reaction which

involves the transfer of electrons along with the adsorption of the reacting species.
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Figure 3.1.13 a) Polarization curves for samples in 0.5 M H2SO4 b) Polarization curves for

samples in 1 M KOH. Stability measurements in c¢) acidic and d) alkaline conditions
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Table 3.1.1 Performance metrics for the various electrocatalysts

Acidic Alkaline Ref
This
Tafel Slope Tafel Slope Ca
Catalyst Mo (mV) (mV dec!) Mo (mV) (mV dec!) (mF/cm? work
CP-ZnO 349 127 NA NA 8.45 This
work
CP-ZnO-ZnS 266 60 NA NA - This
work
CP-MoS: 202 113 263 110 16.6 This
work
CP-MoS; (S) 188 105 230 135 ; This
work
CP-ZnO-MoS: 181 104 274 142 23.8 This
work
CP-Zn0O-ZnS- This
MoS, 154 103 209 128 25.0 work
ZnO-MoS, 255 56 ] ; 3.56 m
nanocomposite
Nanosized ZnO 112
coated MoS; ) i 330 192 178
MoS,/ZnS 271 94.2 - - - L
ZnS-Zn0O- 114
MoS2/Ti3CoTx 3276 795 i ] 73
Nb2/MoS;-CNF 180 29.5 125 33 - .
ZnS@MoS> 194 73 - - 2.07 116
ZnS@MoS: 117
Core/shell 106 74 ) ) 6.68
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Figure 3.1.14: a) cyclic voltammograms of CP-ZnO b) cyclic voltammograms of CP-MoS; c)
cyclic voltammograms of CP-ZnO-MoS: d) cyclic voltammograms of CP-ZnO-ZnS-MoS; and f)
plot of Aj/2 as a function of scan rate
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To complement the polarization curves, the double layer capacitance (Ca) of select
catalysts was conducted to give insight into the electrochemically active surface area (ECSA). This
is useful when working with substrates that have changing complex geometries. ECSA can be
determined from the Cq and the specific capacitance (Cs) of any investigated electrode material

according to the equation'!®

Cdl
ECSA = —
C

Determination of Cs has been identified as one of the main challenges with this technique
and it has been common practice to use a single Cs value to obtain the ECSA value, regardless of
the material’s nature. This has led to significant deviations in reported literature.!'®!" It is still an
ongoing discussion within the community for how to accurately determine this value, however the
comparison between Cyqj is still useful for comparisons between the same material and within the

same study.!'?°

A common method for obtaining the Cq consists of recording cyclic voltammograms at
various scan rates within a potential region where no redox reactions take place as shown in Figure
3.1.14a-d. This works on the basis of when an electrode surface is subjected to a voltage ramp, a
steady-state capacitive current is observed in a short time (ic) if the only process is the charging of
the double layer, i.e. the movement of ions on either side of the electrode/electrolyte interface. For

ideal capacitors, ic is related to the capacitance (C) and to the scan rate (v) as shown below
ic=vx*C

Then the ic for the anodic and cathodic scans are the difference is plotted as a function of

scan rates, as shown in Figure 3.1.14e, and then extract Cq by taking the slope of the resulting plot.
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Cai can also be obtained from EIS, however the difference between the techniques has been shown
to be within 5%.!2°122 As can be seen in Figure 3.1.14e, all samples show significantly greater Cqj
over the bare ZnO-NWs even though the ZnO N'Ws have a significant surface area advantage over
CP-MoSo». This compliments our results earlier of CP-ZnO having poor catalytic performance. The
Ca1 of CP-MoS;, CP-ZnO-MoS,, and CP-ZnO-ZnS-MoS,, are somewhat similar however the
nanowire structures exhibit a slightly higher Cqi, suggesting that there is an increase in ECSA
attributable to the increased surface area that the ZnO nanowire structure provides. This increase
in surface area compliments the formation of the heterojunctions as shown in Figure 3.1.12 where
the lower CBM of the MoS; relative to ZnO and to ZnO-ZnS. This facilitates the more effective
transfer of electrons to the increased surface area of the MoS» to enhance the active sites of MoS»
to undergo the hydrogen evolution reaction. While it is not possible to completely separate the
two effects here, given that the surface area between the ZnO-MoS: and ZnO-ZnS-MoS; structures
are quite similar, and that even without the presence of the very active 1T phase, the ZnO-ZnS-
MoS> is more active, the band alignment appears to be a large contributor to the increased

performance.

3.1.4 Conclusions
This study developed a facile and scalable 3-step hydrothermal, electrodeposition, and

annealing technique to synthesize a variety of nanowire heterostructures. The heterojunction
catalysts of CP-ZnO-MoS: and CP-ZnO-ZnS-MoS: both saw an increase in catalytic activity in
the acidic regime, with overpotentials to reach 10 mA/cm? of 181 mV and 154 mV respectively,
over their constituent materials. The CP-ZnO-ZnS-MoS: catalysts also saw an increase in catalytic
activity in the alkaline conditions, requiring only 209 mV to reach 10 mA/cm?. This has been
attributed primarily to the synergistic properties of the band alignment structure and the increased

surface area afforded by the nanowire structure. The 1T phase was also noted in the CP-ZnO-MoS>
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sample, suggesting that this also played a role in increasing the catalytic activity of the sample.
Overall, the synthesized nanowire heterostructures were found to be highly performing and gives
insight into how the changing band alignment and morphology can play a significant role in

increasing the catalytic performance towards HER.
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3.2 The Electrodeposition of Cobalt Sulfide/Molybdenum Sulfide
Heterostructures for HER in Acidic and Alkaline Solutions
3.2.1 Background and Motivation

In this work, we demonstrated a simple electrochemical deposition and annealing method
to fabricate and control the phase of various CoSx structures heterostructured with MoS; on carbon

cloth for use as an HER catalyst.

In recent years, great attention has been given to other transition metal sulfides besides
MoS,, such as Co, Ni, and Fe. Among the most successful have been those of Co sulfides, such
as CogSs, CoS, Co3Ss, and CoS», showing strong electrocatalytic activity towards HER in both
acidic and alkaline conditions, while remaining inexpensive and readily available.'?>"12®  Within
this broad range of phases, various morphologies have also been explored. Some examples are
Co9Ss and CoS» hollow-spheres, cotton-like CooSs, and CoSz nanoarrays, all exhibiting various
catalytic properties.!?’"12° However, these solely cobalt sulfide materials still cannot compete with
the state-of-the-art catalysts, and therefore various strategies have been employed to increase their

activity, such as doping or alloying MoS: with cobalt and cobalt sulfide, respectively.

Bonde et al. demonstrated that doping Co-atoms on the edges of MoS, greatly enhanced
the HER activity, owed to the decrease of adsorption energy of hydrogen.?* Another example
showed the synergistic effect, such as decreasing the overpotential by between CosSg and MoS»
towards HER in alkaline environments.!** Finally it has been shown that the interface between

cobalt sulfides and molybdenum sulfide is critical to the HER performance because the formation
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of nano-interfaces facilitates enhanced charge transfer between Co and Mo through S-linkage as

shown in Figure 3.2.1.13!
MoS,
H,0 ’
,o 4R’ R H,
0 C

20 o ‘/Q >4
Peserarery

H,0 ‘+'_ §¢ 4’,;0:##" s
P23eS23e5a

Figure 3.2.1: Diagram illustrating the linking
disulfides between CosSg and MoS:

In order to increase the catalytic performance of these materials further and to take full
advantage of any synergistic impacts, the active area needs to be increased further. As was
discussed in the earlier chapter, increasing the total active surface area per unit area is also vital to
the overall improvement of catalytic properties. As such, various 3D, porous substrates have been
explored to increase the “loading” of the catalyst and expose as much material to the electrolyte as
possible. However, many catalysts for HER require a polymer binder to anchor the catalyst to the
3D, porous working electrode, increasing resistance and hindering active sites or causing long-
term stability issues.!>*1** Therefore, direct growth of the catalyst on the current collector can
increase the HER performance of the catalyst towards HER. Carbon paper exhibits high
conductivity, good mechanical strength, is inexpensive, and is flexible, making it an excellent

candidate for the substrate. In addition, carbon paper is a porous material with a three-dimensional
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morphology, allowing more active sites per unit area. Additionally, it has been shown that MoS;

on carbon paper provides higher catalytic activity when compared to a traditional flat substrate.'*>

137

In this work, several compositions were tested to elucidate the optimal conditions, as well
as help determine the underlying factors that influence the overall HER properties. By controlling
the electrolyte bath parameters, such as the cobalt concentration; various morphologies, such as
platelets, clusters, and nanostrips, and crystal structures were measured and exhibited drastically
different HER properties. It was observed that while all samples were stable and exhibited
promising HER properties in acidic conditions, only the sample from the equimolar electrolyte
was stable in an alkaline environment while exhibiting extremely high activity. This performance
was explored with a variety of techniques and together, these results highlight the synergistic
effects among various cobalt sulfide species and MoS» towards HER.

3.2.2 Synthesis Methods

3.2.2.1 Electrolyte Preparation
To determine the optimal conditions for the synthesis of c-CoSx-MoS,, two separate

approaches were examined. The first approach was to electrodeposit a metallic Co-Mo alloy,
which was then followed by a sulfurization step. Since this process was unsuccessful, the details
and discussion are included in the appendix. The main electrolyte of interest was the
electrodeposition of cobalt sulfide in conjunction with molybdenum oxide which was then

followed by a sulfurization step.

The Co-Mo sulfide catalysts were electrodeposited from an electrolyte containing
precursors of Co, Mo, and S. The electrolyte was prepared from cobalt nitrate hexahydrate

(Co(NO3)2 - 6H20), sodium molybdate dihydrate (Na;MoOQOy4 - 2H>0), and thiourea (CH4N»S). The
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sodium molybdate dihydrate concentration was held at 75 mM and the thiourea concentration was
held at 0.2 M while the cobalt nitrate hexahydrate concentration was varied from 5 mM up to 100
mM. Samples will be referred by their Co — Mo precursor concentrations in mM, e.g., 25-75 will

be in reference to 25 mM Co(NO3), - 6 HoO — 75 mM Na;MoOs - 2H>0.

Table 3.2.1: Component concentrations (M) in electrolytes for Co-Mo oxide electrodeposition

Sample ID Co(NOs3)2 (M) NaxMoO4 (M) CH4N2S (M)
5-75 0.005 0.075 0.2
15-75 0.015 0.075 0.2
25-75 0.025 0.075 0.2
50-75 0.050 0.075 0.2
75-75 0.075 0.075 0.2
100-75 0.0100 0.075 0.2

The CoSx component was grown on carbon paper using a facile electrodeposition with the
species pertaining to the CoSx deposition being Co(NO3), and CH4N»S. During the deposition, the
OH- ions generated from reduced NOs™ ions react with CHsN,S to form S* ions. The following

reactions can describe the process
NO* + H20 +2¢” ->NOy + 20H
SC(NHz)2 + 20H™ -> S* + OC(NH.). + H,0
Co*" + 8% > CoSx

Based on the charges of the Co and S ions, one would expect to form CoS, as found in Liu
et al. study.!*® However, a cyclic voltammetry deposition method was utilized in their study,

whereas in this study a potentiostatic deposition method and annealing was utilized, resulting in a
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different stoichiometry. In regards to MoS, the primary formation occurs during the annealing
step, as the MoO4* ion has a high energy of formation (-1354 kJ mol) it cannot be easily separated
into Mo ions to react with the S ions via electrodeposition as it far exceeds the cathodic potential
required for the discharge of hydrogen.!*® Therefore, the formation of MoS: occurs during the
annealing step, described later, when the excess sulfur reacts with the deposited molybdenum

oxide.

3.2.2.2 Crystallization of c-CoSx/MoS:2
To crystallize the samples, annealing was carried out in an MTI OTF-1200X tube furnace.

Annealing was performed by heating the sample to 450°C at a ramp rate of 14°C/minute where it
was held for 60 minutes before being naturally cooled back to ambient temperature. All anneals
took place in the presence of flowing forming gas (5% Hz/ 95% Ar) with 3 grams of elemental
sulfur upstream of the substrate. Forming gas is critical to removing the oxides to allow for
sulfurization.!*® Prior to the anneal, the chamber was purged with excess forming gas for 45
minutes to minimize the presence of any impurities within the furnace. Natural cooling was carried

out under the forming gas prior to the samples being removed from the furnace.

The general sulfurization process from molybdenum oxide to molybdenum sulfide follows

the following reactions:'!

2MoO3 + S -=> 2MoQO» + SO,
2MoQ; + 5S -=> 2Mo0OS; + SO
2MoOS; + S -> 2MoS; + SO
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3.2.3 Results

3.2.3.1 Structural Properties of c-CoS2/MoS:
To understand the structural and morphological features of the catalysts, SEM images were

collected. In Figure 3.2.2, a low magnification image shows uniform coverage of the carbon paper
substrate. The high magnification SEM images revealed that the morphology drastically changed
depending on the concentration ratio of the Co and Mo precursors as seen in that the MoS2 (002)
diffraction peak increases in intensity as the Co concentration increases. This increase in MoS2 is
being attributed to the co-deposition of Mo with Co, in which the Co induces more Mo to be
deposited during the electrodeposition process.?* This is the case as the redox potential of Mo metal
is quite negative, preventing Mo from depositing without the co-deposition process.?* Additionally,
the diffraction peaks decrease in intensity and sharpness as the Co concentration increases,
indicating that the crystallite size is decreasing. Upon applying the Scherrer equation, we calculate

that the initial 5-75 has a crystallite size of 26 nm with 100-75 an average crystallite size of 16.7

nm. As the Co precursor concentration increases, the diffraction peaks associated with Co9Ssg
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decrease in relative intensity while the diffraction peaks associated with CoS: increase in relative

intensity.

In the sample with the lowest Co concentration, 5-75, thin sheets with small clusters are
observed along the edges. When the Co was increased to 15-75, the sheets are no longer observed,
and instead large plate-like structures are formed showing clustering on the surface. In the 25-75
sample, the plates grew, however the surface was largely featureless and little clustering was
observed. The morphology continued to change in 50-75 as the large plate-like structures are no
longer observed and instead a much rougher, scaled surface is formed with clusters of sheets on
the surface. The 75-75 sample lacked the scaled surface and instead exhibited round, textured
structures with long, flat, and wide features protruding perpendicular to the surface. Finally, the
100-75 sample is even more textured than 75-75 and lacks the flat sheets protruding from the

surface.

£

Figure 3.2.3: SEM images of a) 5-75, b) 15-75, ¢) 25-75, d) 50-75, e) 75-75, and f) 100-75

XRD patterns shown in Figure 3.2.4 provide crystallographic information on the catalysts.

The Bragg diffraction hump located at 20 =~ 14.5° was indexed to the (002) plane of hexagonal
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MoS>.”! The peaks located at 20 = 29.5, 39.4, and 47.5° are indexed as the (311), (331), and (333)
planes of cubic CooSs respectively.!*? The diffraction peaks associated with the (200) and (210)

planes of cubic CoS, were observed at 20 ~ 32.4, and 36.3° respectively.!* It is noticed that the
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MoS; (002) diffraction peak increases in intensity as the Co concentration increases. This increase
in MoS: is being attributed to the co-deposition of Mo with Co, in which the Co induces more Mo
to be deposited during the electrodeposition process.!* This is the case as the redox potential of
Mo metal is quite negative, preventing Mo from depositing without the co-deposition process.'**
Additionally, the diffraction peaks decrease in intensity and sharpness as the Co concentration
increases, indicating that the crystallite size is decreasing. Upon applying the Scherrer equation,
we calculate that the initial 5-75 has a crystallite size of 26 nm with 100-75 an average crystallite
size of 16.7 nm. As the Co precursor concentration increases, the diffraction peaks associated with

Co9Ss decrease in relative intensity while the diffraction peaks associated with CoS: increase in

relative intensity.

To further elucidate the crystalline structure of the grown materials, Raman spectroscopy
was performed on all materials as shown in Figure 3.2.5a. The peaks at roughly 384 cm™ and 407
cm’! are attributed to the in-plane E2; mode and the out-of-plane A, mode, respectively.”® The
peaks at 289 cm™!, 318 cm™!, and 393 cm™! are ascribed to the Eg, Ty(1), and A, modes of CoS» with
the shoulder at roughly 418 cm™ the T,(2) mode.'® .Th.e,p.e:dk

found at 680 cm™! is attributed to
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Figure 3.2.5 a) Raman spectra for all the catalysts and b) Raman spectra of 25-65 through 100-75
to demonstrate any subtle changes within the data
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the primary vibration mode of Co9Ss.!*® The primary peaks for the different species are labelled
with a dashed line in Figure 3.2.5. In the CoSx sample, both peaks associated with CoS> and Co9Sg
are present. However, when in the presence of Mo species, the Co9Sg vibration modes are
extinguished and are not seen at any Co/Mo ratio. At low Co/Mo ratio, as in 5-75 and 15-75, the
MoS; features dominate the spectra. As the Co/Mo ratio increases to 25-75 and beyond, the CoS>

features dominate the spectra as can be seen in more detail in Figure 3.2.5b.
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3.2.3.2 Chemical Properties of c-CoS2/MoS2
To determine elemental and chemical composition of the 75-75 catalyst, XPS was

conducted. However, depending on where the sample was scanned, different spectra would appear
as can be seen in Figure 3.2.6. While different chemical composition ratios and chemical shifts
are present, the same chemical species were present in all samples. However, it is difficult to give
a complete picture of the sample’s composition using XPS due to the lateral variability. A
representative scan can be seen in Figure 3.2.7. The Mo 3d spectra can be deconvoluted into

distinctive peaks of a single double (3ds;2 and 3ds/2) of Mo*" and singlets of the various overlapping

Intensity (c.p.s)
Intensity (c.p.s)

236 234 232 230 228 226 224 222 168 167 166 165 164 163 162 161 160
Binding Energy (eV) Binding Energy (eV)

Intensity (c.p.s)

790 . 788 786 784 782 780 778 . 776 774 772 770
Binding Energy (eV)
Figure 3.2.6: Raw, unnormalized spectra at varying spots on the 75-75 sample with a) Mo 3d, b)

S 2p, and c¢) Co 2p
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S 2s states that occur in the same energy range.’!47!48 The Mo 3d peaks were deconvoluted with
a binding energy difference of 3.13 eV between the 3ds» and 3d32 and with a fixed intensity ratio
of 3:2. In the sulfur spectrum, the presence of S*" and S,* was detected; this is consistent with
previous literature.!#”!* The sulfur spectrum was deconvoluted with two doublets, with the
constraints of an energy difference of 1.18 eV between the 2p3» and 2pi2 and with an intensity
ratio of 2:1. The cobalt 2p3.» spectrum was deconvoluted with two primary features at 777.96 eV,

778.6 eV corresponding to Co®" and Co?" respectively, and with a large satellite peak at higher

126,150-152

binding energy.
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Figure 3.2.7: Deconvoluted XPS Spectra of a) the Mo 3d, b) S 2p, and c) Co 2p3»
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3.2.3.3 Electrochemical Properties of c-CoS2/MoS2
The impact of the Co/Mo precursor ratio on the HER properties of the catalysts in acidic

conditions, polarization experiments were performed, shown in Figure 3.2.8. The overpotential
required to reach the cathodic current density of 10 mA/cm? (110) was used to compare the catalytic
activity of the HER catalysts and these are shown in the subset of Figure 3.2.8. As seen in Figure
3.2.8, the 75-75 sample performed the best by exhibiting the lowest overpotential (112 mV) to
reach 10 mA/cm?. The other values of the catalysts nio can be seen in the Figure 3.2.8 subset
plotted against their Co/(Co+Mo) as well as in Table 3.2.2. This performance of 75-75 was greater
than that of either CoSx or MoS: and equal or superior to that of similar cobalt sulfide-based
catalysts as seen Table 3.2.3. One sample of note is the Co-Mo-P@C which outperforms the other
compared material. This is due to certain phosphide materials being more catalytically active than
the sulfide counterparts. However, this could open up future work where our superior material is

modified with their phosphide, further improving the performance.

Table 3.2.2: Electrochemical values for the various catalysts, (-) indicates the sample was unstable
in indicated conditions, standard deviation of three samples is given in parenthesis with the average

reported value the given value ()

Sample Co/(Co+Mo) Acidic nio Acidic b Alkaline n1o Alkaline b
(mV) (mV/dec) (mV) (mV/dec)
5-75 0.282 190 (1.63) 157 - -
15-75 0.482 159 (3.09) 106 - -
25-75 0.597 149 (3.85) 84 - -
50-75 0.626 123 (2.45) 111 - -
75-75 0.635 112 (2.05) 113 60 (3.86) 81
100-75 0.653 121 (2.09) 114 - -
MoS, 0 232 (0.82) 123 - -
CoSx 1 175 (4.02) 87 - -
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Figure 3.2.8: Polarization curves in 0.5M H>SOj4 of the various
catalysts; subset) 1o vs Co/(Co+Mo)

HER in alkaline medium is also of high interest due to the widespread usage of alkaline
water electrolysis in industry, as well reducing the corrosion of electrolytic cells found in acidic
cells. Polarizations in 1 M KOH were carried out to investigate the Co-Mo sulfide catalyst’s
affinity towards HER in basic condition. The sample 75-75 showed good stability, as can be seen
in Figure 3.2.9. Additionally, 75-75 showed an extremely low nio value of 60 mV, one that
competes with state-of-the-art catalysts in alkaline medium'>. This overpotential is among the
best reported in current literature as seen in Table 3.2.4. Only the 75-75 sample was stable in
alkaline medium, with all others degrading rapidly. The subset of Figure 3.2.9 shows the
degradation of the 25-75 sample as an example of the instability found in other samples. The

origin of this lack of stability will be discussed in later sections.
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Table 3.2.3: HER of other Cobalt-Molybdenum Sulfide catalysts in Acidic Conditions

Catalyst Electrolyte N(HER) at j = 10 mA | Tafel slope (mV | Reference
cm? (mV) dec™)
CP-CoSx/MoS: 0.5 M H2S04 | 112 113 This Work
Co9Ss@MoS,/CNFs 0.5 M H2SOq4 | 190 110 154
Co-Mo-P@C 0.5 M H2SO4 | 96 53 155
MoS,/CoS,/CC 0.5 M H2SOq4 | 118 37 30
Co-MoS,/CFP 0.5 M H2SOq4 | 199 51 31
CoMoS,-C 0.5 M HaSO4 | 135 50 147
CoMoSx/CC 0.5 M H2SOq4 | 100 70 156

The Tafel slope (b), i.e., the slope of the linear, low overpotential regime in the Tafel plot,

is the overpotential required to increase the current density by one order of magnitude. As such,

it is optimal to have a catalyst with a lower Tafel slope for HER applications. See Experimental

chapter for more details. The Tafel slopes for the Co-Mo sulfide catalysts are listed in Table 3.2.2

and suggest a Volmer-Heyrovsky mechanism, or electrochemical desorption with an adsorbed

hydrogen reacting with a H' in the electrolyte , consistent with literature
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Figure 3.2.9: Polarizations curves in 1 M KOH for the
various catalysts; subset) example of unstable
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Table 3.2.4: HER of other Cobalt-Molybdenum Sulfide catalysts in Alkaline Conditions

Catalyst Electrolyte | n(HER) at j = 10 mA cm? | Tafel  slope | Reference
(mV) (mV dec™!)

CP-CoSx/MoS:2 1M KOH 60 81 This Work
CP/CTs/Co-S IMKOH | 190 131 158

MoP IMKOH | 140 48 159

MoCx IMKOH | 151 59 160
CC/CoP IMKOH | 209 129 161

Ti foil/Nip33C00.67S: NWs | IMKOH | 88 151 162
CoSx@MoS; IMKOH | 146 56 150
Co3S4-L IMKOH | 270 124 163
Co-Mo-P@C IMKOH | 162 34 155
C03S4/MoS,/NirP 1M KOH 178 98 164

CoS; HNSs IMKOH | 290 100 165
NixC03.x04 NWs IMKOH | 370 60 166
Co-MoS,/CC IMKOH |40 66 167
Co(OH)2/MoS» IMKOH | 117 60 168

As the Raman data demonstrates, the samples with more CoS; like structures had the
highest performance in acidic conditions compared to those with a more MoS:> like spectra. This
is to be expected as previous literature has demonstrated that cobalt sulfide based materials have

superior catalytic performance over crystalline MoS,,!%18:31.8%.157.169.170

However, while the
samples 25-75 through 100-75 have similar Raman spectra, they have very different catalytic

activities in acidic conditions and stability in alkaline conditions.

Diffraction patterns of various catalysts obtained via XRD can help elucidate the origin of
these performances as the XRD between the samples are quite different. At high cobalt fraction,
the crystallite size of the cobalt sulfide phases decreases, allowing an increase in the concentration
of linking disulfide anions (Figure 3.2.1), the catalytically active sites, to be exposed to the
electrolyte.!”! As smaller grains mean more of these nano-interfaces form, a higher density of

active sites which led to an improvement of the electrocatalytic activity was observered.!3!:150:154
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Additionally, the increase in the MoS» phase with the higher Co/Mo ratios likely contributes to
this increase in overall catalytic activity of the catalyst due to their synergistic properties, such as
better charge transfer and facilitation of H- containing species adsorption-desorption at the active

SitCSSO’ISO’I%.

However, this does not directly explain the difference in stability and overall performance
of 75-75 compared to the rest of the synthesized catalysts in alkaline conditions. As the only major
difference in the high Co/Mo ratio catalysts is the morphology and crystallite size, we suggest that
this stability is related to the morphology and crystallography of the 75-75 catalyst. As seen in
Figure 3.2.4, the 75-75 sample is the only catalyst to exhibit the wide, flat, and protruding features.
In an effort to determine the composition of the strands, SEM and EDS were carried out as shown
in Figure 3.2.10. However, due to the large penetration depth of SEM and the very similar signal
between sulfur Ko and molybdenum La (difference of 0.014 eV) the sample looks homogenously

distributed in Co, Mo, and S. Therefore, we are unable to determine the exact components that

75-75,Co-Mo

2.5 pm

2.5 um
AT S

Figure 3.2.10: SEM EDX of the 75-75 catalyst
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make up the specific morphological feature of the heterostructure. Overall, we suggest that at low
Co concentration, the less alkaline stable CooSg limits the stability during HER whereas at high Co
concentration the continued reduction in crystallite size and increased accessibility to the disulfide

anions reduces the stability of 100-75 in alkaline conditions.!”!

3.2.3 Conclusions
This study developed a facile and scalable electrodeposition technique and annealing

methods for catalytically active CoSx/MoSz. These catalysts are extremely active for HER in acidic
conditions and one of the best performances in alkaline conditions, with overpotentials to reach 10
mA/cm? of 112 mV and 60 mV and with Tafel slopes of 113 mV/dec and 81 mV/dec, respectively.
The 75-75 exhibited excellent stability in both acidic and alkaline conditions and performed
superior to all other samples. This has been attributed to the synergistic properties evolving
through the intimate growth of alloys between Co and Mo sulfides, such as better charge transfer
and facilitating the adsorption-desorption of hydrogen at the interface of the electrode/electrolyte,
as well as increased nano-interfaces between the CoSx and MoS: features. In addition, an unusual
morphology was found in the 75-75 catalysts that has not been reported on before. Overall, these
scalable catalysts are some of the highest performing HER catalysts while remaining noble-metal

free.
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4.0 Incorporation of Chalcogens into Amorphous, Polymeric
MoS«

4.1 The Influence of Oxygen Incorporation on the HER Catalytic
Activity of Electrodeposited MoSxOy Electrocatalysts

4.1.1 Background and Motivation
The synthesis of a-MoSx catalysts are traditionally carried out via several techniques, such

as electrodeposition, chemically, or hydrothermally, all requiring the usage of an ammonium
tetrathiomolybdate ion (NH4)2MoSa4).!1424172 However, this ammonium-based salt is relatively
expensive, extremely hygroscopic, making it difficult to store for long periods of time, and requires
a complicated synthesis procedure involving H,S gas streams and ammonium.!”® As such, this
chapter will explore the synthesis of a-MoSx and a-MoSxOy based catalysts without the use of
purchased ((NH4)>2MoS4) and explore the origin of catalytic behavior of the catalysts synthesized
via the alternative route. To accomplish this, a sample set of As Deposited, Air Exposed, Inert
Anneal, and a Sulfur Anneal were synthesized and the impact their chemistry and structure

has on HER is examined.

In regards to HER catalysis of a-MoSxOy, it was originally argued that the removal of the
terminal sulfur ligands and the subsequent formation of M=O species was the primary catalytic
site.!! In other work, the incorporation of oxygen was shown to improve the catalytic
performance*?. However, independent work utilized in-operando Raman spectroscopy to identify
the breaking of bridging S-S bonds within the MoSx chains during HER. This implies that the
bridging S-S bonds are the primary sites of catalytic activity.**!”? Therefore, the incorporation of

oxygen increases the overall catalytic activity by either accentuating the catalytic activity of the
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broken bridging S-S bonds or by other means, such as acting as catalytic sites themselves. It has
been hypothesized that oxygen could serve as a dopant increasing the electrical conductivity of the
a-MoSx and thus its electrochemical efficiency or as an additional catalytically active site.!!*
Overall, it is generally accepted that the presence of oxygen during the deposition of a-MoSx is a

net “win” for catalyzing HER. However, not all oxygen species are beneficial, and as such a

detailed study needs to be accomplished on this material to better understand the role oxygen has.

To develop an a-MoSx catalyst that does not involve purchased (NH4)>MoSa4, we expanded
upon Levinas et al.’s study, in which the MoS4?” anion is synthesized in solution. There was a lack
of chemical and structural analysis within their work. Through our investigation, this material was
found to have an appreciable amount of incorporated oxygen, and we report that this material had
greater HER catalytic performance than those synthesized via (NH4)2MoSa.

4.1.2 Synthesis Methods

4.1.2.1 Electrolyte Preparation
The MoSxOy films were electrodeposited from a chemical bath containing Mo®* and S*

ions. The electrolyte was prepared from sodium molybdate dihydrate (NaMoO4 - 2H>0) and
sodium sulfide hydrate (Na>S - H>O) and were mixed in a ratio of Mo/S = 4, similar to that of the
Mo3S13 monomer that the MoSx chain is comprised of. The sulfidation of the molybdate ion to
tetrathiomolybdate (Mo0S4%) is a four-step reaction where each step is a replacement of oxygen

atoms by sulfur atoms and can be described by the following equation:

MoO4* + 4HS™ + 4H' <-> Mo0S4% + 4H,0 (25)
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Figure 4.1.1: a) Pourbaix diagram for Sulfur-water'’* and b) heatmap of (M0S4)* ions on a
calculated Pourbaix diagram from The Materials Project!’*!"8

The overall synthesis of HS™ and the concentration of the (M0S4)* ion can be seen in the
Pourbaix diagrams in Figure 4.1.1.174178 Using these diagrams, we can check thermodynamically
the ideal synthesis conditions for the synthesis of the (MoS4)* ion. When making the electrolyte,
the initial pH of the electrolyte is approximately 13 and is a clear, colorless electrolyte prior to the

reaction taking place. Upon titrating to a pH of 8 with sulfuric acid and pushing the reaction to
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the right, the electrolyte transitions to a deep red, demonstrating that the MoS4*" is being produced.

This reaction can be seen in Figure 4.1.2.

Titration

\ 4

Figure 4.1.2: a) Electrolyte prior to titrating with sulfuric acid and b)
electrolyte as titration is occurring.

To further confirm the reaction is taking place, UV-Vis spectroscopy was carried out on the
electrolyte before and after titration, as shown in Figure 4.1.3. The peak at 225 nm is attributed to
the (MoOa4)*" anion and matches literature well.!” The peaks measure at 463 nm, 312 nm, and 207
nm have been attributed to the (MoS4)* ion, the peak at 395 nm to the (MoS30)*, and the peak at
287 nm to the (Mo0S202)*, matching well with literature.!”” '8! However, note that for all
oxysulfide absorption peaks, there is a significant overlap between some and/or all the various
chemical states. As such, the peaks have been labelled with the primary absorption species, but it

is difficult to say if only one species is present at a time.

The final pH of 8 was identified as ideal based on the Pourbaix diagram and Levinas et

al.’s study. This pH increases the concentration of the final reactants, limits intermediates, and
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Figure 4.1.3: UV-Vis spectra of the electrolyte before
and after titration

prohibits the formation of HoS gas. Additionally, this was shown in literature to have the best
performance regarding sample homogeneity and HER performance.”® With the final pH in mind,
determining the correct potential to deposit at is critical. Too low of potential, no redox reactions
will occur, and nothing will be deposited. Too high of a potential, and the competing HER reaction
prohibits the deposition of a uniform film. This was explored extensively in Levinas et al.’s study,
but to confirm chemically if there was a significant difference or not, I deposited a film at the
lowest potential able to yield a film, -1.5 Vusk, and at a substantially higher overall potential, -1.8
Vumse. What was found was almost no chemical difference within the Mo 3d spectra with some
difference within the S 2p spectra, notably an increase in the higher binding energy feature, which

is attributed to the Spridging/apical bonds.!3%!% This is likely due to a difference in the degree of
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Figure 4.1.4: a) Mo 3d and b) S 2p XPS spectrum of a-MoSx deposited at -1.5 Vuse and -1.8
Vusk. ¢) is an image of the films deposited at different potentials

oxidation as Sterminal bonds are more easily replaced via oxygen. While there isn’t a large chemical
difference, there was a significant difference in the overall homogeneity and film quality of the
sample, with the -1.5 Vs exhibiting significantly more uniformity than that of the -1.8 Vwmsk
sample which had significant pitting and delamination from the competing HER reaction at this
potential as can be seen in Figure 4.1.4c. Consistent with Levinas et al.’s study, the -1.5 Vwse

yielded overall better samples.

4.1.2.2 Oxidation of MoSxOy
As the film deposition is carried out in an air exposed electrolyte, it is important to

understand the air stability of the deposited films as they will be immediately exposed upon

removal from the electrolyte. To accomplish this, the sample was immediately loaded into the
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XPS chamber to limit the oxidation as best as possible. Following the XPS scan, the sample was

then removed from the chamber and allowed to sit in atmosphere for a given time. It was then

reintroduced and scanned again to determine the level of oxidation that has occurred. This was

repeated until no further oxidation could be detected. This is represented in Figure 4.1.5a where

we can see the growth of the oxide peak at ~232.5 eV growing in relative intensity as a function

of time. After roughly an hour, there was little difference when left in atmosphere longer. In

addition, a series of Raman scans in atmosphere where 5 seconds scans were taken back-to-back

over several hour is shown in Figure 4.1.5b-d. What we found mostly matched the XPS data in

that we hit an oxide saturation, as represented by the increase in peaks between 800-1000 cm™. 1
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Figure 4.1.5 a) XPS spectrum of the Mo 3d core level as a function of time in atmosphere; b-d)
Raman spectrum as a function of time in atmosphere where each line represents a 3-minute
window and the blue lines being earlier times and yellow representing later times.
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took another 4 hours’ worth of scans; however, no significant differences were detected. As such,
As Deposited samples will be analyzed immediately after synthesis to limit the oxidation of the

sample as much as possible.

4.1.2.3 Removal of Oxygen
To effectively remove oxygen, we hypothesized that a low temperature anneal in an inert

environment could successfully remove the oxygen without crystallizing the material. Our first
approach was to use DSC to determine the crystallization temperature, as seen in Figure 4.1.6.
This was carried out in collaboration with Mackenzie Ridley in Professor Opila’s group. The
crystallization event begins around 400°C with the crystallization peak occurring at 421°C. The
crystallization is not reversible, with the peak on cooling being attributed to the furnace quickly
changing heating directions. Upon running a second time (i.e. after crystallization had occurred),
no peak was observed, further confirming the peak at 421°C is attributable to the crystallization of
MoSxOy. There was negligible mass change detected with the TGA, although any change in the

film’s mass is likely below the detection limit of the instrument.
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Figure 4.1.6: DSC of -Mo0SxOy catalyst heated at a
rate of 10°C/min
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However, when annealed in a tube furnace at temperatures slightly below the
crystallization temperature, such at 350°C, we do observe crystallization events below this
crystallization temperature of 421°C. This can be demonstrated in the Raman spectra in Figure
4.1.7a, the low temperature regime as when the temperature is below 275°C, the polymeric
structure of the As Deposited sample is retained. However, at 275°C, we begin to see the presence

of the MoS; crystalline phase, as represented by the sharp peaks at ~382 cm™ and ~407 cm™.
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Figure 4.1.7: a) Raman spectra showing various MoSxOy catalysts as a function of annealing
temperature, b) Mo 3d as a function of annealing temperature and c) S 2p as a function of
annealing temperature.
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Above this temperature, the crystalline phase of MoS> dominates the spectra. This is also exhibited
in the in-vacuo annealing where there is a significant difference between the samples that retain
an amorphous like structure and the 350°C sample which underwent crystallization, as seen in
Figure 4.1.7.  This indicates to use that the DSC data is not completely representative of our
material, as crystallization is found below the temperature predicted by DSC.!8* Therefore, this is
likely also a kinetically sluggish process and that the DSC ramp rate and lack of holding at any
temperature led to an overestimate in the crystallization temperature. Therefore, to remain below
the crystallization temperature, all subsequent anneals in this chapter will be done at 250°C for 60
minutes and will be characterized immediately following processing.

4.1.3 Results of As Deposited, Oxidized, Inert Anneal, and Sulfur Anneals

4.1.3.1 Structural Properties
To test the impact that oxygen incorporation has on the chemistry, structure, and catalytic

efficacy of MoSxOy, a sample set of As Deposited, Air Exposed, Inert Anneal, and a Sulfur
Anneal were examined. The As Deposited samples were all tested immediately following
deposition to limit any potential oxidation. The Air Exposed samples were exposed to
atmosphere for several days. The Inert Anneal and Sulfur anneal were accomplished by
annealing in a nitrogen purged tube furnace at 250°C for one hour with a ramp rate of 7.5°C/min.
The elemental sulfur was placed upstream so that the sublimation temperature (~120°C at 1 atm)
was reached at the final hold temperature. All materials were tested immediately following any

processing to limit oxidation.
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Figure 4.1.8 shows the resonance Raman spectrum of the various MoSxOy catalysts that
were deposited at -1.5 Vmse. The a-MoSxOy material exhibits nearly identical Raman features to
that of isolated (NH4)2[Mo03S13] clusters.!!!85 The molybdenum sulfide bonds of v(Mo-S) were
found at 283-385 cm! and the v(Mo-Sapical) Vibrations were observed in the 450-475 cm™ region,
while the v(Mo-S-Mo) vibrations were observed around 425 cm™'. Additionally, the bands of
v(Mo=0) and v(Mo(=0);) vibrations (with Ag-0(O2Mo3), and Ag-0(OMoz), being specific
vibrations of the system) were observed between 180 cm™- 215 cm™, 560 cm™ in the range of 800-
960 cm™!.!% The freshly deposited film does not show strong v(S-S)ierminal OF V(S-S )bridging Raman
peaks at 520 cm™! or 550 cm’!, respectively. 4?#>187-189 This missing feature has been ascribed to
unsaturated S species as revealed by XPS and will be expanded upon in later chapters where we
can see the variation in these vibration modes as a function of sulfur precursor.** As the samples

remained below the crystallization temperature, there is no presence of the sharp E%g and A, that

are indicative of the crystalline phases that are present when crystallized. This is also evident in

the XRD where a crystallized sample exhibits strong diffraction of the MoS, (002) plane whereas

the samples annealed at 250°C only exhibit a very slight bump, likely indicative of short range
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Figure 4.1.8: Resonance Raman spectra of MoSxOy catalysts
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ordering as can be seen in Figure 4.1.9."°%!°! The air exposed samples show a strong increase in
the features associated with Mo=0 vibrations.!"'*® Both of the annealed samples are very similar
to the As Deposited sample, however there are some small differences. The sulfur anneal sample
exhibits a slightly enhanced (Mo-Sapical) vibration mode around 450 cm’, demonstrating an

increase in apical sulfur ligands.
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L 250°C _
r |—— 250°C, Sulfur T
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Intensity (a.u.)
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Figure 4.1.9: XRD of the MoSxOy catalysts

4.1.3.2 Chemical Properties
XPS was utilized to investigate the chemistry of the Mo and S species of the various

MoSxOy catalysts and can be seen in Figure 4.1.10 - Figure 4.1.12. All spectra were deconvoluted
with Voight functions. The Mo 3d spectra can be deconvoluted into four distinct doublets (3ds.
and 3d3) of Mo®", Mo®", Mo*, and Mo*', with the singlets of the various overlapping S 2s states
that occur within the same energy range (fitting parameters obtained from S 2p spectra). As the
oxidation number of the Mo increases, the respective doublets are found at higher binding energies

10,42,192-194 M04+

and agree with previous literature. is attributed to the MoSx center where Mo is

only bonded to S. Mo®" is attributed to Mo center of MoSxOy and Mo®" is attributed to the Mo
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Figure 4.1.10: XPS of Mo 3d core electrons of the (a) As Deposited, (b) Air Exposed, (c) Inert
Anneal, and (d) Sulfur Annealed MoSxOy catalysts

center of MoOs. To date, there has been no report on the intermediate state, Mo*, between the

Mo*" and Mo”" states. This particular state is clearly evident in Figure 4.1.10b, even upon visual

inspection of the raw data. We propose that this peak is either associated with the incomplete

oxidation of the sulfur ligand or is associated with MoO». We believe that it is more likely that this

intermediate state is when oxygen has only replaced one of the sulfur ligands and not both,

resulting in a single oxygen bond, rather than a double bond, to Mo. This is further supported by

the UV-Vis spectra in Figure 4.1.3 in which species with only one oxygen ligand are present.

However, we do want to point out that trace amounts of monoclinic MoO» were detected in the
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Raman spectra. However, as the Raman m-MoQO> features are small, or non-existent in some
samples, it is possible they are not related to this feature. While both explanations could explain
the Mo* chemical species, the constant presence of the Mo* feature in XPS and lack of m-MoO;
in every Raman spectrum, along with the UV-Vis spectra, leads credence to the partial oxidation

of MoSxOy.

As seen in Figure 4.1.10, the main differences in the chemical state of the catalysts are the
oxidation state of molybdenum. In the As Deposited sample, the primary molybdenum species
present are the Mo*" and Mo®" states with minimal Mo®" as shown in Figure 4.1.10a. It is important
to note that the Mo>" state is a minor component, or not observed, in electrodeposited MoSx films
when synthesized via (NH4):MoSs. We attribute this large presence of the Mo>" to the dual
precursor synthesis approach, as demonstrated via the UV-Vis of the electrolyte and as will be
discussed later. However, when exposed to ambient conditions over two days as shown in Figure
4.1.10b, the primary species is now the Mo®" state, indicating that the insulating MoOs is present,
impeding electron transport.*! When a freshly deposited sample is annealed under an inert
environment, the primary species that are present are the tetravalent state of Mo*" with minimal
Mo*, Mo>*, and Mo®*. The freshly deposited sample annealed under a sulfur flux demonstrates
similar composition as the sample annealed under an inert environment; however, this has a
slightly stronger Mo* peak. Additionally, there are significant changes from the S 2s features

which will be explained further by analyzing the S 2p peak.
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Figure 4.1.11: XPS of S 2p core electrons of the (a) As Deposited, (b) Air Exposed, (c) Inert
Anneal, and (d) Sulfur Annealed MoOxSy catalysts

The deconvoluted S 2p spectra consists of four main features of increasing binding energy:
(i) terminal S, ligands, (ii) bridging S»* and apical S** ligands, (iii) elemental sulfur, and (iv)
sulfates. The As Deposited sample is comprised primarily of the S»* terminal ligands while after
exposure to atmosphere the ratio between the terminal and bridging/apical ligands decreases
sharply. This agrees with previous literature, suggesting that the terminal sulfurs are preferentially
substituted by oxygen over bridging sulfurs due to a lower thermodynamic barrier.!3>!83 The
sample annealed under an inert environment maintained relatively similar ratios of terminal to

bridging/apical bonds as the freshly deposited sample, while the sample annealed under a sulfur
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Figure 4.1.12: XPS of O 1s core electrons of the (a) As Deposited, (b) Air Exposed, (c) Inert
Anneal, and (d) Sulfur Annealed MoOxSy catalysts

flux demonstrated a decreased ratio of terminal to bridging/apical bonds. This increase in
bridging/apical bonds is likely primarily apical sulfur ligands since the associated Raman vibration

mode for apical bonds increases as well.

The deconvoluted O 1s spectra, found in Figure 4.1.12, consist of a variety of features,
such as the primary metal oxide, oxysulfide/sulfate, metal hydroxide, and organic species. The As
Deposited sample exhibits all four features, with the metal oxide peak dominating the spectra.
Following air exposure, the metal oxide peak increases in intensity which agrees with the increase

in the Mo®" feature associated with MoOs. Following annealing in the inert environment, the metal
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oxide peak decreases in intensity, again consistent with the reduction of the Mo>* species. After
the sulfur anneal, the oxysulfate/sulfate peak increases in intensity due to the increase in sulfur

concentration.

4.1.3.3 Electrocatalytic Properties
To determine the impact that the structure and chemistry of the catalysts have on the

catalytic performance for HER, polarization experiments were performed, and the results are
shown in Figure 4.1.13. As can be seen, the freshly deposited sample performed the best by
exhibiting the lowest overpotential to reach 10 mA/cm? (171 mV). When the As Deposited film
is exposed to atmosphere for extended periods of time, the activity of the catalyst decreases,
consistent with previous findings.”® Additionally, the performance of the annealed samples became
worse, with the sample annealed in the presence of sulfur performing worse than the sample

annealed in an inert environment. The sample that was annealed at 450°C exhibited the worst
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Figure 4.1.13: Polarization curves of MoSxOy catalysts
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performance due to its crystalline nature as it was annealed above the crystallization temperature

as was determined earlier.
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Figure 4.1.14: Tafel plots of the MoSxOy catalysts
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As a reminder, the Tafel slope (b), i.e. the slope of the linear, low overpotential regime in
the Tafel plot shown in Figure 4.1.14, is the overpotential required to increase the current density
by one order of magnitude. Therefore, it is advantageous to have a catalyst with a lower Tafel slope
for HER applications. The data in Figure 4.1.14 show that there was little difference between the
Tafel slopes of the As Deposited sample and oxidized samples, while all annealed samples resulted
in slightly lower Tafel slopes. As the Tafel slope is dictated by the reaction mechanism as outlined
in the experimental section, we can determine that the Volmer-Heyrovsky is the mechanism for the
MoSxOy catalysts with the crystallized MoS: catalyst following the Volmer-Tafel mechanism. The

overpotentials and Tafel slopes are summarized in Table 4.1.1.
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Table 4.1.1: Summary of the electrochemical measurements of the MoSxOy catalysts

Sample Nio (MV) b (mV/dec)
As Deposited 173 52

Air Exposed 207 59
Annealed, 250°C 241 59
Annealed, 250°C, Sulfur 297 40
Annealed, 450°C 428 123

The As Deposited sample performed the best out of all tested samples. This can be
correlated to the significant presence of Mo>*. We believe that the presence of the Mo>" can been
attributed to the two-precursor synthesis route as it is only present in samples prepared this way or
purposefully oxidized in literature.!*>!% Therefore, it can be concluded that this is likely the
primary reason the Levinas study observed superior performance to the single precursor
methods.****17> The Mo>" state increases the overall conductivity of the sample but can also act
as additional active sites for HER and would explain the superior performance of the MoSxOy
films.!"1%> However, XPS performed following polarizations shows that the Mo>" state decreased
in intensity while the Mo* state increased significantly in relative intensity as shown in Figure
4.1.15a. This demonstrates that the extremely high concentration of Mo’" found in the samples is
not completely stable under HER conditions and that the Mo* state might play a significant role
in the HER capabilities of the As Deposited sample. Additionally, as seen in Figure 4.1.15b, the
terminal to bridging/apical sulfur ligand ratio increases very slightly. This instability over time is
further demonstrated by conducting a 1000 cycle cyclic voltammetry where performance begins

to suffer after roughly 20 scans (Figure 4.1.15c¢). It has been debated in literature of the origin of
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the catalytic centers. The first to report on this was Tran et al. in which they proposed the
elimination of terminal sulfur ligands during HER to be the catalytic centers. However, Ting et al.
later showed with in-operando Raman that the temporary breaking of bridging bonds during HER
serves as the main catalytic center. Our work here supports Ting et al. as when we completely
removed the bridging bonds, the HER performance suffered.'"!'”? The oxidized sample
demonstrated poorer performance with respect to the freshly deposited film, as was expected based
on Levinas et. al. observations of decreased performance the longer the sample is exposed to the

enviroment.”® We attribute this decrease in performance to the oxidation of the MoSxOy catalyst to

a) Mo 3d-After HER | NNEAERERERERENN N ) S 2p-After HER R

4+
Mo 1 STerminal
— MO* S
5+ Bridging/Apical

— Mo®* 3 SSquate

Terminal

S

S Sulfate

Bridging/Apical

Intensity (a.u.)
Intensity (a.u.)

I A b T
b LR

Y|
: V\A\Atg_n aath W /
A

172 170 168 166 164 162 160 158

L 1 L L 1 L 1 L 1 L 1 L
238 236 234 232 230 228 226 224 222

Binding Energy (eV) Binding Energy (eV)
2 . T T T T T
0 P j -
2 i
£t -
<
£
=z 6F J
-8 2nd Scan
—— 20th Scan
10 F —— 100th Scan
—— 500th Scan
—— 1000th Scan
-12 1 1 1 1
0.2 0.1 0 0.1 0.2 0.3
E (V vs RHE)
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a more MoO; like material, which can be seen in Figure 4.1.10b. The intensity of the Mo®"
oxidation state drastically increases with the insulating state of MoOs leading to overall worse
performance due to reduced electron transfer kinetics. This is supported by the increase in ratio of
bridging to terminal sulfur bonds seen in Figure 4.1.11 as oxygen will preferentially substitute the

terminal sulfur bonds.

The annealed samples showed worse performance compared to the As Deposited sample,
even without the presence of the insulating Mo®" state. The sample annealed in the inert
environment retained a similar ratio of bridging to terminal sulfur bonds as the freshly deposited
sample. However, the inert anneal removed the oxygen dopants associated to the Mo>* as can be
seen in Figure 4.1.10c. This result emphasizes the importance of oxygen dopants and the Mo>*
oxidation state to the overall HER performance. The sample annealed within the sulfur
environment exhibited the worst performance of all polymeric catalysts. This again has been
attributed to the loss of incorporated oxygen associated with the Mo®" oxidation state. Additionally,
the ratio of bridging/apical to terminal bonds increased substantially. We attribute this observation

to the increase of apical bonds instead of bridging bonds as there is an increase in apical sulfur
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Figure 4.1.16: a) Fits of Raman spectra in the region between 390 and 510 cm™!, representing the
v(Mo-S-Mo) and v(Mo-Sapical) respectively, b) The integrated intensity ratio of v(Mo-S-Mo) and
V(Mo-Sapical) fitted lineshapes
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ligands within the Raman spectra. Additionally, it has been reported via quantum chemical
simulations that apical bonds are quite inert while bridging bonds are catalytically active.'”> Those
results agree with the findings here in which the increase of apical bonds corresponded to the worse
performance of the sulfur annealed film. Figure 4.1.16 shows the amount of apical sulfur ligands,
determined by the integrated Raman peak intensity of the v(Sapicai-Mo0) vibration relative to the
v(Mo-S-Mo) vibration. The largest ratio (i.e. smallest amount of apical sulfur bonds) is observed
for the best performing sample, the As Deposited sample. This ratio and 1o decrease for the other
samples. These results further demonstrate that an increase in apical bonds hinders catalytic

performance.

Overall, it was shown that the As Deposited sample exhibited superior performance due to
the presence of the Mo>" oxidation state associated with incorporated oxygen, even though the
Mo>* concentration decreases after polarizations. When left in ambient conditions, the intensity
of the insulating Mo®" oxidation increased, leading to decreased performance. The annealing in an
inert environment highlighted the importance of the Mo’" oxidation state and that when removed
the HER performance suffers. When annealed in a sulfur environment, not only was the Mo>*
oxidation state removed, but the concentration of apical sulfur ligands increased substantially,

leading to even further reduced HER performance.

4.1.4 Conclusions
This study has established the importance of the Mo”* oxidation state arising from oxygen

dopants for the HER electrocatalytic performance of MoSxOy. When oxygen dopants are removed
through annealing, the HER performance of the catalyst is drastically reduced due to the removal
of Mo®*. Additionally, this study supports the hypothesis that oxidation via atmospheric exposure

worsens catalytic performance due to the presence of Mo®’, in line with Levinas et. al.

103



observations. The difference in performance difference between the inert and sulfur anneals
demonstrated the importance of the terminal and bridging sulfur bonds to the catalytic performance
of the MoSxOy catalyst and the reduced performance of apical sulfur bonds, confirming quantum
chemical simulations.'”? Finally, this work revealed the presence of a new Mo chemical state
within a MoSxOy catalyst, Mo*, which is potentially critical for the catalytic activity of these films.
While the focus of this work was not in determining the origin of this feature, this could lead to

future investigations of this chemical state.
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4.2 Selenium Incorporation into MoSx via Electrodeposition to form
a Ternary Se-MoSx Alloy for HER
4.2.1 Background and Motivation

MoSxSexi-x) has recently been discussed as a potential candidate for the use as a
catalytically active material for HER. "1 This is partly due to several experimental studies that
demonstrated the increased catalytic performance of MoS2xSex(1-x) alloys, where it was shown that
the HER performance of crystalline MoS>xSex(1-x) was significantly superior to those of 2H-MoS,,
or of MoSe».!”” Indeed, the addition of a different chalcogen atoms produced new active sites in
the basal plane of MoS; via defect generation.!”® Additionally, DFT studies have examined the
electronic structure and hydrogen adsorption energy for MoS2xSez(1-x) and determined that the band
gap for the alloyed material was lower than that of the semiconducting 2H-MoS> and 2H-MoSe:
by reducing the conduction band minimum (CBM). 719 This feature reveals a two-fold in
improving the electrocatalysis of the alloy. First, the lowered bandgap boosts the HER performance
by increasing the conductivity of the material. '°® Second, it has been reported that facilitation of
hydrogen adsorption on transition metal dichalcogenides is strongly dependent to the conduction
band minimum, rather than the traditional d-band center.!?>*°* Overall, these improvements to the
alloy over the binary constituents lead to significantly more thermoneutral values for the sulfur

7

and selenium sites.!””” This work aims to apply these results of increased HER performance

conducted within the crystalline system to that of the polymeric MoSx system.

Overall, the MoSx system has shown greater catalytic activity over the traditional MoS>
based systems, due to the absence of discrete basal plane, and differing structural arrangement that
increased the overall catalytic site density alongside with adequate electronic conductivity from
short-range atomic arrangements, that allow for use in electrochemical processes.!'****¢ This effort

aims to translate the results within the crystalline system to the polymeric system as several of the
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active sites in the a-MoSx have similar motifs and bonding environments as those found in MoS,.
Furthermore, no work has been performed on the synthesis of Se incorporated MoSx as the
literature has focused on crystalline systems. This effort will be using a single-electrolyte
electrodeposition synthesis technique in order to provide a scalable, low-cost material. This
work will demonstrate the influence of the electrolyte conditions on the films physical, chemical,
electronic, and catalytic properties as a function of selenium content through a comprehensive
study via Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), UV-Vis spectroscopy,
and electrochemical methods. Together, these results highlight selenium’s role in the Se-MoSx
system in promoting the catalytic efficacy of these catalysts.
4.2.2 Synthesis Methods
4.2.2.1 Electrolyte Preparation of Se-MoSx

The synthesis of Se-MoSy catalysts were prepared similarly to those in Chapter 4.1 with a
chemical bath containing Mo®and S*, with the addition of Se*". The electrolyte was prepared from
sodium molybdate dihydrate (Na2MoOs - 2H>0), sodium sulfide hydrate (Na,S - H20O), and
selenium dioxide (SeOz). SeO2 was chosen for its abundance and solubility within water and sulfur
rich electrolytes. We hypothesize the sulfidation/selenization of molybdate ions to the chalcogen-

based ions follow a four-step reaction described by the equation:
MoO4* + HS/HSe + 4H" <> (MoSxSex)*” + 4H,0

The pH of the electrolyte was acidified from its initial pH of roughly 13 down to a pH of
8. This was done to help facilitate the formation of the final reactants over the intermediates. A
notable difference from Chapter 4.1 is the order that the reactants were added. Notably, the
Na;MoO4 and Na,S were added prior to any titration whereas the SeO2 was added to the electrolyte

only after the pH had reached ~9. This was done as it was observed that SSe> precipitates would
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preferentially form at higher pHs when SeO, was added before titration. To circumvent this, the
SeO; was added later in titration. The following table shows the various electrolyte compositions

that were tested.

Table 4.2.1: Overview of the investigated electrolyte compositions

Electrolyte 50mM NaxS 200mM NaxS 400mM NaxS
Composition (mM)

50 mM Na:MoO4

0mM SeO> v v v

5mM SeO: v v v

15mM SeO» v v v

25mM SeO» v v v

50mM SeO» v v v
100mM SeO v v v

The overall synthesis of HS” and HSe™ and the heat map of the (MoSe*) ion can be seen in
the Pourbaix diagrams in Figure 4.2.1. Using these diagrams, the thermodynamics of the synthesis
conditions can be investigated. Like the reaction in Chapter 4.1, the electrolyte is clear prior to
titration. Upon adding small amounts of SeO,, there is no immediate difference. However, at high
concentrations of SeO», the precipitation of SSe> is unavoidable as the increased Se concentration

eventually overwhelms the buffer.
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To investigate the electrolyte prior to electrodeposition, UV-Vis spectroscopy was carried
out immediately following synthesis as well as after two days as can be seen in Figure 4.2.2.
Similar to the UV-Vis found in Chapter 4.1, The peak at 225 nm is attributed to the (MoOa4)*" anion
and matches literature well.!” The peaks measure at 463 nm, 312 nm, and 207 nm have been
attributed to the (MoS4)* ion, the peak at 395 nm to the (MoS30)*, and the peak at 287 nm to the
(M0S20,)*", matching well with literature.!””"'¥! However, note that for all oxysulfide absorption
peaks, there is a significant overlap between some and/or all the various chemical states. As such,
the peaks have been labelled with the primary absorption species, but it is difficult to say if only
one species is present at a time. Regarding any (MoSes)*" species, there is sparce literature to
compare to, with the most recent reports being from 1975 out of West Germany (and in
German).!72%17293 The spectra of (MoSes)*” has two primary peaks at 550 nm and at 358 nm and
are not readily apparent in the spectra. There is no literature for UV-Vis of oxyselenides, but their
color has been described in literature as being orange while pure (MoSes)* is described as red-
violet. Additionally, one would expect a blue shift towards lower wavelengths as Se is added. As
can be seen in Figure 4.2.2, there is little evidence of (MoSes)?” in the UV-Vis spectra. This refutes
the hypothesis that the reaction will spontaneously occur as it did for (MoS4)*", however, this isn’t
completely surprising. Considering the Pourbaix diagrams in Figure 4.2.1b, the (MoSes)* anion
does not form until lower potentials, ~-0.5 Vsue. The open circuit potential of the electrolyte is ~
-0.21 Vs, plenty in the range for (MoS4)* to form but not complete (MoSes)*” anions. However,
the electrolyte still looks visually different depending on the concentration of added Se as shown
in Figure 4.2.3a. To rule out any influence from the Se precursor, SeO2, UV-Vis spectra was
collected which can be seen in Figure 4.2.3b. As can be seen, there is some overlap at short

wavelengths, but no overlap between the peaks that are indicative of the other species present.
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Figure 4.2.3: a) Sample electrolytes taken from various Se concentrations of the 50S sample set.
50S was chosen as it is the most visual apparent due to the lower concentration of sulfur, but the
trend is the same across all samples. b) UV-Vis comparing the 400S — 0Se sample to the
selenium precursor, SeO:

4.2.2.2 Electrodeposition of Se-MoSx
The films were electrodeposited on (0001)-textured polycrystalline ruthenium (80 nm)

sputtered onto a Si (100) wafer or an indium tin oxide (ITO) coated polyethylene terephthalate
(PET) substrate. The films were deposited under potentiostatic conditions at -1.55 V vs Hg/Hg>SO4
for 300 seconds on Ru and 10 seconds on ITO/PET unless noted otherwise. The samples deposited
on Ru were used in XPS, Raman, and electrochemical measurements while the samples deposited
on ITO/PET were used for UV-Vis measurements.

4.2.3 Results of Se-MoS«

4.2.3.1 Chemical Properties of Se-MoSx
XPS was conducted on every sample to analyze the chemical states of Mo, S, and Se

species. A representative spectrum can be seen in Figure 4.2.4 with the rest of the deconvoluted
data shown in Figure 4.2.5, Figure 4.2.6, and Figure 4.2.7. The XPS of the Mo 3d spectra were
deconvoluted into binding energies of four doublets (3ds; and 3ds) of Mo*, Mo®", Mo*, and

Mo*" with singlets of the various S 2s states and Se 3s as shown in Figure 4.2.4.
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As the oxidation number of Mo increases, the binding energies at which the respective

doublets are found agree with previous literature, 942301927194 \o+*

is attributed to the chalcogen
saturated Mo center within the polymeric chain of MoSx(Sey), Mo " has been attributed to
oxidation of the molybdenum-sulfide bonds, primarily terminal bonds as found in prior literature
where Mo* has been attributed to an intermediate state of incomplete oxidation between Mo** and
Mo’ 3 Mo®" has been attributed to the Mo center of MoO3. The Mo 3d peaks were deconvoluted
with a binding energy difference of 3.13 eV between the 3d5/2 and 3d3/2 and with a fixed intensity
ratio of 3:2. The sulfur 2s is also present within the Mo 3d spectra and is fit using parameters from
the S 2p spectra. The deconvolution of the S 2p spectra consists of three primary features: (i)
terminal S,>" ligands (ii) bridging S>* and apical S* ligands, and (iii) the overlapping Se 3p spectra
as can be seen in Figure 1b. The sulfur spectrum was deconvoluted with two doublets, with the
constraints of an energy difference of 1.18 eV between the 2p3» and 2pi1» and with an intensity
ratio of 2:1. The overlapping Se 3p spectra was fitted using fitting parameters obtained from
electrodeposited Se and the peak position and intensity of the Se 3p was referenced against the
primary peak of Se 3d. The Se 3d spectra was fitted with two doublets that represent the Se* and
Se>? ligand.?**2%7 The Se spectra was deconvoluted with two doublets, with the constraints of an
energy difference of 0.86 eV and an intensity ration of 0.735 between the 3ds,2 and the 3dsp. The

S 2p and Se 3d spectra are represented here as two summed together doublets for ease of

visualization.

114



a) Mo 3d - 200s GGG b) S 2p - 200s |NNEEENEEERENEN ) sc 3d - 200s [N

100 Se

100 Se

i 100 Se

o

240 238 236 234 232 230 228 226 224 222 170
Binding Energy (eV)

MO4+
—— Mo*

M05+
—— Mo®*
—3S

SBridging/ApicaI 2s
- SeTerminal 3s

2s

Terminal

SeBridging/ApicaI 3s

168

166 164 162 160 158 156 60 58 56 54 52
Binding Energy (eV) Binding Energy (eV)
- STerminal - SeTerminal
SBridging - SeBridging/ApicaI
SSulfate

SeTerminal 3p

SeBridging/ApicaI 3p

Figure 4.2.6: XPS of all samples within the 200S sample set, with a) Mo3d, b) S 2p, and c¢) Se 3d

115

50



b) S 2p - 400S |
100 se

A

Oée

e

240 238 236 234 232 230 228 226 224 222170 168 166 164 162 160

Binding Energy (eV)

M04+
—— Mo*

M05+
_ M06+
—S

SBridginglApical 2s
- SeTerminal 3s

2s

Terminal

SeBridging/ApicaI 3s

Binding Energy (eV)

STerminal

S

SSulfate
SeTerminaI 3p

SeBridging/ApicaI 3p

Bridging

158

156 g0

58 56 54 52 50

Binding Energy (eV)

SeTerminaI

SeBridgint‘:;/Apical

Figure 4.2.7: XPS of all samples within the 200S sample set, with a) Mo3d, b) S 2p, and c¢) Se 3d

116



Using the XPS spectra the overall ratio of Se to S in the film can be obtained for the various
samples, as can be seen in Figure 2. These reported values are the total value of molybdenum
bonded selenium and sulfur bonds. The addition of more selenium precursors in the electrolyte
generally lead to an increase in incorporated selenium found within the film. However, at a given
selenium concentration, a colloidal suspension of SeS> formed and can be seen in Figure 4.2.8b

and c. While matching spectra has been found, the literature does not specify which vibration
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Figure 4.2.8: a) Se/S ratio obtained via XPS for the various films as a function of sulfur precursor
concentration and as a function of selenium precursor concentration. The open boxes represent
samples where the electrolyte had formed a suspension. b) Raman spectra of the filtered and rinsed
precipitate. C) The formation of the suspension upon adding excess SeO>
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modes each peak represents, but the data here matches literature well.2%?% The increased presence
of sulfur precursor delays this formation due to NaOH forming a basic buffer and preventing the
precipitation of SeS» which is caused in the presence of a weak acid.>!® This formation of a
suspension lead to a decrease in selenium found within the film as excess selenium is removed

from the active electrolyte and therefore it likely does not participate in the deposition reaction.

To confirm that alloying occurred within the Se-MoSx film, the binding energy of the
chalcogen bonded Mo*" was plotted as a function of Se/S as seen in Figure 4.2.9a. It is expected
that Mo*" shifts towards a lower binding energy as the selenium concentration increases due to the
less electronegative selenium atoms.?!'?!2 This further suggests that the electronic structure is
being modified by varying the Se/S ratio, something that will be explored later. Additionally, it
can be seen in Figure 4.2.9b that the Se is preferentially filling the apical/bridging bond-moiety,

consistent with the reduction in those vibration modes found in the Raman spectra.
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4.2.3.2 Structural Properties of Se-MoSx
Raman spectroscopy was used to investigate the structure of the various Se-MoSx

electrocatalysts and can be seen in Figure 4.2.10. The Raman signatures of the Se-MoSx material
shows very similar Raman signatures to those reported for [Mo3S13](NH4)2 clusters.!"'®> The
molybdenum sulfide v(Mo-S) were found at 283-385 cm™ and the v(Mo-Sapica) Vibrations were
observed in the 450-475 cm™! region where the v(Mo-S-Mo) vibrations were observed around 425
cm™!. The v(S-S)erminal and V(S-S )prideine Were observed around 520 cm™ and 550 cm™!, respectively.
Additionally, there is a peak around 195 cm! that has been recorded but not identified in previous
literature. Further compounding is the lack of reports that include wavenumbers down in this
range. '1**213 The peak at 255 cm™! could either be attributed to amorphous selenium or to a v(Mo-
Se) bond. Both may contribute to the presence of this peak, but as amorphous selenium was not
observed in any of the XPS data (the 3ds» would lie around 55.5 eV), it is unlikely. However, it
has been reported that amorphous selenium build-up is caused by the irradiation of the laser on the
sample®!*. To determine any impact this has on the resulting spectra, we see the peak slightly
evolving over time, suggesting the accumulation of amorphous selenium as seen in Figure 4.2.10e.

This phenomenon was observed within the amorphous MoSex system.?’”
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Figure 4.2.10: Raman of the various Se-MoSx electrocatalysts as a function of the Se precursor
(the Se/S ratio is given in parenthesis) with a) 50S, b) 200S, and ¢) 400S sample sets. d) is a
comparison between the various films prior to any addition of SeO; and f) is a time series of the
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Other changes that are found are within the (Mo-S-Mo), (S-Sterminat), and (S-Spridging) bonds.
When comparing these bonds between the different samples sets, it is clear that the starting, non-
selenium incorporated samples, are distinctly different from each other, and therefore each sample
set has a distinctly different structure and can be seen in Figure 4.2.10d. Notably, the 50S sample
has the highest concentration of (Mo-S-Mo) modes relative to (Mo-S) and it decreases in intensity
as the sulfur concentration increases. The (S-Sterminal) and (S-Seridging) Vibration modes are the
lowest for the 50S sample and increase in intensity as the sulfur concentration increases to 200 S
and 400 S. This agrees with the XPS data from the 50 S in Figure 4.2.5 as there is significantly
less Mo*" than in the other samples. This can be tied back to the initial electrolyte in Figure 4.2.2
as the initial 4008 electrolyte has stronger absorbance peaks for the (MoS4)*>" anion compared to
50S. This demonstrates that the low sulfur samples have unsaturated bonds, something that has
been reported in literature.***!> Within the 50 S sample set, there are subtle changes within the
(Mo-S-Mo) and (Mo-Sapica) vibration modes. The main changes can be seen in the (S-Sterminal) and
(S-Sbridging) Vibration modes where the intensity and broadening generally increases with increased
selenium content. The main spectral changes within the 200S sample set are a suppression of the
(S-Stermina) and (S-Seridging) bonds. A similar trend is found within the 400S sample set. Within
literature, electrodeposited MoSex does not exhibit vibration modes at these wavenumbers,
potentially explaining the reduction in these bonds. The correlation between incorporated Se, these

bonds, and the catalytic properties will be explored later.
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4.2.3.3 Electronic Properties of Se-MoSx
To investigate possible changes in electronic structure, UV-Vis spectroscopy was

conducted and can be seen in Figure 4.2.11. There is a primary absorption peak between 360 nm
and 385 nm, and a secondary peak from the ITO,?'® is located around 320 nm. Additionally,
interference patterns between the electrodeposited films and the ITO substrate can be seen within
the low absorption regions. The primary absorption peak has been reported in literature previously
and has been attributed to the direct transition from the deep valence band of S 2p to the conduction
band of Mo 3d.?'72!% As the sulfur concentration increases, the primary absorption peak shifts
towards higher wavelength, suggesting that the increased saturation of sulfur bonds found within
the Raman spectrum leads to this shift. A similar shift has been reported in literature where the
undercoordinated molecule is shifted to the left with respect to a fully saturated molecule.'8’
Performing a Tauc analysis, as shown in Figure 4.2.11b,d.f, the optical direct band gap transition
can be calculated. These calculations are plotted as a function of incorporated Se as shown below
and are what is expected for a-MoSx based materials in Figure 4.2.12.2'7 What is seen is a slight
decrease in the direct band gap value for the low Se/S ratios, in which the band gap quickly rises
after a certain point. This trend, along with the lack of a large overall change, was expected based

on previous literature and density of states calculations.??* 22>
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Figure 4.2.11: UV-Vis spectrum for the various sample sets, with a) 50 S, ¢) 200 S, and ¢) 400 S
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4.2.3.4 Electrocatalytic Properties of Se-MoSx
To examine the impact that the selenium incorporation into MoSx has on the catalytic

performance for HER, polarization experiments were conducted and are shown in Figure 4.2.13.
To compare the various catalysts, the overpotential required to reach 10 mA/cm? (110) and the Tafel
slope are recorded and can be seen in Table 4.2.2. As can be seen, the sample that exhibited the
lowest overpotential was the 400 S — 15 Se sample at only 153 mV to reach 10 mA/cm? which is
competitive with the best a-MoSy style materials, many of which require a 3D support to reach this
activity. Additionally, the sample is quite stable as shown in Figure 4.2.13e, improving over the
standard catalyst from Chapter 4.1. The overpotentials as well as the associated Tafel slopes are
summarized in Table 4.2.2. Regarding the Tafel slope, there are two possible combinations for the

overall mechanism, the Volmer-Tafel and the Volmer-Heyrovsky. If the adsorption of the hydrogen
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was the limiting step, a Tafel slope of 120 mV/dec would be anticipated. If the Tafel or Heyrovsky
mechanisms are the limiting step, a Tafel slope of 30 or 40 mV/dec are expected, respectively. As
such, the majority of the samples follow the Volmer-Heyrovsky mechanism, consistent with
previous reports of a-MoSx-based materials. Of note, when the precipitation reaction occurs in 50
S — 15 Se, 200 S — 50 Se, and 400 S — 100 Se, the Tafel slope increases significantly. The catalytic
properties of the Se-MoSx initially increase with increasing concentrations of Se, however,

decrease significantly once higher concentrations of Se are incorporated as seen in Figure 4.2.13d.

Table 4.2.2: Overpotentials and Tafel slopes of the catalysts

N1 (mV) 50mM Na,S 200mM Na,S 400mM Na,S
Tafel slope (mV/dec)
0mM SeO: 212 mV 190 mV 166 mV
56 mV/dec 43 mV/dec 51 mV/dec
SmM SeO» 198 mV 177 mV 162 mV
43 mV/dec 45 mV/dec 47 mV/dec
15mM SeO> 209 mV 182 mV 153 mV
71 mV/dec 43 mV/dec 46 mV/dec
25mM SeO> 206 mV 192 mV 185 mV
68 mV/dec 44 mV/dec 44 mV/dec
50mM SeO» 210 mV 190 mV 206 mV
52 mV/dec 73 mV/dec 42 mV/dec
100mM SeO» 220 mV 217 mV 250 mV
47 mV/dec 52 mV/dec 72 mV/dec
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When comparing the initial catalytic properties of the samples prior to introducing
selenium, 50 S had the poorest activity with 400 S having the greatest. This is likely due to the
increased saturation of the (S-Suridging) and (S-Sterminat) bonds found in the high S samples. It has
been reported in literature that these bonds, and especially (S-Surigging), are the main sites for HER
catalytic activity and therefore the more saturated those bonds are, the higher the catalytic
activity.??® This lack of sulfur bonding can be seen in both the XPS and Raman, where in XPS
there is subdued Mo*" and in the Raman spectra there is a lack of (S-Sbridging) and (S-Sterminal)
modes. At high Se/S concentrations, the (S-Soridging) and (S-Sterminal) have been significantly
replaced by selenium, leading to worse catalytic performance. This is expected as electrodeposited
a-MoSex has worse catalytic performance than similarly synthesized a-MoSx so as it becomes more
MoSex like, performance is expected to suffer.?’” Additionally, as the (S-Sbridging) are the most
catalytically active, the preferential replacement of the bridging modes decreases the catalytic

efficacy of those samples.

However, this does not completely explain the increase in performance for those alloys at
low Se/S ratios. It is known that by lowering the band gap, the catalytic activity should increase as
conductivity is critical in electro-catalysis.!’® To examine this, the 110 has been plotted against the
direct optical bandgap as seen in Figure 4.2.14a. It demonstrates that the 200 S and 400 S have a
relationship between the overpotential required and direct optical bandgap. This is expected as the
lowered bandgap would increase the conductivity of the sample, allowing for increased electron
transfer. However, the 50 S sample set does not seem to be significantly impacted by the changing
band gap. We hypothesize that this occurs because of the lack of saturation in the bonding
environment, overriding any positive benefit towards increasing the catalytic activity that

decreasing the bandgap would yield. This highlights that the catalytic sites need to be sufficiently
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saturated before small changes in the bandgap will demonstrate

the catalytic efficacy of the catalyst.
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Figure 4.2.14: a) The overpotential of the various catalysts as a function of their direct optical
bandgap and b) the overpotential as a function of the conduction band minimum obtained via
XPS and the Tauc analysis

It has been reported that within transition metal dichalcogenides the reduction of the
conduction band minimum (CBM) is attributed to the increased HER catalytic activity due to the
increase of overlapping states with the states of adsorbed hydrogen. To examine this, the 1o has
been plotted against the conduction band minimum that was calculated from the valence band
maximum obtained via XPS, seen in Figure 4.2.15, and the optical bandgap from the Tauc analysis.
It should be noted that this technique of calculating the VBM from XPS data is somewhat
subjective of where the linear line is drawn and its relationship with the Urbach tail, although it is
a widely used and accepted technique. A similar trend from the direct bandgap figure holds, where
the reduction of the CBM impacts the catalytic activity of the 200 S and 400 S samples, however
it does not seem to significantly alter the 50 S sample set. This further demonstrates that the
catalytic efficiency can’t solely be increased by reducing the bandgap or CBM, but that there must

be sufficient catalytic sites to take advantage of the synergistic impact.
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Figure 4.2.15: XPS of the Valence Band for the sample sets of a) 50S, b) 200S, and ¢) 400S
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4.2.4 Conclusions
In summary, we have synthesized a series of Se-MoSx films across a variety of selenium

and sulfur precursor concentrations utilizing a potentiostatic electrodeposition technique. Our
results demonstrate that we are able to control the chemical composition, structure, electronic
properties, and catalytic efficacy of the resulting film by tailoring our starting electrolyte
composition. This study has demonstrated that the saturation of the (S-Sbridging) and (S-Sterminal)
bonds are critical to the HER catalytic properties and that by substituting them with low amounts
of Se, the catalytic properties can be enhanced. However, when in high concentration, the films
catalytic properties suffer. Additionally, this study investigated the impact of Se incorporation has
on the bandgap and CBM of the resulting films and ties it to catalytic properties, supporting prior
research that the films with the smallest bandgap and lowest CBM exhibited the greatest catalytic
performance if the active sites are present. Overall, a highly active catalyst that only requires an
overpotential of 153 mV with a low Tafel slope of 46 mV/dec was developed that takes advantage

of synergistic properties of alloying a-MoSx with Se.
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4.3 Te Incorporation into MoSx via Electrodeposition to Form a Two
Phase MoTex/MoSx Matrix
4.3.1 Background and Motivation

There is currently significantly less work on tellurium based MoS; alloys for HER, with
the first and only paper published in 2021. ?** Similar to MoS2xSex(1-x) alloys, it was found that the
MoSxTex1-x) alloys exhibited greater catalytic performance over the constituents of MoS» and
MoTe, and can compete with 10% by weight Pt loaded on a graphite substrate.’”* These
experimental results were then corroborated with DFT to gain further insight into the mechanistic

behaviors that promoted the catalytic performance of the MoSaxTex1x) alloys.??*

As mentioned earlier in Chapter 4.2, the addition of a different chalcogen atom has been
shown to produce catalytically active sites due to defect generation in addition to shortening the
electron transfer pathways. Furthermore, the DFT studies have examined the electronic structure
and hydrogen adsorption energy for the MoSaxTex1.x) material and found that the Mo edge,
previously relatively inert, exhibits the most thermoneutral value of only -0.052 eV and is therefore
the most optimal active site for HER. Other sites that exhibited close to zero AG .45 were the
exposed Mo corner and the sulfur bridge site between a Mo corner and Mo edge atom.
Additionally, it has been shown that the electron effective mass (me*) is significantly lower and
the carrier mobility (p) of the alloyed material is significantly higher than that of the binary
compounds.??®> Similar to Chapter 4.2, we aimed to apply these investigations to the as of yet
unstudied MoSxTey. However, we found that MoTey formed within a MoSx matrix, and those
results will be the focus of the following discussion.

4.3.2 Synthesis Methods

4.3.2.1 Electrolyte Preparation
The synthesis of Te-MoSy catalysts were prepared similarly to those in Chapter 4.2 with a

chemical bath containing Mo®*and S*, with the addition of Te*". The electrolyte was prepared from
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sodium molybdate dihydrate (NaxMoOs - 2H>0), sodium sulfide hydrate (Na>S - H»0), and
tellurium dioxide (TeO»), given its low cost, availability, and safety. However, as TeO> has
negligible solubility in water, special attention has to be given to properly add it to the electrolyte.
Namely, TeOx is soluble in the presence of alkali metal hydroxides, such as NaOH, which is formed
when both the Na,S and NaxMoOs dissociate.??® As such, TeO» can be dissolved with this recipe,
whereas it would be difficult, if not impossible, to add it to the traditional (MoS4)*" containing
precursor, (NH4)>MoS4, without further modification. Similarly, to Chapter 4.1 and 4.2, we
hypothesize that the sulfurization/tellurization of the molybdate ions to the chalcogen-based ions

follow a four-step reaction described by the equation:
MoO4* + HS/HTe + 4H" <-> (MoSa4xTex)* + 4H,0
The following table shows the various compositions that were tested:

Table 4.3.1 Electrolyte Compositions to be Studied

Electrolyte 50mM Na;S 200mM NaxS 400mM NaxS
Composition (mM)

50 mM Na:MoO4

0mM TeO» v v v

5mM TeO» v v v

15mM TeO v v v

25mM TeO> v v v

50mM TeO, v v v
100mM TeO2 v v v
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The overall synthesis of HTe™ can be seen in the Pourbaix diagram in Figure 4.3.1. Like the
reaction from Chapter 4.1, the electrolyte is clear prior to titration. There was no discernible
difference with the addition of TeO, once enough NaOH has been produced via dissociation of the
other precursors. If TeO> was added too soon or prior to titration, the entire electrolyte formed

precipitates and crashed out of solution, leaving an electrolyte that was not able to undergo any

further reactions.
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Figure 4.3.1: Pourbaix diagram for Tellurium-water'’*

To investigate the electrolyte prior to electrodeposition, UV-Vis spectroscopy was carried
out immediately following synthesis, as can be seen in Figure 4.3.2. The peak at 225 nm is
attributed to the (MoO4)*" anion and matches literature well.!” The peaks measure at 463 nm, 312
nm, and 207 nm have been attributed to the (MoS4)* ion, the peak at 395 nm to the (M0S3;0)?,
and the peak at 287 nm to the (M0S20,)*, matching well with literature.!”>!8! However, note that

for all oxysulfide absorption peaks, there is a significant overlap between some and/or all the
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various chemical states. As such, the peaks have been labelled with the primary absorption species,
but it is difficult to say if only one species is present at a time. Regarding the peak at 262 nm, while
no direct reference is made to it within literature, a small hump is noticed at 262 nm in Diemann
et. al’s paper on (MoS4)> ions, suggesting that it likely is related to the (MoS4)* ion.'®! No study
of the (MoTes)* ion has been conducted, however given the negligible differences in the UV-Vis
spectra, we conclude that the fully tellurium saturated bonds are not present. However, the

electrolyte is visually different, suggesting that some modification to the electrolyte did occur.
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Figure 4.3.2: UV-Vis spectra of Te-MoSx electrolyte: a) sample set with 50 mM NaxS
immediately after synthesis, b) sample set with 200 mM Na»S immediately after synthesis, ¢)
sample set with 400 mM Na,S immediately after synthesis, and d) image of electrolytes
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4.3.2.2 Electrodeposition of MoTey/MoSx
The films were electrodeposited on (0001)-textured polycrystalline ruthenium (80 nm)

sputtered onto a Si (100) wafer. The films were deposited under potentiostatic conditions at -1.7 V
vs Hg/Hg>SO4 for 300 seconds on Ru unless noted otherwise. Several depositions were attempted
at lower potentials to match the Se-MoSx study, however no film was deposited when a potential
less than -1.7 V vs Hg/Hg>SO4 was applied. The samples deposited on Ru were used in XPS,
Raman, and electrochemical measurements.

4.3.3 Results

4.3.3.1 Chemical Properties
XPS was conducted on every sample to analyze the chemical states of Mo, S, and Te

species. A representative spectrum can be seen in Figure 4.3.3 with the rest of the deconvoluted

data shown in Figure 4.3.4, Figure 4.3.5, and Figure 4.3.6.

The XPS of the Mo 3d spectra were deconvoluted into binding energies of five doublets
(3ds2 and 3ds12) of Mo*'(S or Te bonded), Mo*, Mo”*, and Mo®" with singlets of the various S 2s
states. As the oxidation number of Mo increases, the binding energies at which the respective

doublets are found agree with previous literature, 10:4250.192-194 po#*

-S is attributed to the chalcogen
saturated Mo center within the polymeric chain of MoSx, Mo®" has been attributed to oxidation of
the molybdenum-sulfide bonds, primarily terminal bonds as found in prior literature where Mo*
has been attributed to an intermediate state of incomplete oxidation between Mo*" and Mo’".>°
Mo®" has been attributed to the Mo center of MoOs. Regarding Mo*"-Te, an asymmetric
component needed to be included to successfully fit the data. If a Voigt function was used in place,
the data could not be fit. This matches with the asymmetric feature found in the Te 3ds, where an

asymmetric peak shape needed to be used. The deconvolution of the S 2p spectra consists of two

primary features: (i) terminal S»*" ligands and (ii) bridging S>> and apical S* ligands. The doublets
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are summed together for ease of viewing. The Te 3ds» spectra can be fit with a single asymmetric
peak, representing the Mo-Te bond, along with symmetric peaks associated with TeO» at ~575 eV
and TeOs at ~576.2 eV. The asymmetric peak cannot be associated with elemental tellurium as that
has a symmetric peak shape as shown in Figure 4.3.3d. Additionally, Raman data that will be
shown later supports this finding. Semi-conducting 2H-MoTe, also has a symmetric peak shape

whereas the semimetal 1T°-MoTe; has an asymmetric peak shape.??’
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Compared to the Selenium Chapter, Chapter 4.2, there was no XPS evidence that an alloy
was formed. This was concluded as there was no Mo*" peak shift towards lower binding energy
which would be expected based on the difference in electronegativity between sulfur and tellurium.
Additionally, the oxide free film, as shown in Figure 4.3.3b, could not be fit with solely symmetric
peak shapes and needed an asymmetric feature to fit the data. Finally, there was no correlation
between Sterminal OT Sbridging/apical concentrations when adding tellurium to the system. Overall, this
suggests that a two phase was formed instead of an alloy and will be explored further later on in

the chapter.

Using the XPS spectra, the overall ratio of Te to S ratio in the film can be obtained for the
various samples and can be seen in Figure 4.3.7. These reported values are for only the sulfur or
tellurium that are bonded to Mo and do not include any oxides. It can be seen that for the higher
sulfur concentrations the addition of even a small amount of tellurium had an initial drastic change
in tellurium concentration in the film. This is the opposite of what was shown in the selenium

chapter where the low sulfur electrolyte was more sensitive to the addition of selenium. It should
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be noted that precipitation occurred after the electrolyte sat for some time, as shown in Figure
4.3.2d, and has a similar composition to that of the films, albeit with increased oxide present,
according to XPS. This precipitation likely initiated during TeO, addition and could explain the
plateau of tellurium incorporation in the film, although it was not nearly as apparent as the colloidal

suspension from the Se chapter.

141



4.3.3.2 Structural Properties
Raman spectroscopy was used to investigate the structure of the various MoSx/MoTey

electrocatalysts and can be seen in Figure 4.3.8. The Raman signatures of the base MoSx material
shows very similar Raman signatures to those reported for [Mo3S13](NH4)2 clusters.!"'®> The
molybdenum sulfide v(Mo-S) were found at 283-385 cm™ and the v(Mo-Sapica) Vibrations were
observed in the 450-475 cm™! region where the v(Mo-S-Mo) vibrations were observed around 425
cm™!. The v(S-S)erminal and V(S-S )prideine Were observed around 520 cm™ and 550 cm™!, respectively.

Additionally, there is a peak around 195 cm! that has been recorded but not identified in previous
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Figure 4.3.8: Raman of the various MoSx/MoTey electrocatalysts as a function of the Te

precursor with a) 50S, b) 200S, and c¢) 400S sample sets. d) is a Raman spectra of

electrodeposited Te
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literature. This is more evident in the semi-crystallized sample of 400S-0Te but does not correlate
to any peak found in crystalline MoS,. Further compounding is the lack of reports that include
wavenumbers down in this range. We are attributing the peak at 164 cm™ to a Mo-Te bond as it
increases when the tellurium concentration in the film increases and matches the A, peak found in
MoTe: well.??® Also, this peak does not correlate to elemental, crystalline tellurium which is shown
in Figure 4.3.8d. Some elemental Te is present in the Raman scans of high tellurium samples but
does not dominate the spectra. We can likely rule out any possibility of amorphous tellurium as
the crystallization temperature is reported to be around -10°C. ?* Additionally, these samples were
then annealed at 250°C for one hour and no crystalline elemental tellurium was noted, as seen in

Figure 4.3.9.

'|"'|"'|"'|"'|"'|' 25 Te
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Figure 4.3.9: Raman spectra comparing samples before
and after a low temperature, below MoS»
crystallization, temperature.

While there weren’t many changes within the Raman spectra, there were several things of
note. In the 400S — OTe sample, the Raman spectra indicated that the sample was partially

crystalline, with the presence of both amorphous features as well as the A1g and Ezg peak that is
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associated with crystalline MoS». This is likely due to the higher potential that this film was
deposited at, along with the higher saturation of sulfur ligands, causing crystallization. Overall,
the Raman spectra associated with MoSx did not change to any significant degree regardless of the
Te concentration, unlike those samples with Se incorporated. This further supports that alloying

was not successful and instead two separate phases were formed.

4.3.3.2 Electrocatalytic Properties
To examine the impact that the tellurium has on the catalytic performance for HER,

polarization experiments were conducted and are shown in Figure 4.3.10. To compare the various
catalysts, the overpotential to reach 10 mA/cm? (110) and the Tafel slope are recorded in Table
4.3.2. As can be seen across all sample sets, the addition of Te decreased the catalytic performance
of the films and the film that had the best performance 400S — OTe, had no Te added. This
demonstrates that the MoSx/MoTey film has degraded performance compared to only a MoSx film
regardless of the electrolyte or film composition. It is interesting to note that the base MoSx

samples deposited at -1.7 Vuse performed considerably better than samples deposited at -1.55

Vuse from Chapter 4.2. For example, the 200S MoSx samples, deposited at -1.7 Vwmsg, required

only 152 mV to reach 10 mA/cm? whereas the 200S MoSx sample, deposited at -1.55 Vwsk,
required 190 mV to reach 10 mA/cm?. Overall, this reduction in performance with the addition of
MoTey can be explained by the simple fact that MoTey is less catalytically active, just as both 2H-

MoTe; and 1T’-MoTe; are less catalytically active then 2H-MoS> and 1T-MoS..

Regarding the Tafel slope, there are two possible combinations for the overall mechanism,
the Volmer-Tafel and the Volmer-Heyrovsky. If the adsorption of the hydrogen was the limiting
step, a Tafel slope of 120 mV/dec would be anticipated. If the Tafel or Heyrovsky mechanisms

are the limiting step, a Tafel slope of 30 or 40 mV/dec are expected, respectively. As such, the
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majority of the samples follow the Volmer-Heyrovsky mechanism, consistent with previous reports

of a-MoSx-based materials. Elemental Te has a reported Tafel slope of ~120 mV/dec.?*°
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Table 4.3.2 Electrochemical properties of the MoSx/MoTey films

N1 (mV) 50mM Na,S 200mM Na,S 400mM Na,S
Tafel slope (mV/dec)
0mM TeO 189 mV 152 mV 142 mV
60 mV/dec 56 mV/dec 57 mV/dec
5SmM TeO 188 mV 161 mV 148 mV
58 mV/dec 56 mV/dec 55 mV/dec
15mM TeO» 190 mV 166 mV 150 mV
60 mV/dec 52 mV/dec 50 mV/dec
25mM TeO» 195 mV 167 mV 164 mV
61 mV/dec 52 mV/dec 49 mV/dec
50mM TeO» 201 mV 171 mV 175 mV
66 mV/dec 54 mV/dec 46 mV/dec
100mM TeO» 207 mV 177 mV 193 mV
67 mV/dec 55 mV/dec 49 mV/dec

The following section will be exploring potential reasons for the decrease in performance
when MoTey is added to the system as well as why MoTey formed in the first place as opposed to

an alloy like originally hypothesized.

To begin, there has been no study of amorphous MoTey and so there is no literature to
compare directly against. As such, literature referencing the crystalline systems will be used to
speculate the reason behind the formation of MoTey. One of the important parameters that can
dictate the feasibility of the alloy in the mixing energy. In Figure 4.3.11a, the mixing enthalpy of
MoS2(1-xSe2x can be seen as calculated via DFT?*!, This alloy is known to be miscible which was
confirmed in Hemmat et. al’s paper.! 233 In Figure 4.3.11b, the free energy of mixing as well as
the equilibrium phase diagram for MoSz(1x)Teax is shown as calculated via first principles.>** The
phase diagrams shows a single stable region and a single unstable region with two metastable
regions connected at the critical point, also known as the miscibility temperature. This phase
diagram predicts that we would expect to be able to successfully alloy and has been proven

experimentally.?>*?25-228 However, there are competing claims, as shown in Figure 4.3.11c, where
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the mixing energies of both MoSz(1-x)Se2x and MoSz(1-x)Teax are positive with MoSz(1-x)Teax having
much greater energy.?*> The authors noted that this large difference is likely due to the bond length
ordering being that of Mo-Te > Mo-Se > Mo-S and that the strain induced by the varying bonds
increase the energy of mixing, necessitating that alloying takes place at a higher temperature. As

such, depending on the basis for the computations, various authors achieved differing results for

the crystalline system.

a) b)) M0Sy1-xTeax
o -
- >
= =
T 2
3 L =
o
0.3
c) — MoS,, Se, |- < .
025+ - MOSZ(I-x)Tezx B 00
>
L 1200
% 1000
= %3
& © 800
82| 2
© 600
)]
£ 400
200
0
0.0 0.5 1.0

X

X el 2H [ 3 Unstable [ Metastable

Figure 4.3.11: a) Mixing enthalpies of MoS»(1x)Sexx as a function of the relative concentration
of the chalcogen®!, b) free energy of MoSx(1x)Teax as a function of the relative concentration of
the chalcogen and the equilibrium phase diagram , and ¢) Mixing energy of MoS>(1-x)Se2x and
MoS>a-x)Texx vs the relative concentration of chalcogen atoms, x.
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Figure 4.3.12: Optical Micrographs of the 400 S sample set as a function of Te. The left hand

side images are shown in bright field mode where the images on the right hand side are shown in
dark field mode

Additionally, there has been a recent study on the electrodeposition of MoTe».2*® While I
disagree with a portion of their results, namely that they were unable to form MoTe. This is based
on the questionable interpretation of their XPS data, however, they did include an interesting
EQCM study and speculated on the electrodeposition mechanism of MoTe: and indicated that there
was a Te stripping effect to HTe™ prior to MoTe> deposition (again, speculative given their XPS
results). If this is the case, this could potentially explain how MoSx and MoTey were deposited

seemingly independent of each other.

To further examine the film, confirm phase separation and help explain the loss in catalytic
performance, SEM and optical microscopy were conducted on the samples from the 400S sample

set. In Figure 4.3.12, the bright field and dark field images are shown. The sample with no tellurium
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starts off very smooth and with very few visual defects. When just 5 mM of Te is added to the
electrolyte, a drastic change in the film morphology occurs, with the 5 mM sample exhibiting rod-
like structures. Moving up to through the rest of the samples, texturing increases until what looks
like significant pitting occurs at 100 Te. This is identified by the dark field imaging, where light
that is being scattered is collected by the microscope. So not only is the film’s composition and
structure changing, but the overall morphology is changing as well. Typically, an increase in
texturing/increase in surface area would lead to an increase in catalytic activity due to the increase
in total active sites. However, even with the increase in surface area of the 100 Te sample, the

performance is markedly worse than the 0 Te sample.

SEM micrographs in backscattered mode is shown in Figure 4.3.13. Similar to the optical
micrographs, the 0 Te sample is extremely smooth with virtually zero features (took significant
time just to find something to focus on). When Te is added, the film exhibits a variety of features
and is no longer smooth in nature. The 5 Te sample seen in Figure 4.3.13b has a scale-like
appearance where the following samples again look textured in nature. These images were taken
with the backscattered detector where the contrast mode is z-contrast, where the brighter parts of
the image have a higher atomic number. As such, the bright spots found in the micrographs are
likely the MoTey phase among the MoSx phase. EDS was conducted to confirm this; however the
interaction volume of the x-rays is significantly larger than the electrodeposited film as the Ru
substrate could be seen, along with Si base substrate. As such, all the elements showed up mostly
uniformly, with only slight differences in the bright spots, as shown in Figure 4.3.13g. This helps
confirm that two separate phases and not an alloy were electrodeposited, confirming the XPS and

Raman investigation.
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Figure 4.3.13: a-f) SEM BSD micrographs of the various films within the 400 S sample set and

g) EDS of 50 Te where the orange color corresponds to Te
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4.3.4 Conclusions
In summary, we have synthesized a series of MoSx/MoTey films across a variety of

tellurium and sulfur precursor concentrations utilizing a potentiostatic electrodeposition technique.
Characterization demonstrated that we were unsuccessful in synthesizing an amorphous tellurium
incorporated MoSx alloy, however a two-phase film was demonstrated, with the first report of
amorphous MoTey. We were able to control the chemical composition, structure, and catalytic
efficacy of the resulting film by tailoring the starting composition via electrolyte control. This
study demonstrated that the inclusion of MoTey in the MoSx matrix resulted in worse HER catalytic
performance than just MoSy across all compositions tested. However, it was noted that the
increased potential that was used for this study did decrease the overpotential required across the
board, improving the performance of the MoSx samples. Overall, while this study was not able to
increase the HER catalytic activity of MoSx by alloying it with Te, a first of its kind study

developed the synthesis of amorphous MoTey that was deposited in a matrix of MoSx.
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5.0 Future Works

5.1 Designing an Amorphous MoO3/Se-MoSx Catalyst for OER
5.1.1 Background and Motivation

As noted earlier, all sites on MoS; are catalytically inactive for OER.?*” However, there has
been some work that have shown promising results in heterostructure based materials that form a
type II heterostructure, yielding more thermoneutral values and enabling resonant electron
transfer.*® As a common strategy for increasing OER activity is to raise the level of the valence

band maximum (VBM), a system that
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absorption near edge spectroscopy (XANES). These electronic properties yielded significant
improvements in the OER capabilities over both MoS; and MoOs as well as the canonical OER
catalyst IrO> which can be seen as samples S2-S5 in Figure 5.1.1c¢. Other results have demonstrated
that MoS; can facilitate OER more effectively through the oxidation of the sulfur edges which
naturally occurs within oxidative conditions.>** However, these results are for only the crystalline

system and the following proposed work aims to expand them to the amorphous system.

5.1.2 Research Methodology
To accomplish this, this would expand upon both the oxygen

Heavily
and selenium incorporation into MoSyx by using electrodeposition and Oxidized

post treatment to modify the catalyst. This would control the oxygen

Se-MoS, Pt
and selenium content in order to determine the effect each has on the X

Se-MoO,S,

Se-MoS, K3

OER activity. To control the oxygen content, several post-deposition
techniques would be used immediately following deposition. The as

deposited sample will act as a baseline. In order to decrease the oxygen
Se-Mon Inert Anneal

content, we would employ a low temperature anneal (as to remain o
Figure 5.1.2: Simplified

schematic of MoQO3s/Se-

amorphous) to remove oxygen, as demonstrated in our previous study,
MoSx Heterostructure

Chapter 4.1.°° We would control the amount of removed oxygen by

changing the annealing time. To increase the oxygen content, one can simply leave the sample
exposed to atmosphere and after roughly 30 minutes the surface is significantly oxidized (as
determined via XPS) and after roughly 2.5 hours the entire sample reaches saturation of oxide (as
determined by Raman). However, to better control the oxidation process to increase repeatability,
reduce variation, and be able to push past that oxygen saturation limit, this work would use a UV-

Ozone treatment as it is a well-established method for oxidizing TMDCs.?*!-242

By applying
varying times of UV-Ozone treatment, we could systematically study the impact that the MoO3
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content has on the OER activity of MoO3/Se-MoSx. This can be seen in Figure 5.1.1 where it can
heavily oxidize the sample via UV-Ozone as well as precisely control the oxide thickness,
represented by slightly oxidized. The oxysulfide present is due to the rapid oxidation of the very
top surface of the material, resulting in the presence of MoO3 but also that of substitutional oxygen,
essentially acting as an interlayer. The amount of Se present in the films can be controlled by
applying what knowledge from the Se-MoSx chapter, Chapter 4.2, to this study. The concentration
of both Se and oxygen and their impact on OER activity would be characterized via the techniques
outlined in the Experimental Chapter. In summary, this will identify the optimal material for OER

as well as elucidating any underlying mechanisms by modifying the oxide and selenium content.

5.1.3 Preliminary Data
We have demonstrated the viability of using UV-Ozone to modulate the thickness of the

MoOs3 layer. This was demonstrated by exposing the As-Deposited samples to UV-Ozone
immediately after synthesis for 30 seconds and 120 seconds. They were then immediately
transferred to the XPS where Angle Resolved XPS (ARXPS) was conducted. As shown in Figure
5.1.3, there is a significant different in the Mo®" feature which is assigned to MoOs. This is
qualitatively shown by the arrow which points to an isolated Mo®" peak (the Mo 3ds2). When the
sample is oriented at 35°, the most surface sensitive of the data collected, there is a significant
difference when comparing the 30 second UV-Ozone treatment to the 120 second treatment. This
demonstrates the viability of utilizing UV-Ozone to control the thickness and amount of the MoO3

overlayer.
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5.1.4 Summary

Overall, this section of the future work aims to take advantage of the change in electronic
structure caused by the heterostructure formed between MoOs3 and Se-MoSx. This heterostructure
combination brings up the VBM which facilitates the adsorption and reaction of oxygen
intermediates, the traditional rate-limiting step of OER. To synthesize the MoOs3/Se-MoSy,
electrodeposition will be used, followed by either inert annealing to remove oxygen or UV-Ozone
to increase the oxygen content. Preliminary work has demonstrated the selective removal of
oxygen while maintaining the same structure, shown in Chapter 4.1, and that the oxide overlayer
can be controlled and added upon via UV-Ozone treatments. Overall, this future work proposes
MoO3/Se-MoSx heterostructures with varying amounts of selenium and oxygen content in order

to determine their respective impacts on the OER catalytic properties of MoO3/Se-MoSx.

5.2 Growth of MoSaxSez-x)

5.2.1 Background and Motivation
This future work would build off the electrodeposition of the amorphous Se-MoSx that was

demonstrated in this work by crystallizing the material into MoS2xSez(1-x). MoS2xSez1-x) would
allow for the mixing of properties of MoS, and MoSe, with a tunable band gap by alloy
composition. Alloying semiconductors with different bandgaps has been widely used in the
bandgap engineering of bulk semiconductors for some time. For nanoelectronics and
nanophotonics, it is very important to obtain semiconductors with continuously tuned

bandgaps.?** 24

MoSxSexi-x) has been successfully synthesized previously, however many of the
techniques require either suitable, crystallographic substrates, high temperatures, toxic gasses like
H,Se and H.S, and limited deposition areas.”*®**’ Additionally, many of these synthesized

materials form in nanoflakes that do not provide uniform coverage. However, with
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electrodeposition, one could achieve very similar results of successfully alloying Mo2xSex(1-x) using
the same electrodeposition technique as described in Chapter 4.2 which is followed by a low
temperature anneal of ~350°C (significantly lower than the 820°C that was used in CVD studies).
This would allow for a much wider substrate choice without the need for transferring of the
MoS2«Sexi-x) with the only requirements now being that the substrate must be non-insulative and
it must be able to be annealed at 350°C. This allows a much broader range of substrates, even
flexible polymers, to enable flexible electronics. Additionally, electrodeposition provide a nice,

uniform deposition surface, even at low deposition times.>!

5.2.2 Research Methodologies

As mentioned above, this would use the same electrolyte conditions as described in Chapter
4.2. However, to allow for more compatibility for structures as well as aiding in the shrinking of
devices, extremely short electrodeposition times (~0.5-5 seconds) would be used. This would
allow for nanometer thick films that then would be annealed to crystallize to form MoS2xSex(1-x).
Additionally, electrodeposition enables large areas to be uniformly covered, or if desired, be
selectively patterned and only depositing where it is desired. With this, device structures could be
built using electrodeposition.?*®?** Through this, a variety of structures could be built on most

substrates of choice to enable the device of choosing.

5.2.3 Preliminary Data
I deposited films that were similar in composition to those found in Chapter 4.2, with a

base of 200 mM Na,S and 50 mM NaMoOs. The SeO> concentration was varied, with
concentrations of 0 mM, 15 mM, 100 mM, and 200 mM, to determine the impact of the various
Se concentrations. Raman spectra of MoS2xSex(1-x) are shown in Figure 5.2.1, with Figure 5.2.1a
being from literature and Figure 5.2.1b being from this preliminary work. As can be seen, they

match quite well. It is important to note that in both figures there is the broadening of MoS: features
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while Se increases, indicating that an alloy was formed and not just two separate phases. Further
compositions and electrolyte chemistries would need exploring to fully understand and control this
process. Additional work has been done on electrodeposited MoS, with XRR and depth
calculations with XPS to demonstrate that nanometer thick films could successfully be deposited,
but to what extent this could be controlled and while visually and theoretically it is uniform, a

more detailed study would be required.
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Figure 5.2.1: Raman spectra of MoS2xSex(1-x) synthesized via a) Chemical Vapor Deposition where the

bottom spectra is pure MoS: and the top spectra is pure MoSe> 2*’ and b) electrodeposition and
annealing (this preliminary work)
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5.2.4 Summary

In summary, electrodeposition followed by a low-temperature anneal would be used to
synthesize MoSaxSexi-x). This would enable MoS2xSexi-x) to be more readily integrated with a
large variety of substrates by reducing the requirements drastically. By achieving this, many
applications that require the ability to tune electronic structure by alloying could be enabled,
including devices such as flexible electronics. By coupling this with photoresist patterning,

complex designs could be achieved in a rapid, scalable fashion.

160



6.0 Thesis Conclusions

This thesis reports on the use of hydrothermal, electrodeposition, and post-growth
treatments to synthesize a variety of crystalline MoS»-based heterostructure and amorphous MoSx-
based alloys and two-phase matrixes. All but one material group was found to increase the
electrocatalytic activity towards HER over the base material, and even the *unsuccessful* attempt

yielded a material that has not been synthesized previously.

Chapter 3.1 presented ZnO-MoS; and ZnO-Zn-/MoS: nanowire heterostructures
synthesized via hydrothermal methods for the ZnO nanowire growth, electrodeposition for the
MoSx coating, and annealing to crystallize the material. What was elucidated was the various type-
I and type-II heterojunctions, along with the increase in surface area, provided an increase in
catalytic activity over the base materials. Both the ZnO-MoS; and ZnO-ZnS-MoS; saw a marked
improvement in acidic conditions, with the ZnO-ZnS-MoS: heterostructure also providing an
improvement in alkaline conditions. Additionally, the 1T-MoS: phase was also noted in the ZnO-
MoS: heterojunction. Overall, the synthesized nanowire heterostructures were found to be highly
performing and gives insight into how the changing band alignment and morphology can play a

significant role in increasing the catalytic performance towards HER.

Chapter 3.2 presented the results of the electrodeposition and annealing to form
catalytically active, crystalline CoSx/MoS; structures. The catalysts were extremely active in acidic
conditions and even more so within alkaline conditions. The synergistic properties between Co
and Mo sulfides, attributed strongly to their active linking disulfides, facilitated the adsorption and
desorption of hydrogen along the interfaces of the electrode/electrolyte and nano-interfaces

between the c-CoSx and MoS>. We noted some unusual morphologies that formed that have not
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been reported in the system before and could have contributed to the increase in catalytic activity.
This work has been reported in the Journal of The Electrochemical Society (10.1149/1945-

7111/acc9e0)

Chapter 4.1 laid the foundation for the work done on amorphous MoSx. It was among the
first work that I undertook as a graduate student and gaining an understanding of the system was
pivotal through the rest of the Section 4 chapters. Overall, this study established the importance of
the detrimental state of Mo®", an insulative oxide, and the importance of Mo>*, a chemical state
from oxygen dopants, towards the HER catalytic activity of this material. This study also
highlighted the catalytic differences between bridging and terminal sulfur bonds and contributed
to an ongoing discussion within the literature regarding these features. Lastly, this work noted an
unreported chemical state of Mo*, one that we attributed to partially oxidized sulfur ligands, that
seemed to be loosely correlated with the electrocatalytic activity of the material. This work was

published in ACS Applied Energy Materials (https://doi.org/10.1021/acsaem.1c02234)

Chapter 4.2 built upon the work in Chapter 4.1 by adding selenium to the electrolyte in
order to form an amorphous molybdenum sulfoselenide alloy. We investigated this by using a
matrix of selenium and sulfur concentrations in order to determine the optimal sulfur to selenium
electrolyte ratio for the film’s performance. Our results demonstrated that we could control the
films composition, structure, electronic properties, and catalytic properties by simply tuning the
electrolyte. By substituting some of the sulfur bridging and terminal ligands with selenium, we
demonstrated an increase in catalytic efficacy. We also tied this chemistry to other properties, such
as the conduction band minimum, and related that back to the catalytic performance of the films,
with several compositions exhibiting greater catalytic properties than the non-selenium alloyed

material.
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Chapter 4.3 attempted to yield similar results as Chapter 4.2 but with tellurium instead of
selentum. However, instead of forming a uniform alloy as in Chapter 4.2, a two-phase matrix of
MoSx and MoTey was formed. This was the first report of amorphous-MoTey in literature.
However, the presence of the MoTey phase decreased the catalytic performance across the board,
regardless of the preparation. Additionally, this study noted that the increased potential required
for deposition yielded a better starting MoSx material than previously studied, which goes against
conventional wisdom of lower potential generally being better for the electrodeposition of films.
Overall, this study wasn’t able to increase the catalytic performance of MoSx by alloying it with

Te, but it did provide a first of its kind synthesis of the amorphous MoTey phase.
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7.0 Appendix

7.1 Attempt at Synthesizing Free-standing MoS: nanowires
In attempts to form free-standing MoS: nanowires, a chemical etch was used to attack the

underlying ZnO scaffold. This was attempted via the use of HCI, an acid that ZnO dissolves readily
in given its amphoteric nature. We attempted a couple of different concentrations for varying time
and the resulting morphology can be seen in Figure 7.1.1. As can be seen in Figure 7.1.1, the
nanowire morphology was maintained. However, upon further Raman and Energy Dispersive
Spectroscopy (EDS), we found there was still some presence of Zn species. However, due to the
penetration depth of both EDS and the 3D nature’s impact on Raman, it is difficult to ascertain
which part of the sample that the signal is coming from. One possible theory is that the Zn species
signal is coming from the base of the nanowire as well as any that is left-over from coating the

carbon paper strands during the first process.

"

Figure 7.1.1: SEM images of a) un-etched NWs, b) 0.01 M for 1 minute, ¢) 0.01 M for 10 minutes,
d) 0.1 M for 1 minute, and e) 0.1 M for 10 minutes

We also conducted electrochemical experiments to provide motivation for continuing this
approach with the possibility of having several nanowires investigated with transmission electron

microscopy, but with worse performance and lack of concrete evidence that this method would
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yield freestanding MoS» nanowires, there was not suitable motivation for these additional

investigations.

7.2 Attempt at Synthesizing ¢/CoSx/MoS: via sulfurization of metal

Electrodeposition
To prepare the electrolyte, a mixture of Cobalt Sulfate (CoSOs), Trisodium Citrate

(Na3CsHs07), Potassium Pyrophosphate (K4P>O7), Sodium Sulfate (Na>SOs), and Sodium
Molybdate (NaMoO4) was used. The pH was adjusted to 4 by adding H>SO4. This recipe was
based on Zhou, Krohn, Podlaha, and namely Kublanovsky’s respective works on the
electrodeposition of Cobalt-Molybdenum alloys.!*+?°*252 The main role of Na2SOs is to act as a
source of dissolved ions to increase the conductivity of the electrolyte.?>* Potassium Pyrophosphate
was included to form the soluble complex Cos(P207)s>" and to prevent the formation of insoluble
complexes. There have also been some indication that molybdenum may also form a complex with
the pyrophosphate.?*® This complex also helps lower the redox potential, aiding in the deposition
of the metals. To further aid the deposition and suppress cracking associated with pyrophosphate

baths, a citrate was used and follows the following reactions
H:Mo04Cit™ + (r-5)H" + 2e" — MoO; + 2H,0 + HCit*
CoHCit + 2e" — Co + HCit*
where Co aided in the induced co-deposition of Mo via?>*
MoO, + CoHCit -> [M0O2 — CoHCit]ads E)) Mo

The investigated electrolyte baths are as follows:
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Table 7.2.1: Component concentration (M) in electrolytes for metallic electrodeposition of Co-Mo

alloys
Sample ID CoS4 NaxMoO4 NasCit K4P207 NaxSO4
A 0.1 0 0.2 0.2 0.5
B 0.1 0.005 0.2 0.2 0.5
C 0.1 0.010 0.2 0.2 0.5
D 0.1 0.020 0.2 0.2 0.5
E 0.1 0.100 0.2 0.2 0.5

Similar to that of previous chapters, a sulfurization step was performed by annealing
samples in the presence of sulphur. Following sulfurization, the samples were tested for their
efficacy towards HER. As shown in Figure 7.2.1, none of the catalysts showed activity towards
HER, indicated by the low current density, even at high overpotentials. An interesting note is that
the performance deteriorated when more Mo was added to the electrolyte bath. This is likely due

to a decrease in efficiency of the plating process.**°
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Figure 7.2.1: Polarizations of the various catalysts following
sulfurization in 0.5M H2SO4
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Raman spectroscopy was used to investigate the structure of the formed films. As seen in
Figure 7.2.2, no metal sulfides were formed throughout the process. This is likely the case as
elemental metals are much more difficult to sulfurize and oxides are traditionally used.'*' This
process demonstrates the importance of careful consideration of the electrodeposited material,

namely the use of oxides, in order to form TMDCs via sulfurization.
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Figure 7.2.2: Raman spectroscopy of the various catalysts
following sulfurization.

167



7.3 Raman Analysis of Amorphous MoSx

The primary way to probe the structure of these polymeric a-MoSx is the use of Raman
spectroscopy. To facilitate discussion later in the thesis, a preview tying the vibration modes found
in Raman to the structure above follows. Figure 7.3.1a is the spectra of a slightly oxidized MoSx
sample that was made in our lab and Figure 7.3.1b is a cluster of (M03S3)* from literature.!! The

main features are

1) molybdenum sulfide bonds of v(Mo-S) were found at 283-385 cm™!
i1) v(Mo-S-Mo) vibrations were observed around 425 cm’!

iii)  v(Mo-Sapical) vibrations were observed in the 450-475 cm’! region,
iv) V(S-S )erminal Vibrations were observed around 520 cm’!

V) V(S-S )brideing Vibrations were observed around 550 cm’!
vi) molybdenum oxide features were observed between 180 — 215 cm™ and 800 — 1000
-1
cm

As can be seen, the primary characteristics between the synthesized film and (Mo3S13)* cluster
are very similar, albeit with a few key differences. In the Raman spectra from the cluster, discrete
signals for v(Mo-S) are reported, however since we electrodeposited our film at a working
potential similar to the black line in Figure 7.3.1b, it matches well. The other notable difference
is that in our samples the v(Mo-S-Mo) are observed, whilst they are absent in the as-prepared
(Mo3S13)* cluster. This is because the v(Mo-S-Mo) is attributed to the shared disulfide between

clusters, and only appears in the polymeric chains, as can be seen in Figure 7.3.1c.!!
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Figure 7.3.1: Raman spectra of a) MoSyx synthesized film and b) (Mo3S13)* clusters'! and c)
HAADF-STEM images of (Mo3S3)* clusters and a-MoSx chains
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