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Abstract

This work seeks to understand the origins of catalytic behaviour in transition metal
dichalcogenide electrocatalysts, which are currently convoluted by a variety of factors. To
achieve this, a solid-state approach to molybdenum ditelluride (MoTe») is investigated,
which allows for the synthesis of both semiconducting 2H- and metallic 1T -phases in the
bulk form. In doing so, not only is the effect of surface area excluded as the route to advanced
activity, but also the role that lithium may play in altering the elemental composition.
Therefore, the only factor remaining that may affect the electrocatalytic activity of MoTez is
the change in coordination geometry which governs the semiconducting / metallic character.
As a result, one may confidently attribute the emergence of catalytic activity to the result of

polymorphic transition.

Continuing with the quest of understanding the origins of catalytic behaviour, the metallic
1T’-MoTe> material is studied exclusively, with the effect of surface area now being
considered. Again using a solid-state approach, thus removing external factors which may
otherwise contaminate this study, a low temperature variant of 1T’-MoTe; is synthesised in
order to explore the result of introducing a degree of disorder to the crystalline material. This
method will then highlight the importance of intrinsic activity measurements when

comparing HER electrocatalysts.

Upon fully characterising the 1T’-MoTe, materials, the phenomenon of activation is
explored. With the aim of understanding the origins of catalytic enhancement in mind, efforts
are turned towards determining the primary reason of activation, and excluding changes in
structure and composition as the root cause of the improvement. Following ex-situ
characterisation, intrinsic activity measurements coupled with computational studies such as
Density Functional Theory (DFT) explore the possibility of an electrochemical activation,

which may be inherent to 1T’-MoTeo.

In a final endeavour to understand the mechanism behind electrochemical activation,
attempts were made to scale up the working electrode to comply with in operando
electrochemical cells. Additionally, alternative activation mechanisms are considered and
confirmation of the catalytic sites at which activation takes place is revealed. Thus, this thesis
aims to provide a coherent explanation for the observed catalytic activity in MoTez, which

may also be applied to other members of the TMDC family.
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1. Introduction

The world is currently mostly powered by fossil fuels such as coal, oil and natural gas.'
Industrialisation of the western world has led to the irresponsible use of these carbon sources,
and has continuously contributed to the irreversible environmental damage known as the
Climate Crisis. Now, with the world finally recognising the importance of action, efforts are

being made to turn away from carbon sources and towards a renewable energy future.

The consumption of fossil fuels is the primary contributor to the increasing release of
greenhouse gases, namely carbon dioxide and nitrogen oxides. This, in tandem with the
increasing number of natural disasters as a result of climate change, has resulted in a growing
interest in developing a ‘clean energy’ alternative. Fossil fuels currently supply 83% of the
world’s annual energy usage, and with the growing population expected to consume
increasingly more energy as demands rise, the need for alternative energy sources is a

necessity.>3

With public knowledge of the climate crisis growing, the pressure has since turned towards
politicians and their historic backing of big oil companies rather than acknowledging and
tackling the crisis in hand. In April 2019, Scotland became the first country in the world to
declare a state of climate emergency. In doing so, the First Minister committed to a carbon
neutral Scotland by 2045. Shortly after, declarations followed from the UK Parliament,
European Union and the Pope, who stated ‘fossil fuels should remain underground’. An
illustration of the world map showing countries which have declared a state of climate
emergency, or subdivisions which have done so, is depicted in Figure 1-1. Now, with the
majority of scientists in agreement that human activity is the primary source of climate
change, advances in technology are becoming more and more capable of making the

renewable energy vision a reality.



Figure 1-1: World map illustrating countries in which a climate emergency has been
declared (dark blue), declared only in some subdivisions (light blue) or countries in which
a climate emergency has not been declared (grey) as of October 2019. This file was made
available and is licensed under the Creative Commons CCQ 1.0 Universal Public Domain

Dedication.

1.1. The Hydrogen Economy

Arguably, the most promising alternative to fossil fuels, particularly for a mobile society, is
the use of molecular hydrogen as an energy vector.* The ‘Hydrogen Economy’ was coined
by John Bockris in 1972, who envisaged a world where hydrogen would be the primary
energy supply, powering homes, transport vehicles and industrial processes.® This idea was
proposed to combat the predicted increase in energy demand and air pollution; however
Bockris predicted several limiting factors which may hinder the transition towards a
hydrogen economy. Namely, these were: conservatism, lack of knowledge and
understanding in electrochemical engineering, and finally the widespread fear of hydrogen
usage in the community. Now, in 2020, Bockris’ apt predictions are slowly dissipating, with

advancing technologies allowing for the realisation of hydrogen powered devices.®

Motorized traffic is a contributor to the release of harmful greenhouse gases, and is currently
responsible for 20% of global CO emissions.” The internal combustion engine can be
replaced with hydrogen fuel cell technology, which burns hydrogen in oxygen to generate

electricity to power a vehicle. The only by-product from this process is water, thus
2



eliminating the release of pollutants which would otherwise occur from the combustion of
gas and oil. Figure 1-2 represents the setup of a typical proton exchange membrane (PEM)
fuel cell. This comprises of two electrodes, an anode and cathode, and an electrolyte.
Hydrogen (H>) is split into protons (H") and electrons (e”) at the anode. The electrons flow
through the external circuit and, simultaneously, the protons pass through the membrane,
typically Nafion™ (which will be discussed further in Section 1.2.2.4.), towards the cathode.
These protons and electrons then combine with oxygen, producing water and heat as the only
by-products. These half-reactions are summarised in Equations 1 and 2, and the overall

reaction highlighting the absence of harmful by-products is shown in Equation 3.

e flow

Excess —— —— Water
‘— —)
fuel out + heat

Anode Nafion Cathode

Figure 1-2: Illustration of a typical PEM hydrogen fuel cell.

2H, > 4H* + 4e” (1)
0, +4H* +4e~ - 2H,0 )
2H, + 0, — 2H,0 3)



Unlike fossil fuels, hydrogen is an energy carrier rather than a primary energy source.®
Rather than providing the fuel itself, hydrogen is an energy vector, meaning it is capable of
transferring energy from one form into another. However, hydrogen must first be extracted
from compounds such as water or hydrocarbons before it can be used in fuel cell devices.
Provided the energy source is water, the closed system is considered a green process, as the
water by-product can be recycled for further use and no greenhouse gases are released into
the atmosphere. However, the splitting of water requires energy, and currently this energy is
most commonly provided by fossil fuel sources. Therefore, despite eliminating the release
of harmful pollutants in the fuel cell system, the overall process still releases greenhouse

gases, albeit at an earlier stage.’

The primary goal of hydrogen fuel cell technology is to become independent from fossil
fuels, and achieve the global target of reducing carbon dioxide emissions.!® However,
approximately 95% of hydrogen is produced via steam reforming of natural gas, while the
remaining is produced by electrolysis of water (see Section 1.2).'! The production of
hydrogen itself is therefore a major contributor to the greenhouse gas effect. Hence, in order
for a hydrogen economy to be truly green, the method of hydrogen production must stem

from renewable energy resources.



1.2. Methods of Hydrogen Production

1.2.1. Steam Reforming of Natural Gas

Currently, commercial hydrogen is most commonly produced by the steam reforming of
natural gas, the details of which are shown in Equation 4.!2 This process involves the high
temperature reaction of methane with steam, producing a mixture of carbon monoxide and
hydrogen, known as syngas. Increases in hydrogen yield can be achieved by reforming the

CO product further with water vapour, known as the Water-Gas Shift Reaction (Equation 5).
CH, + H,0 - CO + 3H, 4)
CO + H,0 < C0,+ H, (5)

These processes produce CO, which contributes to the greenhouse gas effect. This therefore
makes the process of steam reforming unfeasible in the long term. Nevertheless, the
production of hydrogen from carbon sources is a more economically attractive process than

renewable alternatives at present.

In the near future, however, the complete transition away from fossil fuels remains unlikely.
Rather, the incorporation of renewable methods of hydrogen production into existing
infrastructure would provide a stepping stone into the ultimate hydrogen economy. Thus,
existing processes such as steam reforming of natural gases to produce hydrogen can be
utilised, while minimizing the emission of greenhouse gases until such point that the

technology is advanced enough to phase in fuel cells completely (see Section 1.3.).

For example, the production and storage of methanol as an energy vector can be achieved
by reaction of captured CO, and hydrogen produced via renewable means, e.g. water
electrolysis. This hydrogen would be derived from the excess renewable energy which would
otherwise be lost (see Section 1.3), while the CO» product of industrial processes (such as
steam reforming) would be collected and used as the reactant.!® This method would not only
allow for the use of renewable energy surplus but also for the storage of a green fuel in the
form of methanol. This methanol could then be delivered as fuel for a variety of energy

requirements, ranging from public transport to powering homes and industrial processes.!*



1.2.2. Water Electrolysis

1.2.2.1. Background

Water electrolysis is a promising method of producing hydrogen, however this method
currently only produces around 5% of the world’s hydrogen supply, as it is more cost
demanding than steam reforming of fossil fuels.!! Dating as far back as 1789, water
electrolysis was first reported by Troostwijk and Deiman who observed the decomposition
of water into its constituent elements by an electric discharge.!> Water electrolysis is

therefore defined as the splitting of water into hydrogen and oxygen using electricity.

Typically, water splitting proceeds in an electrolyser, consisting of positive and negative
electrodes (anode and cathode, respectively). These electrodes are immersed in an electrolyte
solution which is capable of generating anions and cations when an electric current is
applied. PEM electrolysis operates in acidic conditions; therefore the two electrodes are
separated by a Nafion™ membrane, which allows for the passage of protons from the anode
to the cathode. An illustration of a typical water electrolyser conducted in acidic conditions

is shown in Figure 1-3.
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Figure 1-3: General water electrolysis setup. The left hand side illustrates water oxidation

at the anode, while the right hand side shows hydrogen evolution at the cathode.



When a sufficient potential difference is applied, water oxidation takes place at the anode,
where oxygen is evolved along with protons and electrons (Equation 6). This half reaction
is known as the oxygen evolution reaction (OER). The protons then pass through the
Nafion™ membrane towards the cathode, and the electrons flow through the external circuit
where they then recombine with the protons to form hydrogen, otherwise known as the
hydrogen evolution reaction (HER). Equation 7 summarises the half reaction for the HER.
The cell potential (E°n) is defined as the potential difference between the cathodic and
anodic half-reactions (Equation 8). The overall process is shown in Equation 9 and
emphasises that for every one mole of oxygen produced, two moles of hydrogen are
produced. This process is split into two half reactions, the OER and the HER, as described
above, with the rate of one reaction being dependent on the other. Since the rate of oxygen

production is slower than that of hydrogen, the overall reaction is governed by the OER.

2H,0 - 0, +4H* + 4e” Emode =123V (6)
4H* +4e” - 2H, E°cathode = 0.00 V (7)

cet = Elathode — Eanode Ecen=~123V 8)
2H,0 - 2H, + 0, Eocen =—1.23V 9)

The standard electrode potential (£°) at which all redox couples are measured against is the
Normal Hydrogen Electrode (NHE). The theoretical potential for the NHE, which is the
potential capable of combining protons and electrons to form hydrogen gas, is defined as
0.00 V under standard temperature and pressure (298.15 K and 101.325 kPa, respectively).
Simple addition of the standard electrode potentials of water oxidation and proton reduction
allows for the calculation of the overall standard potential required for the water splitting

reaction, and is determined to be 1.23 V (Equation 10).

E = E%(H,0) + E% (HY) =1.23V +0.00V = 1.23V (10)



Therefore, for the overall water splitting reaction to occur, a minimum potential difference
of 1.23 V must be applied between the anode and cathode. However, in reality, an excess of
this energy is required (known as the overpotential) and will be discussed further in Section

1.2.2.3.

1.2.2.2. Thermodynamics

Water electrolysis is a non-spontaneous process, requiring a positive Gibbs free energy value

of AG® =+237.23 kJ mol™, as calculated by Equation 11.1

AG® = AH® —TAS° = —zFE? (11)

cell

where AG° is the change in Gibbs free energy, AH® is the change in enthalpy (285.8 kJ
mol™'), AS° is the change in entropy (163 J K=! mol™"), T is the temperature (K), z is the
stoichiometric number of moles of electrons involved in the reaction, F is the Faraday

constant (96485 C mol™") and E° is the cell potential.

The minimum potential required for the overall water splitting reaction is governed by the
conditions within the electrolyser itself, e.g. temperature and pH. For example, at 0 K, E°cr
is equal to 1.48 V, while at room temperature (298.15 K) energy is acquired from the
surroundings in the form of heat, and the minimum potential is lowered to 1.23 V. Therefore,

the splitting of water becomes easier with increasing temperature.

Similarly, pH has a profound effect on the required potential. In accordance with moving
away from standard conditions, the Nernst equation can be written as shown in Equation 12.
Subsequently, the potential under non-standard conditions is defined by the Nernst Equation

(Equation 13).

AG = AG® + RTInQ (12)

— _RT
E=E° —=InQ (13)

where R is the gas constant, T is the absolute temperature and Q is the reaction quotient.
8



Q is defined as the ratio of activities of the oxidant and reductant species. Therefore, the
effect of pH can be investigated by setting Q equal to the concentration of protons, [H'], and
converting the natural log to logio. At standard temperature, Equation 11 can be rearranged

into the following (Equation 14):

0.059 0.059

E=E° — Tlog[H*] = E° pH (14)

Accordingly, for every 1 pH unit change, the potential shifts by 0.059 V. The potentials
required for the OER and HER at varying pH values can therefore be written as Equations
15 and 16, respectively. Since, in acidic conditions, both OER and HER are proton-
dependent, both reaction potentials shift by the same magnitude, meaning a constant cell

potential of —1.23 V is required for the overall reaction, regardless of pH.

E =1.23 —0.059 pH (15)

E = 0.00 — 0.059 pH (16)

1.2.2.3. Overpotential

As mentioned in Section 1.2.2.1., the theoretical potential required for water electrolysis is
1.23 V. However, in reality, an excess of this value is required, known as the overpotential
(n). The overpotential is the difference between the thermodynamically required potential
and the experimentally observed potential, and arises due to several resistances within the
system. Equation 17 highlights that the increased energy inputs arise from overpotentials
associated with the anode and cathode, and the internal resistance of the cell (iR).
Overpotentials arise due to energy being lost within the system; therefore, in order to drive
the reaction, a higher voltage than theoretically calculated is required. These energy losses
are a result of many resistances, primarily between the electrodes, the solvent and the

membrane. The overpotential will be discussed further in Section 1.4.2.1.



Etotar = 1.23 + Nanode + Ncathoae + IR (17)

Resistance associated with the solvent is related to the conductivity of the electrolyte
solution. This can be minimised by decreasing the pH of the electrolyte, since protons
possess the highest ionic conductivity. Hence, conductivity increases with decreasing pH,
which lowers the resistance. The membrane can also have a profound effect on the resistance
as charge transfer between compartments can be inhibited. Therefore the use of a thinner
membrane (i.e. Nafion™) has a beneficial effect on lowering the internal resistance.
Crucially, the electrodes play an important role in the setup of the electrochemical cell. The
greater the distance between the anode and cathode, the greater the resistance. Therefore, the
positioning of the electrodes within the cell is of utmost importance. Further, overpotentials
arise due to electron transfer between the electrolyte and the electrode surface (Nanode and
TNeathode). These overpotentials can be minimised by applying an electrocatalyst to the

electrode, which is currently an area of extensive research (see Section 1.4).

1.2.2.4. PEM Electrolysis

Proton Exchange Membrane (PEM) electrolysis is an attractive area of research. In fact,
PEM electrolysis is considered as the most promising method of hydrogen production for
transport applications to date. This is due to the straightforward setup of the system, which
is essentially the reverse of a fuel cell.!” High energy densities are achieved at low operating
temperatures of only 80 °C, making PEM electrolysis more efficient than its alkaline

counterpart.'®

In an identical manner as discussed previously, PEM electrolysis is conducted under acidic
conditions, with a solid polymer electrolyte separating the anodic and cathodic
compartments. The OER occurs at the anode, producing oxygen, protons and electrons. The
protons and electrons then recombine at the cathode, where the protons are reduced to form

hydrogen (HER). A schematic of a typical PEM electrolyser is shown in Figure 1-4.
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Figure 1-4: Typical setup for a PEM electrolyser.

The development of the Nafion™ membrane in the 1960s proved to be a turning point for
research into PEM electrolysis. Currently the most popular proton exchange membrane used
to date; Nafion™ is a sulphonated tetrafluoroethylene based fluoropolymer-copolymer. The
membrane has demonstrated substantial durability under oxidizing environments, and is
hence able to withstand the harsh acidic conditions required for use within a PEM
electrolyser.!® The structure of the Nafion™ membrane is shown in Figure 1-5.2° The
Nafion™ membrane has a particular advantage for PEM electrolysis due to its high proton
conductivity and low gas permeability. This allows for membrane thicknesses as low as 0.2
mm, which in turn results in lower resistances and increased current densities being
achieved.?! Most importantly, the Nafion™ membrane allows for the isolation of gaseous
products in their respective compartments. The negatively charged sulfonate groups allow
for the movement of protons through the structure while repelling anions such as hydroxyl
groups. Therefore, the mixing of electrolysis products is minimised. However, a small
degree of gas crossover and resulting contamination is inevitable, which is a bottleneck for
water electrolysis systems. This crossover results in a dangerous and explosive mixture of

hydrogen and oxygen gases within the cell.?> Within the electrolyser, a build-up of these

11



high pressure gases can result in the degradation of the Nafion membrane, which can reduce

its lifespan significantly.?’

J“‘“/ﬂ{i‘*/m}
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Figure 1-5: The structure of the Nafion™ membrane.?

The main disadvantage of PEM electrolysis is its expensive components which are required
to withstand acidic conditions. In particular, the scarce noble metal platinum electrocatalyst
significantly boosts the cost of the electrolyser, with further research required to develop a
cheaper alternative capable of tolerating the highly acidic conditions. Additionally, the issue
of gas crossover means that further purification, and hence an additional energy input, is
required. Until these problems are addressed, steam reforming of natural gas remains as the

most cost effective method of hydrogen production.

1.2.3. Electron-Coupled-Proton-Buffer Mediated Water Electrolysis

One possible solution to combating this bottleneck of gas crossover was proposed by Symes
et al. who introduced the concept of Electron-Coupled-Proton-Buffer (ECPB) mediated
water electrolysis.>* This novel approach offers an alternative to the traditional process of
water splitting, and allows for the OER and HER to be separated in space and time. As with
typical water electrolysis, water oxidation occurs at the anode, with protons and electrons
being produced. The electrons flow through the external circuit, and the protons pass through
the membrane towards the cathode and the ECPB in the second compartment. However,
rather than the protons and electrons recombining at the cathode to produce hydrogen, they
are intercepted by the ECPB, typically a polyoxometalate (POM), forming a two-electron
reduced ECPB species, as shown in Equation 18. Therefore, rather than forming hydrogen
directly, the ECPB is capable of capturing the protons and electrons, thus allowing for

storage and transport until such point that hydrogen is required. Subsequent re-oxidation of

12



the ECPB results in the release of protons and electrons, which again flow through the
external circuit and pass through the membrane, respectively, where they recombine to
produce hydrogen gas. Therefore, the reduced ECPB can be re-oxidised when required,
releasing hydrogen on demand (Equation 19). The ECPB-mediated water electrolysis
process is illustrated in Figure 1-6.3¢ The decoupling of the OER and HER in space and time
therefore minimises the effect of gas crossover. Additionally, the rate of the HER is no longer

dependent on the OER.

ECPB + H,0 — [ECPB]*~ + %02 (18)

[ECPB]*~ + 2HY - H, + ECPB (19)

a @_' b @‘—

electrons electrons

%0,

I 2e'{ \
2e + 2H* 2 a]
H,0 /“'/

Figure 1-6: Illustration of an ECPB-mediated water electrolysis system. a) water oxidation

and ECPB reduction followed by b) ECPB oxidation and hydrogen generation.’® The

2H*

reduction / oxidation reactions are visualised by a colour change, with the polyoxometalate
undergoing a colour change from yellow to blue upon reduction, and from blue to yellow

upon subsequent re-oxidation.
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1.3. Renewables-to-fuels

Renewable energy sources, such as wind or solar power, are intermittent. This means that
energy can only be provided when the wind is blowing or when the sun is shining. During
times of abundant wind and sunshine, these renewable sources provide enough energy to
power humanity’s needs in excess. However, due to the intermittent nature of renewables,
the energy must be used immediately; otherwise it is wasted.” Figure 1-7 shows a
representation of the electrical grid demand in Ontario, Canada for a summer day compared
to a winter day, and overlaid with the total wind generation for the summer day.?¢ Clearly,
the demand for electricity is not correlated with the generation of wind power, which is
sporadic and hence unreliable. Therefore, storage of excess energy is imperative in order for

the complete transition into a renewable energy infrastructure.
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Figure 1-7: Grid demand in Ontario, Canada for a summer and winter day overlaid with
the total wind generation from the summer day.?® Blue and dashed green lines show the
summer and winter grid demands, respectively, while the solid grey line shows the wind
generation for the summer day. The wind power generation is not related to changes in grid

demand since large and rapid variations are observed.

Coupling solar irradiation to electrochemical water splitting has attracted increased attention
in recent years. However, to achieve this form of ‘artificial photosynthesis’, practical and
scalable devices which consist of cheap and earth abundant materials are required.
Combining solar power with water electrolysis allows for the excess energy to be stored in

the form of hydrogen, which can then be fed into a PEM fuel cell to produce electricity. In
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this way, the hydrogen produced for the fuel cell comes from renewable resources, thus

removing the need for fossil fuels and making the overall process a green system.

Currently, conventional electrolysers operate using a noble metal platinum electrocatalyst,
and generate current densities of approximately 0.5 - 2.0 A cm™2.2! In a typical direct solar-
to-fuels device, the current densities will be limited by the power of incident sunlight, which
is both diffuse and intermittent. Therefore, a benchmark current density of 10 mA ¢m™ is
considered a realistic quantity for artificial photosynthesis systems.?” If comparable current
densities, and hence gas production, were to be reached, the surface area of the solar-to-
hydrogen device electrode would have to be scaled to around 50 — 200 times the size of that
of a conventional electrolyser. Due to their cost and scarcity, noble metals are deemed
impractical choices, hence efforts must be turned towards cheaper and earth abundant

alternatives.

1.4. Hydrogen Evolution Reaction Electrocatalysts

1.4.1. Background

As discussed in Section 1.2.2.3., an excess of energy known as the overpotential (1) is
required in order to drive the water splitting reaction. In order to reduce the overpotential to
as close to the thermodynamically required energy input as possible (0 V (vs. NHE) in the
case of the HER) an electrocatalyst is applied to the electrode. Typically, as mentioned
above, overpotentials of HER electrocatalysts are measured at a current density (j) of j =—-10

mA cm™2, as this equates to a 12.3% efficient solar-to-fuels device.?

Platinum has historically been the electrocatalyst of choice for the hydrogen evolution
reaction, owing to its high electronic conductivity which correlates with a low resistance,
amongst other factors.?! These include a high specific surface area and highly efficient
charge transfer kinetics which result in an increased density and reactivity of active sites.?’
Additionally, the use of highly acidic conditions in PEM electrolysers limits the choice of
electrocatalyst materials, with noble metals found to be the most stable. These factors,
coupled with the large cathodic current densities achieved at a near-zero overpotential;

provide platinum with an unrivalled electrocatalytic performance.

However, the high cost of platinum and its low abundance hinder its use not only for fuel

cell systems, but also for a plethora of additional uses.?® Platinum is an essential component
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in the automotive industry, which accounts for over 60% of the global platinum supply. The
replacement of platinum with other noble metals such as palladium, rhodium, ruthenium ezc.

demands a compromise in activity, and these platinum group metals are equally as scarce.*

In terms of the viability of fuel cell technologies, the only option is to replace platinum with
an earth abundant alternative. Despite compromising on the activity, i.e. greater
overpotentials being required, the development of cheap and earth abundant electrocatalysts
for the HER has been a dominating field of research in recent years. Non-noble metals,
namely molybdenum and nickel-based compounds in particular, have been increasing in

interest as a potential replacement for platinum.

Several characteristics may be considered when evaluating electrocatalytic performance.
However, a plethora of literature studies report varying methods of determining these
performance parameters. Therefore, accurately comparing electrocatalytic materials has
become somewhat difficult due to the lack of a uniform methodology. In this work, both

total electrode and intrinsic activity measurements will be explored.

1.4.2. Total Electrode Activity Measurements

Total electrode activity measurements are currently the most relevant method of comparing
HER electrocatalysts. These include metrics such as the overpotential, Tafel slope and
exchange current density (jo), all of which are related by the Tafel Equation (Equation 20).
However, these methods are limited as the currents used to obtain these metrics are
normalised to the geometric area of the electrode substrate, rather than the electrocatalyst
itself. Thus, it follows that electrodes with high electrocatalyst loadings show the greatest
total electrode activity, which can be misleading when comparing catalytic activities in the

literature.

n=a+blogj (20)

where 1 is the overpotential, a is a constant, b is the Tafel slope andj is the current density.

Nonetheless, these measurements remain as the most commonly practised means of
exploring the initial catalytic activity of electrocatalysts, and are frequently used to

characterise catalytic activity in this work.
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1.4.2.1. Overpotential Determination

When investigating an HER electrocatalyst, the initial test performed is that of overpotential
determination. The electrocatalyst is supported on an inert and conducting substrate, most
commonly glassy carbon, and characterisation is typically performed by cyclic voltammetry
(CV) or linear sweep voltammetry (LSV). These methods allow for the current to be swept
across a range of potentials, with a current being produced indicating a redox reaction taking
place. From these current-potential graphs, the overpotential is chosen at a particular current
density, achieved by normalising the observed current to the geometric surface area of the
inert electrode substrate. In doing so, effective comparison can be achieved between a variety

of electrocatalysts, provided all are reported at a particular current density.

A direct comparison, however, is somewhat difficult to achieve, as some reports compare
the ‘onset potential’ of an electrocatalyst, otherwise known as the potential at which catalytic
activity is initially observed. However, there is some ambiguity surrounding this concept.
Primarily, there is no benchmark current at which this onset potential is required to be
reported, thus leading to the overpotential being a product of the eye of the observer. Rather,
reporting the overpotential at a specific current density is deemed to be a more reliable
metric. As discussed earlier, a benchmark current density of j = =10 mA c¢cm™ is typically
used to report overpotentials of HER electrocatalysts, as this relates to a 12.3% efficient

solar-to-hydrogen device.?®
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1.4.2.2. Tafel Analysis

By definition, the Tafel slope represents the voltage required to increase the current density
by an order of magnitude. Tafel plots can be obtained from LSV curves, and are presented
in graphical form by the overpotential as a function of the logarithm of current density. From
these plots, the exchange current density (jo), i.e. the current density at 1 = 0 V, can be

extrapolated.

The overpotential alone is not a reliable performance parameter since, as mentioned above,
the currents are normalised to the geometric surface area of the electrode substrate, rather
than the electrocatalyst itself. The Tafel slope, in tandem with the exchange current density
(o), can provide detailed information about the electrocatalytic performance, with their
product being the overpotential from Equation 20 above. Therefore, each parameter can

either be calculated or observed experimentally from the current-potential curves.

The total electrode activities are most commonly analysed by their experimental
overpotential at a given current density, which depends on the Tafel slope and onset
potential. The onset potential governs the Tafel slope, i.e. the gradient of the overpotential
plotted against the logarithm of current density. However, it is possible for differing Tafel
slopes, and hence differing onset potentials, for given catalysts to reach the same
overpotential for a given current density. For example, Figure 1-8 shows theoretical
activities of two HER catalysts with differing onset potentials and Tafel slopes. Figure 1-8a
shows the LSV and highlights two different onset potentials for each catalyst. Despite this,
the overpotential at the benchmark current density of j = =10 mA cm™2 is achieved at an
identical overpotential for each catalyst. Similarly, Figure 1-8b depicts representative Tafel
slopes as a result of the LSV curves, and despite different slopes being calculated, the
overpotential for j = —10 mA cm™2 is identical. The Tafel slope can also be an indicator of
the HER reaction mechanism (as will be discussed in Section 1.4.5.) therefore the

mechanism by which each catalyst reaches this current density is expected to be different.

Therefore, in terms of total electrode activity measurements, the most practical method of
evaluating HER catalytic activity is by comparing the overpotential at a given current
density. Comparing the overpotentials at j = —10 mA cm™ provides an indication of the
activity per geometric surface area of the electrode substrate, and therefore, however useful,

must also be handled with caution when studying materials of varying surface areas.
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Figure 1-8: Theoretical examples of HER activity adapted from a study by Benck et al.*' a)
Representative LSV showing current density as a function of potential and b) Representative
Tafel plot illustrating that different Tafel slopes may reach the same overpotential for a

specific current density.

1.4.3. Intrinsic Activity Measurements

From a practical perspective, the total electrode activity is the most important metric, as this
aids the development for device use. A more detailed insight into catalytic activity, however,
is obtained post-total electrode activity measurements, and delves further into the realm of
catalytic active sites. Intrinsic activity measurements allows for a fundamental

understanding of the origins of catalytic activity which could aid material design.

These measurements, however, are more challenging experimentally than the total electrode
metrics, and are therefore less commonly investigated for non-precious metal catalysts. Due
to the presence of different active sites within materials, each with varying catalytic
performances, methods of probing individual sites remains limited. Quantification of the
active sites is the most sought after intrinsic activity metric, albeit in the majority of instances
the numbers obtained are approximate rather than exact. A common method employed to
generate an idea of the number of active sites, rather than the precise value, is the
approximation of the electrochemically active surface area (ECSA). Since the number of
catalytically active sites often scales with catalyst surface area, estimating the ECSA is
widely used for intrinsic activity studies. This can be achieved by calculating the double

layer capacitance of a material, Cpr, which is directly proportional to the ECSA.

As discussed in Section 1.4.2., total electrode activities are normalised to the surface area of
the electrode substrate, rather than the electrocatalyst itself. This therefore leads to a
dependence on catalyst loading, and does not provide any insight into the inherent activity
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of the catalyst. For example, Figure 1-9 illustrates a representation of a 2D surface of 2H-
MoS; (which will be discussed further in Section 1.4.6.). As can be seen, the geometric
surface area does not take into account the catalyst morphology. In addition, the variation in
site activity plays an important role. From Figure 1-9, the active edge sites (green dots) and
inert basal plane (blue squares) can be visualised. Since the basal plane, in this case, is inert,
higher catalytic activity will be associated with materials which have more accessible edge
sites and fewer basal plane sites.’>*3 Therefore, the ECSA can vary greatly from the
geometric surface area, which assumes all surfaces in contact with the electrolyte are active

and that the surface is completely flat.

Geometric surface area

Electrochemically active surface area

® HER active edge site = Inert basal plane site

Figure 1-9: Representation of the electrochemically active surface area (ECSA) of MoS:> as

1'31

depicted by Benck et al.>' compared with the geometric surface area.
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1.4.4. Volcano Plot Analysis

From Sabatier’s principle, it follows that the energy of hydrogen adsorption should neither
be too high nor too low. At excessively endothermic (high) energies, adsorption of hydrogen
on the catalyst substrate is slow; at particularly exothermic (low) energies, desorption is
slow, thus the overall rate is limited in both cases. In other words, hydrogen must bind
strongly enough to the catalyst surface in order for the reaction to take place, but if the
binding energy is too strong, then the product cannot desorb. On the other hand, if the
binding energy is too weak, then the hydrogen will be unable to bind to the catalyst surface,
and no reaction will take place. For the HER, the maximum efficiency is achieved at the

equilibrium potential when the free energy of hydrogen adsorption is close to zero.>*

A trend which led to the identification of possible electrocatalysts for the HER was first
identified by Trasatti*® in 1971, who coined the ‘Volcano plot’ correlation of HER exchange
current densities of various metals with their chemisorption energy of hydrogen. The
exchange current density is unanimous with the reaction rate at the equilibrium potential,
and is extrapolated from the Tafel slope atn =0 V. Figure 1-10 illustrates Trasatti’s Volcano

plot, as recreated by Roger et al.3>3¢
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Figure 1-10: Trasatti’s HER Volcano plot as recreated by Roger et al.*® using data obtained
by Trasatti.® Exchange current densities for the HER are plotted as a function of the energy
of the intermediate metal-hydrogen bond formed between adsorbed H and the electrode

surface.

Trasatti’s Volcano plot follows Sabatier’s principle, i.e. there is an optimum binding energy
at which the maximum catalytic activity is achieved. In terms of this volcano plot, platinum
unsurprisingly falls at the apex, thus indicating that the optimum catalytic activity is
achieved by materials which bind hydrogen neither too strongly nor too weakly to the

surface.’’
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1.4.5. Mechanism of Hydrogen Evolution

In order for hydrogen to be evolved, it must adsorb on to the surface of the electrocatalyst
for the reaction to take place, and subsequently desorb, allowing for the release of the
gaseous product. There are two possible mechanisms through which the evolution of
hydrogen can occur in acidic media, namely the Volmer-Tafel and Volmer-Heyrovsky

mechanisms.3®

Both mechanisms involve the Volmer step (Equation 21), otherwise known as the discharge
step. This involves the initial adsorption of protons from the acidic electrolyte on to the
catalyst surface to form adsorbed H (Haq). The Volmer step is usually considered to be fast,
with the rate determining step being either of the two subsequent steps.*® These two possible

routes are the Tafel step (Equation 22) or the Heyrovsky step (Equation 23).%°

H* + e~ - Hgyys (21
Hads + Hads - HZ (22)
Hyys+ H + e~ > H, (23)

Platinum is known to occur via the Volmer-Tafel mechanism, with the Tafel step, also
known as the recombination step, being rate-limiting. This step involves the combination of
two adsorbed Hags species and can be predicted to occur when a Tafel slope of ~30 mV dec™

is obtained.

Alternatively, the Heyrovsky step involves ion-atom recombination during which a proton
reacts with adsorbed hydrogen on the catalyst surface before producing hydrogen gas.
Provided the Volmer reaction is fast, the Tafel slope for the Volmer-Heyrovsky reaction
mechanism is approximately 40 mV dec™!. In some instances, the Volmer step may be rate-
limiting, in which case the Tafel slope is expected to be ~120 mV dec™'.*’ The underlying
electrochemical processes which described the mechanism of hydrogen evolution are

illustrated in Figure 1-11.4!
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Figure 1-11: Illustration of the Volmer-Tafel and Volmer-Heyrovsky mechanisms of

hydrogen evolution reaction in acidic media.*!
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1.4.6. Molybdenum Disulfide

1.*? expanded on this work

Following the discussion on volcano plot analysis, Hinnemann et a
several years later. The authors applied density functional theory (DFT) to uncover materials
which encountered a free energy change, associated with the bonding of atomic hydrogen to
the catalyst surface, close to zero. In doing so, they proposed that MoS: lies close to platinum
on Trasatti’s volcano plot (Figure 1-12), and hence predicted that it would be a promising

catalytic material.
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Figure 1-12: Volcano plot of the exchange current densities as a function of the Gibbs free
energy (as calculated by DFT) of adsorbed atomic hydrogen for MoS: nanoparticles

compared with the pure metals.*

MoS:; exists naturally in the bulk form as the semiconducting hexagonal (2H) phase, with
layers of S-Mo-S sandwiched together through weak van der Waals bonding. These layers
consist of two possible active sites: edge sites and the basal plane. The proposal that MoS»
would be a suitable candidate for the replacement of platinum was initially surprising, as
bulk MoS: is known to be an inherently poor electrocatalyst for the HER.***> However, the
promising activity of MoS, was later confirmed experimentally by Jaramillo et al.** who
identified the edge sites as being the active component of MoS;. This study varied the

fractions of active sites and found that the catalytic activity increased with increasing number
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of edge sites. Therefore, the active component of MoS: has been widely acknowledged to
be the edge site, while the basal plane is considered catalytically inert.*® However, since the
material consists largely of the inert basal plane, the activity of 2H-MoS; is limited by the
density and reactivity of the edge sites.*”* The activity of the edge sites has been attributed
to their favourable Gibbs free energy of hydrogen adsorption (AGu = 0.08 eV), while the
basal plane exhibits a AGn value as high as 2 eV.*** These findings indicate a site-
dependency of the Gibbs free energy value, thus subsequent site engineering by
nanostructuring is commonly used to increase the number of edge sites. Therefore, a plethora
of studies have stemmed from this theory and has led to the exposure of the edges in a variety
of catalytically active transition metal dichalcogenide (TMDC) materials.*?°33 In doing so,
the electrocatalytic activity towards the HER has been found to substantially improve as the
number of edge sites increases. Table 1-1 shows a comparison of the overpotentials and
Tafel slopes of current state-of-the-art MoS, HER electrocatalysts. However, despite the
promisingly low overpotentials required for j = =10 mA cm™2, the activity of 2H-MoS; is
still limited by the poor electrical transport associated with its semiconducting nature and

inefficient electrical contact to the substrate.*®

Table 1-1: Comparison of HER activity in current state-of-the-art MoS: electrocatalysts.

V (vs. NHE) at Tafel Slope
Catalyst Reference
j=10 mA cm™ (mV dec™)
Double gyroid MoS» 028V 50 32
MoS; Nanoparticles 017V 55-60 43
Exfoliated 1T-MoS;
0.19V 43 29
Nanosheets
MoS,2/RGO 0.16 V 41 S
Amorphous MoS» 020V 60 4
[Mo3S13]*
nanoclusters on 0.18-0.22V 38-57 33
carbon supports
Cu7Ss@MoS; Hetero-
754@MoS; 0.13V 48 56
nanoframes
Defect-rich MoS;
02V 50 37
nanosheets
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MoS; and several other TMDCs exist in a variety of polymorphs. As discussed above, early
efforts into the initial use of MoS> as an HER electrocatalyst have focused on the edge-site
exposure of the naturally occurring 2H-MoS,. This hexagonal phase is semiconducting and
is comprised of MoSs trigonal prisms. However, MoS, also exists as the 1T-MoS;
polymorph, consisting of edge sharing MoSs octahedra.”® A comparison of the crystal
structure of the 2H and 1T polymorphs is shown in Figure 1-13. This 1T-MoS> polymorph
is metastable and, due to the rearrangement of the crystal structure, is metallic in character,

thus offering drastically different catalytic properties to its semiconducting counterpart.

L

Figure 1-13: Crystals structure of left) trigonal prismatically coordinated 2H-MoS> and

right) octahedrally coordinated 1T-MoS>.

However, 1T-MoS: does not exist naturally, and often requires complex synthetic
procedures in order to be obtained. Arguably the most common method of transitioning from
2H- to 1T-MoS; is chemical exfoliation via lithium intercalation. The transition is a result
of an electron transfer from intercalated lithium, inducing a d? to d? transition, which in turn
leads to the destabilisation of the thermodynamically favoured trigonal prismatic
coordination.’® Instead, the octahedrally coordinated 1T-MoS: is now favoured, with the
emergence of a metallic character associated with the change in crystal symmetry (Figure 1-

14).50
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Figure 1-14: d orbital splitting diagrams showing the trigonal prismatic coordination of
2H-MoS: resulting in semiconducting behaviour and the octahedral coordination of 1T-
MoS: leading to metallic properties. The dashed arrow indicates the electron transfer from

intercalated lithium which is the origin of the transition.

This method of preparing 1T-MoS; also raises several concerns. In addition to the reverse
transformation into the 2H phase, chemical exfoliation via lithium intercalation requires
complex chemical procedures and may lead to a compromised chemical composition.®!
Likewise, due to the low thermodynamic stability, isolation of the phase pure metallic
product remains a significant challenge.’® These factors therefore make the origin of the
catalytic activity difficult to fully comprehend. The activity may arise due to an increase in
conductivity associated with the metallic phase; an increased surface area upon chemical
exfoliation which renders the bulk material into a nanostructured catalyst; or due to
compositional changes as a result of lithium intercalation. In order to understand the origin
of the catalytic activity, which may then aid the development of future catalysts; the

uncertainties surrounding MoS; need to be de-convoluted.
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1.5. Aims

This thesis aims to understand the origin of catalytic activity in 2D transition metal
dichalcogenides. To do this, a strategic investigation of the role of the active sites needs to
be employed. Work in this study therefore seeks to identify and test an electrocatalytic
material which can deliver selective control over morphology and structure. In this way, the
electrocatalytic activity of differing polymorphs may be investigated, with the coordination
geometry of the material being the sole source of varying activity. Further, gaining insight
into the correlation between structure / morphology and electrochemical performance forms

the basis of this research.
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2. Experimental Methods

2.1. Synthesis of MoTe»

All MoTe> materials were prepared using a stoichiometric mixture of elemental
molybdenum (Sigma Aldrich, 99.95%) and tellurium (Alfa Aesar, 99.999%) unless
otherwise stated. The powders were sealed under a vacuum pressure of 4.5 x 1072 mbar in a

quartz ampoule which was carefully shaken in order to homogenise the mixture.

2.1.1. Crystalline 1T’-MoTe>

Preparation of crystalline 1T’-MoTe: consisted of heating the elemental powders at 900 °C
with a heating rate of 5 °C min™! for a total of 19 hours. After this time, the ampoule and its

contents were quenched in water before being ground with a mortar and pestle.

2.1.2. Crystalline 2H-MoTe>

2H-MoTe:> was synthesized by subsequent reannealing of crystalline 1T’-MoTe, at 700 °C
with a heating rate of 5 °C min~' for 24 hours. The ampoule and its contents were then
allowed to cool naturally to room temperature. After this time, the powders were ground in

a mortar and pestle before analysis.

2.1.3. Nanocrystalline 1T’-MoTe»

Nanocrystalline 1T’-MoTe, was prepared in a similar manner to the crystalline 1T’-MoTe»
material, with the temperature being lowered to 400 °C (heating rate of 5 °C min™'). After
16 hours of reaction at this temperature, the resulting powders were cooled to room
temperature naturally and ground with a mortar and pestle. These powders were

subsequently reannealed under identical conditions.

2.1.4. Nanocrystalline 2H-MoTe»

A nanocrystalline variant of 2H-MoTe> was synthesized by reannealing nanocrystalline 1T°-
MoTe;. This involved heating the powders at 500 °C with a heating rate of 5 °C min™! for a
total of 72 hours to ensure the complete conversion from 1T°- to 2H-MoTe>. The powders

were subsequently ground by a mortar and pestle.
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2.2. Characterisation

2.2.1. Powder X-Ray Diffraction (PXRD)

Powder X-Ray Diffraction (PXRD) was performed on a Panalytical Xpert-pro
diffractometer with Cu Ko (L = 1.54178 A) operating in Bragg-Brentano geometry. The
powdered sample was centered on a bracket and diffraction patterns were measured between
10 ° and 65 ° with a step size of 0.016 ° and time per step of 2 ° min™! . PXRD was performed
directly on the electrode surface for ex-situ stability studies using the fabricated bracket as
depicted in Figure 2-1. In these measurements, the diffraction patterns were measured
between 10 © and 30 ° with a step size of 0.016 ° and time per step of 0.75 ° min!. The phase
purity of the diffraction patterns were analysed by comparing the measured patterns with

those calculated from the Inorganic Crystal Structure Database (ICSD).

Figure 2-1: Fabricated bracket designed for the ex-situ characterisation of the catalyst by

PXRD directly on the electrode surface before and after electrochemical measurements.

2.2.2. Synchrotron powder XRD

Synchrotron powder X-ray diffraction (SXRD) data were collected at ambient temperature
from powder loaded into 0.3 mm capillaries using the ID22 beamline [A=0.3998490(1) A]
at the European Synchrotron Radiation Facility (ESRF). Before the powder was loaded, it
was reground with glass powder to minimize the adsorption and preferred orientation.
However, despite all efforts to eliminate the preferred orientation, it still had a significant
impact as revealed by high intensity of the associated peaks. Therefore, only LeBail
refinements of the SXRD were performed by using the GSAS/ EXPGUI software package.!
Experimental data was collected by Dr. Irene Cascallana-Matias and refinement was carried

out by Dr. Alexey Ganin.
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2.2.3. Powder Neutron Diffraction (PND)

Time-of-flight PND measurements were performed on the General Materials (GEM)
diffractometer at the ISIS Facility of the Rutherford Appleton Laboratory, UK. Samples
were loaded in 0.7 mm diameter quartz capillaries and data was collected at room

temperature.

2.2.4. Raman Spectroscopy

Raman spectroscopy was performed using a Horiba Jobin-Yvon LabRam Raman HR800
operating with a 532 nm laser. An aperture size of 100 um and a 1% filter was used in order
to prevent sample degradation. Spectra were measured between the range of 50 and 1000

cm~!. Measurements were taken directly on the electrode surface.

For ex-situ stability studies, i.e. Chapter 3, Section 3.3.2.4., Raman spectroscopy was
performed directly on the electrode surface after electrochemical measurements. To do this,
the catalyst ink was deposited on a glassy carbon electrode and inserted into a fabricated
holder for the Raman spectrometer. This allowed for the electrode to be flush with the
surface, and is depicted in Figure 2-2. In operando Raman measurements (Chapter 6, Section
6.3.2.) were performed using two cells (depending on electrode substrate) as depicted in

Figure 2-3.

Glassy carbon

button electrode
Raman

microscope

Figure 2-2: Setup for ex-situ Raman spectroscopy measurements. Catalysts were studied

directly on the electrode surface before and after electrochemical measurements.
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Figure 2-3: Fabricated in operando Raman cells for use with left) glassy carbon working

electrode and right) carbon paper working electrode.

2.2.5. Scanning Electron Microscopy coupled with Energy Dispersive X-Ray
Spectroscopy (SEM / EDX)

Scanning Electron Microscopy (SEM) images were obtained using a Phillips XL30 ESEM
instrument coupled with an Oxford Instruments X-act spectrometer for Energy Dispersive
X-Ray (EDX) measurements. The EDX was calibrated using the INCA software with Cu as

the calibration standard.

For an accurate comparison of the samples before and after electrochemical measurements,
the samples were prepared as catalyst inks and allowed to dry on the surface of the glassy
carbon electrode. The material was then carefully scraped off the surface of the electrode for
analysis of the material before electrochemical measurements and afterwards. These
powders were dispersed in ethanol and deposited on copper foil for analysis by SEM / EDX.

It should be noted that the materials studied were deemed as being stable in air.

2.2.6. Transmission Electron Microscopy (TEM)

Transmission electron microscopy micrographs were obtained using a FEI Tecnai G2 F30
S-twin equipped with a 300 kV field emission gun. Diffraction pattern simulations were
performed using JEMS.? All TEM measurements were performed by Dr. Torben Dankwort

at the University of Kiel in Germany.
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2.2.7. Inductively Couple Plasma — Optical Emission Spectroscopy (ICP-

OES)

ICP-OES was conducted using an Agilent 5100 ICP-OES instrument calibrated to a range
of known-concentration (ppm) solutions of Mo and Te. Comparisons were made between
activated and non-activated samples by preparing the catalysts directly on the electrode
surface. The samples were carefully scraped off of the surface of the glassy carbon working
electrode and digested in 0.5 mL concentrated nitric acid (ICP reagent grade) and made up
to 10 mL with deionised water. All ICP-OES measurements were performed by Dr. Ross

Winter at the University of Glasgow.

2.2.8. X-Ray Photoelectron Spectroscopy (XPS)

1T’-MoTe; samples were carefully packed and sent to the National EPSRC XPS Users' Service
(NEXUS) at Newcastle University, UK. XPS spectra were acquired with a K-Alpha instrument
(Thermo Scientific, East Grinstead, UK), using a micro-focused monochromatic AlKa source
(X-ray energy 1486.6 eV, spot size 400 x 800 microns). The emission angle was zero degrees
and the pass energy was 200 eV for surveys and 40 eV for high resolution. Charge neutralization
was enabled. The resulting spectra were referenced to the adventitious C 1s peak (285.0 eV) and
were analysed using the free-to-download CasaXPS software package. These measurements

were carried out on samples which were dispersed in ethanol and deposited on copper foil.

Additional XPS data collection was performed at the EPSRC National Facility for XPS (“Harwell
XPS”) operated by Cardiff University and University College London, under contract no.
PR16195. In this case, samples were prepared directly on the electrode surface and packed under
inert atmosphere. In both non-activated and activated cases, the electrodes were subjected to four
reductive potential cycles in 1 M H,SO4 (which was degassed under a flow of nitrogen) in order
to remove the oxide layer from the surface. The electrodes were removed under nitrogen flow
and packed under N2 in the glove box. The samples were then sent directly on the electrodes
sealed under nitrogen to avoid any oxidation in ambient conditions. The product was
removed from the electrodes inside an Ar filled glove box and transferred into the XPS
instrument directly from the glove box. At no point were the samples exposed to ambient

conditions.
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2.2.9. Infrared Spectroscopy (IR)

IR measurements (Chapter 4, Section 4.3.2.) were performed using a Bruker 66v Fourier
transform instrument with a deuterated tryglicine sulfate (DTGS) detector in the far-infrared
region, and a mercury cadmium telluride (MCT) detector in the mid-infrared region, with 2
cm! spectral resolution. Samples were ground and pressed into KBr pellets with 1 wt%
concentration (~3 mg in 300 mg KBr) and measured in transmission mode. IR measurements

were performed by Prof. Katalin Kamaras at the Hungarian Academy of Sciences.

2.2.10. X-Ray Adsorption Spectroscopy (XAS)

XAS measurements were performed at the Mo K-edge on the B18 beamline at the Diamond
Light Source, Didcot, UK. Data was collected in transmission mode (to kmax=18) using a
QEXAFS setup with a fast scanning Si(111) double crystal monochromator and ion chamber
detectors, with a Mo foil placed between I; and I.r. XAS data processing was performed
using IFEFFIT with the Horae package (Athena and Artemis).>* The amplitude reduction
factor, So?> was derived from EXAFS data analysis of the Mo foil. Samples were prepared
for measurement by pressing the powders mixed with cellulose into pellets; see Chapter 4,
Section 4.3.1.2. Experimental data was collected by Dr. Irene Cascallana-Matias and data
analysis was performed by Dr. Emma Gibson from the University of Glasgow. In operando
XAS studies were investigated on catalyst-painted carbon paper (Chapter 6, Section 6.3.2.3.)
using the electrochemical cell depicted in Figure 2-4. In this instance, experimental data was

collected and analysed by Dr. Emma Gibson from the University of Glasgow.

Metal plate Window for
for electrical ——» positioning of
contact working electrode

Figure 2-4: In operando electrochemical cell available at Diamond Light Source.
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2.3. Electrochemical Measurements

2.3.1. Electrode Preparation

Electrocatalytic measurements were performed using a glassy carbon working electrode (I1J
Cambria) with a surface area of 0.071 ¢cm? unless otherwise stated. The glassy carbon
electrode was cleaned prior to each measurement with diamond polish on an alumina pad (1J
Cambria), and electrochemically cycled in 1 M H>SO4 between the potential range of +1 V
and —1.2 V (vs. NHE).

For electrochemical characterisation, the MoTez samples were prepared as catalyst inks. This
involved sonicating 10 mg catalyst powder in 1 mL of a 3:1 water/ethanol mixture with 80
pL Nafion™, which acts as the conductive binder to the substrate. 30 uL of this catalyst ink
suspension was then drop-cast on to the surface of a glassy carbon electrode (surface area
0.071 cm?) and left to dry overnight. This yielded a working electrode with a catalyst loading
of 3.94 mg cm™2.

2.3.2. Electrochemical Setup

All electrochemical measurements were performed using a Biologic SP-150 potentiostat
with a single cell, three-electrode setup in 1 M H2SOs, unless otherwise stated. A typical
three-electrode setup is shown in Figure 2-5. This involved a three-necked flask containing
1 M H,SO4q as the electrolyte, the catalyst-deposited glassy carbon as the working electrode,
platinum wire or carbon felt (Alfa Aesar) as the counter electrode and Ag/AgCl in 3 M NaCl
as the reference electrode (IJ Cambria). The electrode potentials were converted to NHE

scale using:

E(NHE) = E(Ag/AgCl) + 0.209 V
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Figure 2-5: Typical set up of the three-neck electrochemical cell used for catalytic
measurements. Depicted are: glassy carbon working electrode, Ag/AgCl in 3 M NaCl
reference electrode, and a platinum wire counter electrode. All electrodes are immersed in

1 M H>SOy electrolyte.

Identical experiments were also repeated with a saturated Hg/Hg>SO4 reference electrode in
order to rule out leakage of silver as the source of any electrocatalytic activity. The electrode

potentials were corrected to NHE scale accordingly using:

E(NHE) = E(Hg/Hg>S04) + 0.658 V

2.3.3. Voltammetry

Cyclic voltammetry (CV) is an electrochemical method used to determine the current at a
working electrode over a fixed potential range. The voltage is swept in both reductive and
oxidative directions between two fixed potentials. Upon initial application of potential, no
flow of current is observed; however, as the potential is swept to more negative potentials,
i.e. more reductive potentials, a current begins to flow as a species is being reduced. Once
the potential reaches the fixed reductive voltage, the potential is swept in the positive
direction, i.e. to more oxidative potentials, and a current is generated when a species is

oxidized. Similarly, linear sweep voltammetry (LSV) involves the sweeping of potentials
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between a fixed range; however this technique is applied in only one direction, i.e. towards
reductive potentials. LSV also allows for the use of slower scan rates, which provides a more

accurate reading of the currents achieved at a particular potential.

Typically, a three electrode set up is used for CV and LSV measurements. This consists of
working, counter and reference electrodes immersed in an electrolyte. Oxidation / reduction
reactions occur at the surface of the working electrode, and the charge that is generated is
balanced by the counter electrode. The balancing of charge is controlled by the reference

electrode, which has a known reduction potential.

CV and LSV measurements were carried out using a Biologic SP-150 potentiostat. Unless
otherwise stated, glassy carbon was used as the working electrode substrate, carbon felt as
the counter and Ag/AgCl in 3 M NaCl as the reference electrode. The electrolyte used was
1 M H2SO4 and measurements were performed with a scan rate of 100 mV s™! for CV and 2
mV s7! for LSV. The electrolyte was stirred to remove bubbles form the surface of the
working electrode. Potentials were adjusted to NHE scale and resistance was compensated

for using the iR compensation function on the potentiostat.

2.3.4. Tafel Analysis

Tafel plots were obtained directly from the linear sweep voltammograms with a scan rate of
2 mV s~! by calculating the logarithm of the current density, which is plotted on the x-axis
vs. the overpotential on the y-axis. The gradient of the resulting graph gives the Tafel slope,
which is a measure of the voltage required to increase the current density by an order of
magnitude, and is measured typically in mV per decade (mV dec™!). Extrapolation to = 0

mV gives the logarithm of the exchange current density.

2.3.5. Electrochemical Impedance Spectroscopy (EIS)

EIS was performed in an identical electrochemical cell as the voltammetry techniques,
however the electrolyte remained static. A potential of =300 mV was applied in each case,
and Nyquist plots were obtained with frequencies ranging between 200 kHz and 1 mHz.

Fittings were obtained using the EC-Lab software.
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2.3.6. Electrochemically Active Surface Area (ECSA)

The electrochemically active surface area was investigated using an analogous three-
electrode setup up in 1 M H2SO4. The ECSA was obtained by sweeping the applied potential
over a small potential range in the non-Faradaic region (in this case between +0.05 V and
+0.25 V (vs. NHE)) at various scan rates (20, 40, 60, 80, 100, 120, 160, 200, 250 and 300
mV s7!). Capacitive currents at +0.15 V (vs. NHE) were then plotted against scan rate, with
the gradient being the double layer capacitance, CpL. Due to their proportional relationship,

ECSA can be estimated from the calculated Cpr values.

2.3.7. Chronoamperometry

For stability measurements, chronoamperometry was performed using a three-electrode set
up in 1 M H2SO4. In order to investigate the stability of the catalyst, the potential required
for j=—10 mA cm (as determined by LSV) was chosen as the applied potential. The change

in current could then be observed over set time periods.

2.3.8. Gas Chromatography (GC)

Gas chromatography (GC) was performed using an Agilent 7890 A Gas Chromatograph
with a thermal conductivity detector. The GC system was calibrated using certified standards
of hydrogen at various volume % in argon (CK Gas Product Limited (UK)) before use.
Faradaic efficiency measurements were obtained in a single airtight cell (Figure 2-6) after
being degassed under argon. A two electrode setup consisting of a carbon felt counter
electrode attached to a silver wire and the catalyst-deposited glassy carbon working electrode
was used for electrolysis. Galvanostatic electrolysis was then performed with a current
density of j = —3.4 mA cm? being applied. 25 puL samples of the headspace were directly
injected into the GC at various intervals. The Faradaic efficiency was then calculated as the
ratio of expected H>% in the headspace (as calculated from the charge passed) to the H>%

detected by GC measurements.
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Figure 2-6: Electrochemical cell used for Faradaic Efficiency measurements consisting of
a two-electrode set up. Catalyst-deposited glassy carbon and carbon felt attached to silver

wire were used as the working and counter electrodes, respectively.

For analysis of hydrogen production during electrochemical activation, a different approach
was used for gas chromatography. Rather than calculating the Faradaic Efficiency, the
number of moles of hydrogen produced was calculated from the charge passed during
chronoamperometry measurements in a three-electrode setup, as before. The applied

potential was chosen as the potential which corresponded to j = —10 mA cm™.
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2.4. Computational Studies

Computational studies, i.e. Density Functional Theory (DFT), are discussed in Chapter 5,
Section 5.3.5. and were performed by Dr. Nuno Bandeira at the University of Lisbon in

Portugal.

The ADF-Band version 2017.113 software package was used for the in silico analysis of the
catalyst hydrogenation process. The Perdew, Burke and Ernzerhof® generalised gradient
approximate density functional as revised by Zhang and Yang® was employed throughout
the calculations with the addition of Grimme’s third generation dispersion correction (rev-
PBE-D3). A combination of Herman-Skillman numerical atomic orbitals (NAOs) with triple
zeta polarised (TZP) Slater type orbitals’ were used for all the heavy atoms, whereas for
hydrogen a double zeta polarised (DZP) augmentation was used. The geometry
optimisations® of both coordinates and unit cell parameters were carried out in a 2x2 unit
cell of 1T’-MoTe; single layer slab using a regular 1x3 k point grid. A partial Hessian
calculation (involving the vibrational modes of the Mo-H bonds) was computed for

oi[iy—MoTezHolm] yielding only real wavenumbers (with a lower bound 156 cm™! and upper

bound 1291 cm™).

The hydrogen atom addition was calculated with reference to the standard hydrogen

electrode such that E(H,) = E(H"+e"); E symbolising electronic energies, thus hydrogenation
reaction energies were determined with the following formula AEHZE(i[MoTezHO.m])-
E(i[MoTez])-l/zE(Hz) where the last term is the electronic energy of hydrogen gas at the

same level of theory.
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3. Polymorphic control of MoTe»

As observed frequently in MoS;, transitioning from the semiconducting to the metallic phase
leads to a rise in catalytic performance towards the hydrogen evolution reaction. The change
in crystal structure has therefore sparked interest in the role polymorphic control plays in
tuning catalytic activity. However, for MoS,, the origin of catalytic activity remains unclear
due to the variety of factors arising from the need for chemical exfoliation. Turning our
attention to MoTe; allows for the synthesis of both 2H and 1T’ polymorphs in the bulk form,
which in turn allows for the control of morphology and composition. In this way, the effect
of the semiconductor-to-metal phase transition can be accurately investigated and the
consequent effect on catalytic activity can be analysed. By fully characterising the structure
of both polymorphs and measuring their respective catalytic activities, the 1T’-MoTe; phase
was found to be the superior HER electrocatalyst due to the enhanced reaction kinetics

associated with its metallic character.

3.1. Introduction

3.1.1. Polymorphism in MoS»

Transition metal dichalcogenides (TMDCs) exist as a variety of polymorphs, consisting of
the general formula MX> (M = metal, X = chalcogenide). Taking MoS; as an example, each
2D layer is formed of S-Mo-S sandwiches, with strong intralayer bonds connecting the metal
and chalcogen atoms, and weak van der Waal’s forces keeping the layers in contact. In this
way, TMDCs form a characteristic layered structure.! The stacking of the chalcogenide
layers around the metal can vary, leading to the formation of distinct polymorphs with

differing properties including semiconducting and metallic behaviours.

If the chalcogen atoms are stacked directly above each other in the S-Mo-S sandwich, then
a trigonal prismatic arrangement of S about Mo is formed, with the metal atom forming
bonds to six chalcogens (Figure 3-1a), otherwise known as 2H-MoS». Conversely, if the
chalcogen layers are staggered, the metal atom becomes octahedrally coordinated to six
chalcogen atoms (Figure 3-1b) and the 1 T-MoS: polymorph is formed. The crystal structures
of both 2H- and 1T-MoS; are shown in Figure 3-2 which also illustrates the two distinct
structural regions in TMDCs. These include the chalcogen-terminated surface of each layer,
known as the ‘basal plane’, and the edge sites. The catalytic activities of these sites vary

depending on the semiconducting / metallic nature of the polymorph in question, as
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discussed in Chapter 1. Thus, the properties, and resulting catalytic activity, of each TMDC
polymorph depends on its coordination environment, which is controlled by the ligand-field

splitting of the metal d orbitals and d electron count.

Figure 3-1: {MoSs} building blocks of a) trigonal prismatic arrangement and b) octahedral

arrangement.

i

Figure 3-2: Crystal structure and {MoSs} polyhedra showing the building blocks of a)
hexagonal 2H-MoS> and (b) orthorhombic 1T-MoS:.

Using the hydrogen evolution reaction activity of MoS: as an example, the varying
properties of TMDC polymorphs become apparent. In its naturally occurring state, MoS>
crystallises with the hexagonal crystal structure (Space group: P63/mmc),? in which Mo is
coordinated by S in a trigonal prismatic arrangement, as described above. This 2H-MoS;
polymorph is semiconducting due to its fully occupied valence band (Figure 3-3a)*, meaning

that electron transfer is significantly hindered, and the number of active edge sites is limited.
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Therefore, bulk 2H-MoS; is a rather inefficient electrocatalyst for the HER.*® The 1T-MoS,
polymorph, however, crystallises within a trigonal lattice consisting of edge-sharing MoSe
octahedra (Space group: P-3ml).” The transition from 2H- to 1T-MoS; results in a
significant improvement in HER activity, and indicates that polymorphic control may be an

important factor for designing electrocatalysts.®’

However, 1T-MoS; does not exist naturally, and must therefore be synthesised from its 2H
counterpart directly.!® This procedure involves complex syntheses such as chemical
exfoliation via lithium intercalation in order to destabilise the thermodynamically favoured
trigonal prismatic arrangement.!! The transition from 2H to 1T-MoS; is a result of an
electron transfer from intercalated lithium which induces a d” to d° transition. As such, the
octahedral coordination is now favoured, and the valence band is partially occupied (Figure
3-3b). Therefore, the emergence of metallic character is associated with the change in crystal

symmetry.'?

> depds

dyy, dy,, dy,

xZ—y

Figure 3-3: d orbital splitting diagrams of a) 2H-MoTe> with a trigonal prismatic
coordination of Te around Mo and b) 1T’-MoTe> with a distorted octahedral coordination

of Te around Mo.
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3.1.2. Electrocatalytic Activity of MoS»

As discussed in Chapter 1, Hinnemann et al.'® first proposed MoS: to be a promising
catalytic material, as DFT studies suggested it to possess a free energy change close to zero.
In this study, the authors proposed that MoS; lies close to platinum at the apex of Trasatti’s
volcano plot, which illustrates that there is an optimum binding energy at which the
maximum catalytic activity is obtained.!* As mentioned in Section 3.1.1., TMDCs exist as
layered materials consisting of basal planes and edge sites, with the basal plane comprising
the majority of the bulk material due to their 2D nature. Jaramillo et al.'> initially confirmed
the promising activity of bulk MoS;, which exists naturally as semiconducting 2H-MoS,,
and identified the activity to originate from the edge sites, while the basal plane was found
to be inert. Despite extensive efforts to increase the number of edge sites in 2H-MoS;, the
catalytic activity of the 2H phase remains limited due to the semiconducting nature of the
material. Thus, efforts were turned towards 1T-MoS», which exhibits enhanced conductivity

owing to its metallic behaviour.

Lukowski et al.? initially studied the catalytic activity of the 1T-MoS, polymorph towards
the HER, and found that this phase is amongst the best performing MoS, materials. This
study therefore suggested that tailoring the number of edge sites is not the only prerequisite
for improved catalytic activity, but rather proposed that crystal structure plays a pivotal role.
For example, by measuring the charge transfer resistance, Rcr, it was evident that the
reaction kinetics are much more efficient on the metallic 1T-MoS, than on 2H-MoSo.
However, this finding then raised the question of the origin of the enhanced activity: either
1T-MoS: is intrinsically more active or the catalytic properties are enhanced due to the
increased number of active edges that result from chemical exfoliation. Further studies by
Voiry et al.'® sought to answer this question by exploring the nature of the basal plane in 1T-
MoS,. This was achieved by partially oxidizing the edge sites of both 2H- and 1T-MoS;. In
doing so, the catalytic activity of 2H-MoS, was lost, while that of 1T-MoS; was largely
unaffected. This outcome was consistent with prior work by Bonde et al.!” who suggested

the active sites of metallic 1T-MoS: are mainly located on the basal plane.

Despite this discovery, most studies have focussed on maximising the number of edge sites,
which is most commonly achieved by chemical exfoliation via lithium intercalation. This
procedure not only results in the nanostructuring of the bulk material, but also induces the
2H- to 1T-MoS; phase transition.®!82! This method of preparing 1T-MoS: also raises
several concerns. In addition to the reverse transformation into the 2H phase, chemical
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exfoliation via lithium intercalation requires complex chemical procedures and may lead to
a compromised chemical composition.?? Likewise, due to low thermodynamic stability,
isolation of the phase pure metallic product remains a significant challenge.” Combined,
these factors render the origin of the catalytic activity difficult to fully comprehend. The
activity may arise due to an increase in conductivity associated with the metallic phase; an
increased surface area upon chemical exfoliation which renders the bulk material into a
nanostructured catalyst; or due to compositional changes as a result of lithium intercalation.
In order to understand the origin of the catalytic activity, which may then aid the
development of future catalysts; the uncertainties surrounding MoS, need to be de-

convoluted.

3.1.3. Polymorphism in MoTe>

Similar to MoS2, MoTe> can be synthesised as both semiconducting and metallic
polymorphs. Both materials exhibit drastically different properties due to the ligand-field
splitting of the metal d orbitals. In both cases, strong intralayer bonds are present between
the metal and chalcogen atoms, forming Te-Mo-Te sandwiches. Each sandwich is separated

by weak van der Waal’s forces resulting in a gap between each layer (Figure 3-4).

Figure 3-4: Crystal structure and {MoTes} polyhedral showing the building blocks of a)
hexagonal 2H-MoTe; and (b) monoclinic 1T’-MoTe:.

At temperatures below 850 °C, MoTe: crystallises as the thermodynamically favourable
hexagonal 2H-phase, with a structure similar to that of MoS;. In this way, each molybdenum
atom is coordinated to six tellurium atoms in a trigonal prismatic arrangement. Infinite 2D
layers of edge-sharing {MoTes} trigonal prisms are thus formed, with each layer consisting
of hexagonally packed Te-Mo-Te sandwiches (Figure 3-4a). Within each prism, the Te

atoms are stacked directly above each other, and the Mo atoms in successive layers are
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shifted slightly, thus forming the 2H-MoTe, polymorph with flat Te terraces terminating
each layer. The crystallographic data of 2H-MoTe; in comparison with 1T’-MoTe; is shown
in Table 3-1.

In contrast to the disulfide and diselenide derivatives of molybdenum, MoTe, also
crystallises as the monoclinic 1T -phase in the bulk form. This can be achieved via a simple
solid-state synthesis due to the significantly small difference in ground state energy between
hexagonal and monoclinic MoTe, polymorphs.2»?* By applying higher temperatures
(>850 °C) the distorted octahedral coordination of MoTe; is now energetically favoured,
whereby the Mo atoms are displaced from the centre of the {MoTes} octahedra and the
tellurium sheets are now buckled (Figure 3-4b). As a result of this change in crystal

symmetry, 1T’-MoTe; is metallic.!?2

Table 3-1: Crystallographic data of 2H-MoTe: and 1T’-MoTe: according to literature

reports.?®%’
2H-MoTe: 1T°-MoTe:
Crystal system Hexagonal Monoclinic
Space group P63/mmc P2i/m
Lattice parameters a=3.519,¢c=13.97, a=6.330, b=3.469,
o=B=90°, y=120° c=13.86 A, p=93°
Z 2 4
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3.1.4. Electrocatalytic Activity of MoTe»

The phase transition from semiconducting 2H-MoTe, to metallic 1T’-MoTe; is an
interesting observation from an electrochemistry point of view. Since both materials can be
synthesised in the bulk form, with no changes in morphology or composition between the
two polymorphs, the result of the phase transition towards the HER can be accurately
investigated. This study was initially conducted by Seok et al., who sought to understand the
origin of catalytic activity in 1T’-MoTe».?® In doing so, the authors predicted a behaviour
which cannot be explained by the historical ‘Volcano plot’ analysis which allows for the
prediction of electrocatalytic behaviour. By synthesising both 2H- and 1T’-MoTe: as single
crystals, Seok et al. found that the semiconducting phase is catalytically inactive, while the
metallic phase experiences an intrinsic activity similar to that of platinum. The reaction
mechanism on 1T°-MoTe> was found to differ from previously investigated HER catalysts,
with the Volmer reaction being the rate determining step rather than the Heyrovsky reaction.
A summary of the possible reaction pathways occurring during H> evolution is given in

Table 3-2.

Typical HER electrocatalysts have been proposed to operate via the Volmer-Heyrovsky
mechanism of hydrogen evolution, with the electrochemical desorption step (Heyrovsky)
known to be rate limiting. Electrocatalysts which follow this reaction mechanism typically

show a Tafel slope of approximately 40 mV dec™!

, Whereas catalysts with the Volmer
reaction being rate limiting exhibit a Tafel slope of 120 mV dec™'. In this regard, 1T’-MoTe;
fits well with the discharge step (Volmer step) being slow, justified by its large Tafel slope
of 127 mV dec™'. However, Seok et al.?® calculated 1T’-MoTe; to have a per-site turnover
frequency similar to that of platinum, which would suggest the metallic phase of MoTe: is a
highly active electrocatalyst. These contradicting analyses led to the conclusion that the
typical Volcano plot analysis cannot be accurately applied to TMDCs, and instead suggest

that the lattice and electronic structures of TMDCs need to be considered in more detail. A

comparison of the catalytic activities obtained by Seok et al. is recreated in Table 3-3.

Electron doping and mechanical strain have both been proven to affect the lattice and
electronic structures of TMDCs.?%*° However, the structural change that these parameters
induce has only recently been investigated by Seok ez al. in 2017.%® The authors found that
as hydrogen is adsorbed onto the surface of metallic 1T’-MoTe; a spontaneous lattice
distortion, arising from Fermi surface nesting on the basal plane, otherwise known as Peierls

distortion, occurs which enhances the activity of 1T°-MoTe». This distortion is driven by
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electron doping on the metallic 1T’-MoTe: basal plane, which alters the pristine lattice

structure and improves the Gibbs free energy of hydrogen adsorption, AGH.

Table 3-2: Underlying electrochemical processes occurring during the H> evolution

reaction.

Volmer step H30" + e” — Hags + H20 Discharge step

Heyrovsky step | Hags + H3O™ + e — Hy + HO | Electrochemical desorption step

Tafel step Hads + Hadgs — H2 Recombination step

Table 3-3: Comparison of the catalytic activities obtained by Seok et al. for 2H-MoTex,
1T’-MoTe; and platinum.?®

Catalyst Potential for j =-10 Tafel slope Exchange current
mA cm2 density

2H-MoTex —0.650 V (vs. NHE) 184 mV dec™!' | 7.04 x 10* mA cm™2

1T’-MoTe; —0.356 V (vs. NHE) 127 mV dec™' | 2.1 x 102 mA cm™

Platinum —0.046 V (vs. NHE) 36 mV dec™! | 4.50x 107! mA ¢cm™

Despite the extensive literature which states that the active sites of metallic TMDCs are
located on the basal plane, recent literature has also hinted that increasing the number of
edge sites of 1T’-MoTe> may also enhance the HER.3! A recent study by Zhuang ef al.’!
proved that, by synthesising pristine edge free 1T’-MoTe> ultrathin films with a thickness of
only 5.2 nm, the effect of increasing number of edge sites could be investigated. In this study,
the authors found that the pristine edge free films were catalytically inactive towards the
HER, indicating that the basal plane is not the main active site and directly contradicts the
work by Seok et al.?® However, it should be noted that firstly, the pristine edge free material
was prepared and investigated directly on SiO/Si substrate, which is non-conductive and
hence would inhibit charge transfer from the metallic active sites found on the basal plane;
and secondly, the catalytic activity of thin films is known to increase with increasing film
thickness.?> As the thickness increases, the roughness factor also increases, providing a
greater surface area and hence greater number of active sites. With these points in mind, it
is unsurprising that the pristine, edge free film with a thickness of 5.2 nm exhibits a poor

HER ability. Nonetheless, the inactivity of the basal plane in this study allows for an accurate
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determination of the edge site contribution to the HER. Zhuang et al.*® were able to control
the generation of edge sites with a focused ion beam, thus patterning the 1T’-MoTe; films
with various numbers of line defects ranging from 5 lines to 40 lines. In doing so, the
catalytic activity of 1T’-MoTe> was found to increase with increasing number of line defects,
i.e. the greater the number of edges sites, the greater the HER activity. Thus, from this study,

it is apparent that the edge sites also contribute towards the catalytic activity.

In line with studies on MoS», attempts have been made to chemically exfoliate 2H-MoTe»
via lithium intercalation in order to improve the electrocatalytic activity. In doing so, the
bulk 2H-MoTe; is reacted with n-butyllithium intercalant and subsequently sonicated in

1.33 reinforces the

water to separate the bulk material into monolayers. A study by Luxa ef a
drastic change in sample morphology upon exfoliation, with a greater number of edge sites
easily visualised. Luxa et al.** also note an enhancement of the HER activity, however,
unlike the case of MoS», no phase transition to 1T’-MoTe; occurs. Therefore, it is deduced
from this study that the number of edges plays a significant role in the HER activity of
TMDCs. However, upon exfoliating 2H-MoTe», the authors note the emergence of MoO3
and elemental Te, as evidenced by Raman spectroscopy, indicating the decomposition of the

material. As such, several other factors may be contributing to the enhancement of the

catalytic activity, rather than the edge sites being solely responsible.

3.2. Aims

Herein, we exploit a solid state route to MoTe; which allows for the interconversion between
both semiconducting and metallic phases to be carried out in the bulk form. In this way, the
effect of polymorphic control on catalytic activity can be accurately investigated without
compromising the composition and / or morphology of the materials. Thus, this chapter aims
to fully characterise 2H- and 1T’-MoTe; structurally and determine the electrocatalytic

activity of both materials as a result of the semiconductor-to-metal phase transition.
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3.3. Results and Discussion

3.3.1. Synthesis and characterisation of MoTe> Polymorphs

3.3.1.1. Synthesis of 2H-MoTe»

Initially, the synthesis of 2H-MoTe> was performed following the procedure by MacDonald
et al.,** which involved heating stoichiometric mixtures of elemental molybdenum and
tellurium under vacuum. This process required heating the powders at 600 °C for 48 hours
(heating rate of 5 °C min™!), and involved an intermediate heating step at 480 °C for 16
hours. Following this route, the elemental powders were sealed in a quartz ampoule under a
vacuum pressure of 4.5 x 1072 mbar and shaken carefully to homogenize the mixture. PXRD
was utilised to monitor the reaction progress, and Figure 3-5 illustrates the result of
intermediate heating at 480 °C. By comparing the obtained PXRD pattern with those
calculated from the ICSD database, the resulting intermediate powder was identified as being
monoclinic 1T’-MoTe; with an elemental molybdenum impurity present at 40.5 °. However,
it is surprising for the intermediate heating step to result in a powder which can be isolated
and identified as monoclinic 1T’-MoTe; at this low temperature, as the formation of the
thermodynamically favoured 2H phase would be expected. This intermediate product will
be discussed further in Chapter 4. Following the protocol by MacDonald ef al., this powder
was subsequently reannealed at 600 °C for 48 hours. However, this reaction produced a
mixture of monoclinic 1T°- and hexagonal 2H-MoTe;, with the molybdenum impurity still
remaining (Figure 3-6). Due to this, the procedure by MacDonald ef al. 3* was adapted, and
the synthesis of 2H-MoTe, was carried out without the intermediate heating step. Instead,
the elemental powders were annealed directly at 600 °C for 48 hours, with the resulting
PXRD pattern proving the product to be phase pure 2H-MoTe; (Figure 3-7). Therefore, the

intermediate heating step was deemed unnecessary.
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Figure 3-5: PXRD patterns of the resulting powder obtained by heating elemental Mo and
Te powders at 480 °C for 16 hours (top) in comparison with monoclinic 1T’-MoTe: as
calculated from the ICSD database, card number 14349 (bottom). The elemental

molybdenum impurity is represented by an asterisk (*).
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600 °C, 48 hours
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Figure 3-6: PXRD patterns obtained after subsequent reannealing of the intermediate
powders at 600 °C for 48 hours (top) in comparison with monoclinic 1T’-MoTe: as
calculated from the ICSD database, card number 14349 (middle), and hexagonal 2H-MoTe:
as calculated from the ICSD database, card number 15431 (bottom). The elemental

molybdenum impurity is represented by an asterisk (*).
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Figure 3-7: PXRD patterns of 2H-MoTe; synthesised directly from the elements at 600 °C

(top) compared with 2H-MoTe: as calculated from the ICSD, card number 15431 (bottom,).

Intensity (a.u.)
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3.3.1.2. Synthesis of 1T’-MoTe»

According to the literature, hexagonal 2H-MoTe, experiences a phase transition into
monoclinic 1T’-MoTe; at temperatures above 850 °C.>> Therefore, the mixed phase powders
discussed above were reannealed at 850 °C for 26 hours and quenched in water at 850 °C.
The resulting PXRD pattern shows the crystallinity of the material to have improved,
however hexagonal 2H-MoTe: remains as an impurity (Figure 3-8). In fact, reannealing the
material for longer time periods in an attempt to remove this impurity had no impact on the
phase transition. Instead, the reaction temperature was increased to 900 °C, at which the
monoclinic 1T -phase is known to be stable.’® Simultaneously, a reaction mixture consisting
of elemental Mo and Te was reacted under vacuum, in order to establish if an intermediate
heating step was necessary for the formation of the 1T’-phase. Both mixtures were heated at
900 °C (heating rate of 5 °C min™') for 19 hours, and quenched in water at 900 °C. As a
result, both reaction mixtures were identified as phase pure monoclinic 1T’-MoTe, by
PXRD. Thus, an intermediate heating step is not required for the formation of 1T’-MoTe>,
and direct heating of elemental powders at 900 °C for 19 hours, followed by quenching in
water, was used for all future syntheses of 1T’-MoTe,. Figure 3-9 shows the PXRD pattern
of the direct synthesis of 1T’-MoTe> at 900 °C, indicating the formation of a phase pure
material. Quenching the powders at 900 °C is required since 1T’-MoTe> is metastable and,
if allowed to cool naturally, would otherwise form the thermodynamically stable 2H-

MoTe,.3?

PXRD identified the product of quenching the ampoule and its contents in water at 900 °C
as single phase 1T’-MoTe> with no elemental Mo or Te present within the sample (Figure
3-9). The pattern is consistent with the monoclinic, distorted octahedral arrangement
associated with the metallic phase, and matches well with that reported by Brown et al.?’
Further, Synchrotron XRD (I122) data was collected for 1T’-MoTe: at ambient temperature
and confirmed the single phase nature of the sample. However, despite all efforts, the
preferred orientation associated with the metallic phase could not be eliminated; therefore
only LeBail refinements of the SXRD were performed using the GSAS/EXPGUI software
package.’” LeBail refinement (Figure 3-10) of the PXRD data was performed using a
structural model reported previously,?” and the unit cell was indexed to a monoclinic unit
cell of dimensions: a = 6.32985(6) A; b =3.47827(2) A; ¢ = 13.8178(2) A; B =93.838(1) °.
A comparison of the crystallographic data of synthesised 1T’-MoTe> with the literature data
is reported in Table 3-4.
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Figure 3-8: PXRD patterns obtained after subsequent reannealing of the intermediate

powders at 850 °C for 26 hours followed by quenching at 850 °C (top) in comparison with
monoclinic 1T’-MoTe: as calculated from the ICSD database, card number 14349 (middle),
and hexagonal 2H-MoTe> as calculated from the ICSD database, card number 15431

(bottom).
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Figure 3-9: PXRD patterns of 1T’-MoTe; synthesised directly from the elements at 900 °C

for 24 hours followed by quenching at 900 °C (top) compared with 1T’-MoTe: as calculated

from the ICSD, card number 14349 (bottom).
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Figure 3-10: Ambient temperature SXRD data from 1T’-MoTe> with observed (black),
calculated (red), peak position (blue) and difference (grey) plots from Le Bail fit in P2;/m.

The unit cell parameters are in close agreement with the literature. The poorly fitted peaks

consistently originated from 011 and 00! reflections.

Table 3-4: Crystallographic data of synthesised 1T-MoTe; obtained by LeBail refinement

in comparison to literature data by Brown et al.?’

Le Bail refinement of 1T°-MoTe:
synthesised 1T’-MoTe; (Brown et al.)”’
Crystal system Monoclinic Monoclinic
Space group P2i/m P2i/m
Lattice parameters a=6.32985(6), b =3.47827 a=6.330, b=3.469,
(2),c=13.8178 (2), B = c=13.86 A, p=93°
93.838 (1)
Z 4 4
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3.3.1.3. Morphology of MoTe>

Morphology is another important parameter to consider: upon exfoliating 2H-MoS>, the bulk
material becomes nanostructured which leads to an increased surface area and an increased
number of edge sites. Not only does this nanostructuring introduce additional variables
which may contribute to the catalytic activity, it is also capable of the reverse transformation
back into the 2H polymorph with time.” Applying a solid-state route to MoTe> allows for the
morphology to be controlled, with both phases remaining in the bulk form, thus allowing for
a direct comparison of activity. However, when considering the SEM images of 2H-MoTe>
and 1T’-MoTe: (Figure 3-11a and b), the sample morphology of the two phases is not
consistent. While the SEM image of 1T’-MoTe; shows large plate-like microcrystals, 2H-
MoTe: is a more agglomerated material, with a greater number of edge sites clearly visible
in addition to a smaller particle size. In order to determine the sole effect of the coordination
geometry on catalytic activity, it is imperative that the morphology of both materials is
similar. Therefore, in an attempt to maintain the same sample morphology as the monoclinic
phase, a synthetic procedure employed by Jana et al. was adopted.® This involved
reannealing powders of 1T’-MoTe; at 700 °C (5 °C min~") for 24 hours, followed by cooling
to room temperature naturally. In this way, a complete transition from 1T’- to 2H-MoTe»

took place, with the particle morphology being identical to that of 1T’-MoTex.

Now, the SEM images show both materials to be in the bulk form and consist of plate-like
microcrystals, with the morphology being preserved upon transitioning from 1T°- to 2H-
MoTe; (Figure 3-11b and c, respectively). It is important to note that, when performing
SEM, the use of gold-coating was excluded due to the overlapping of gold and tellurium in
the EDX spectra. This then led to the interesting observation of differing contrast between
samples. Under the same magnification, images of 1T’-MoTe; are seen to have much sharper
contrast than those of 2H-MoTe», which appear slightly blurry. This can be attributed to the
increased conductivity associated with the metallic nature of the 1T -phase, compared to its

semiconducting 2H counterpart.
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Figure 3-11: SEM images of (a) 2H-MoTe> synthesised from the elements at 600 °C, (b)
I1T-MoTe; synthesised from the elements at 900 °C and (¢) 2H-MoTe> prepared by
reannealing 1T’-MoTe> at 700 °C.
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3.3.1.4. Raman Spectroscopy of MoTe, Polymorphs

Further phase confirmation was performed by Raman spectroscopy. This measurement not
only confirms the phase purity of both materials, but also the complete transformation from
1T’- to 2H-MoTe> by the simple annealing protocol. Figure 3-12 shows the Raman spectra
of 1'T’-MoTe: to be consistent with the {MoTes} distorted octahedra, which are the expected
building blocks of the monoclinic phase. Several characteristic peaks are present within the
Raman spectrum, with the main four highlighted in Figure 3-12. These peaks correspond to
a Bg mode at ~107 cm™! and Agmodes at ~128 cm™!, ~161 cm™! and ~255 cm™1.3° Likewise,
the trigonal prismatic coordination of the hexagonal 2H-MoTe: is confirmed by the presence
of the in-plane E!; mode at ~234 cm™ and out-of-plane A, mode at ~174 cm™
(Figure 3-13).4° Additionally, there is no evidence of either phase being present as impurities
in each sample. In both cases, an extended range was employed for Raman spectroscopy in
order to rule out the presence of MoO> and MoOs3, which would be seen at approximately
v=750 cm™! and v = 800 cm™!, respectively. The exclusion of these oxide impurities, and
any other impurities, is crucial to ensure that any electrocatalytic activity associated with the
studied catalyst is solely due to the material itself, rather than any other species present
within the sample. Hence, by employing a solid-state route to MoTe», rather than chemical
exfoliation via lithium intercalation, the electrocatalytic activity of the material itself can be

confidently investigated.
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Figure 3-12: Wide-range Raman spectrum of 1T’-MoTe> with four major vibrational modes
highlighted. The inset shows the {MoTes} distorted octahedra which are the expected
building blocks of the monoclinic phase.
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Figure 3-13: Wide-range Raman spectrum of 2H-MoTe:> with three major vibrational modes
highlighted. The inset shows the {MoTes} trigonal prism which are the expected building
blocks of the hexagonal phase.
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3.3.1.5. Composition of MoTe> Polymorphs

Additionally, energy-dispersive X-ray spectroscopy (EDX) was performed to analyse the
elemental composition of both materials, with the weight and atomic compositions averaged
over six areas of each sample. Accordingly, the elemental compositions were found to be
identical within experimental error, with the stoichiometries being Moi.os5)T€1.94¢5) and

Moi.009)Te2.0009) for 1T’- and 2H-MoTe», respectively.

The composition of 1T’-MoTe; is particularly interesting as it indicates the material to be
molybdenum-rich. Vellinga et al. reported the homogeneity region of the two MoTe; phases
to be between MoTeio0 and MoTei.99, with the phase transition temperature varying
depending on the resulting composition.>> For Te-rich materials, the phase transition
temperature was found to be 820 °C, while for Mo-rich samples a higher temperature of 880
°C is required. This then explains the incomplete formation of 1T’-MoTe, when powders

were annealed at 850 °C during initial synthesis attempts.

The elemental compositions of both 1T°- and 2H-MoTe, were also found to be identical
within experimental error by ICP-OES, which gave stoichiometric compositions of
Moi.o0Te2.013) and Moi.ooTe2.03¢7) for 1T’- and 2H-MoTe», respectively. From these analyses,
the elemental composition shows negligible change upon transitioning from 1T’- to
2H-MoTe> using the simple annealing protocol, and hence compositional changes can be
ruled out as a source of improved catalytic activity. Therefore, by a simple change in reaction
temperature, both phases can be formed with an identical sample morphology and
composition. This protocol removes the need for complex chemical exfoliation via lithium
intercalation, as required for MoS,. This thereby ensures that the only difference between
the two phases is their coordination geometry. With this in mind, the catalytic activity of
MoTe: can be accurately investigated with the only varying factor being the change in crystal

structure and associated change in coordination geometry from 17T°- to 2H-MoTeo.
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3.3.2. Electrocatalytic Activity of MoTe, Polymorphs towards the HER

3.3.2.1. Electrode Preparation

Both MoTe> polymorphs were prepared for electrochemical testing by depositing the
catalysts onto the surface of a glassy carbon electrode (surface area 0.071 cm?). This
involved preparing the materials as a catalyst ink according to a procedure reported by Gao
et al.*! In short, the ink was initially comprised of 1 mL water:ethanol (3:1), 40 uL Nafion™
and 10 mg catalyst. The mixture was then sonicated for 1 hour and 30 pL of this suspension
was then drop-cast on to the surface of a glassy carbon working electrode. The Nafion™
content of the ink was later increased to 80 pL in order to aid the contact between catalyst
and the glassy carbon electrode. Electrocatalytic measurements were then performed in a
three-neck, single compartment cell using a three electrode set up in 1 M H>SO4. In addition
to the catalyst-deposited glassy carbon working electrode, 3 M Ag/AgCl and carbon felt

were used as the reference and counter electrodes, respectively.

An initial test was conducted on a bare glassy carbon working electrode to ensure that no
catalytic activity arises from the use of carbon. Subsequently, the electrocatalytic activities
of 2H-MoTe: and 1T’-MoTe; were tested by cyclic voltammetry, with the overpotential for
hydrogen evolution being taken at a benchmark current density of j = —10 mA c¢cm~2, which
corresponds to a 12.3% efficient solar-to-fuels device.*> However, due to the presence of
surface oxides as seen from XPS (Figure 3-14), both MoTe, materials require an initial
oxide-layer-removal cycle. The presence of an oxide layer has been reported previously in
the literature for MoTe> and other TMDCs, and can be simply removed upon application of
potentiostatic bias.*>* It should also be noted that both MoO, and MoO; show no
electrocatalytic properties towards the hydrogen evolution reaction.** Figure 3-15 highlights
this removal of the oxide layer upon the first electrolytic cycle. Therefore, from herein, all
polarisation curves, unless otherwise stated, have undergone a preliminary cycle to remove

this oxide layer.
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Figure 3-14: a) 3d Mo XPS spectra and b) 3d Te XPS spectra of 1T’-MoTe> showing the

presence of surface oxides.
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Figure 3-15: Representative polarisation curves of 1T’-MoTe: highlighting the need for a

preliminary oxide-layer-removal cycle.
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3.3.2.2. Overpotential Comparison

A comparison of the current densities achieved by each material is shown in Figure 3-16.
Upon initial inspection of the overpotentials, the semiconducting 2H-MoTe> requires
significantly greater cathodic potentials to reach a given current density than metallic 1T°-
MoTe;. In fact, the large overpotential of 650 mV associated with 2H-MoTe: is in line with
that of 2H-MoS,, which is considered to be catalytically inert.**¢ Additionally, the
overpotential of 2H-MoTe; is identical to that observed by Seok et al.?® who also claim an
inefficient catalytic activity of the semiconducting material. In contrast, 1T’-MoTe: requires
significantly less energy to reduce protons to hydrogen than the 2H-phase, with the
benchmark current density of j = —10 mA cm™ being reached at an overpotential of 360 mV.

1.8 with their single crystal

This value is also on par with the results obtained by Seok et a
1T’-MoTe: requiring an overpotential of 356 mV for the same current density. The as-
synthesised bulk MoTe> materials therefore exhibit an identical overpotential to the single
crystals synthesised by the flux method.*’” However, following this work, several studies
have reported varying overpotentials for MoTe>, with the catalytic activities varying
according to their method of preparation. Altering the route of preparation leads to a range
of surface areas and morphologies. Therefore the drastic difference in overpotentials in the

literature can be explained by the varying degree of active sites available within each

material.** A summary of the literature reports on MoTe; is shown in Table 3-6.
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Table 3-6: Comparison of HER performances of MoTe:.

Overpotential Tafel
Preparation
Sample (vs. NHE) for Slope Ref.
method
j=-10 mA cm™ (mV dec™)
Single crystal
Flux Method 650 mV 184 28
2H-MoTe;
Single crystal
Flux Method 356 mV 127 3
1T’-MoTe>
Few-layer 1T°- Precise defect
o 230 mV 44 3
MoTe: film adjusting
1T’-MoTe; thin | Thermally assisted
481 mV 67 32

film conversion

Purchased from
Bulk 2H-MoTe; Lonjin Metal 500 mV 120 48
Material Co., Ltd

IT’-MoTe>
Liquid-exfoliation 309 mV 175 48
nanosheets
Chemical
MoTe: - BuLi 380 mV 57 33
Exfoliation
This
Bulk 1T’-MoTe, | Solid-state synthesis 360 mV 78
work*
This
Bulk 2H-MoTe; | Solid-state synthesis 650 mV 159
work*®

Since a solid-state route to MoTe: is applied in this work, and the phases can be interchanged
simply by varying the reaction temperature, the sample morphology is consistent between
both materials. This then means that the surface area and the number of edge sites of 2H and
IT’-MoTe; are similar, meaning the electrochemical performance can be accurately
compared. In this way, the catalytic activity can be attributed to either the semiconducting
or metallic nature of the MoTe> phase. Thus, from the LSV it is clear that the monoclinic
arrangement of {MoTes} octahedra results in an intrinsically more active material than the
hexagonal phase. This is in line with recent work on 1T’-MoTe: single crystals which
indicate that the basal plane is the major active site for hydrogen evolution in metallic

materials.”® From these initial tests, it is apparent that the transition from the monoclinic to
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the hexagonal structure dramatically alters the catalytic properties of TMDCs towards the

HER.
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Figure 3-16: Comparison of the current densities achieved by 1T’- and 2H-MoTe> in 1 M
H>S0y electrolyte. Bare glassy carbon is also included as a control measurement to ensure
no contributing activity. Catalysts were prepared on a glassy carbon working electrode as
described in the experimental chapter. A 3 M Ag/AgClI reference and carbon felt counter
electrode were used. Curves were obtained using linear sweep voltammetry with a scan rate

of 2 mV s7 and all resistances were compensated for.

3.3.2.3. Analysis of the Reaction Kinetics

Further insight into the catalytic activity is provided by Tafel analysis, which allows for a
description of the reaction kinetics. Ideally, an efficient HER catalyst reaches the highest
possible current density at the lowest possible overpotential. For example, the current state-
of-the-art platinum electrocatalyst exhibits the lowest reported Tafel slope of 30 mV dec™
due to the exceptionally efficient adsorption of hydrogen on the Pt (110) surface.’® From the
Tafel slope, the reaction mechanism can be interpreted, with hydrogen production on
platinum known to proceed via the Volmer-Tafel mechanism.’! This mechanism involves
the initial adsorption of hydrogen onto the catalyst surface (Volmer) followed by the slow,
i.e. rate-limiting, recombination step (Tafel). On the other hand, TMDC catalysts have been
proposed to operate via the Volmer-Heyrovsky mechanism of hydrogen evolution, with the
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electrochemical desorption step (Heyrovsky) known to be rate-limiting (see Table 3-2 in
Section 3.1.4. for a description of electrochemical processes).®> As such, Tafel analysis
allows for an effective comparison between the activities of 1T’- and 2H-MoTe;. Figure
3-17 shows the Tafel plots, and corresponding Tafel slopes, of both catalysts and reiterates
the improved performance of the metallic phase. In the case of 2H-MoTe, a Tafel slope of
159 + 6 mV dec™! was obtained, which indicates that the reaction kinetics of the HER are
limited due to the inefficient adsorption of hydrogen on the catalyst surface. This is perfectly
in line with earlier studies which explain that inefficient hydrogen adsorption occurs on bulk
2H-MoS: due to the material being comprised primarily of inert basal plane sites rather than
catalytically active edge sites.’? By transitioning to the metallic 1T’-phase, however, the
predominately active site is the basal plane, which therefore results in improved reaction
kinetics, as evidenced by the reduced Tafel slope of 78 =4 mV dec™!. This is then indicative
of hydrogen adsorption on metallic active sites being much more efficient than on

semiconducting sites.*

As mentioned above, TMDCs have been proposed to operate via the Volmer-Heyrovsky
mechanism of hydrogen evolution, with a Tafel slope of 40 mV dec™' being expected.>?
However, Seok et al. suggest that the traditional volcano plot analysis for determining the
reaction mechanism may not be applicable in the case of 1T-MoTe», and report a Tafel slope
as high as 127 mV dec™'.2® The authors propose that this is due to a spontaneous Peierls-type
lattice distortion that occurs with hydrogen adsorption, and improves the HER as a result.
Hydrogen adsorption is therefore the rate determining step in the reaction mechanism, thus
explaining the large Tafel slope. However, despite obtaining identical overpotentials for 2H-
and 1T’-MoTe; as Seok et al.,”® the Tafel slopes derived in this work vary significantly.
Since the reaction kinetics depend on the density of active sites, it is possible that the
variation between reports is due to the preparation route, i.e. single crystals via the flux
method in the case of work by Seok ef al. in contrast to drop-casting bulk materials on to a
glassy carbon electrode (this work). Nonetheless, the general trend of the metallic phase

exhibiting lower Tafel slopes than the semiconducting phase is consistent for both studies.
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Figure 3-17: Tafel plots and corresponding Tafel slopes of 1T’-MoTe> and 2H-MoTe: in
1 M H>S0.. Slopes were obtained by linear sweep voltammetry with a scan rate of 2 mV s~.
Dashed lines are provided as a guide to the eye. All current densities have been compensated

for resistance.

To probe the reaction kinetics further, electrochemical impedance spectroscopy (EIS) was
investigated to observe the change in charge transfer resistance, Rct, upon transitioning
between polymorphs. Obtaining Nyquist plots allows for the elucidation of Rcr at a given
potential, in this case —300 mV (vs. NHE), which can be extrapolated as the diameter of the
semi-circle. Figure 3-18 illustrates the Nyquist plots obtained for 1T’- and 2H-MoTe», and
extrapolation gives their respective charge transfer resistances of 740 and 8300 Q. This
dramatic difference in charge transfer resistance between polymorphs is attributed to the
conductive properties of metallic 1T’-MoTe> compared to the semiconducting 2H-MoTeo.
The metallic nature of the 1T -phase leads to more efficient charge transfer kinetics, as
evidenced by the lower Rct value and also by Tafel analysis as discussed previously. This
increased activity in charge transfer is associated with an increased activity for the HER, as
reported previously for metallic 1T-MoS, nanosheets.”!® As a result, significantly higher
current densities can be achieved at considerably lower overpotentials. Thus, since changes

in composition and morphology have been ruled out, it is clear that the catalytic activity of
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1T’-MoTe; arises from the polymorphic transition, meaning the coordination geometry is

key for the development of active hydrogen evolution electrocatalysts.
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Figure 3-18: Nyquist plots showing electrochemical impedance spectroscopy on 2H-MoTe:
and 1T’-MoTe> in 1 M H>SOs electrolyte at a potential of —300 mV (vs. NHE).
Uncompensated resistances were calculated as R, = 8.4 and 8.0 Q, respectively, which are

in close agreement with the iR compensation function on the potentiostat. Dashed lines

represent the equivalent circuit fitting, obtained using Randles circuit model.

The origin of the catalytic activity in 1T’-MoTe> can therefore be attributed solely to the
change in crystal structure. The distorted octahedral coordination gives rise to a partially
filled valence band, meaning electron density can be accepted. On the contrary, the trigonal
prismatic coordination of 2H-MoTe; leads to a fully occupied valence band, thus limiting
electron transfer on the catalyst surface. In the case of 1T’-MoTez, protons are free to adsorb
onto the surface of the catalyst, and are then reduced to hydrogen upon application of a
sufficient overpotential. Since changes in composition and morphology have been discarded,
the generation of catalytic activity in 1T’-MoTez, and similarly other TMDCs, has been de-

convoluted.
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3.3.2.4. Electrochemical Stability of MoTe, Catalysts

A limitation for current ‘state-of-the-art’ nanostructured catalysts is their stability, with 1T-
MoS; shown to exhibit a reverse transformation into the catalytically unfavourable 2H phase.
Hence, in this regard, bulk materials show considerable promise. The electrochemical
stability of both MoTe> polymorphs was investigated using cyclic voltammetry. This
involved sweeping the applied potential for 1000 cycles in 1 M H2SO4. A comparison of the
current densities achieved during the initial cycle and 1000™ cycle of 1T’-MoTe; is shown
in Figure 3-19. After 1000 cycles, although there appears to be a very minor difference in
the onset of hydrogen evolution, the catalytic activity remains stable, i.e. the current densities
achieved before and after 1000 cycles are identical at a given potential. Likewise, the activity
of 2H-MoTe; also remains constant, with no changes in current density observed after 1000
cycles (Figure 3-20). Additionally, after cycling, the Raman spectra of both materials were
obtained in order to observe any changes related to the crystal structure. As can be seen in
Figures 3-21 and 3-22, which show the Raman spectra of 1T°- and 2H-MoTe> before and
after 1000 cycles, respectively, there are no obvious structural changes. Therefore, unlike
1T-MoS; which shows the reverse transformation from 1T- to 2H-MoS,, both materials

remain phase pure and show no sign of degradation.
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Figure 3-19: Comparison of the current densities achieved by 1T’-MoTe> before and after
1000 cycles in 1 M H>SOy4. Dashed lines represent the 1000 cycle. Catalysts were prepared
on a glassy carbon working electrode as described in the experimental chapter. A 3 M
Ag/AgCl reference and carbon felt counter electrode were used. Curves were obtained using

linear sweep voltammetry at a scan rate of 100 mV s~ and all resistances were compensated

for.
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Figure 3-20: Comparison of the current densities achieved by 2H-MoTe: before and after
1000 cycles in 1 M H>SOy4. Dashed lines represent the 1000 cycle. Catalysts were prepared
on a glassy carbon working electrode as described in the experimental chapter. A 3 M
Ag/AgCl reference and carbon felt counter electrode were used. Curves were obtained using

linear sweep voltammetry at a scan rate of 100 mV s~ and all resistances were compensated

for.
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Figure 3-21: Comparison of the Raman spectra of 1T’-MoTe> obtained before and after the
1000 cycle stability test.
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Figure 3-22: Comparison of the Raman spectra of 2H-MoTe> obtained before and after the
1000 cycle stability test.
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3.3.2.5. Confirmation of Hydrogen Production

One of the most important, and often overlooked, experiments in the development of
electrocatalysts for the HER is the confirmation of hydrogen production by gas
chromatography. In this way, the reduction observed by linear sweep voltammetry is
attributed categorically to the production of hydrogen, rather than to the reduction of any
other species present in the system. Accordingly, the Faradaic efficiency, which relates the
experimentally determined percentage of hydrogen produced to the theoretical value

calculated from the charge passed, can also be determined.

Gas chromatography measurements were conducted in an airtight single cell with a two-
electrode setup that consisted of the catalyst-deposited glassy carbon working electrode and
carbon felt attached to a silver wire as the counter electrode. Before investigation of the
catalysts, the experiment was performed using platinum as the working electrode to ensure
the cell was airtight. Galvanostatic electrolysis was performed with an applied current
density of j = —3.4 mA cm™. The headspace was sampled (25 pL) and injected directly into
the GC at set time intervals throughout the course of the reaction. The Faradaic efficiencies
were then calculated as the ratio of expected Hz (%) in the headspace (as calculated from the

charge passed) to the H» (%) detected using the GC.

In both cases, 1T’- and 2H-MoTe> were shown to produce hydrogen, thus confirming their
ability to act as hydrogen evolution catalysts. The Faradaic efficiencies were then determined
to be 95 £ 8% and 82 + 14% for 1'T’-MoTe; and 2H-MoTe», respectively. Figures 3-23 and
3-24 illustrate a representative trace of the GC analysis of the headspaces in each airtight

cell.
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Figure 3-23: A representative trace of the gas chromatographic analysis of the single-cell
headspace during electrolysis of 1T’-MoTe> during which a constant current density of j =
-3.4mA cm= was applied in 1 M H>SOy. The expected proportion (%) of H: in the headspace
was calculated from the charge passed, and the proportion (%) of H> measured

experimentally was determined using gas chromatography.
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Figure 3-24: A representative trace of the gas chromatographic analysis of the single-cell
headspace during electrolysis of 2H-MoTe: during which a constant current density of —3.4
mA cm™ was applied in 1 M H>SOy. The expected proportion (%) of H> in the headspace
was calculated from the charge passed, and the proportion (%) of H> measured

experimentally was determined using gas chromatography.
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3.4. Conclusions

In summary, this chapter has focused on understanding the origin of the enhanced catalytic
activity in TMDCs. By applying a solid-state route to MoTez, both semiconducting and
metallic polymorphs could be synthesised in the bulk form, thus ruling out the effect of
nanostructuring as the source of improved performance. Upon polymorphic transition
between 1T°- and 2H-MoTe> the morphology is retained, meaning that the catalytic activity
can be investigated and compared in the bulk form with both materials exhibiting identical
plate-like microcrystals. This is in contrast to the synthesis of MoS, polymorphs, which
require chemical exfoliation in order to induce the transition between phases. This chemical
exfoliation results in the formation of a nanostructured 1T-MoS; material, and introduces a
variety of factors which may affect catalytic activity. Consequently, since the need for
chemical exfoliation via lithium intercalation has been excluded in the case of MoTe,, the
stoichiometry of both 2H- and 1T’-MoTe; is identical within experimental error, meaning
that any compositional changes in the form of defects / vacancies can also be disregarded.
In this way, the electrocatalytic performance of both MoTe> polymorphs can be accurately
investigated with the change in coordination geometry being the sole difference between
materials. Thus, the superior performance of 1T’-MoTe: is attributed to the phase transition
which gives rise to metallic conductivity. This in turn results in more efficient reaction
kinetics associated with the reduced charge transfer resistance of the metallic phase. In
contrast to 1T-MoS», 1T’-MoTe> remains stable after 1000 cycles in 1 M H2SO4, with no
obvious structural transformation into the inferior 2H-phase occurring. Finally, gas
chromatography confirms a full Faradaic Efficiency for 1T -MoTe», thus confirming that
polymorphic control allows for the access of a highly efficient and stable electrocatalyst in

the bulk form, which would otherwise be considered catalytically inert.
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4. Nanocrystalline morphology of 1T°-MoTe»

Continuing with the solid-state route to MoTes, our efforts are now turned towards the
metallic 1T’-MoTe; exclusively, and focus on investigating the effect of morphology on
catalytic activity. Few reports have investigated the effect of nanostructuring MoTes;
however evidence of their electrocatalytic performance towards the HER is limited. In this
chapter, a nanocrystalline variant of 1T’-MoTe; is synthesised via a solid-state method at a
remarkably low temperature of 400 °C, at which 2H-MoTe; would be thermodynamically
expected. As such, this new nanocrystalline 1T’-MoTe; is fully characterised to confirm the
monoclinic structure, and its catalytic activity compared with its high temperature crystalline

counterpart.

4.1. Introduction

4.1.1. Synthetic routes to 1T’-MoTe>

The phase pure synthesis of 1T’-MoTe; is synthetically challenging due to the small energy
difference between the 2H and 1T phases.'? Synthetic routes are also sensitive to subtle
changes in experimental parameters, i.e. elemental composition and temperature.’ In
addition, 1T’-MoTe> is metastable, and has historically required high temperatures (>850
°C) in order to generate the single phase material.* The solid-state synthesis of bulk 1T°-
MoTe; resulted in a stable and phase pure material capable of evolving hydrogen, however
its activity towards the HER is not on par with typical state-of-the-art TMDC electrocatalysts
(Table 4-1). The reason for this is most likely due to the bulk nature of the solid-state
material, which means the density of catalytically available active sites is limited due to low
surface area. The catalysts depicted in Table 4-1, however, are either nanostructured (which
increases the number of catalytically active sites) or are supported on materials such as
reduced graphene oxide (RGO), which are capable of increasing conductivity through
doping. This gives rise to considerably lower overpotentials when compared with solid-state

bulk 1T’-MoTe; and the single crystalline 1T’-MoTe> studied by Seok et al.?
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Table 4-1: Comparison of HER activity in state-of-the-art TMDC electrocatalysts.

V (vs. NHE) at Tafel Slope
Catalyst Reference
j=10 mA cm™ (mV dec™)
Bulk 1T’-MoTe, 360 mV 78 Chapter 3 and ©
Single crystal 1T°-
8 Y 356 mV 127 5
MoTe;
Double gyroid MoS; 280 mV 50 !
MoS; Nanoparticles 170 mV 55-60 s
Exfoliated 1T-MoS;
190 mV 43 ?
Nanosheets
MoS/RGO 160 mV 41 10
Amorphous MoS: 200 mV 60 H
[Mo3S13]*” nanoclusters
180 - 220 mV 38-57 12
on carbon supports
CusS4@MoS; Hetero-
754@MoS; 130 mV 48 13
nanoframes
Defect-rich MoS;
200 mV 50 14
nanosheets
T-WS, nanosheets 230 mV 60 15
WS2/RGO 260 mV 58 16

Studies into the application of nanostructured 1T’-MoTe: as an electrocatalyst have been
limited thus far. """ Most commonly, nanostructured MoTe: is achieved through chemical
exfoliation of bulk powders or by chemical vapour deposition. A recent study by Qiao et al.
developed liquid-exfoliated 1T’-MoTe; nanosheets from bulk 2H-MoTe;.!” In this study, the
authors aim to increase the number of active sites by exfoliating bulk 2H-MoTe; into mono-
or few-layered nanosheets. A significant enhancement in overpotential from ~500 mV to
360 mV at j = —10 mA cm™2 is observed in 1 M H>SOs. The authors therefore claim an
identical performance to the bulk 1T’-MoTe: reported in Chapter 3.° and attribute the
improved performance to the increased number of active sites. However, the authors fail to
take the 2H to 1T’ phase transition into consideration, thus making the impact of the change
in morphology on the activity rather unclear. In fact, the similarity of the nanosheets with
the bulk 1T’-MoTe; in Chapter 3 would instead suggest that increasing the surface area by
nanostructuring has no effect on the catalytic activity, since the performance is identical for

both morphologies. Additionally, as reported by Luxa ef al., chemical exfoliation of bulk

92



2H-MoTe; using n-butyllithium (z-BuLi) results in an improvement in catalytic activity.'®
However, in contrast to the report by Qiao et al.,'!” exfoliation using n-BuLi does not induce
a phase transition from 2H- to 1T’-MoTe,. Therefore, in this case, it is unsurprising that the
change in morphology from bulk to few-layered nanosheets has a significant impact on

catalytic activity, as the edges of the 2H material are catalytically active.

Therefore, the effect of nanostructuring on the catalytic activity of 1T’-MoTe; has not yet
been accurately investigated. This is primarily due to the challenging synthetic conditions
required to isolate phase pure metastable 1T°-MoTe> which generally focus on the ‘top-
down’ exfoliation of bulk powders. Analogous to MoS,, these routes are often complex and
involve a variety of factors which may compromise the catalytic activity. Hence, direct
methods of obtaining nanostructured 1T’-MoTe> are needed in order to accurately

investigate the intrinsic activity of the 1T’ phase.

4.1.2. Low Temperature 1T’ -MoTe>

Nanostructures of MoTe; are considered more synthetically challenging than those of MoS,
and MoSe». This is in part due to the tendency of MoTe; to be more readily oxidised than
the sulfide or selenide derivatives. For example, reaction of tellurium with oxygen readily
produces TeO- species, whereas sulfur and selenium require additional steps and reactants
in order to be oxidised.?’ Similarly, the bonding energy of Mo-Te is much weaker than that
of Mo-S and Mo-Se, which tends to result in a Te deficiency as tellurium is lost as a vapour
at high temperatures due to the decomposition of MoTe».? These factors contribute to the
difficulty in selectively targeting a single phase of MoTe,, with a mixture of 2H and 1T’

commonly observed.

Sun et al?' and subsequently Liu et al.??> reported the direct solution synthesis of
nanostructured 1T’-MoTe; at a remarkably low temperature of 300 °C. The formation of
the metastable 1T°-MoTe, at such a low temperature is surprising, since the
thermodynamically stable 2H phase would be expected. In both cases, 1T’-MoTe: is
presented as uniform flower-like nanostructures made up of few-layer nanosheets. However,
neither of these materials have been tested for the hydrogen evolution reaction. The
nanostructured material produces a PXRD pattern with substantially broader peaks
consistent with the disordered nature of the nanostructures. Sun et al. suggested that the
formation of the high temperature monoclinic phase was due to grain boundary pinning,

which, according to DFT studies, prevents the transformation into 2H-MoTe;. The 1T’ phase
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is therefore stabilised by its small grain sizes and polycrystallinity.?!** The direct synthesis
of a stable nanostructured variant of 1T’-MoTe; would allow for a reliable comparison of
catalytic activities with bulk 1T’-MoTe.. Hence, the effect of morphology and varying active

sites may be considered.

4.1.3. Edge Sites vs. Basal Plane

As discussed in Chapter 3, previous studies have reported that in the metallic phase, the basal
plane is the main active site, which is considered catalytically inert in the semiconducting
form. Work in the previous chapter has shown that the origin of catalytic activity is due to
the emergence of metallic conductivity which is associated with the phase transition from

2H to 1T, rather than due to changes in morphology and / or composition.®

In the case of semiconducting TMDC:s, i.e. 2H-MoS,, 2H-MoTe,, efc., the basal plane is
considered catalytically inert, whereas the edge sites display an activity close to platinum.?
Upon transitioning from semiconducting 2H- to metallic 1T’- phases, however, the basal
plane has been proven to be catalytically active due to the emergence of metallic
conductivity. In the case of MoTe», the metallic properties arise due to the distortion of the
{MoTes} octahedra, which displaces the Mo atom from the centre of the octahedra. The Mo
atom then comes into close contact with its neighbouring Mo atom, and forms Mo-Mo metal

bonds (Figure 4-1).

Figure 4-1: Lattice structures of 1T’-MoTe> highlighting the presence of Mo-Mo bonds. Red

spheres are Mo atoms and blue spheres are Te atoms.
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Chhowalla et al. sought to investigate the contribution of the edge and basal plane active
sites to the catalytic activity of 2H- and 1T-MoS: nanosheets.?* To do this, both materials
were partially oxidised, with the edge sites being known to be more readily oxidised than
the basal plane.? As a result, the electrocatalytic performance of the edge oxidised 2H-MoS;
nanosheets was found to decrease, while that of the edge oxidized 1T-MoS; nanosheets
remained unaffected. Since oxidation of the 1T-MoS; edges has no effect on the catalytic
activity, it was concluded that the edge sites are not involved in the reaction. Rather, this
result indicates that the reaction occurs on the basal plane. Whereas for 2H-MoS,, the loss

of catalytic activity proves that hydrogen evolution occurs on the edges.

Now, in an attempt to improve the catalytic activity, we investigate solely the effect of
nanostructuring on 1T’-MoTe;. In this way, the intrinsic activity of the metallic 1T’-MoTe»

phase can be further investigated.

4.2. Aims

To date, there is no accurate investigation which reliably compares the electrocatalytic
activity of bulk 1T’-MoTe> and a nanostructured variant of this metallic phase. Therefore,
this chapter focuses on the synthesis and characterisation of a nanocrystalline variant of 17T°-
MoTe; via a solid-state route. In this way, the coordination environment, which gives rise to
the metallic nature of the material, is maintained. Accordingly, the effect of morphology on

the electrocatalytic activity of 1T’-MoTe> can be determined.
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4.3. Results and Discussion

4.3.1. Synthesis and Characterisation of Nanocrystalline 1T’-MoTe»

4.3.1.1. Synthesis of Nanocrystalline 1T’-MoTe»

As mentioned in Chapter 3, Section 3.3.1.1., an intermediate heating step was employed
when attempting to synthesise 2H-MoTe; at 600 °C. This step involved heating elemental
Mo and Te powders at 480 °C before grinding and reannealing the material at 600 °C to
produce 2H-MoTe.. PXRD of the intermediate powder revealed a diffraction pattern which
resembled 1T’-MoTe> (Figure 4-2). This result was surprising, as the thermodynamically
favoured 2H-MoTe, would be expected at such a low temperature. The synthesis was
therefore repeated at 480 °C to see if this result could be reproduced. However, the resulting
PXRD pattern showed the majority of the material to be 2H-MoTe;, while a small impurity

of the 1T -phase was present.

480 °C, 16 hrs

Repeat at 480 °C, 16 hrs

Intensity (a.u.)

10 20 30 40 50 60
Position 26 ()

Figure 4-2: PXRD patterns of the product of intermediate heating of elemental Mo and Te
at 480 °C for 16 hours (top) and a repeat reaction procedure under identical conditions

(bottom).

96



Intrigued by this, the reaction temperature was lowered and the elemental powders were
reacted at 400 °C for 16 hours. As a result, the more disordered pattern resembling 1T°-
MoTe, was obtained with a slight elemental Mo impurity. Further annealing at 400 °C for
16 hours removed this Mo impurity and the ‘low temperature’ 1T’-MoTe, phase was
obtained. Herein, the metallic 1T’-MoTe; material discussed in previous chapters will now
be referred to as crystalline 1T°-MoTez, while the newly synthesised ‘low temperature’
variant will be described as nanocrystalline 1T’-MoTes. Figure 4-3 illustrates the PXRD

patterns of nanocrystalline 1T’-MoTe: in comparison to crystalline 1T’-MoTeo.

Crystalline

Nanocrystalline

Intensity (a.u.)

0 20 30 40 50 60
Position 20 (°)

Figure 4-3: Powder X-Ray Diffraction patterns of crystalline 1T’-MoTe> (top) and
nanocrystalline 1T’-MoTe: (bottom).

The two monoclinic 1T’-MoTe, materials can be easily distinguished between by the
substantially broader peaks of the nanocrystalline material, which are also consistent with
the MoTe: products synthesised via a solution-based route by Sun et al.?! Despite this
material being previously reported in the literature, the formation of this nanocrystalline
material via a solid-state approach at such a low temperature is surprising. As discussed in
Chapter 3, the semiconducting 2H-MoTe, phase with the hexagonal structure is
thermodynamically stable, and hence one would expect its formation over the metastable
1T’ material at low temperatures. Additionally, due to the small energy difference of only
35 meV between the 2H and 1T’ polymorphs, the synthesis of phase pure MoTe; materials

is generally considered to be synthetically challenging, with subtle changes in parameters
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resulting in the unexpected formation of a given polymorph.? Sun ef al. report the phase pure
solution-synthesis of 1T’-MoTe; at only 300 °C, and propose that the monoclinic phase is
stabilised by small grain sizes associated with flower-like nanostructures.?!->3 This, coupled
with polycrystallinity of the material, prevents the transformation into the more stable 2H
phase through grain boundary pinning, thus making the simultaneous changes of a and b

lattice constants required for transformation into the hexagonal phase more challenging.!®-?!

In an attempt to recreate the results of the solution based synthesis route at 300 °C, this
temperature was applied to the solid-state route described above. However, no reaction
between the elemental Mo and Te powders was observed until a minimum temperature of
375 °C, at which the majority of the material presented as nanocrystalline 1T’-MoTeo.
However, despite an extended reaction time (up to 48 hours), impurities of elemental Mo
and Te remained (Figure 4-4). Therefore, all future syntheses of nanocrystalline 1T’-MoTe>
were carried out at 400 °C (5 °C min™! heating rate) for 16 hours, before being ground and
reannealed under the same conditions. Using this methodology, the product was consistently
identified as phase pure nanocrystalline 1T’-MoTe, with no visible impurities or unreacted

powders being observed (Figure 4-3).
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375 °C, 48 hours

Nanocrystalline 1T'-MoTe,

Intensity (a.u.)

10 20 30 40 50 60
Position 26 (-)

Figure 4-4: PXRD patterns of the powders obtained after reaction of elemental Mo and Te
at 375 °C for a total of 48 hours (top) in comparison to phase pure nanocrystalline 1T -
MoTe:> obtained by reaction at 400 °C for a total of 32 hours. Elemental Mo and Te

impurities are denoted as * and 4, respectively.

The solid-state synthesis of nanocrystalline 1T’-MoTe> also offers the advantage of stability,
as Sun et al. report their low temperature phase to rapidly oxidise in air, with substantial
degradation being visible by PXRD after only one week.?' Solid-state nanocrystalline 1T°-
MoTe, shows no such degradation in air, despite a similar oxide layer removal being
required as with crystalline 1T’-MoTe: during electrocatalytic measurements (as discussed
in Chapter 3, Section 3.3.2.1).2 TMDC tellurides are widely accepted to oxidise more easily
than their sulfide or selenide counterparts,'® and in the case of Sun et al. this would likely
hinder the electrocatalytic performance of the material. Therefore, it is noteworthy that the
solid-state material in this work does not degrade as a result of oxidation in air. The effect

of oxidation will be discussed further in Chapter 6.

99



4.3.1.2. Structural Characterisation of Nanocrystalline 1T’-MoTe»

Despite computational studies by Sun et al.?!

which explain the formation of 1T’-MoTe; at
low temperatures, thorough characterisation was carried out on solid-state nanocrystalline
1T’-MoTe;. This was required due to the broad nature of the observed PXRD peaks
associated with the nanocrystalline material, which therefore makes confidently assigning
the crystal system more difficult. Most importantly, in terms of comparing electrocatalytic
performance, fully characterising the material to ensure that the coordination geometry is
identical to crystalline 1T -MoTe; is key. As such, Raman spectroscopy was also used to
confirm that the coordination environment of the nanocrystalline material was consistent
with the distorted {MoTes} octahedra, which are the expected building blocks of the
monoclinic phase (Figure 4-5). The Raman peaks of both crystalline and nanocrystalline
1T°-MoTe: are observed at 110, 127, 163 and 256 cm™!, which correspond to the Ag and By

modes, and are in very close agreement with the literature data.?”-?®

The wide range spectra
also highlights the absence of MoO, and MoQOs, thus confirming that both materials are free

from oxide impurities in the bulk.?%3¢

Crystalline
5
8
= A, Nanocrystalline
2
O]
=
9A Ag
200 400 800 8o 1000

Raman Shift (cm™)

Figure 4-5: Wide-range Raman spectra of crystalline and nanocrystalline materials with

the four main vibrational modes of 1T’-MoTe; highlighted.
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Figure 4-6 shows a comparison of the low and high resolution TEM images of
nanocrystalline 1T’-MoTe and allows for closer inspection of the particle morphology.
From these images, it is evident that the nanocrystalline material consists of an
agglomeration of nanoplatelets around 20 nm in size. The electron diffraction images also
confirm the validity of the proposed model, i.e. the material is consistent with the monoclinic
distortion of 1T’-MoTe;. Thus, the formation of the 1T -MoTe; is confirmed and is in good
agreement with the data reported by Sun e al?' In comparison, crystalline 1T’-MoTe»
(Figure 4-7) consists of substantially larger crystallites, evident as platelets in the size range
of several micrometers. Again, the expected monoclinic structure is confirmed by the
electron diffraction images, which consist of discrete spots indicating the crystalline nature

of the sample.

Figure 4-6: TEM studies of nanocrystalline 1T’-MoTe>. Representative a) low and b) high
magnification TEM images of nanocrystalline 1T’-MoTe>. The corresponding electron

diffraction patterns along different directions of crystal orientation are shown in c-e.
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Figure 4-7: TEM studies of crystalline 1T-MoTe>. Representative a) low and b) high
magnification TEM image of crystalline 1T-MoTe:> and the corresponding electron

diffraction images for different crystal orientations are shown in c-e.

The normalised XANES spectra (Figure 4-8) of both crystalline and nanocrystalline 1T°-
MoTe; resemble the literature spectra of MoS», with the main edge at 20006 eV, consistent
with the Mo*" oxidation state and a sharp feature at 20015 eV.3! From the EXAFS data, there
is a slight decrease in intensity of the oscillations of nanocrystalline 1T’-MoTe> compared
with crystalline 1T’-MoTe., which could indicate a slight decrease in number of neighbours.
This is evident from the feature at approximately 2.5 A in the non-phase corrected plot of
the k>-weighted Fourier Transform of the EXAFS data (Figure 4-8). The EXAFS data can

be fitted using two Mo-Te paths at 2.7 A and 2.8 A and a Mo-Mo path at 3.46 A. The
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magnitude and imaginary components of the k>-weighted Fourier transform data and fits of
crystalline and nanocrystalline 1T’-MoTe; are shown in Figure 4-9, with the imaginary
components of each scattering path used. Despite the subtle differences observed in the
EXAFS data, no statistically significant difference can be observed between the two
samples, with the Mo-Te coordination numbers and distances being within error. Therefore,
by fully characterising the nanocrystalline material, we can confirm that the coordination
geometry and crystal structure are identical to that of the crystalline phase. Hence the sole
difference between the two phases is the increased surface area as a result of the lower

synthetic temperature.
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Figure 4-8: Comparison of the EXAFS data collected for nanocrystalline and crystalline
IT’-MoTe:. k*-weighted Fourier Transform data of crystalline and nanocrystalline 1T -
MoTe: (left). Comparison of the normalised XANES spectra of crystalline and
nanocrystalline 1T -MoTe: (right).
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Figure 4-9: Fourier transform data for crystalline (left) and nanocrystalline (right). The
magnitude and imaginary components of the non-phase corrected k*-weighted Fourier
transform data and fits of the respective 1T’-MoTe> phase and the imaginary components of

each scattering path used.

4.3.1.3. Morphology of Nanocrystalline 1T’-MoTe;

Clearly, the considerably lower temperature of 400 °C results in a more disordered material,
which is also evidenced by SEM. Figure 4-10 shows the contrasting sample morphologies
of the crystalline and nanocrystalline 1T’-MoTe; materials, with the low temperature phase
expected to exhibit a larger surface area. These randomly agglomerated nanocrystallites are
in contrast to the nanoflowers observed by Sun et al?' which are formed of few-layer
nanosheets and are commonly obtained via solution based routes to TMDCs.?>3? There have
been few studies on the synthesis of 1T’ -MoTe nanostructures, with few-layered nanosheets
developed by Qiao et al.'” and nanoflakes in the form of thin films by McManus ef al.'® The
work reported in this chapter therefore varies significantly as the low temperature 1T°-
MoTe, material, despite being named ‘nanocrystalline’, is more bulk-like in nature than

those reported in the literature.
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Figure 4-10: SEM images of crystalline (left) and nanocrystalline (right) 1T’-MoTe>, clearly

showing the formation of bulk materials.

Comparison of the elemental composition by ICP-OES also provides valuable insight into
the formation of 1T’-MoTe: at such low temperatures. When compared with crystalline 1T°-
MoTe;, the nanocrystalline phase is slightly Te deficient, which is known to be a stabilising
factor for the formation of the monoclinic phase over the hexagonal.** The compositions of
the crystalline and nanocrystalline phases were determined to be MoTez.013) and MoTei.97¢5),
respectively, and averaged over three samples. Despite being within experimental error, the
compositions of nanocrystalline 1T’-MoTe, calculated over the repeated measurements

consistently show a lower Te content than the crystalline phase, as can be seen in Table 4-2.

Table 4-2: Summary of the elemental compositions as obtained by ICP-OES.

Sample Crystalline 1T’-MoTe: Nanocrystalline 1T°-MoTe;
1 MoTez.023 MoTei 912
2 MoTez.042 MoTei.993
3 MoTez.052 MoTez.002

Average MoTez.01(3) MoTei.97s)
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4.3.2. Electrocatalytic Activity of Crystalline vs. Nanocrystalline 1T -MoTe»

By confirming the distorted {MoTes} octahedral arrangement of the nanocrystalline phase,
the effect of morphology on electrocatalytic activity can now be considered. Since crystalline
IT’-MoTe; has been shown to be active towards the HER, it is probable that the
nanocrystalline material will also exhibit a good electrocatalytic performance. Therefore, the
activity of nanocrystalline 1T°-MoTe, was assessed and compared directly with that of the
crystalline phase.

Upon initial inspection of the electrocatalytic performance, the nanocrystalline phase proved
to be similar to the crystalline material, with an overpotential of 320 mV being required for
a benchmark current density of j = =10 mA cm™. Hence, at low current densities, the
performance of nanocrystalline 1T’-MoTe: is essentially identical; with the crystalline phase
only requiring a marginally larger value of 360 mV at the same current density (Figure 4-
11). Additionally, there is only a minor difference in Tafel analysis, with the Tafel slope of
nanocrystalline 1T°-MoTe; being calculated as 68 =4 mV dec™!. This represents marginally
improved electron transfer when compared with the Tafel slope of crystalline 1T’-MoTe»
(78 £ 4 mV dec™"). The comparison of the Tafel plots and their corresponding Tafel slopes
can be seen in Figure 4-12. Therefore, due to the similarity in overpotentials and reaction
kinetics at j = —10 mA cm2, the increased surface area (associated with the more disordered
nature of the nanocrystalline material) does not appear to greatly improve the performance.
This finding supports previous studies by Chhowalla ez al.?* and Bonde et al.>® which prove

the edge sites are not the main active site of metallic TMDC:s.
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Figure 4-11: Comparison of the current densities achieved by crystalline and
nanocrystalline 1T’-MoTe> in 1 M H>SO4. Catalysts were prepared on a glassy carbon
working electrode as described in the experimental section. Carbon felt and 3 M Ag/AgCl

were used as the counter and reference electrodes, respectively.
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Figure 4-12: Tafel plots and corresponding Tafel slopes of nanocrystalline and crystalline
1T -MoTe>. Dashed lines are provided as a guide to the eye. All current densities have been

corrected for resistance.

However, applying greater reductive potentials results in a significant difference in the
current densities achieved between the two materials. For example, at a potential of
—500 mV (vs. NHE), the crystalline phase reaches a current density of j = =50 mA cm2,
while the nanocrystalline material soars to j = =250 mA ¢cm™ at the same potential (Figure
4-13). Given that the same catalyst loading is used per geometric surface area, it is reasonable
to conclude that the enhanced performance is due to the greater surface area of the
nanocrystalline phase. Experimental evidence therefore suggests that the increased surface
area aids the reaction kinetics. Accordingly, by measuring the double layer capacitance (Cpr)
of both crystalline and nanocrystalline materials, the electrochemical active surface area
(ECSA) can be compared, since ECSA is directly proportional to Cpr. Figure 4-14 illustrates
the calculation of Cpr, and hence proves that the ECSA of nanocrystalline 1T’-MoTe: is
greater than that of the crystalline material by a factor of 20.
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Figure 4-13: Comparison of the current densities achieved by crystalline and
nanocrystalline 1T-MoTe; catalysts in 1 M H>SOy4. Catalysts were prepared on a glassy
carbon working electrode as described in the experimental section. Carbon felt and 3 M

Ag/AgCl were used as the counter and reference electrodes, respectively.
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Figure 4-14: Current density differences of nanocrystalline and crystalline 1T’-MoTe:
plotted against scan rates. The capacitance currents were measured at 150 mV (vs. NHE) in

1 M H>50..

Further, EIS indicates nanocrystalline 1T°-MoTe> is more conductive than the crystalline
phase, with the charge transfer resistance, Rcr, dropping substantially upon increasing the
surface area (Figure 4-15). An increase in surface area would provide a greater contact
between the catalytically active sites and the electrolyte, thus promoting charge transfer.??
This is also in line with optical spectroscopy absorbance values (Figure 4-16), which are
proportional to the optical conductivity and thus indicate a conductivity increase when going
from crystalline to the nanocrystalline morphology. As such, electron transport is different
between the two phases, likely due to the shorter interlayer pathways associated with the
disordered nature of the nanocrystalline 1T°-MoTe, morphology.’” Thus, the greater
electrocatalytic activity of nanocrystalline 1T’ -MoTe; is attributed to its greater surface area,
thus allowing access to an enhanced number of active sites and consequently a more efficient

charge transfer.
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Figure 4-15: Nyquist plots showing electrochemical impedance spectroscopy on
nanocrystalline and crystalline 1T’-MoTe> at —-300 mV (vs. NHE). Uncompensated
resistances were calculated as 8.9 and 8.1 Q for the crystalline and nanocrystalline
materials, respectively. This corresponds well with the iR compensation function on the

potentiostat which gave values of 9.0 and 9.8 Q.
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Figure 4-16: Infrared spectra of the nanocrystalline and crystalline 1T’-MoTe> phases,

respectively. The features denoted by asterisks indicate atmospheric water peaks.
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4.4. Conclusions

This chapter has focused on the synthesis and characterisation of a nanocrystalline variant
of 1T’-MoTe,. An identical solid-state route to MoTe; as used in Chapter 3 was applied,
with the reaction temperature lowered to only 400 °C. This temperature was found to be the
minimum required for the successful reaction of elemental Mo and Te powders, and resulted
in the formation of an agglomerated and disordered ‘nanocrystalline’ 1T’-MoTe». Since the
2H phase would be thermodynamically more favourable at this low temperature, the material
was fully characterised to confirm phase purity (PXRD, Raman spectroscopy,
HRTEM/SAED, EXAFS, ICP-OES). This ensured that the coordination geometry was
consistent with the {MoTes} distorted octahedra which are the building blocks associated
with the monoclinic 1T’-MoTe> material. As such, the catalytic activity of the new
nanocrystalline 1T’-MoTe> could be compared with its crystalline counterpart, with the only

difference between the materials being the surface area.

Accordingly, at low current densities, i.e. the benchmark current density of j =—10 mA cm~,
the overpotential of the nanocrystalline 1T’ -MoTe, material is only marginally improved
when compared with crystalline 1T’-MoTe> (320 mV and 360 mV, respectively). However,
at more reductive potentials, nanocrystalline 1T’-MoTe, reaches much greater current
densities. Given that an identical catalyst loading per geometrical surface area is used for
both nanocrystalline and crystalline materials, it is apparent that the sample morphology
plays a significant role in the electrocatalytic activity. The increase in surface area results in
increased contact between the catalyst and electrolyte and aids charge transfer kinetics. This
is corroborated by electrochemical impedance spectroscopy, which shows a reduction in

charge transfer resistance upon nanostructuring 1T’-MoTe,.

Therefore, this chapter concludes that, in contrast to 2H-MoTe, nanostructuring of 1T°-
MoTe: to expose a greater number of edge sites does not substantially improve the catalytic
activity. Rather, experimental evidence suggests that the increase in surface area provides a
greater contact with the electrolyte, thus allowing charge transfer throughout the metallic

material to occur more efficiently.
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5. Electrochemical Activation of Nanocrystalline 1T -MoTe»

Following on from the characterisation of nanocrystalline 1T’-MoTe;, a remarkable
improvement in catalytic activity was observed with continuous reductive potential cycling.
By cycling nanocrystalline 1T’-MoTe: between the potential range of +0.2 V and —0.5 V
(vs. NHE) the overpotential at j = —10 mA cm™2 was found to gradually improve from 320
+ 12 mV to 178 + 8§ mV after only 100 cycles. This enhancement of catalytic activity could
be due to a variety of factors such as changes in structure, morphology and / or composition
with continuous cycling. This chapter is hence dedicated to excluding these possibilities by
discussing the experiments performed using a variety of characterisation techniques (PXRD,
Raman spectroscopy, SEM, ICP-OES, ECSA, EIS) directly after the electrochemical
reaction. Therefore, the improvement is proposed to be due to electron doping of the catalyst
surface which results in the activation of the basal plane. Additionally, electrocatalytic
measurements combined with gas chromatography confirm that the rate of hydrogen
evolution increases as the reaction progresses, thus confirming the observed redox wave
corresponds to the improved activity of nanocrystalline 1T’-MoTe,. This phenomenon has
been reported before but a clear understanding is yet to be obtained other than simply

describing the observation as an ‘activation’.

5.1. Introduction

5.1.1. Literature Reports of Electrochemical Activation

Electrochemical activation has recently emerged as a viable route for producing HER
electrocatalysts in operando. However, the underlying mechanism of activation is not fully
understood, with varying origins for the enhanced activity being reported. Application of
continuous reductive potential cycling has led to a variety of ‘activated” TMDC
electrocatalysts, with changes in morphology, composition and electronic structure being

proposed as the source of improved performance.'~

5.1.1.1. Changes in Morphology

Previous work by Liu et al. demonstrates the electrochemical activation of metallic TaS; and
NbS: with continuous reductive cycling.! In both cases, the initial overpotentials are in
excess of 500 mV, and are therefore regarded as rather inefficient HER electrocatalysts.
However, by cycling TaS; in acidic media, in the potential range of +0.2 V and —0.6 V (vs.
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NHE) the overpotential was found to gradually improve. For TaS,, the overpotential
improved to only 60 mV after 5000 cycles, and the Tafel slope decreased from 282 mV dec™!
to 37 mV dec™!. This change in Tafel slope is indicative of a change in reaction mechanism,
with the rate determining step becoming the Heyrovsky reaction rather than the Volmer
reaction. These electrochemical reaction processes are discussed in the Chapter 1, Section

1.4.5.; however Table 5-1 has been included for clarity.

Table 5-1: Summary of the possible reaction pathways occurring during the hydrogen
evolution reaction.

Volmer step H30" + ¢~ — Hags + H20 Discharge step

Heyrovsky step Hags + H3O" + e — Ho + H2O | Electrochemical desorption step

Tafel step Hads + Hads — Ha Recombination step

As a result of the reductive potential cycling, the authors note a change in catalyst
morphology and deem the process a ‘self-optimising’ behaviour. With increasing number of
cycles, the platelets become thinner and more dispersed. As a result, the charge transfer
resistance was found to improve, with the enhancement being attributed to the shorter
interlayer pathways between particles of smaller size. Additionally, Liu et al.' note an
increase in the effective active surface area, which is directly proportional to the double layer
capacitance, Cpr. This increase in surface area indicates that new active sites are being
produced with continuous cycling as a result of the change in sample morphology. This
mechanism of activation is similar to that of chemical exfoliation via lithium intercalation,
as both methods result in a morphology change which enhances the HER. Liu ef al. attribute
their morphology change to hydrogen becoming trapped between the layers of TaS,, which
results in the ‘peeling away’ of layers in order to free the hydrogen. However, this
mechanism of activation offers the benefit of an in operando activation, without the need for
any additional complex chemical procedures. A similar activation mechanism is also

reported for metallic NbS,, with the overpotential reaching 50 mV after 12000 cycles.!
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5.1.1.2. Proton Intercalation

In contrast to the work on TaS> by Liu ef al.! which generates additional active sites by
altering the catalyst morphology with continuous reductive cycling, a study on 2H-MoS; by
Li et al.® reported the electrochemical activation of the already present active sites. The
authors report that cycling 2H-MoS: between 0 V and —0.5 V (vs. NHE) leads to an
enhancement in catalytic activity without any changes to the structure, morphology or

composition.

The study by Li ez al.? excludes the generation of new active sites by initially examining the
catalyst morphology and composition. Since the edge sites are the active component of the
2H-phase of MoS;, the generation of new active sites would be visualised in the SEM
images, however no change in morphology was observed. Likewise, a change in composition
would be expected if the enhanced activity were due to an increase in sulfur vacancies, yet
the authors exclude this. Rather, the authors claim that intercalation of protons between the
MoS; layers results in an increase in electronic conductivity, which aids charge transfer and
thus improves the catalytic performance. Additionally, the energy of hydrogen adsorption
was calculated to become more favourable with protons intercalated between the layers, thus
indicating an improvement in activity. Therefore, the catalytic enhancement was attributed

to the enhancement of the ‘as-grown’ sites.

5.1.1.3. Platinum Deposition in 1T -MoTe>

In a follow up paper by Seok et al.,> whose original work was discussed in Chapter 3,* the
authors report an electrochemical activation of metallic 1T’-MoTe; single crystals. This
study proves that the enhanced catalytic activity is due to surface engineering on the metallic
basal plane surface by electrochemical deposition of platinum on 1T’-MoTe». The result is
a new hybrid Pt/MoTe; electrocatalyst which out performs current TMDC electrocatalysts.
By poising the working electrode at reductive potentials (i.e. cycling between +0.2 V and
—1.0 V (vs. NHE)), dissolution of the platinum counter electrode in the acidic electrolyte
leads to the growth of a thin Pt layer on the metallic 1T’-MoTe> surface. This process has
been observed before when explaining the surprising improvement of carbon-based HER
catalysts.>¢ As such, the catalytic activity was dramatically improved, with a comparison of

the catalytic activities summarised in Table 5-2.
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The authors note an improvement in overpotential from 356 mV to only 23 mV after 21
hours of reductive potential cycling. Interestingly, a progressive improvement in
overpotential is observed, indicating the catalytic activity improves with increasing coverage
of platinum. Hence, in this case, the electrochemical activation is attributed to the addition

of the noble metal platinum, rather than the intrinsic activity of 1T’-MoTe; itself.

Table 5-2: Summary of the catalytic performances of single crystal 1T’-MoTe> and Pt-
deposited on 1T’-MoTe: as obtained by Seok et a.l**

Catalyst Potential for Tafel slope Exchange current | Ref.
j=-10 mA cm™ (mV dec™) density (mA cm™2)
(V vs. NHE)
1T’-MoTe, —0.356 127 2.1x1072 !
Pt/1T’-MoTe> —-0.023 22 1.0 2

5.1.2. Intrinsic Activity of 1T’-MoTe;

5.1.2.1. Lattice Distortion in 1T’-MoTe»

In their original paper (as discussed in Chapter 3), Seok et al.* predicted an unusual catalytic
enhancement of 1T°-MoTe, due to a spontaneous lattice distortion. This Peierls-type
distortion is driven by hydrogen adsorption (and consequently electron doping) on the
surface of the metallic basal plane. As a result, the authors suggest that the surprising
performance of 1T’-MoTe, cannot be explained by the conventional volcano plot. The
volcano plot allows for the identification of potential HER electrocatalysts by plotting the
exchange current density against the free energy of hydrogen adsorption (see Chapter 1,
Section 1.4.4.). Seok et al. claim that 1T’-MoTe: lies out with the conventional volcano plot,

as its rather high AGy value contradicts its promising exchange current density.

TMDC electrocatalysts typically follow the Volmer-Heyrovsky reaction mechanism of
hydrogen evolution; with the Heyrovsky step being rate limiting and therefore a Tafel slope
of ~40 mV dec™! is obtained. In the case of 1T’-MoTe,, Seok et al.* determine the Tafel
slope of 1T°-MoTe; to be 127 mV dec™!, hence the Volmer reaction (hydrogen adsorption)
is the rate determining step. Therefore, as hydrogen is adsorbed on the basal plane surface,
electron doping and consequently Peierls distortion occurs, thus altering the lattice structure

away from that of the pristine 1T’ -MoTe;.
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As discussed in Chapter 4,7 the Tafel slope of nanocrystalline 1T’-MoTe, was determined
to be 68 +£ 4 mV dec™!, which indicates that hydrogen adsorption is not the rate determining
step, but rather it is the electrochemical desorption step (Heyrovsky) which is rate limiting.
Thus, it is plausible that with increased hydrogen adsorption on nanocrystalline 1T’-MoTe,,
the effect of electron doping and lattice distortion may be further enhanced, resulting in

additional improvement in catalytic activity.

5.1.2.2. Atomic-Site Dependency in 1T’-MoTe»

The adsorption of hydrogen on the surface of 1T’-MoTez is dependent on the atomic-site, as
initially calculated by Seok et al.* These sites and their adsorption energies are summarised
in Table 5-3 and can be visualised in Figure 5-1, which illustrates the adsorption of H on the
most favourable Te site, the ‘a-site’. The Mo active site, labelled ‘B-site’ revealed a
significantly more positive AEy value of 0.82 eV, compared to the lowest value of 0.55 eV
for the Te a-site. Thus, hydrogen adsorption was deemed to occur on Te active sites.
Additionally, Peierls distortion results in two-inequivalent surface Te sites: the ‘low’ Te a-
site and the ‘high’ Te e-site, which are located on the terraced surface. However, the ‘low’
Te a-site shows the lowest AEn value; hence hydrogen adsorption mainly occurs on the a-
sites. There are a further two crystallographically independent Te sites labelled y and o,
however, due to their high hydrogen adsorption energies, are disregarded as being the
primary active site.

Table 5-3: Summary of the hydrogen adsorption energies of each atomic-site as calculated

by Seok et al. It should be noted that the atomic site terminology is taken directly from work
by Seok et al.*

Atomic-site AEHx (eV)
o 0.55
B 0.82
v 1.05
€ 1.43
c 1.52
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Figure 5-1: Reaction sites of HER on 1T’-MoTe>. Top and side lattice structures of hydrogen

adsorbed at an ‘o-site’. Blue spheres represent Mo atoms, yellow spheres represent Te
atoms and white spheres represent adsorbed hydrogen. Figure has been adapted from the

original work by Seok et al.*

Further, the energy of hydrogen adsorption was found to decrease as hydrogen is adsorbed
on to the a-site and the pristine lattice becomes distorted. This indicates that further
adsorption of hydrogen on the basal plane surface may have a profound effect on the catalytic
activity, and perhaps the electrochemical activation as discussed above in Section 5.1.1.3

may have been overlooked due to the deposition of platinum.

5.2. Aims

This chapter is dedicated to the first report of a reversible electrochemical activation of a
TMDC electrocatalyst. Currently, the mechanism behind the electrochemical activation
remains unclear in the literature, with several plausible routes of activation being reported.
Hence, this study seeks to understand the origin of activation in the case of nanocrystalline
1T’-MoTe;. To do this, a variety of structural characterisation and electrochemical
techniques are required to analyse the activated material. In doing so, a viable explanation

for the electrochemical activation of 1T°-MoTe: is proposed.
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5.3. Results and Discussion

5.3.1. Overpotential Improvement of Nanocrystalline 1T -MoTe>

Continuing with metallic 1T’-MoTe», this chapter now focuses solely on nanocrystalline
IT’-MoTe;. As discussed in Chapter 4, the change in morphology from crystalline to
nanocrystalline 1T°-MoTe: results in significantly greater current densities being achieved,
owing to its increased surface area and reduced charge transfer resistance. Further studies
into the stability of this novel material led to the realisation of an interesting electrochemical

phenomenon.

Upon continuous reductive potential cycling of nanocrystalline 1T’-MoTe: over the range
+0.2 V to —0.5 V (vs. NHE) with a scan rate of 100 mV s™!, a substantial improvement in
the overpotential required for j = =10 mA cm™ was observed. After 100 cycles, the
overpotential at this current density becomes more favourable, improving from 320 + 12 mV
to 178 = 8 mV, at which point the overpotential remains stable for at least 1000 cycles.
Figure 5-2 highlights this dramatic improvement in overpotential by comparing the initial

LSV with that of the 100" reductive sweep.
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Figure 5-2: Comparison of the current densities achieved by nanocrystalline 1T’-MoTe:
before and after 100 cycles in 1 M H>SOy4. Catalysts were prepared on a glassy carbon
working electrode as described in the experimental section. Carbon felt and 3 M Ag/AgCl

were used as the counter and reference electrodes, respectively.

Originally, this experiment was performed using platinum as the counter electrode.
However, in order to confirm that the dissolution of Pt and its deposition on to the surface
of 1T°-MoTe; was not the cause for enhancement; the Pt counter electrode was replaced
with carbon felt. As a result, an identical overpotential improvement was observed, thus
proving that neither Pt nor carbon particles were the cause of the activation. Contrastingly,
work by Seok et al. found that continuous reductive cycling resulted in the growth of
platinum on the basal plane of 1T’-MoTe>.2 However, it should be noted that the authors
applied much larger reductive potentials (+0.2 V to —1 V (vs. NHE)). This resulted in a
gradual overpotential improvement from 356 mV to only 23 mV after 21 hours of cycling,
and their new catalytic material was dubbed ‘Pt/MoTe,’. Since, in this work, nanocrystalline
1T’-MoTe; was cycled to much less reductive potentials than in the case of Seok et al.,
coupled with the change in counter electrode, the deposition of Pt as the reason for the
improvement was ruled out. Interestingly, in contrast to that reported by Seok et al.,? it was
found that when the potential range was extended to —0.6 V (vs. NHE) rather than —0.5 V

(vs. NHE), the catalyst lost contact with the glassy carbon substrate. As such, a complete
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100 cycle scan was not achieved. Therefore, all subsequent scans were obtained by cycling

between +0.2 V and —0.5 V (vs. NHE) unless otherwise stated.

Leakage of'silver from the Ag/AgCl reference electrode is a possible reason for the enhanced
activity. As proven by Symes et al., silver ions can leak from the reference electrode and
deposit on the catalyst surface, thus generating greater current densities than would
otherwise be observed.® Therefore, the Ag/AgCl reference electrode was subsequently
replaced with a saturated Hg/Hg>SO4 reference electrode. Figure 5-3 shows the result of
cycling nanocrystalline 1T’-MoTe> 100 times using this alternative reference, and shows a
similar activation. Thus, the deposition of silver on to the catalyst surface was also excluded

as a possible source of improved performance.
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Figure 5-3: Comparison of the current densities achieved by nanocrystalline 1T’-MoTe:
before and after 100 cycles in 1 M H>SOy using saturated Hg/Hg>SOy4 as the reference
electrode. The use of saturated Hg/HgSOy as the reference electrode rules out leakage of

silver from the Ag/AgCl reference electrode as the source of improved performance.

It should also be noted that a similar activation is observed for crystalline 1T’-MoTez, albeit
to a lesser extent. Figure 5-4 shows the overpotential required for j = =10 mA cm™ to
improve from 360 mV to only 261 mV. The reason for this is most likely due to the larger

crystallite size of the 1T’-MoTe; phase, and its less efficient charger transfer kinetics, as
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discussed in Chapter 4. This is also corroborated by studies on MoS; by Li et al.* who found
that more cycles were required for the activation of larger flakes than for flakes of a smaller
size. From herein, only the activation of the nanocrystalline 1T’-MoTe, phase will be

investigated.

Current Density (mA cm‘z)
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. --=--100 cycles
0.4 0.3 0.2 0.1 0.0
Potential (V vs. NHE)

Figure 5-4: Comparison of the current densities achieved by crystalline 1T’-MoTe> before
and after 100 cycles in 1 M H>SOy4. Catalysts were prepared on a glassy carbon working
electrode as describe in the experimental section. Carbon felt and 3 M Ag/AgCI were used

as the counter and reference electrodes, respectively.
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5.3.2. Hydrogen Production

Alternatively, it is possible that the lower overpotential is due to the reduction of some other
species that may have formed upon cycling, rather than the reduction of protons to hydrogen.
To investigate this, chronoamperometry coupled with gas chromatography was employed.
Further to the previous findings, a similar enhancement was observed by
chronoamperometry (Figure 5-5). A constant potential of =320 mV (vs. NHE) was applied
(corresponding to the overpotential required for j = —10 mA cm™2). Under normal
circumstances, i.e. ones in which no electrochemical activation occurs, when a constant
potential is applied, the current density would remain stable (as is depicted by the dashed
line in Figure 5-5) or rather decrease if the catalyst degrades with time. Contrastingly, in the
case of nanocrystalline 1T’-MoTe;, the current density was found to gradually increase as
the reaction progressed. This is indicative of the evolution of hydrogen becoming easier as

the reaction proceeds.
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Figure 5-5: Chronoamperometry profile of nanocrystalline 1T’-MoTe; in 1 M H>SO4. The
applied potential was chosen as the value corresponding to j = —10 mA cm™. Experiments
were performed using a three-electrode step, with catalyst-deposited glassy carbon as the
working electrode, 3 M Ag/AgCl as the reference and carbon felt as the counter electrode.
The dashed line represents the expected behaviour of a stable catalyst which does not

undergo activation.
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Simultaneously, gas chromatography was performed which allowed for the identification of
hydrogen as the gaseous product. The headspace of the cell was sampled at set time intervals,
and it was found that as the current density increases, rather than the expected linear increase
in hydrogen production with time, the rate of hydrogen evolution increases as the HER

progresses (Figure 5-6).
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Figure 5-6: Representative trace of the number of moles of hydrogen produced with time as
a constant potential of =320 mV (vs. NHE) is applied. Solid line indicates the experimentally
determined value of hydrogen yield from gas chromatography for the activated sample,

while the dashed line represents the theoretically calculated value without activation.
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5.3.3. Stability Studies of Activated Nanocrystalline 1T’-MoTe»

5.3.3.1. Ex-situ PXRD

Due to the small sample size required for electrochemical reactions, whereby the catalyst is
made into an ink and deposited on to the surface of a glassy carbon electrode (Area = 0.071
cm?) very little powder was available for analysis by PXRD after activation. To combat this,
an ex-situ PXRD bracket was designed to fit the glassy carbon electrode, thus allowing for
direct analysis of the catalyst on the electrode surface immediately after electrochemical
treatment. Figure 5-7 shows an image of the bracket, with the surface of the electrode being
flush with the surface. The bracket was made of acrylic, with aluminium tape used to cover
this in order to remove any background diffraction from the acrylic. It should be noted that
the range was limited to 10 - 40 °, since Al shows a diffraction peak at ~38 °. However, since
the most prominent peaks of nanocrystalline 1T’-MoTe, occur below 30 °, the use of
aluminium was deemed acceptable. Additionally, since the height of the electrode can be
easily adjusted, a small amount of Si powder was added to the surface of the electrode prior
to any measurements. In this way, silicon acts as an internal standard, meaning any shift in
peak position can be attributed to the material itself rather than a difference in height between

sample measurements.

Working
electrode

Figure 5-7: Photographs of the ex-situ bracket designed for PXRD analysis of the catalyst
directly on the electrode surface. Aluminium tape covers the acrylic, and the o-ring holds

the glassy carbon electrode in place.
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Now, PXRD can be used to investigate the stability of nanocrystalline 1T’-MoTe, under
electrochemical cycling conditions. As such, the catalyst-deposited glassy carbon electrode
was cycled 1000 times between +0.2 V and —0.5 V (vs. NHE) and PXRD was performed
immediately after cycling. The post cycling diffraction pattern was then compared with that
of the electrode prior to cycling, and the patterns were adjusted according to the position of
the silicon internal standard. It should be noted that since the PXRD pattern obtained after
electrocatalytic measurements was performed directly on the electrode surface, a layer of

H>SOq4 electrolyte is present and may result in weaker Bragg reflections.

Figure 5-8 compares the PXRD patterns of nanocrystalline 1T’-MoTe> before and after 1000
CV cycles, and shows no obvious structural changes. Some literature studies point towards
proton intercalation as a possibility for the electrochemical activation of TMDCs, however
the lack of shift in the (001) peak position suggests no lattice expansion occurs. Hence,
PXRD does not provide evidence of proton intercalation between the layers of

nanocrystalline 1T’-MoTe,.
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Figure 5-8: PXRD patterns of nanocrystalline 1T’-MoTe> before and after 1000 cycles.
Patterns were measured directly on the surface of the glassy carbon working electrode on
which the catalyst ink was deposited. A small amount of silicon powder was placed on the

surface to act as an internal standard.
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Continuing with the idea of proton intercalation, the material was then cycled 100 times in
an identical manner with 1 M D>SO4 being used as the electrolyte in an attempt to observe
a lattice expansion. The resulting powders were analysed by powder neutron diffraction
(PND). Figure 5-9 shows the neutron scattering data from the nanocrystalline 1T’-MoTe;
sample before and after activation in D>SO4. Again, no sign of lattice expansion or evidence
of intercalation is observed which would lead to the substantial change in intensity of
selected peaks. Therefore, ex-sifu analysis by PXRD and PND exclude the intercalation of
protons between the layers of 1T°-MoTe: as being the reason behind the activation process.
However, since both of these techniques are performed ex-situ, they do not rule out the

possibility of an in operando proton intercalation mechanism of activation. This will be

discussed further in Chapter 6.
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Figure 5-9: Neutron scattering data collected in bank 4 of GEM from nanocrystalline 1T’-
MoTe; before and after activation by 100 cycles in 1 M D>SOy electrolyte. The difference in
intensity between the two samples is due to the difference in collection time. The initial

material was collected over approximately 1 hour while the activated material was collected

overnight.
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5.3.3.2. Ex-situ Raman Spectroscopy

In a similar manner to PXRD, Raman spectroscopy was performed directly on the electrode
surface after reductive potential cycling. This allowed for further confirmation of the phase
purity. As can be seen in Figure 5-10, after 1000 cycles between +0.2 V and —0.5 V (vs.
NHE) in 1 M H2SO4, the Raman spectra of both the initial material and the activated material
post 1000 cycles are identical. Both spectra show the four main vibrational modes at ~107
cm!, ~128 cm™!, ~161 cm™ and ~255 cm™!, which correspond to the By and A, modes.’
Therefore, combining the results obtained from PXRD and Raman Spectroscopy, structural

changes can be eliminated as the cause of the enhanced activity.
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Figure 5-10: Wide-range Raman spectra of nanocrystalline 1T -MoTe> measured before
(top) and after 1000 cycles (bottom). Raman spectra obtained after electrochemical
measurements were performed directly on the electrode surface, therefore a layer of H>SO4

electrolyte is present thus resulting in an increased background after 1000 cycles.

Contrastingly, looking at the Raman spectra of nanocrystalline 1T’-MoTe> when the
potential range is extended to a more reductive potential of 0.6 V (vs. NHE), it was found
that the activated material had decomposed into elemental tellurium. Figure 5-11 shows
Raman spectra taken over three areas of the sample post cycling between +0.2 V and —0.6

V (vs. NHE). Elemental tellurium is observed at ~120 cm™' and 140 cm™' and the most
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prominent Ag band of 1T’-MoTe: at ~161 cm™! is less intense after only 50 cycles. This is

in line with the electrochemical studies discussed above which showed the material to lose

contact with the electrode surface at such reductive potentials. Contrastingly, Seok et al.?

show no such degradation, possibly due to the more stable nature of their single crystal

electrode rather than the preparation of a catalyst ink as reported here.
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Figure 5-11: Wide-range Raman spectra of nanocrystalline 1T’-MoTe> measured after 50

cycles ranging between +0.2 V and —0.6 V (vs. NHE). The Ay band of 1T’-MoTe: is

highlighted for clarity. Spots 1,2 and 3 indicate three separate areas of the sample.
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5.3.3.3. Morphology and Composition

Previous studies by Liu et al. have attributed the electrochemical activation of TaS, and
NbS: to sample thinning with cycling.! The change in morphology is easily seen by the
appearance of smaller platelets after cycling. The authors report their improvement in
catalytic activity to be due to the resulting shortened interlayer pathways, which aids electron
transport between the catalyst and the electrolyte. Indeed, analysis of the electrochemical
impedance spectroscopy showed that, in the case of both TaS, and NbS,, the charge transfer

resistance, Rcr decreased, thus indicating improved charge transfer kinetics.

However, looking at the morphology of 1T’-MoTe; after 100 cycles, i.e. after activation, no
change in morphology was observed. Figure 5-12 shows a comparison of the SEM images
of nanocrystalline 1T’-MoTe> samples before and after activation, and show that the
morphology is maintained. Likewise, EDX mapping shows that both Mo and Te are well
distributed throughout the activated material. Therefore, in combination with the ex-situ
PXRD, PND and Raman spectroscopy results, the activation of nanocrystalline 1T’-MoTe»

does not appear to be due to any structural or morphological changes to the sample.

ﬁ ﬁ
10 pm 10 pm

Figure 5-12: SEM images of a) nanocrystalline 1T’-MoTe: before and b) after 100 cycles
between +0.2 V and —0.5 V (vs. NHE). The EDX mapping images of the activated sample

shows Mo (green) and Te (red) are well distributed throughout the material.
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5.3.3.4. Reversible Activation

As discussed above, application of reductive potential cycling for a total of 1000 cycles
maintains the overpotential at 178 mV. Most interestingly, it was discovered that when the
reductive potential is removed, the enhanced catalytic activity is lost and the overpotential
required for j = —10 mA cm2 reverts back to its original value of 320 mV. The catalyst must
then be re-activated following the same procedure, thus resulting in a reversible activation
mechanism. This phenomenon has not been reported elsewhere in the literature, with similar
activation studies showing no experimental evidence of reversibility. Figure 5-13 shows the
polarisation curves of nanocrystalline 1T’-MoTe; before and after 100 cycles between +0.2
V and —0.5 V (vs. NHE) and the dashed line indicates the LSV obtained immediately after

the potential bias is removed.
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Figure 5-13: Comparison of the current densities achieved by nanocrystalline 1T’-MoTe:
before and after 100 cycles in 1 M H>SO4. The red dashed line illustrates the current
densities achieved immediately after the 100 cycle scan, and shows the overpotential to
return to its original value as the application of continuous cycling under reducing potentials

is stopped.
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Due to this reversible shift in overpotential, the lack of changes in structure and morphology
become obvious. Indeed, if any irreversible changes were to occur then the original
overpotential would not be expected to be regenerated after the electrochemical reaction.
Instead, the reversibility of the overpotential improvement implies that the activation is
electronic in nature. Several studies have shown that 1T’-MoTe; displays a high
susceptibility towards electron doping on the basal plane surface, and suggest that excess
electron density can be accommodated at the Fermi level.!%!2 Therefore, it is possible that
the partially filled d bands associated with the metallic character of 1T’-MoTe> are capable
of accepting electron density during reductive potential cycling. This electron ‘doping’ may

give rise to the enhanced catalytic performance.

To investigate this further, 2H-MoTe; was cycled 100 times under identical conditions to
that conducted for 1T’-MoTe,. Due to the semiconducting nature of 2H-MoTe>, which
exhibits poor charge transfer kinetics due to its fully occupied d bands, the material is an
ideal candidate to test the theory of electron doping. As expected, Figure 5-14 shows that no
such activation occurs in the case of 2H-MoTe;. This finding reinforces the idea of electron

doping as the cause of the enhanced activity, and will be discussed further in Section 5.3.5.
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Figure 5-14: Comparison of the current densities achieved by semiconducting 2H-MoTe:
before and after 100 cycles in 1 M H>SO;.
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5.3.4. Electrochemical Activation

Since structural changes have been excluded as the origin of the enhanced activity, efforts
were subsequently turned to investigating the electrochemical activation of the basal plane.
As discussed in Chapter 4, the basal plane is considered as being the primary active site for
metallic TMDCs. One possibility for the enhanced performance is that there is an increase
in the number of active sites as the material becomes activated. The electrochemically active
surface area (ECSA) was therefore investigated after 100 cycles. Figure 5-15 shows the
double layer capacitance (Cpr) to remain identical within experimental error before and after
100 reductive cycles. This implies that the ECSA also remains identical with cycling, and
no new active sites are generated. Additionally, ICP-OES reveals that the stoichiometry of
the nanocrystalline 1T°-MoTe> remains unchanged after cycling, with the stoichiometries
being MoTei975) and MoTeis02), respectively. Hence, if any new active sites were
generated, a change in composition would be expected due to the emergence of Te vacancies.
Therefore, since there is no change in stoichiometry or ECSA, it appears that no new active
sites are being created with cycling. This is also in line with the reversible nature of the

activation process.
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Figure 5-15: Current density differences of nanocrystalline 1T’-MoTe: before and after 100

cycles plotted against scan rates. The capacitance currents were measured at 150 mV (vs.
NHE).
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Following on from this, electrochemical impedance spectroscopy (EIS) was performed after
100 cycles at a potential of —300 mV (vs. NHE). In doing so, the charge transfer resistance,
Rcr, was found to reduce by half (Figure 5-16). A reduction in charge transfer resistance
implies that electron transfer is more efficient on the active sites. This, coupled with analysis
of ECSA, suggests that rather than generating new active sites upon reductive cycling, the
sites that are already present are becoming activated. It is therefore possible that with
continuous reductive potential cycling the basal plane becomes ‘activated’, i.e. the reaction

kinetics are enhanced on the active sites.
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Figure 5-16: Nyquist plots showing electrochemical impedance spectroscopy on
nanocrystalline 1T’-MoTe: before and after 100 cycles. Uncompensated resistances were
calculated as 8.1 and 8.3 Q before and after 100 cycles, respectively. This corresponds well
with the iR compensation function on the potentiostat which gave values of 9.8 and 10.1 Q.

The inset shows the equivalent circuit model.

Seok et al. report an improvement in the Gibbs’ free energy of hydrogen adsorption, AGs,
as hydrogen adsorption occurs on the basal plane of 1T’-MoTe».* Hydrogen adsorption
induces electron doping and a Peierls-type lattice distortion that enhances the HER.
Therefore, it is possible that reductive potential cycling is the driving force which induces
further distortion, thus lowering AGn to a more favourable value. This will be discussed

further in Section 5.3.5.
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As a result of this spontaneous lattice distortion, Seok et al. also propose that the traditional
volcano plot analysis cannot explain the unexpected catalytic performance of 1T’-MoTe,.*
In contrast to previously reported TMDC electrocatalysts, the rate determining step of 1T°-
MoTe: in the study by Seok et al. is the Volmer reaction, i.e. the electrochemical hydrogen
adsorption step. A summary of the possible reaction pathways is recreated in Table 5-4.
Interestingly, upon cycling nanocrystalline 1T°-MoTe», the Tafel slope increases from 68 +
4 mV dec! to 116 + 17 mV dec™! (Figure 5-17). The activated nanocrystalline material
therefore exhibits a Tafel slope similar to that obtained by Seok ef al., thus suggesting that
with continuous reductive cycling, hydrogen adsorption is becoming the rate determining
step of the HER. It is therefore possible that Seok e al.* may have activated their single
crystal 1T’-MoTez, however this may have been overlooked due to the deposition of
platinum at such reductive potentials.> A comparison of the Tafel slopes obtained in this

work in comparison to Seok et al. is shown in Table 5-5.

Table 5-4: Summary of the possible reaction pathways occurring during the hydrogen

evolution reaction.

Volmer step H30" + e — Hags + H2O Discharge step

Heyrovsky step Hags + H30" + e — Ha + HO | Electrochemical desorption step

Tafel step Hads + Hags — H2 Recombination step
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Figure 5-17: Tafel plots and corresponding Tafel slopes of nanocrystalline 1T’-MoTe>
before and after 100 cycles. Dashed lines are provided as a guide to the eye. All current

densities have been corrected for resistance.

Table 5-5: Comparison of the Tafel slopes of 1T’-MoTe: obtained in this work and by Seok
et al.*

Catalyst Tafel slope
Single crystal 1T’-MoTe: (Seok et al.*) 127 mV dec™!
Nanocrystalline 1T’-MoTe: 68 =4 mV dec™!
Nanocrystalline 1T’-MoTez — 100 cycles 116 + 17 mV dec™!

This change in Tafel slope also highlights the difference in activation mechanism between
1T°-MoTe: in this work and that of TaS, and NbS; in the study by Liu et al.! In the case of
TaS,, the Tafel slope was found to decrease from 282 mV dec™! to 37 mV dec™! after 5000
cycles. The authors draw the conclusion that the rate determining step changes from the
Volmer reaction to the Heyrovsky step as charge transfer becomes more efficient. However,
as discussed above, the authors also note a thinning in sample morphology, which aids

electron transfer. In the case of nanocrystalline 1T’-MoTe», the opposite effect is observed,
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with the Tafel slope found to increase as the reaction progresses, and no change in

morphology is observed.

In summary, as nanocrystalline 1T’-MoTe; is cycled 100 times, the overpotential improves
from 320 mV to 178 mV and the charge transfer also halves in value, thus indicating more
efficient reaction kinetics and an improved electrocatalytic performance. However, the Tafel
slope increases with cycling, from 68 +4 mV dec™! to 116 + 17 mV dec™! after 100 cycles.
This indicates a change in the reaction mechanism, with the rate determining step of the
activated material becoming the Volmer reaction i.e. hydrogen adsorption. As hydrogen
adsorption occurs on the basal plane of 1T’-MoTe;, electron doping and a spontaneous
lattice distortion occurs which reportedly lowers AGu to a more favourable value. Therefore,
in this work, electron doping is proposed as the reason for the improved catalytic

performance upon cycling nanocrystalline 1T’-MoTex.
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5.3.5. Computational studies of potential reaction pathways

5.3.5.1. Hydrogen Surface Coverage

Continuing with the theory of electron doping, the effect of hydrogen surface coverage on
the basal plane was explored. As reported by Seok et al.* hydrogen adsorption drives electron
doping and a Peierls-type lattice distortion. With increasing number of cycles, the Tafel slope
changes from 68 £+ 4 mV dec™! to 116 + 17 mV dec™!, thus indicating a change in the reaction
mechanism from the Heyrovsky step being slow to the Volmer step (hydrogen adsorption)
being rate limiting. This indicates that, as the hydrogen evolution reaction progresses, the
adsorption of hydrogen on the basal plane surface becomes more difficult. Seok et al.
calculated that hydrogen adsorption occurs on the Te a-site, and a similar approach was used
in this work (see Section 5.3.5.2. for an explanation of the site-dependency). The authors
also found that electron doping (through hydrogen adsorption) resulted in Peierls-type lattice
distortion which improved AGx by 0.16 eV. Hence, all surface coverage calculations were

performed on the a-site.

In the case of nanocrystalline 1T’-MoTe», this model was extended by proposing that the
distortion could be further enhanced through hydrogen adsorption on the a-site by reductive
potential cycling. DFT calculations were performed to study how the amount of adsorbed
hydrogen on the a-isomer would change the energy of hydrogen adsorption for the adjacent
a-site as the surface coverage increases. Table 5-6 shows the energy of Hags required for
adsorption on the first (12.5% surface coverage), second (25% surface coverage) and third
(37.5% surface coverage) a-site, respectively. Contrary to expectation (at higher coverage
H-H becomes a repulsive interaction causing the energy of adsorption to increase) Hags was
found to decrease, i.e. become more favourable, until reaching a minimum at ca. 25%, at

which point every other a-site is covered.

As can be seen in Figure 5-18, calculations show that once H is adsorbed on to an a-site, the
AEH value of the neighbouring a.-site becomes more favourable. This also corroborates well
with the reduction in charge transfer resistance after 100 cycles as discussed above.
However, once this limiting level of hydrogen adsorption is reached, Hads begins to increase,
thus indicating the Volmer step (hydrogen adsorption) has become rate limiting, in line with

the increase in Tafel slope.
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Table 5-6: Summary of the calculated hydrogen adsorption energies with increasing

surface coverage.

1T°-MoTe; surface coverage AEH (eV)
12.5% +0.67
25% +0.56
37.5% +0.60
0.68
1 O
0.66 -
0.64 -
S 062
9L I
-° 0.60 1
0.58 1
0.56 - |
M 15 20 25 30 3 a0

Surface coverage (%)

Figure 5-18: The hydrogen adsorption energy on the a-site as a function of MoTe> surface

coverage.
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5.3.5.2. Atomic-Site Dependency

Seok et al.* suggested that hydrogen adsorption (which drives electron doping) on to the Te
active sites was the cause of spontaneous lattice distortion. Further, the authors calculated
that the a-site, i.e. the low Te atomic site, showed the most favourable AGy out of five
possible atomic sites. In an attempt to explain the nature of the adsorption process in terms
of activation in nanocrystalline 1T’-MoTe», a 2x2 supercell of a monolayer slab was adapted
as the working model of 1T’-MoTe; (Figure 5-19). The a, B and e-sites, as proposed by Seok
et al.,* were investigated in addition to a new tri-haptic metal hydride ‘n-site’ (Figure 5-20).
All of the regioisomers were investigated at a surface coverage of 12.5%. The energies of
hydrogen adsorption (AEn) calculated for each site is summarised in Table 5-7 and illustrated

in Figure 5-21.

Figure 5-19: The ab-plane projection of the optimised 2x2 unit cell of 1T’-MoTe> monolayer
slab with selected calculated bond distances in pm (rev-PBE-D3/DZP + NO). The ADF-
Band version 2017.113 software package was used for the in silico analysis of the catalyst
hydrogenation process. The Perdew, Burke and Ernzerhof generalised gradient
approximate density functional was employed throughout the calculations with the addition
of Grimme’s third generation dispersion correction (rev-PBE-D3). A combination of
Herman-Skillman numerical atomic orbitals (NAOs) with triple zeta polarised (TZP) Slater
type orbitals were used for all the heavy atoms, whereas for hydrogen a double zeta
polarised (DZP) augmentation was used. Further details of computational studies are

discussed in Chapter 2.
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Figure 5-20: Optimised structures and bond distances (pm) of the regioisomers of
i[MoTesz%] (2x2 unit cell) with hydrogen adsorbed at (a) a-site, (b) n-site, (c) [-site

and (d) e-site. Mo atoms are shown in red, Te atoms in blue and H atoms in green.
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Table 5-7: Hydrogen adsorption energies of various atomic sites.

Surface AEx (eV) Reference
o-MoTe>Ho 125 +0.67 This work !
o-MoTe>Ho.250 +0.56 This work '
B-MoTexHo.125 +0.92 This work!#
e-MoTexHo.125 +1.73 This work!
n-MoTexHo.125 +0.58 This work!#
o-MoS2Ho. 125 -0.13 15

Pt;H -0.40 16
1.8 -
1.6
1.4 -
1.2 -
1.0 4 B-MoTe,H, .
3 0.8-
W 0.6+ \
< a-MoTe,H, 5, n-MoTe H,
0.4 -
0.2 5
0 a-MoS,Hg 15
—0.2 4
Pt.H
0.4 4
H+e H* % H,

Reaction coordinate

Figure 5-21: Comparison of AEy (eV) values at various H-bonding sites.

In agreement with Seok et al.,* the much higher adsorption energies of the B- and e-sites
mean that these sites can be excluded as being the main catalytically active sites of
nanocrystalline 1T’-MoTe,. The n-site shows the most favourable hydrogen adsorption
energy of AEx = +0.58 eV, thus implying that the n-site is the primary active site. However,
this contradicts experimental evidence. As the n-site involves the formation of a tri-haptic
metal hydride, adsorption of hydrogen would thus occur on Mo active sites. Therefore, one

would expect an improvement in catalytic performance in a Te-deficient 1T -MoTe, when
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additional Te vacancies are created, similar to the mechanism proposed for the 1T-MoS»
analogue.!” To test this hypothesis, a Te-deficient nanocrystalline 1T’-MoTe, was
synthesised using an identical procedure to that of the stoichiometric material, with a 10%
decrease in number of moles of Te used. Figure 5-22 shows the PXRD pattern of this Te-
deficient material to be identical to that of stoichiometric nanocrystalline 1T’-MoTe». It
should be noted that no elemental analysis was performed on this Te-deficient material, and
is therefore only speculatively labelled 1T’-MoTe) 5. Upon electrochemical cycling, the Te-
deficient material does indeed show an overpotential improvement, however, the extent to
which it improves is limited. As can be seen in Figure 5-23, the MoTe;s material only
improves from —320 mV to —230 mV. Therefore, hydrogen adsorption appears to occur on

Te sites, thus the a-site was deemed the active site for nanocrystalline 1T’-MoTex.

‘IT'—MoTe1_8

Nanocrystalline 1T'-MoTe,
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Figure 5-22: PXRD patterns of stoichiometric nanocrystalline 1T’-MoTe: (bottom) and
Te-deficient ‘1T -MoTey.s’ (top).
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Figure 5-23: Comparison of the current densities achieved by stoichiometric
nanocrystalline 1T’-MoTe> before (red) and after 100 cycles (blue) and Te-deficient MoTe, s
after 100 reductive cycles (black).
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5.3.5.3. Limits of the Conventional Volcano Plot

The exchange current density is the current density measured at 0 mV (vs. NHE), i.e. when
the hydrogen evolution reaction is at equilibrium. Trasatti’s volcano plot correlates the
exchange current density with the chemisorption energy of hydrogen, thus allowing for the
identification of possible HER electrocatalysts.!” The ascending slope of the volcano plot,
i.e. AGu <0 eV, represents metals which bond to hydrogen too strongly, thus the exchange
current decreases with decreasing AGu due to a lack of H recombination. The descending
slope, i.e. AGu > 0 eV, represents metals which bond hydrogen too weakly, thus proton
transfer is limited. In this case, the exchange current decreases with increasing AGh.
Platinum lies at the apex of the volcano, the point at which the reaction steps (Volmer and
Heyrovsky or Tafel reactions) are thermo-neutral, i.e. hydrogen is neither bonded too
strongly nor too weakly.'® As such, platinum is currently the best performing HER
electrocatalyst. Thus, one would expect a catalyst with a similar exchange current density to
platinum to also be close to thermo-neutral. In this context, the closer the H adsorption

energy is to zero, the greater the activity of the catalyst.

However, computational data obtained for activated nanocrystalline 1T’-MoTe; (after 100
cycles) contradicts this. In the case of nanocrystalline 1T’-MoTe», the exchange current
density was obtained by extrapolation of the Tafel slope to 0 mV and shows a substantial
improvement upon cycling. In fact, the exchange current density of the activated sample
shows a value similar to that of platinum, although the Tafel slope indicates that a different
reaction mechanism takes place. Despite having an exchange current density similar to
platinum, the energy of hydrogen adsorption is rather high (+0.56 eV). The values of the
initial and activated 1T’-MoTe, materials are summarised in Table 5-8 and are compared
with calculated values for 1T-MoS; and Pt (111). The value of AEx for activated 1T’-MoTe»
is in line with that of the a-site obtained by Seok et al., as the authors noted a high positive
energy of AEy = +0.55 eV.* The authors also noted a high exchange current density of —4.67
A cm™2, which would place the catalytic activity of 1T’-MoTe: out with the conventional
volcano plot. Their explanation was that Peierls-type lattice distortion (driven by hydrogen
adsorption and consequently electron doping) leads to more favourable HER kinetics, and
that the conventional volcano plot does not take structural distortions into account. This
theory was extended for nanocrystalline 1T’-MoTe: by proposing that the distortion could
be further enhanced through adsorption of hydrogen on the a-site by reductive potential

cycling. Thus, the conventional volcano plot cannot explain the high experimental exchange
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current density values of 1T’-MoTe;, and is thus limited for TMDC:s.

Table 5-8: Hydrogen adsorption energy relationship to the logarithm of exchange current
density.

Log io (A Tafel slope
Surface AEn (eV) em™?) (mV dec) Ref.
Nano 1T°-MoTe; +0.67 -6.99 68 This work!*
Namo I'T"-MoTe, — | <¢ 330 16 This work!4
100 cycles
Single crystal 127 13
1T-MoTes +0.55 —4.67
1T-MoS: —0.13 —4.90 48 1
Pt:H —-0.40 -3.34 30 16
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5.4. Conclusions

In conclusion, this chapter has focused on the dramatic enhancement of catalytic activity of
nanocrystalline 1T°-MoTe,, and sought to explore the origin of this activation. Upon
reductive potential cycling, the overpotential required for j = —10 mA cm™ was found to
improve from 320 £ 12 mV to 178 £ 8§ mV after 100 cycles. This lower overpotential
remained stable for as long as the cathodic bias was maintained (1000 cycles). Once the
application of potential was stopped, the overpotential was found to revert back to its original
value of 320 mV. This work therefore demonstrates the first reversible activation of a TMDC

electrocatalyst for the HER.

In an attempt to understand this enhanced catalytic activity, several characterisation
techniques have shown that the improved performance is not structural or morphological in
origin. Instead, the enhancement is proposed to be due to the activation of the basal plane
sites with continuous potential cycling. Computational studies suggest that the activation is
electronic in nature, and is a result of electron doping under an applied reductive bias which
drives lattice distortion thus resulting in a more favourable energy of hydrogen adsorption.
This is corroborated by DFT calculations which show that hydrogen adsorption on a Te a-
site lowers the AEy value of the neighbouring a-site. Thus, activation of the basal plane has
been shown to substantially improve the electrocatalytic performance of nanocrystalline
1T’-MoTe,. Thus, this study provides the ground work for optimising the HER activity of
MoTe,, which may also be applicable to other metallic TMDC:s.
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6. Exploration of the Activation Mechanism

In previous chapters, investigations indicated that the electrochemical activation of
nanocrystalline 1T’-MoTe; is electronic in origin. Further, DFT suggests that electron
doping, driven by hydrogen adsorption, resulting in a lattice distortion is the origin of the
improved electrocatalytic activity. In this chapter further investigation into the nature of the
activation is presented. Thus, this chapter seeks to delve deeper into the activation
mechanism, by initially explaining the gradual nature of the enhancement, followed by in
operando Raman and XAS studies in attempt to detect any structural changes that may not
be observed ex-situ. Subsequently, alternative theories for gradual enhancement such as the
removal of oxide layer species and re-oxidation of the sample are explored. Ultimately,
experimental evidence supports that the activation mechanism occurs on the basal plane of

nanocrystalline 1T’-MoTe,.

6.1. Introduction

6.1.1. Methods of Activation

Expanding on the literature discussion presented in Chapter 5, several studies report differing
electrochemical activation mechanisms, although none appear to apply to nanocrystalline
1T°-MoTez. In the case of TaS> and NbS,, Liu et al.! report a change in catalyst morphology
as the reason for enhanced activity. However, the reversible nature of nanocrystalline 1T°-
MoTe>, which is the first of its kind to be reported,? rules out changes in morphology and

composition as the source of activation.

On the other hand, Li et al.? evidence the p-doping of 2H-MoS, by Raman spectroscopy and
PXRD. The authors observe a shift in Raman peak which indicates the intercalation of
protons between the interlayer spacing of MoS,. This is further confirmed by PXRD which
shows a slight shift in d spacing, therefore indicating a lattice expansion. These results are
obtained ex-situ, meaning that the protons remain intercalated between the layers for a period
of time, and indicates that the activation of 2H-MoS: is irreversible. Contrastingly, no such
shifts are observed in the case of nanocrystalline 1T°-MoTe, when measured ex-sifu.’
Moreover, it is important to note that in the study by Li ef al., an internal standard is not
used, hence any observable shifts may be deceiving.? The reversible nature of this activation,

however, may imply that structural changes only occur in operando. Thus, in order to gain
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a clear understanding of the activation of nanocrystalline 1T’-MoTe,, electrochemical

studies must be conducted in operando.

While the study by Li ef al.® provides an interesting theory, it should be noted that their
activation occurs in the semiconducting 2H-phase of MoS,. No such activation is observed
in the case of semiconducting 2H-MoTe», further validating the hypothesis that the activation
of MoTe is electronic in origin.? Nonetheless, the activation of nanocrystalline 1T’-MoTex
displays one similar quality to the two mechanisms described above: the activation is a
gradual process. Li et al.? attribute the gradual nature of the activation process to be due to
the sample morphology, with samples films requiring more cycles than flakes. Additionally,
flakes of a larger size required more cycles than those of smaller size, thus confirming that
the morphology plays an important role in the activation. Similar studies have also shown
that the number of layers have a profound effect on the catalytic activity of MoSz, with the
activity increasing with decreasing number of layers.* Therefore, from these studies, it is
likely that the number of cycles required for activation is dependent on the sample

morphology.

6.1.2. The Role of Oxygen

As discussed in Chapter 3, the MoTe, materials are covered by a layer of surface oxides, as
evidenced by XPS. These oxides are commonly observed in TMDC electrocatalysts, and are
removed by performing cyclic voltammetry under reducing conditions in acidic media.’
However, a possible theory for the electrochemical activation of nanocrystalline 1T’-MoTe»
is that the surface oxides are gradually removed with increasing cycle number, thus revealing
the true catalytic material. A similar theory has been proposed in the literature for amorphous
molybdenum sulfide, whereby MoS3 is a ‘pre-catalyst’ and is reduced to the active

component by electrochemical cycling.5

In the same vein, one may argue that the presence of oxygen on the surface of 1T’-MoTex,
as evidenced by XPS, may mask the true catalytic activity of the nanocrystalline material.
Surface oxides have been previously reported to inhibit the catalytic activity of TMDC
catalysts, and tellurides are known to be oxidised more readily than other TMDCs.*!? Thus,
the role of oxygen needs to be studied in order to determine its effect (or lack of) on the

electrocatalytic activity.
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6.2. Aims

The reversible nature of the electrochemical activation of nanocrystalline 1T’-MoTe; has
thus far been attributed to electron doping as a result of hydrogen adsorption. However, in
order to confirm this theory as the most plausible explanation, several alternative means of
activation must be considered. As such, this chapter seeks to explain the gradual nature of
electrochemical activation, and further investigates possible alternative routes to the

activated material.
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6.3. Results and Discussion

6.3.1. Gradual Activation

The previous chapter proposed that the electrochemical activation of nanocrystalline 1T°-
MoTe; is due to electron doping as a result of hydrogen adsorption on the basal plane surface,
which in turn induces a Peierls-type lattice distortion. Despite literature reports requiring an
excess of 5000 cycles in order to reach the limit of their activation,!>!! these studies offer
alternative explanations for their activation mechanisms, e.g. morphological changes.
Accordingly, the authors show no evidence of a reversible activation. The reversible nature
of the activation of nanocrystalline 1T’-MoTe; suggests a different mechanism entirely, with
electron doping being the proposed method. However, if electron doping is indeed the reason
for the activation then the process appears to be rather slow, with 100 cycles being required

in order to reach the improved overpotential of 178 mV.

In the case of molecular materials, the effect of electron doping would be instantaneous;
hence the improved overpotential would be obtained immediately upon cycling. Thus, the
slow cathodic response is initially surprising. However, nanocrystalline 1T’-MoTe; is a bulk
freestanding material, which raises issues of limitation by electrochemical processes such as
diffusion and double layer formation. This is perhaps most notably evidenced by the
activation of crystalline 1T’-MoTe: (as discussed in Chapter 5) which is hindered due to its
considerably lower surface area. These electrochemical processes must be overcome in order
to drive hydrogen adsorption; therefore a sufficient energy input must be applied. Upon
application of a sufficiently large potential, the catalyst will indeed be ‘activated’ quickly.
For example, chronoamperometry measurements at a large reductive potential for a short
period of time would result in a faster activation. However, when a constant potential of
—500 mV (vs. NHE) was applied to nanocrystalline 1T°-MoTe> (i.e. the most reductive
potential used when electrochemically cycling) the catalyst lost contact with the glassy
carbon substrate. Hence, this potential was found to be too reductive for prolonged periods

of time.

Instead, a potential of —400 mV (vs. NHE) was applied. However, this potential could only
be held for approximately one minute before the catalyst began to flake off of the electrode.
Regardless, comparing the polarisation curves before and after chronoamperometry at —400
mV (vs. NHE) for one minute resulted in an overpotential improvement from 320 mV to 220

mV at j = =10 mA cm™2 (Figure 6-1). At these reductive potentials of =500 mV and —400
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mV (vs. NHE) an increasingly large volume of hydrogen bubbles are produced with time,

most likely causing the catalyst to lose contact with the glassy carbon substrate.
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Figure 6-1: Comparison of the current densities achieved by nanocrystalline 1T’-MoTe:
before and after chronoamperometry (CA) measurements with an applied potential of —400
mV (vs. NHE) for one minute in 1 M H>SOj.

To combat this, cyclic voltammetry can strategically be wused in place of
chronoamperometry. Sweeping the voltage to sufficiently more reductive potentials enables
high current densities to be reached in a pulsing manner, and hence diffusion-limitations can
be overcome, all the while maintaining contact between the catalyst and substrate. In this
manner, a compromise is reached between the speed of activation and the energy input
applied. Thus, due to the sweeping nature of cyclic voltammetry, the slow cathodic response

is unsurprising.

Therefore, the optimum conditions of activation were found to be 100 cycles in the potential
range of +0.2 V and —0.5 V (vs. NHE). In support of the gradual activation process, the
improvement in overpotential can be visualised with increasing number of cycles. Figure 6-
2 shows the polarisation curves of nanocrystalline 1T’-MoTe; after 25, 50 and 100 cycles,
and the overpotential required for j =—10 mA cm™2 can be seen to improve with each interval.

Likewise, the Tafel slope was also found to gradually increase with cycle number, thus
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highlighting the change in reaction mechanism from Heyrovsky-limiting to Volmer-limiting
(Figure 6-3).
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Figure 6-2: Comparison of the current densities achieved by nanocrystalline 1T’-MoTe:
after sweeping between the potential range of +0.2 V and —0.5 V (vs. NHE) for 25, 50 and
100 cycles in 1 M H>SO..
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Figure 6-3: Tafel plots and corresponding Tafel slopes of nanocrystalline 1T’-MoTe: before
and after 25, 50 and 100 cycles between +0.2 V and —0.5 V (vs. NHE). Dashed lines are

provided as a guide to the eye. All current densities have been corrected for resistance.

Further evidence of a sufficient activation energy required to overcome the limiting
electrochemical processes 1s provided by narrowing the potential range at which the catalyst
is swept. Narrowing the applied potential range to between +0.2 V and —0.4 V (vs. NHE)
results in the material becoming only partially activated after 100 cycles, i.e. far more than
100 cycles would be required in order to reach the improved overpotential of 178 mV. Figure
6-4 shows the overpotential improvement of nanocrystalline 1T’-MoTe; after 100 cycles
when the potential range is narrowed (+0.2 V and —0.4 V (vs. NHE)) compared with that of
the optimum cycling range (+0.2 V and —0.5 V (vs. NHE)). Therefore, this study concludes
that the overpotential improvement is gradual since the speed of activation is controlled by
the choice of experimental parameters, with potential range and number of cycles being the

determining factors.
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Figure 6-4: Comparison of the current densities achieved by nanocrystalline 1T’-MoTe:
after cycling the potential 100 times between +0.2 V and —0.5 V (blue),; and +0.2 V and —0.4
V (black) (vs. NHE) in 1 M H>SOq.
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6.3.2. In Operando Studies

6.3.2.1. In Operando Raman Cell

Continuing with the theory of electron doping by hydrogen adsorption, attempts were made
to study the activation method by in operando Raman spectroscopy. To do this, an in situ
Raman cell was required. The cell was fabricated using materials available in the lab, and is
depicted in Figure 6-5. The cell consisted of a screw cap with an aperture, fitted with a
septum. In order to prevent any contamination and / or degradation of the screw cap in the 1
M H>SOq electrolyte, the thread of a concentrated sulfuric acid bottle was cut to size to
precisely fit within the walls of the cap. The glassy carbon working electrode and platinum
counter electrodes were pierced through the septum in the up-turned position. The reference
electrode was then positioned accordingly. Sulfuric acid was filled to a level at which the
catalyst is covered by a thin layer of electrolyte. Using this experimental set up, the position
of the working electrode remains fixed. In this way, the in operando activation of

nanocrystalline 1T’-MoTe; can be studied by Raman spectroscopy.

Reference
electrode

Raman

Working microscope
electrode

Raman Platinum
cell counter

electrode

R ———e

Figure 6-5: Fabricated in operando Raman cell consisting of a screw cap with aperture to
fit a septum. Glassy carbon is used as the working electrode and platinum wire as the
counter, both of which are up-turned and pierced through the septum. 3 M Ag/AgCl is used
as the reference and 1 M H>SOq is the electrolyte.
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In operando Raman measurements were performed in 1 M H2SO4 with a catalyst deposited
glassy carbon working electrode, 3 M Ag/AgCl reference electrode and Pt wire counter
electrode. The Raman cell was fixed in position and the sample area was focused prior to
electrochemical measurements. Each measurement was taken with a 1% filter, a 100 pm
aperture hole, and run for 5 seconds with 5 repeats. In this way, a clear A; mode

corresponding to 1T’-MoTez was observed each time without any degradation into Te.

The potential range was swept between +0.2 V and —0.4 V (vs. NHE) in order to avoid the
generation of an excessive amount of bubbles at the catalyst surface, which may hinder the
measurement. The potential was swept for 100 cycles, and the Raman spectra were collected
during the 1%, 20™, 40, 60, 80, and 100™ cycle. Figure 6-6 shows the corresponding Raman
spectra, focusing on the A, peak at 161 cm™'. During the first 40 cycles, the intensity of this
A, peak increases, however, by the 60™ cycle, a noticeable shift in peak position is observed.
The A mode blue-shifts from ~161 cm™! to ~163 cm™. This peak shift is maintained for the
remainder of the activation process. The intensity of the peak, however, decreases as the
number of cycles approaches 100. It is possible that this difference in intensity is the result
of hydrogen bubbles forming on the electrode surface, which may affect the focus of the

Raman microscope on the catalyst sample.
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Figure 6-6: Raman spectra of nanocrystalline 1T’-MoTe> in 1 M H>SO4 obtained during
100 CV cycles. The spectra shown were obtained during the 1*, 20", 40™, 60", 80" and 100"
cycle. The electrode was fixed in position throughout the measurement ensuring the same

sample spot was measured each time. Dashed lines are provided as a guide to the eye.

Further, by examining the 1%t and 100" cycle only (Figure 6-7), while there is a noticeable
shift in the Ay mode at ~161 cm™!, the By mode ~107 cm™' remains intact. This finding is
similar to that observed in a study by Li et al.? who investigated the Raman spectra of MoS;
before and after electrochemical cycling. The authors claim that protons intercalate into the
interlayer space of MoS. by electrochemically polarising the electrode at reductive
potentials. The authors noted that the A, Raman peak blue-shifts by ~0.5 cm™!, while the
position of the El», peak remains intact. This was attributed to p-doping to MoS: as a result

of proton intercalation, and was observed during ex-sifu measurements.’

However, the authors also note a slight shift in the PXRD pattern after cycling to a lower
angle, thus signalling a lattice expansion. Nevertheless, as discussed above, no internal
standard was used and therefore the shift may be misleading. Moreover, Raman
spectroscopy was performed ex-situ, indicating that the protons remain intercalated for a
significant period of time. This is in contrast to nanocrystalline 1T’-MoTe> studied here as

neither shift in PXRD nor Raman peak position is observed ex-situ. Due to the reversible
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nature of the nanocrystalline 1T’-MoTe> activation, the shift in Raman peak has only been
observed in operando. This therefore implies that the activation of MoS,, as reported by Li
et al.,’ is not reversible, and may therefore operate via a different activation mechanism to

that of 1T’-MoTex.
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Figure 6-7: Raman spectra of nanocrystalline 1T’-MoTez in 1 M H>SOy obtained using the
in operando set up. The initial material (red) is shown in comparison with the spectra of that
obtained during the 100" CV cycle (blue). The electrode was fixed in position throughout
the measurement ensuring the same sample spot was measured each time. Dashed lines are

provided as a guide to the eye.

6.3.2.2. In Operando EXAFS

In order to elucidate any changes in structure during the electrochemical activation of
nanocrystalline 1T’-MoTe;, ‘real time’ experiments are essential. As discussed in Chapter
5, no changes in structure, morphology or composition are observed ex-situ, which is in line
with the reversible nature of the activation mechanism. Therefore, as DFT calculations
indicate that hydrogen adsorption on the 1T’-MoTex: is the cause of activation, in operando
studies are imperative to gain further insight into any structural changes that may occur
during the HER. Accordingly, in operando EXAFS studies were carried out at Diamond
Light Source, with the aim of monitoring any changes to the Mo-Te bond during the
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electrochemical reaction. To do this, nanocrystalline 1T -MoTe» had to be incorporated into
the electrochemical cell depicted in Figure 6-8. The in operando cell requires a permeable
working electrode substrate to allow the electrolyte to reach the catalyst surface, i.e. the
catalyst is not in direct contact with the electrolyte. The working electrode is then placed in
the window to be aligned with the beam, all the while maintaining contact with the

electrolyte. As such, glassy carbon is an inappropriate working electrode substrate.
e g &
Lol @

&

B "

Figure 6-8: In operando electrochemical cell available at Diamond Light Source. Front

view of cell illustrating window used for positioning electrode to be in contact with solution
and attached to electrical contact (left); inside view of the reservoir for electrolyte (middle)

and top view showing holes for insertion of reference and counter electrodes (right).

Instead, efforts were turned towards the use of carbon paper as the working electrode
substrate. Carbon paper was chosen due to its permeable nature, which would allow for the
H>SO4 electrolyte to pass through the paper and be in contact with the catalyst surface, which
faces outward of the cell towards the beam. However, this required the method of catalyst
deposition on the electrode surface to be altered. Drop-casting and dip-coating were deemed
unacceptable due to the inconsistent distribution of catalyst on the carbon paper surface.
Rather, the catalyst ink was deposited by painting the ink on the surface of carbon paper

layer by layer.

Firstly, to determine whether carbon paper would be a viable substrate, initial tests were
conducted with a catalyst ink which was prepared in an identical manner to that of glassy
carbon (10 mg catalyst, 1 mL H>O / ethanol and 80 uL. Nafion™).The ink was then painted
on to a 14 cm? sheet of carbon paper, with each layer being dried on a hot plate, as illustrated
in Figure 6-9, until the entire quantity of ink was applied. The catalyst coated carbon paper

was then cut into 1 cm? pieces, which could then be used as electrodes for the HER.
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Figure 6-9: Image of the painting procedure used to coat carbon paper with nanocrystalline

1T’-MoTe:.

Before carrying out catalytic tests using the electrochemical cell, initial reactions were
completed using a typical experimental set-up, analogous to glassy carbon. In this way, the
effect of changing substrate could be investigated. As such, cyclic voltammetry was
employed to compare the current densities achieved when nanocrystalline 1T’-MoTe> was
deposited on both carbon paper and glassy carbon electrodes. The catalyst was found to
remain intact during CV, however Figure 6-10 shows that the current densities of the catalyst
coated carbon paper electrode are much lower than that of the glassy carbon electrode. This
was initially attributed to the difference in catalyst loading, hence the currents were
normalised to the mass of catalyst rather than geometric surface area. For example, the mass
of catalyst on glassy carbon with a surface area of 0.071 ¢cm? was calculated to be 0.28 mg,
while for 1 ¢m? carbon paper a mass of 0.7 mg was applied. Figure 6-11 shows that the
currents achieved by both electrodes are more agreeable once this normalisation is applied.
Hence, the catalyst ink was scaled up so that the loading of 1T’-MoTe: on carbon paper was

identical to that on glassy carbon, i.e. 3.94 mg cm™2.
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Figure 6-10: Comparison of the current densities obtained by nanocrystalline 1T’-MoTe:

on carbon paper (0.7 mg cm™) and on glassy carbon (loading: 3.94 mg cm™) in 1 M H>SO,.
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Figure 6-11: Comparison of the currents normalised to mass of catalyst achieved by

catalyst-deposited glassy carbon and carbon paper working electrodes.
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As both glassy carbon and carbon paper substrates have a catalyst loading of 3.94 mg cm~2,
a similar catalytic activity would be expected. However, from Figure 6-12, it is clear that,
while the increased loading on carbon paper results in an increased current density
(compared to Figure 6-10), the carbon paper substrate still shows an inferior performance to
the glassy carbon substrate. This is most likely due to the differing surface morphologies of
the carbon substrates, with the carbon paper being much more porous than the glassy carbon.
This therefore demonstrates the limit of comparing catalysts to their geometric current
densities. As suggested by Voiry er al,'? the electrocatalytic activities of HER
electrocatalysts should ideally be normalised to their electrochemically active surface area

(ECSA). Only in this way can the true intrinsic activities of HER catalysts be reliably

compared.
04
1E -50 -
S J
< _
E -100
= ]
= 1501
C
S ]
O 200
5 1
’g 250 4 —1T'-MoTe, on C paper
< - —1T-MoTe, on GC
-300 - . - . - . -
-0.6 -04 -0.2 0.0 0.2

Potential (V vs. NHE)

Figure 6-12: Comparison of the current densities achieved by catalyst-deposited glassy

carbon and carbon paper electrodes with an identical catalyst loading of 3.4 mg cm™.

Comparison of the capacitance currents at various scan rates allows for the calculation of the
double layer capacitance, which can then be used to estimate the ECSA.!* The ECSA is
directly proportional to Cpr, hence the ECSA values are qualitatively calculated rather than
quantitatively.'* Accordingly, the double layer capacitance values were calculated for both
nanocrystalline 1T°-MoTe: deposited on glassy carbon and carbon paper substrates. Figure

6-13 shows the Cpr value of 1T’-MoTez/carbon paper to be approximately four times that
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of 1T’-MoTe»/glassy carbon. Consequently, the ECSA of 1T’-MoTe>/carbon paper is greater
than that of 1T’-MoTex/glassy carbon by a factor of four also.
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Figure 6-13: Currents obtained by the catalyst-deposited glassy carbon and carbon paper
electrodes plotted against scan rates. The capacitance currents were measured at 150 mV

(vs. NHE).

Now, assuming an ECSA of a flat surface to be Cprrery = 40 uF cm™, as reported by
Jaramillo et al., the ECSA of both catalyst coated carbon electrodes can be calculated as:'>:1¢

C
ECSA = —2L

CoL(ref)

As such, the ECSA of nanocrystalline 1T’-MoTe: on glassy carbon and carbon paper can be
calculated as 5.75 cm? and 21.75 ¢cm?, respectively. Normalising the obtained current to the
ECSA values rather than geometric surface area presents a similar activity for both
electrodes (Figure 6-14). Hence, by this method, the activities of both electrodes were found

to be essentially identical regardless of the substrate.
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Figure 6-14: Comparison of the current densities per electrochemically active surface area

(ECSA) for nanocrystalline 1T’-MoTe> on glassy carbon and carbon paper.

However, activating nanocrystalline 1T’-MoTe, becomes increasingly difficult with this
larger surface area leading to an increase in electrochemical processes such as diffusion
limitations and double layer formation. This then means that a larger energy barrier needs to
be overcome in order for the activation to take place; hence the carbon paper electrode needs
to be swept to higher potentials. In an attempt to activate MoTe> on carbon paper, the
potential range was increased until the geometric current density of carbon paper was in line
with that obtained on glassy carbon, and it was found that an electrochemical activation does
indeed take place (Figure 6-15). After 100 cycles between +0.2 V and —0.65 V (vs. NHE)
the overpotential improved from 350 mV to 260 mV. Thus, it is possible to activate MoTe;
on a carbon paper substrate, but the parameters need to be optimised in order to achieve the

improved overpotential of 180 mV.
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Figure 6-15: Comparison of the current densities achieved by 1T’-MoTe:z on carbon paper

substrate before and after 100 cycles between +0.2 V and —0.65 V (vs. NHE) in 1 M H>SO..

Next, electrocatalytic tests were performed with the catalyst-deposited carbon paper loaded
into the electrochemical cell (as depicted above in Figure 6-8). Notably, the current densities
achieved dropped substantially when the catalyst-painted side of the carbon paper was facing
outside the cell (i.e. not in direct contact with the electrolyte). This was attributed to the
requirement of the electrolyte to diffuse through the carbon paper and hence overcome
additional resistance. A comparison of the polarisation curves obtained with the catalyst-

painted side facing inwards towards the electrolyte and outwards towards the beam are

shown in Figure 6-16.
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Figure 6-16: Comparison of the current densities achieved when the catalyst-deposited
carbon paper is loaded into the electrochemical cell facing inwards (in direct contact with
electrolyte) and when the catalyst is facing outwards (not in direct contact with the

electrolyte).

Due to these lower current densities being achieved during cyclic voltammetry,
chronoamperometry was applied with a constant potential of —320 mV (vs. NHE) for
extended periods of time. Figure 6-17 shows a representative chronoamperometry profile of
the catalyst-painted carbon paper (facing outwards) at =320 mV (vs. NHE) in comparison to
that of bare carbon paper. As can be seen in Figure 6-17, the current density of bare carbon
paper remains relatively stable, while that of the catalyst-painted electrode gradually
improves with time. Additionally, CV performed directly after extended-time electrolysis
shows that enhancement of the current densities are achieved (Figure 6-18). It should be
noted that the bare carbon paper shows a slight improvement in current density; however
this is considered to be minor when compared to that of the catalyst-painted electrode.
Hence, it was concluded that the activation procedure could be investigated using the

electrochemical cell provided by Diamond Light Source.
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Figure 6-17: Chronoamperometry profile of nanocrystalline 1T’-MoTe> painted on carbon
paper vs. bare carbon paper. A constant voltage of —320 mV (vs. NHE) was applied in 1 M
H>S04. The catalyst was loaded into the electrochemical cell with the catalyst-painted side
facing outwards.
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Figure 6-18: Comparison of the current densities achieved by the catalyst on carbon paper
and bare carbon paper before (solid lines) and after (dashed lines) electrolysis at a constant
potential of =320 mV (vs. NHE) for 18 hours in 1 M H>SO4. The catalyst was loaded into the

electrochemical cell with the catalyst-painted side facing outwards.

Despite the electrochemical cycling of nanocrystalline 1T°-MoTe, deposited on carbon
paper requiring higher energy inputs than glassy carbon in order for the activation to occur,
the process of the activation remains the same, i.e. cycling under reductive potentials results
in a lower potential required for a given current density. Therefore, it is reasonable to assume
that any changes to the Mo-Te bond length that may occur on the catalyst-deposited glassy
carbon electrode would also occur on the catalyst-painted carbon paper electrode. Thus, in
operando EXAFS could be studied using this new electrode in the electrochemical cell as
described above. In operando EXAFS measurements were performed at Diamond Light

Source Ltd in an identical experimental set up described above.

Figure 6-19 shows a representative comparison of the EXAFS data collected both before and
during the in operando electrochemical studies. Both spectra resemble the literature spectra
of MoS», with the main edge at 20006 eV and a sharp feature at 20015 eV, which are
consistent with the Mo*" oxidation state. All in operando spectra were identical to the
representative spectrum shown in Figure 6-19, regardless of the potential applied or length
of electrolysis time, thus indicating that no changes to the Mo-Te bond length occurred. This

result was surprising; however, it is possible that the low current densities achieved by the
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use of carbon paper in the electrochemical cell were insufficient to induce any observable
changes to the Mo-Te bond. Thus, in order to investigate the in operando activation further,

alternative techniques such as in operando XPS would be required.
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Figure 6-19: Comparison of the EXAFS data collected for nanocrystalline 1T’-MoTe:

obtained before activation and during in operando electrochemical studies.
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6.3.2.3. Revisiting /n Operando Raman

With the catalyst-painted carbon paper electrode still in mind, the in operando Raman set up
was revisited. To accommodate this new carbon paper working electrode, a new in operando
Raman cell was required. Using the electrochemical cell available at Diamond Light Source
for in operando EXAFS as the basis, a new cell was designed with the window for the
working electrode moved from the side of the cell to the top surface. In this way, the
electrode could be placed directly under the Raman microscope. This new in operando
Raman cell was 3D printed and constructed as illustrated in Figure 6-20. Copper foil was
used as the electrical contact for the working electrode and also acted as a holder to keep the
carbon paper in position. The reference and counter electrodes were inserted through two
holes on the top surface of the cell and the electrolyte was filled into the reservoir in the
bottom compartment, as before. The H2SOs4 electrolyte was filled to a level that was in
contact with the catalyst-painted carbon paper, with the catalyst side facing the Raman

microscope.

Figure 6-20: 3D printed in operando Raman cell (left); inside view of the lid, illustrating
the copper foil electrical contact (middle) and inside view of the bottom compartment which

contains a well for the electrolyte.

Contrary to the result obtained with the glassy carbon electrode set up, no shift of the A,
Raman peak at ~161 cm™! was observed using this new in operando cell which incorporates
the carbon paper substrate (Figure 6-21). This, coupled with the in operando EXAFS result,
perhaps suggests that the scaling of the catalyst from the glassy carbon electrode to carbon
paper affected the activation process. Despite an activation being observed
electrochemically, the extent to which the material is activated may be too low to be
observed. Thus, in order to investigate the in operando electrochemical activation of 1T°-
MoTe: further, additional studies are required for the preparation of the working electrode
substrate. For example, it is likely that the porous nature of the carbon paper has an inhibiting

effect on the catalytic activity, as seen previously when performing CV, as lower current
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densities were obtained than on glassy carbon. Additionally, the positioning of the carbon
paper, which requires indirect contact between the catalyst and electrolyte, may be an issue,
as the current densities were found to substantially drop (see above). Thus, studies into the

in operando activation of nanocrystalline 1T’-MoTe; are currently limited.
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Figure 6-21: Representative Raman spectra of nanocrystalline 1T’-MoTe> in 1 M H>S0y
obtained using the in operando set up which incorporated the catalyst-painted carbon paper
working electrode. The initial material (red) is shown in comparison with the spectra of that
obtained during the in operando measurements (blue). The electrode was fixed in position
throughout the measurement ensuring the same sample spot was measured each time. The

dashed line is provided as a guide to the eye.
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6.3.3. Alternative Routes of Activation

6.3.3.1. Removal of Surface Oxides

As discussed in Chapter 3, the MoTe; samples require an initial oxide layer removal before
each measurement due to the presence of surface oxides. These surface oxides were
evidenced by XPS, and are commonly observed in TMDC electrocatalysts. Thus, one may
argue that the activation of nanocrystalline 1T’-MoTe: is due to the gradual removal of oxide
species from the catalyst surface. Nanocrystalline 1T’-MoTe> may be initially oxidised, and
when subjected to cathodic bias the surface oxides may be reduced and removed from the
surface, thus revealing the true catalytic material. With this idea in mind, XPS studies were
repeated under inert atmosphere in an attempt to observe any changes in oxidation state after
cycling in 1 M H>SOs. Firstly, Figure 6-22 shows that bubbling nitrogen through the
electrolyte during the cycling procedure has no effect on the activation of nanocrystalline

1T’-MoTe,, with identical overpotentials being obtained within experimental error.
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Figure 6-22: Comparison of the current densities achieved by nanocrystalline 1T’-MoTe:
before and after 100 cycles in 1 M H>SO4 under ambient conditions (solid lines) and when

handled under inert atmosphere (dashed lines).

Two electrodes were thus prepared for XPS studies under inert atmosphere in order to rule

out the effect of oxygen as the reason for the enhanced catalytic activity at the EPSRC
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National Facility for XPS. Two nanocrystalline 1T’-MoTe, samples were prepared on glassy
carbon electrodes, with one being measured before activation and the other after 100 cycles
in the potential range of +0.2 V and —0.5 V (vs. NHE). In both cases, the electrochemical
cell, electrolyte and catalyst were degassed and maintained under a nitrogen atmosphere
during the reaction. Before activation, the sample was immersed in 1 M H>SO4 and cycled
4 times, with the overpotential at j = =10 mA ¢m™ reaching 320 mV. The second sample
was cycled 100 times and the improved overpotential of 178 mV at j = —10 mA cm™2 was
obtained, analogous to experiments in ambient conditions. Both electrodes were
immediately transferred under nitrogen to the glovebox, packed and sent for XPS studies,
thus ensuring measurement in inert atmosphere. The high resolution 3d Mo and 3d Te XPS
spectra (Figure 6-23 and Figure 6-24) show a minor oxygen content is present in both non-
activated and activated samples, as evidenced by the broad shoulder. Most interestingly, the
shoulder is more prominent in the activated sample, thus suggesting that the removal of oxide
species is not the underlying cause of the electrocatalytic enhancement. The peak shifts are
within the resolution error of the instrument (0.1 eV) and are therefore unlikely to be due to
any substantial changes in oxidation state. From this perspective, it is highly improbable that

the reduction of surface oxides is the cause of the activation.
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Figure 6-23: 3d Mo XPS spectra of activated (after 100 cycles) and non-activated

nanocrystalline 1T’-MoTe: under inert conditions.
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Figure 6-24: 3d Te XPS spectra of activated (after 100 cycles) and non-activated

nanocrystalline 1T -MoTe: under inert conditions.
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6.3.3.2. Role of Edges vs. Basal Plane

In the same vein, one may argue that the proposed activation of the basal plane may also be
valid for the edge sites. Therefore, the possibility of the edge sites being the cause of the
activation was further investigated. As such, this section seeks to distinguish the role of each

active site.

It has been well established that the edge sites are more easily oxidised than the basal plane,
therefore it is possible to differentiate between peaks which correspond to the oxidation of
each site.!” Following a procedure by Bonde et al.,'8 nanocrystalline 1T’-MoTe, was cycled
at anodic potentials under a constant flow of nitrogen between the potential range of +1.05
V and -0.35 V (vs. NHE) (Figure 6-25). Close examination of the anodic sweep allowed for
the identification of two distinct peaks which correspond to the oxidation of the edges (minor
peak, maximum at +0.65 V (vs. NHE)) and the oxidation of the basal plane (major peak,
maximum at +0.9 V (vs. NHE)). Also, it should be noted that an additional reduction wave
(other than proton reduction) is observed at —0.24 V (vs. NHE). This reduction wave is
attributed to the removal of the oxide layer during the initial CV cycle, as discussed in

Chapter 3.

Thus, it is possible to oxidise the edge sites and observe their effect (or lack of) on the
catalytic activity. If the catalytic activity of nanocrystalline 1T’-MoTe, were to deplete, or
remain stable after 100 cycles, this would confirm that the edges contribute to the activation.
On the other hand, if the activation were to proceed as normal, we could confidently attribute
the catalytic enhancement to be due solely to the basal plane. Accordingly, nanocrystalline
1T’-MoTe; was cycled between +1.05 V and —0.35 V (vs. NHE). As can be seen in Figure
6-25, by cycling to such anodic potentials both the edge sites and the basal plane are oxidised,

resulting in a loss of catalytic activity and deactivation of the material.
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Figure 6-25: Cyclic voltammogram of the oxidation and consequent deactivation of
nanocrystalline 1T’-MoTe> in 1 M H>SO4 under a nitrogen atmosphere with a scan rate of
10 mV s~!. During the first anodic sweep, two oxidations occur followed by a decrease in

current density at cathodic potentials indicating catalyst deactivation.

Subsequently, narrowing the potential range to +0.65 V and —0.40 V (vs. NHE), so that only
the edge sites are oxidised, ensures the basal plane remains intact, thus allowing for its effect
on the catalytic activity to be analysed. Cycling nanocrystalline 1T’-MoTe, 100 times within
this potential range results in an identical overpotential improvement, as seen before (Figure
6-26). Thus, since the oxidation of the edges has no effect on the catalytic enhancement, it
is unlikely that they are involved in the activation of nanocrystalline 1T’-MoTe;. This then

indicates that the basal plane is responsible for the activation of nanocrystalline 1T -MoTe,.
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Figure 6-26: Cyclic voltammogram of nanocrystalline 1T’-MoTe> before and after 100
cycles whereby the edges sites are oxidized. Measurements were performed in 1 M H>SOy

under a nitrogen atmosphere with a scan rate of 100 mV s.

6.3.3.3. Nanocrystalline variant of 2H-MoTe»

As discussed in Chapter 4, the greater surface area of nanocrystalline 1T°-MoTe; results in
a greater number of edge sites. Despite the basal plane widely being accepted as the main
active site in metallic TMDCs, "% few studies have disputed this and dedicate the enhanced
performance to the abundance of edge sites.>*»?* With the activity of the edge sites in mind,
a low temperature variant of 2H-MoTe; was synthesised at 500 °C by reannealing
nanocrystalline 1T’-MoTe: for a total of 72 hours. This prolonged reaction time ensured the
complete formation from 1T’-MoTez to 2H-MoTe; and is evidenced by PXRD (Figure 6-
27). For ease of comparison, this low temperature variant of 2H-MoTe; will also be named
nanocrystalline 2H-MoTe;. Analogous to 1T°-MoTe», crystalline 2H-MoTe; consists of
plate-like microcrystals while nanocrystalline 2H-MoTe; is more disordered and possesses
many more edge sites. See Figure 6-28 for a comparison of the crystalline and

nanocrystalline 2H-MoTe; morphologies.
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Figure 6-27: PXRD patterns of nanocrystalline 1T’-MoTe; (top) and nanocrystalline 2H-
MoTe: (bottom).
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Figure 6-28: Sample morphologies of crystalline 2H-MoTe: (left) and nanocrystalline 2H-
MoTe: (right).

For semiconducting TMDCs, i.e. 2H-MoS2, 2H-MoTez, etc., the edge sites are catalytically
active whereas the basal plane is inert.?> Thus, many studies have focussed on optimizing
the edge to basal plane ratio in order to maximize catalytic activity.®?*?” Therefore, it is
unsurprising that nanocrystalline 2H-MoTe: requires a significantly lower overpotential for
j =-10 mA ¢cm~2 than its crystalline counterpart. By lowering the reaction temperature and

increasing the number of edge sites, the overpotential at j = —10 mA ¢m~2 improves from
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650 mV to 405 mV (Figure 6-29). This is in close agreement with the overpotential of 380
mV obtained by Luxa ef al. by chemical exfoliation of 2H-MoTe; via Li intercalation.?® In
this study, the authors reported no such phase transition from 2H to 1T’-MoTe», therefore
the improved catalytic activity was reported to be due to the increase in number of edge sites.
For the 2H-phase, it is widely acknowledged that the edge sites are active and the basal plane
is inert, therefore the substantial difference in electrocatalytic performance between

nanocrystalline and crystalline materials is expected due to the increased number of edges.
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Figure 6-29: Comparison of the current densities achieved by crystalline and
nanocrystalline 2H-MoTe> catalysts in 1 M H>SOy4. Catalysts were prepared on a glassy
carbon working electrode as described in the experimental section. Carbon felt and 3 M

Ag/AgCl were used as the counter and reference electrodes, respectively.

Contrastingly, upon transitioning from crystalline to nanocrystalline 1T’-MoTe», although a
similar increase in the number of edge sites is observed, only a small decrease in
overpotential is observed (360 mV for crystalline vs. 320 mV for nanocrystalline 1T’-
MoTez). This minor improvement in overpotential further evidences that the edges are not
the source of the electrocatalytic enhancement. If the improved overpotential were due to
the increased number of edges, then the initial cycle would display an overpotential of 178
mV, rather than improving gradually, as is observed. Additionally, despite the increased

number of edge sites, nanocrystalline 1T°-MoTe, shows no such activation (Figure 6-30)
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analogous to its crystalline counterpart. This further implies that the activation is electronic
in origin. Evidently, while the edges are seen to be the active sites for the 2H-phase, these
results suggest that they are not the main active site for the 1T -phase, and hence the

electrocatalytic activation is attributed to the basal plane.
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Figure 6-30: Comparison of the current densities achieved by nanocrystalline 2H-MoTe;
before and after 100 cycles in 1 M H>SOy4. Catalysts were prepared on a glassy carbon
working electrode as described in the experimental section. Carbon felt and 3 M Ag/AgCl

were used as the counter and reference electrodes, respectively.
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6.4. Conclusions

To summarise, this chapter has been dedicated to gaining further insight into the gradual
improvement in activation mechanism. Rather than the improved overpotential of 178 mV
being observed immediately as a result of electron doping, the overpotential can be seen to
reduce as the cycle number increases. This was attributed to limiting electrochemical
processes which must be overcome in order for the activation to take place, thus the
activation is dependent on the applied voltage. Likewise, the pulsing nature of cyclic
voltammetry allows for the use of highly reducing potentials, which would otherwise result
in the loss of contact between the catalyst and the electrolyte. The speed of activation can
therefore be tuned by altering the potential range and number of cycles at which the potential

is swept.

In operando Raman spectroscopy of nanocrystalline 1T’-MoTe> deposited on glassy carbon
revealed a shift in Raman peak, which may be due to the intercalation of protons between
the layers of MoTe>. However, when scaling up the electrode to carbon paper, no such
Raman shift was observed. Additionally, in operando EXAFS studies on catalyst-painted
carbon paper revealed no changes in the Mo-Te bond length. Therefore, further optimisation
of the working electrode substrate is required in order to fully understand the activation
mechanism by in operando methods. Nonetheless, the scaling up from glassy carbon to

carbon paper revealed the limits of substrate morphology for HER electrocatalysts.

Removing oxide species was excluded as being the reason for the gradual improvement by
XPS, which showed that surface oxides remain both before and after activation. Finally, the
argument of edge sites vs. the basal plane was settled, as the activity of nanocrystalline 1T°-
MoTe; was completely lost by oxidising the basal plane, whereas oxidising the edge sites
had no effect on the catalytic performance. As a result, the activation of nanocrystalline 1T’-
MoTe: is believed to occur on the basal plane, with electron doping due to hydrogen

adsorption being the most plausible activation mechanism.
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7. Conclusions and Outlook

The work described in this thesis has provided a logical insight into the electrocatalytic
activity of MoTez. Applying a solid-state approach to the synthesis of MoTe; allowed for
the synthesis of both semiconducting 2H- and metallic 1T’-MoTe; in the bulk form. In doing
so, the morphology can be preserved between each polymorph, thus allowing for any
changes in catalytic activity associated with the effect of nanostructuring to be excluded.
Since the polymorphs of MoTe, can be synthesised simply by altering the reaction
temperature, the need for chemical exfoliation via lithium intercalation is excluded, thus no
additional reactant species are introduced into the material. Therefore, unlike MoS;, the
catalytic activity can be investigated reliably and the effect of transitioning between
polymorphs accurately determined. As a result, the emergence of catalytic activity was
attributed solely to the metallic character associated with the formation of the 1T’-phase.
The emergence of metallic character benefits catalytic activity due to the more efficient
reaction kinetics associated with the reduced charge transfer resistance. Additionally, gas
chromatography confirmed that the reductive current is associated with the reduction of
protons to hydrogen, with a full Faradaic Efficiency being achieved. This study has therefore
highlighted the importance of material design for catalytic activity, which may well be

applicable to the entire TMDC electrocatalyst family.

Following this discussion on polymorphic control of MoTe», attention was shifted to the
metallic 1T -MoTe, material exclusively, with focus being given to the effect of surface area
on catalytic activity. The first chapter was centred on bulk crystalline MoTe,, with large
plate-like microcrystals being exhibited. The subsequent chapter presented a new
nanocrystalline variant of this metallic material, which was obtained simply by lowering the
reaction temperature. Due to the surprising synthesis of the metallic phase, in tandem with
its more disordered nature, extensive characterisation was performed to ensure that the low
temperature material was indeed phase pure monoclinic 1T°-MoTe. Upon confirming the
identical coordination geometry of {MoTes} distorted octahedra, the sole difference between
the crystalline and nanocrystalline materials was deemed to be the surface area. This then
led to a reliable investigation of the effect of surface area on the catalytic activity.
Electrochemical measurements showed that, at low current densities, i.e. j = —10 mA cm™,
the overpotential for both crystalline and nanocrystalline materials were similar in value,
with 360 mV and 320 mV being required, respectively. However, as the potential is swept

to more reductive values, the current densities reached by the nanocrystalline phase are far
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greater than that of the crystalline. Since the same catalyst loading per geometric surface
area was applied for both electrodes, the increased activity of the nanocrystalline material
was credited to being a result of the greater surface area. This was also corroborated by the
ECSA, which indicates a greater number of active sites are available for nanocrystalline 1T°-
MoTe: than for crystalline 1T’-MoTe;. Additionally, EIS shows that the charge transfer
kinetics are more efficient for the nanocrystalline phase, which is a direct result of the

increased contact between the catalyst surface and electrolyte.

Perhaps the most interesting observation in this thesis is the reversible activation mechanism
of nanocrystalline 1T’-MoTes. Reported as the first of its kind, nanocrystalline 1T’ -MoTe>
experiences a positive shift in overpotential at j = —10 mA cm™ from 320 £ 12 mV to 178 +
8 mV after 100 cycles between the potential range of +0.2 V and —0.5 V (vs. NHE). This
remarkably improved overpotential remains consistently for at least 1000 cycles, until such
point that the cathodic bias is removed. Upon doing so, the overpotential reverts back to its
original value, highlighting the reversible nature of the activation mechanism. The
reversibility of this process itself is evidence that no ex-situ structural, morphological or
compositional changes are the reason behind the activation. Nonetheless, extensive
characterisation was carried out on the material before and after activation, with the material

remaining intact.

Rather, the enhancement is proposed to occur via an electrochemical activation, by which
hydrogen adsorbed on to the surface of the catalyst plays an important role. Continuous
reductive potential cycling was found to result in enhanced charge transfer kinetics, all the
while maintaining an identical ECSA as the non-activated material. Computational studies
indicate that the activation is electronic in nature, which is corroborated by the lack of
activation in the semiconducting 2H-MoTe; material when subjected to reductive potential
cycling. DFT calculations indicate that as the HER progresses, a Peierls-type lattice
distortion is induced, which is driven by hydrogen adsorption and consequently electron
doping. Further, the adsorption of hydrogen was proposed to occur on Te a-sites, with the
energy of hydrogen adsorption becoming more favourable on the neighbouring site once

initial H adsorption occurs.

Further exploration into the activation mechanism was achieved by monitoring the gradual
improvement in overpotential. The slow cathodic response initially casts doubt on the
proposed activation via electron doping. However, considering limiting electrochemical

processes such as diffusion limitations and double layer formation associated with the bulk
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freestanding nature of the material, the gradual nature becomes apparent. An activation
energy is therefore required in order for the catalytic enhancement to occur, with the speed
of activation being controlled by the applied potential. The sweeping nature of cyclic
voltammetry effectively pulses the material at high energy inputs, thus allowing for the
catalyst to maintain contact with the electrode substrate. The compromise, however, is the

speed of activation; therefore more cycles are required for lower energy inputs.

Due to the reversible nature of the activation mechanism, no structural changes could be
observed ex-situ, therefore attention was turned to in operando measurements. The
bottleneck of this study, however, is the scaling up of the working electrode. Attempts were
made to paint the catalyst ink on to a carbon paper substrate. However, problems arose due
to the requirement of carbon paper as the working electrode substrate for in operando
electrochemical cells. Due to the high surface area of the carbon paper, the applied
parameters were deemed insufficient at activating the material to an extent which could be
observed by in operando techniques. Therefore, in order to pursue a further understanding
of the electrochemical activation mechanism, a method of scaling the working electrode
needs to be optimised. Until such point, in operando measurements cannot be accurately

performed.

The exclusion of alternative activation mechanisms brings this thesis to a close. One may
argue that the improvement in overpotential may be due to the gradual removal of surface
oxides with continued cycling. This argument was eliminated by performing XPS analysis
under inert conditions, which show that surface oxides remain before and after cycling.
Lastly, the edge site vs. basal plane dispute was revisited. By completely oxidising the basal
plane, the electrocatalytic activity of nanocrystalline 1T’-MoTe, was lost. In contrast,
oxidising the edge sites did not obstruct the activation, with an identical overpotential
improvement being achieved. Therefore, in the case of nanocrystalline 1T’-MoTe, this

study proves that the activation occurs on the basal plane.

This thesis has explored the origins of catalytic activity in MoTe», beginning with the control
of polymorphism to identify the key role of coordination geometry in TMDC
electrocatalysts. Upon identifying the enhanced activity being a result solely of the
emergence of metallicity in the 1T’-MoTe: phase, the effect of surface area was investigated.
Comparison of crystalline and nanocrystalline variants of 1T’-MoTe, expressed the
importance of surface morphology when designing HER electrocatalysts, with the
nanocrystalline material exhibiting enhanced charge transfer kinetics due to the increased

contact between catalyst surface and electrolyte. Upon investigating the electrocatalytic
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activity of nanocrystalline 1T’-MoTe,, the remarkable phenomenon of electrochemical
activation was observed. Further, nanocrystalline 1T’-MoTe. undergoes a reversible
activation mechanism, which is the first of its kind to be reported. This thesis was therefore
dedicated to understanding the origins of the activation, with its roots found to be electronic
in nature. Electron doping as a result of hydrogen adsorption on the Te a-sites was found to
be the most plausible activation mechanism, however, without reliable in operando
measurements this cannot be confidently confirmed. Nevertheless, the elimination of
alternative scenarios proves the theory of electron doping to be the most plausible. Thus, this
work has provided thorough insight into the origins of electrocatalytic activity in MoTez,

with its findings most likely being relevant to other TMDC HER electrocatalysts.
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