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Abstract

Sunlight is the most abundant renewable source of energy available on earth,
providing an amount more than several hundred times sufficient to satisfy human’s
need. However, it is diffusive and inconsistent over time, leading to problems
related to its harvesting and storage. Devices able to perform splitting of water
by the use of sunlight can be used to overcome these problems by producing
hydrogen, which is an excellent fuel. Nevertheless, those devices need to be
cheap to produce, and therefore an investment in research of earth abundant
electrocatalysts for water splitting is necessary to make them available in a larger
scale. This thesis focussed on the development of new inorganic catalysts for the
half-reaction responsible for hydrogen production known as hydrogen evolution
reaction. The prepared catalysts were morphologically characterized by the use
of various techniques and their performances were then probed
electrochemically.

The first synthesis carried out was the preparation of Co-doped molybdenum
sulphide materials by hydrothermal synthesis. This catalyst exhibited a disordered
structure, however it could be probed by Raman spectroscopy.

The second project was to investigate the role of replacing nickel with
molybdenum within the Ni;P structure. A MoxNi>.xP series were prepared using the
solid-state method, where nickel was selectively substituted. Optimisation of the
method allowed the synthesis of phase pure materials by time programmed
reduction. Finally, the potential of the nitride class as hydrogen evolution reaction
catalysts was investigated with the synthesis of a ternary nitride using a modified
Pechini method.

In general, all the prepared materials exhibited good electrochemical
performances in acidic media, while the overall performance in basic media was
lower. It was possible to deposit the Co-doped molybdenum sulphide in a semi-
transparent film on a Fluorine-doped SnO; substrate without the use of any binder.
The material exhibited good electrochemical performance in acid media in line
with what was already reported in the literature. The compounds belonging to the
MoxNi,.xP series were successfully synthesised and showed enhanced catalytic
performance proportional to the number of molybdenum within the formula. All
the prepared compounds showed a high stability of the performance over time in
acidic media. Moreover, the used synthesis strategy had the advantage of being

easy to perform, opening up to the possibility of being scaled up for industrial
|



purposes. The obtained ternary nitride exhibited great performance in acidic
media if compared to most of the nitrides already reported in the literature. The
high activity was tentatively attributed to the zero state of the nickel within the
structure. Further theoretical studies, however, will be needed to fully
understand the reason behind this enhanced activity.

In conclusion, all the catalysts reported in this work showed good electrochemical
performance in acidic media similar to what was already reported in the
literature, with the additional synthetic advantage of being simple and cheap to

produce.
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1 Introduction

Renewable energy sources have always been an appealing alternative to fossil
fuels to satisfy the rising energy demand. However, the lack of constancy over
time has made them less competitive than more traditional energy sources. Solar
radiation is the most promising source of energy and it can be stored in a hydrogen
chemical bond to ensure constant energy availability over time. Hydrogen is then
produced by a water splitting reaction into electrochemical or
photoelectrochemical electrolysers with the use of catalysts that allow performing
both semi-reactions efficiently.

The use of earth abundant elements as catalysts could make it possible to scale
up industrially those devices, leading to the use of hydrogen as a useful alternative

for the future.

This chapter will give a brief background overview to better understand this
thesis’s contribution on the matter of finding new effective, cheap and available
catalysts for hydrogen production. After having introduced the overall water
splitting reaction, the focus will move on to the half-reaction responsible for
hydrogen evolution reaction (HER), defining the criteria for a good HER catalyst.
The chapter will introduce the three inorganic classes further investigated in the
experimental chapters. The discussion will be particularly focussed on their
specific characteristics, properties and common applications. Finally, the
electrochemical and photoelectrochemical electrolysers will be introduced,
describing the challenges that still need to be resolved before becoming a valuable

alternative for energy production.

1.1 The importance of renewable energies

Enormous interest has been sparked in the use of renewable energies like
geothermal, wind, tidal or solar as a valuable alternative to fossil fuel. In
particular, the amount of solar energy irradiated to the earth is 3 x1024 J per
annum and it covers 10 000 times the annual global consumption required, which
is estimated by the International Energy Agency in 2012 to be 1.56 x10° TWh per

annum.’



Figure 1-1 Left: Image of the Solar Impulse2.?2 Right: MS Turnanor PlanetSolar.3

Because of its enormous potential together with its worldwide availability, a lot
of projects have been developed using solar light as an alternative source of
energy. An example is the solar powered airplane named Solar impulse2 (Figure
1.1), whose energy is collected by over 17 000 solar cells on the wings and covers
the amount necessary to power its electric motors.# Another alternative way to
use the solar power is shown in Figure 1.1, where the MS Turnanor PlanetSolar
with its 512 m? of solar panels collects solar energy charging eight tons of lithium-
ion battery.>This battery is so efficient that it covers on its own the power needed
for the navigation of the boat for up to 72 hours when the batteries are fully
charged. ¢

An attempt to use solar panels to cover a large area was done in the Netherlands
in 2014 with the construction of a 70-metre cycle path made with a silicon solar
cell. 7 This was the first instance where the use of solar cells was applied in a large
scale. The cells were translucent to allow sunlight to pass through and resistant

to permit the use on a bicycle lane.

1.2 Hydrogen as a source of energy

Solar radiation is a valuable source of energy capable to satisfy on its own the
rising energy demand on planet earth. However, its inconstant availability comes
with the necessity to store the radiation, allowing the re-use.®%10 Molecules like
hydrogen can help to overcome this problem using their chemical bond as an

energy storage that can be release back when needed.?"



A photoelectrochemical reaction can be used to split the water in order to obtain
hydrogen from sunlight. (Equation 1.1) There are several advantages of using
hydrogen as a fuel source, like the possibility of utilising the energy stored when
needed with the production of only clean water as final product. *Moreover, its
use will help to reduce carbon dioxide emission into the atmosphere in the long

term.13

H,0~> 0;+2H; (1.1)

Hydrogen is the molecule used as a fuel with the highest energy density ' and
combined with oxygen can be used in fuel cells to produce electricity.'4"
Although its use as a fuel leads to a production up to three times the amount of
energy per kg of petrol, '® it comes with issues concerning storage. In fact,
hydrogen is in gas form at standard temperature and pressure, making its use as
a fuel for vehicles unpractical because of the high volume of required storage.
This problem can be overcome by cryogenic storage at low temperature leading
to the advantage of increasing the energy density '3 and refuelling times.'” Metal
hydrides have also been proposed as an alternative for improving the energy
density at low pressure and under safe condictions.'® The cryogenic storage
requires decreasing the hydrogen temperature almost below the melting point (-
259.2 °C). Unfortunately, cooling down leads to an undesirable energy reduction
of the system. Metal hydrides store hydrogen by bonding it in a process called
chemisorption that is able to release the gas by increasing the temperature or
decreasing the pressure.'® The process used is exothermic and the heat released
by the reaction can ideally be reused to again release the hydrogen when
necessary.

Metal hydrides used for energy storage has the advantage of a high gravimetric
and volumetric energy density.'® An example of a widely used metal hydride is
aluminium hydride, which has an energy density four times greater than the best
performing lithium polymer batteries.'® However, the energy cannot be stored
reversibly making it quite unpractical design for everyday life.

These days steam reforming reaction and coal gasification are responsible for
more than 95% of the hydrogen in industry using hydrocarbons from natural gas

and water vapour which produce carbon oxide as a product.'’13:16



This process consists of a endothermic reaction '® carried out in a temperature
range between 800 — 900 °C using nickel as catalyst on an alumina support.'’
Unfortunately, a disadvantage of this process is catalyst poisoning by coke and
sulphur impurities present in the natural gas, which makes the catalyst less
effective over time."”

To prevent this catalyst poisoning, the feedstock used is treated preventively by
desulfurization, reducing the sulphur level down to 2 ppm. The gas mixture
produced contains an amount of carbon monoxide of 5%, which can be further
reduced through gas shift reactors. In this context, the production of hydrogen
through photoelectrolysis is an environmentally friendly approach, which contrary
to the steam reforming method ensures a purity production major of 99.999%. 19,20
However, this is an energy-intensive process and can be carried out only if
electricity is cheap to provide or with the use of an efficient low cost catalyst.?’
For those reasons, only 4% of the hydrogen is provided industrially by
photoelectrolysis?? and efforts have been made to increase this percentage.
However, this method comes with the advantages to provide a green production

with no carbon dioxide emission and with no further purification process.2°

The device used to perform the water splitting reaction is called an electrolyser
(Figure 1.2). Here, the water splitting reaction is performed as the current flows

between the two electrodes.?°

A [—\/\/\/—|

Hydrogen = Oxygen
Cathode Anode Q@
“w
Hydrooon ¥ Oxygen
Bubbles Bubbles
%
«w

Figure 1-2 Standard electrolyser setup. The picture is reproduced from reference 2



1.3 Water splitting reaction

The water splitting reaction in acidic conditions (Equation 1.1) can be divided in
two semi reactions (1.2) and (1.4), where the proton reduction or hydrogen
evolution reaction (HER) is performed at the cathode and the water oxidation
reaction or oxygen evolution reaction (OER) at the anode. In addition, the role of

the pH on the potential can be taken into account (1.3) and (1.5).

Cathode:
2H +2e" > H, with E® = 0 (1.2)
E=E"+ ""’Zﬂlog[m]2 = E® 4+ 0.059log[H*] = 0 — 0.059pH (1.3)
Anode:
H,0 > 2H* + ¥4 0, + 2, with E® = 1.23 (1.4)
E=E+210g[H*]* = E® + 0.059l0g[H*] = 1.23 — 0.059pH (1.5)

By calculating the Nernstian potential for each semi reaction at the standard
conditions of 25 °C and 1 atm, a potential of 1.23 V is necessary to perform the
whole reaction. However, the real value applied to the electrolyser is always
higher and it is commonly called overpotential (Equation 1.6). This value is
directly correlated to different contributions such the cathode and anode material

plus other resistances associated with the electrolytic cell design.

Eop =1.23V + Nanode + Ncathode + Nother (1 6)

The aim of this work was to find valuable alternative materials for the HER semi-
reaction utilising earth-abundant elements and therefore to minimise the 1.4tnode
contribution in Equation 1.6 with more economical alternatives. This

overpotential is highly dependent on the material and is related to the activation



energy of the half reaction 1.2. When the activation energy decreases, the

reaction needs less energy to occur leading to a smaller starting overpotential.

The independent study of the cathode half-reactions requires to take into account
that the pH contribution, as it is not cancelled in the overall equation. The choice
of the potential scale then becomes important, in particular for reactions whose
thermodynamics are pH dependent such as the hydrogen evolution reaction.
Therefore, sometimes the measurements are written as a function of the
Reversible Hydrogen Electrode (RHE), which contrary to the more common Normal
Hydrogen Electrode (NHE) takes into account changes in pH. This enables
comparison of the position of the redox process studied despite the pH used. The
RHE and NHE electrodes are related to each other by the Nernst Equation: Erue =
Ente + 0.0059 x pH. According to which, at pH =0, Erxe = Enve While at pH 14 and
application of a potential of 1V vs. RHE it results in a potential of 1.83 V for NHE.

Figure 1.3 shows how the potential necessary to perform the two half-reactions
varies with the Nernst Equation. The values on the y intercepts are referred to as

the potential values at the standard conditions for both semi-reactions.

E (V)
E0= 123 2H20+D2+ 4AH " +4e-

Slope -0.059 V/pH at 25 °C

Water thermodynamically stable

0= . >
E0=-0.00 T oH
2H*+ 2e>H, g
L0.83 |

Figure 1-3 Pourbaix diagram for water, mapping the electrochemical stability for different
redox states as a function of potential and pH. 23

The pH also affects the kinetics of the reaction. For a basic reaction the two half-

reaction are written as:



Cathode: 2 H20 + 2 e 2> Hz+ 2 OH- (1.7)

Anode: 2 OH-2>H0 + V2 O+ 2 e~ (1.8)

Because of a reaction rate two times slower, mechanistic studies are generally
carried out in basic instead of acidic media, where the reaction occurs more
rapidly.?* Those studies are generally carried out in a rotating disk electrode and
are important to determine the relationship between the mechanism and the

surface structure.

1.4 Mechanism of the HER

The HER is a multistep process taking place on the cathode surface (see Figure
1.4).% The first step is known as the Volmer or discharge reaction: it starts with
the chemical absorption of the proton H* on the catalyst’s active site. This

absorption is driven by the coupling of the proton with one electrone:

H* + e~ > H* (1.9)

The proton source depends on the pH of the electrolyte and it is H30* in acid and
water in basic solution.

After absorption, two different processes can occur: the Volmer-Tafel and the
Volmer-Heyrovsky, which have a different kinetics and depend on the catalyst and
on the overpotential, Ncathode.

The Volmer-Tafel mechanism, also known as the recombination mechanism,
consists of the production of hydrogen from two protons absorbed in two active

sites.

H+ H > H, (1.10)

In the Volmer-Heyrovsky mechanism, or electrochemical deposition, the

hydrogen production is given by:

H* + H+e~ > H; (1.11)



Here the hydrogen is formed due to the coupling between a hydrogen absorbed

on the surface and an electron and a proton present in the electrolyte solution.

Volmer-Tafel mechanism Volmer-Heyrovsky mechanism

chemical desorption electrochemical desorption

Volmer (discharge) reaction

Figure 1-4 Two different hydrogen evolution pathways after the proton H* has been

absorbed on the surface. Picture reproduced from reference 26

1.5 The kinetics of the HER

As seen in Paragraph 1.3, the HER kinetics is dependent on the potential and is

described by the Butler-Volmer Equation.?’-28

j — jO [_e—anFn/RT+e(l—a)nFn/RT] (1 12)

Where j is the current density (the electrical current per unit area with the unit
Acm?), jo is the exchange current density (Acm?), a is the charge transfer
coefficient, F is the faraday constant, R is the gas constant , n is the number of
electrons transferred, T is the temperature expressed in K and n is the
overpotential in V. The exchange current density, jo, is a kinetic parameter
correlated to the rate of electrons transferred between an analyte in solution and
the electrode under reversible conditions (at a potential equal to zero). This
parameter is strongly influenced by different catalysts and so it can be used to
describe the catalytic activity. For the hydrogen evolution reaction, this value is

8



estimated, varying between five to six orders of magnitude according to different

electrode materials.?°

When the overpotential is small (n < 0.005V), the current density and the Butler-

Volmer Equation can be re-written as:

n=(15:)) (1.13)

nFj()

Another important value to consider is the Tafel slope, which can be obtained

from Equation 1.12 when re-written in the natural logarithmic form:

+2.3RT
anF

—2.3RT logjo +

anF

n =a+ blogj = logj (1.14)

The Equation expressed in this way describes a linear relationship between the
overpotential, n, and the logarithm of the current density log j. The slope of

Equation 1.14 is named Tafel and is equal to:

__ 2.3RT
- anF

(1.15)

The Tafel value is commonly used to discern between the possible HER reaction
mechanisms occurring at the cathode. It indicates by definition the necessary
overpotential increment to raise the current density by ten-fold. Ideally, a good
catalyst should have a low Tafel slope and a high current density. However, those
two values are related to each other and so often with a high exchange current
density comes a high Tafel slope value and vice versa. For this reason, a good
catalyst is simply defined, by having a lower potential at a determined target
current density. When defining HER catalysts, the current density used for
comparisons is 10 mA cm2, which is equivalent to a solar to hydrogen efficiency
of 12.3%.22:30

The HER kinetics are highly influenced by the reaction pathway. Moreover,
sometimes more than one phase is catalytic active and therefore the same

reaction can occur by different pathways. The Tafel slope can help to estimate



which one of the semi-reactions described above is the rate determining step and
then provide insight into the possible reaction way.3':32,33

This can be done by calculating the transfer coefficient value a

a="ZL+np (1.16)

Where n; is the number of electron transferred before the RDS (rate determining
stem), v stands for the time of the RDS taking place during the HER process, nr is
the number of electrons transferred during the RDS and £ is the symmetry factor

associated with the activation energy and estimated to be 0.5.

If the absorption of the proton on the surface (Volmer reaction) is the RDS, n
assumes the value of zero since it is the starting semi-reaction and nris 1. The v
value can be either 1 or 2 depending on the following semi-reaction, however,

this does not lead to any ambiguity since the term which includes this value is null

0
a—10r2+1*0.5—0.5

The calculated a value is 0.5 in this case, which including in Equation 1.15 leads
to a Tafel value of 120 mV dec™.

When the RDS is the Tafel semi-reaction (Equation 1.10), n; assumes the value of
2 since two Volmer reactions are necessary before the Tafel occurs, v is 1 and nr
is zero since this RDS involves the recombination of the protons already

coordinated on the surface and so no electrons are present.
2
a= 1 +0%05=2

In this case « is 2 and the Tafel obtained with is value is 30 mV dec™.
Finally, in the case the Heyrovsky semi-reaction is the RDS; nf is 1 because only 1
Volmer reaction is necessary before the Heyrovsky’s occurs, nris 1 because only

one electron is involved during the RDS and v is equal to one.
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1
a=I+1*0.5=1.5

The a obtained in this case is then 0.5 and the resulting Tafel slope has a value
of 40 mV dec™.

The use of the Tafel slope enables to discern the Volmer-Tafel and the Volmer-
Heyrovsky cases. However, in case the rate limiting step is due to the Volmer
Equation, this calculation does not allow to predict which one of the two semi-

reactions will the HER reaction perform.

1.6 Turnover frequency

The turnover frequency (TOF) is a parameter used to determine, per unit time,
how many reactants are converted to the product. Its value is calculated by
estimating the total electrode activity, the number of active sites and then
dividing one by the other. The obtained value describes the intrinsic activity of
an active site according to the chemical and the physical surface properties.?
This information is used to compare electrodes.3° Unfortunately, the TOF is not
an easy parameter to define for heterogeneous catalysts since it is challenging
to determine the number of active sites and their accessibility. The TOF value is
then estimated using the nhumber of active sites on the surface without
considering their different accessibility. The results in a TOF value always lower

than the real one.

1.7 Faradaic Efficiency

In electrochemistry, the faraday efficiency is described as a ratio between the
moles of product detected and the one estimated according to the charge passed

through the experiment.

Anefrective
Y raradaic = An - (1.17)
faradaic

In Equation 1.17 the number of moles estimated to be produced by the current,

Anfgrqaqic are calculated using Faraday’s law:

11



faradaic _ Vo, ., 1
Ang, =F C = 4FC for OER (1.18)

Anforedeic _ M0 L for HER (1.19)
2 VeF 2F

Where n is the produced moles, C in Equation 1.18 and 1.19 is the charge during
electrolysis, v, is the electron’s stoichiometric number and F is the faraday
constant.

By calculating the Faraday efficiency it is possible to asses if the target reaction
is the only one carried out during electrolysis or if there are other side reactions.
This technique is always coupled with gas analysis to ensure hydrogen or oxygen
production as the main reaction. Gas chromatography is the main technique for
hydrogen detection, while for the oxygen this technique can be couple or
substituted with fluorescence quenching methods or by using O, sensitive

electrodes like the Clark electrode.

1.8 Stability

Stability is an important parameter that is necessary to take into account in order
to make a catalyst commercially appealing. During the performance, excessive
bubbling due to an intense hydrogen production or harsh pH condition can damage
the material and therefore it is important to measure catalyst stability over time.
The majority of studies in the literature test the stability by holding the current
density at 10 mA cm for a time over more than ten hours.?? Alternatively,
techniques like cyclic voltammetry or linear sweep voltammetry are used for this

purpose by repeating the measurement for more than 5000 cycles. 2

1.9 Comparison of HER catalysts

New catalysts can be found by correlating the reactivity to the hydrogen
absorption energy versus the exchange current density for various systems. The
exchange current is a function of the forward and reverse rate at equilibrium and
therefore a kinetic parameter of the HER process. Trassati was the first to suggest
this correlation in 1970 using bond enthalpy of metal hydrides to overcome the
lack of theoretical and experimental data concerning the hydrogen absorption.34

In 2005 Narskov et al. 3> improved this model by calculating the hydrogen

12



absorption free energy, AGy+, on catalytic surfaces and obtaining a volcano plot
relating those theoretical data with the exchange current density. The free energy
was calculated by density functional theory (DFT) from the hydrogen
chemisorption energies. Once the hydrogen chemisorption energy is calculated,

the free energy relative to the absorption state is obtained by Equation (1.20).

AGH* = AEH + AEZPE - TASH (120)

where AEy is the hydrogen chemisorption energy, AE,py is the energy difference
in zero-point energy between the absorption and the gas phase and 4S, is the
vibrational entropy of the absorption state. Those last two Equation’s terms are

small at standard conditions leading to a simplification of Equation (1.20) to:

AGy = AEy + 0.24 eV (1.21)

The obtained graph is volcano-shaped plot where the maximum is located at the
value of AG,- = 0 that separates the two sides of the graph. The Sabatier principle
states that for a good catalyst the interaction between the active site and the
reactant needs to be neither too strong nor too week to ensure that the reaction
occurs efficiently.3¢ Platinum density is located close to the peak position of the
plot with its Gibbs energy value close to zero and a high exchange current,

confirming its excellent performance as hydrogen evolution catalyst.
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Figure 1-5 Volcano plot showing the free energy charge of absorbed atomic hydrogen as a
function of the exchange current density for some of HER catalyst. Picture reproduced from

the review 26 in agreement with the kinetic model proposed by Ngrskov and co-workers. 35

The metals on the left of the volcano plot (4Gy- < 0) are the ones that interact
too strongly with the proton on the catalyst surface. On these metals the
absorption occurs rapidly while the desorption occurs slowly.3” This leads to an
inhibition of the active sites.3®

In contrast, the metals on the right of the graph (4Gy- > 0) have a weak
interaction with the proton, making the interaction with the active sites harder
26_ Once the proton is absorbed on the catalyst surface, the reaction proceeds fast
through the desorption process.

The catalysts with AGw= 0 have an intermediate strength of bonding,38:3%'" making
the competitive reactions of absorption and desorption on the surface well
balanced. This is the best condition for a catalyst and scientists aim to create new
materials that possess this quality. Hence, the best catalyst is the one which has
a free energy of approximately zero and a high exchange current density value

,40.41 thus sitting at the peak of the volcano shape.

1.10 Strategy to develop a novel Hydrogen Evolution
Catalyst

Only 4 % of hydrogen is produced nowadays by electrolysis. The main reason for
this is the high production cost associated with the use of platinum and other
noble metals (Pt, Rh, Pd, Re and Ir) which are the best performing materials for

14



this reaction with the highest performances# and stability against oxidation and
corrosion (see Figure 1.5). However, those metals are very expensive and
therefore not suitable for the use in large scale and long time. 1343

Ideally, a catalyst suitable for hydrogen evolution reaction should be prepared
from cheap and readily available reagents. The material should also be produced
in an environmentally friendly way and exhibit stable performance over a long
time. 10,22,19

A good catalyst to scale up industrially is expected to be easy to prepare, without
the presence of major impurities and stable in its performances for a time span
of 15-20 years.?2 Those materials are also expected to perform under extreme
reaction conditions, highlighting the importance to select materials stable and
durable over time. As previously describe in Paragraph 1.5, low over potential and
high current density are characteristics that are crucial for the selection of a good
HER catalyst, together with the cost and the preparation method.

As mentioned before, the bubble effect is a factor which needs to be taken into
account since it can affect catalyst stability. While the hydrogen evolution
reaction is performed, bubbles of hydrogen are produced at the cathode. Due to
the cathode conformation, the gas bubbles are not immediately released and
therefore they inhibit the surface by blocking the reaction.?? This problem can be
overcome by using a rotation disk powered by a motor which helps to promote
hydrogen release.?3°

The importance of the pH was already highlighted in Paragraph 1.3. Catalysts
performing in acidic media are generally preferred as they are compatible with
the proton-exchange membrane in the fuel cell and so they ensure an electron
transport loss smaller than the one in alkaline.#* Compared to the cells made in
alkaline systems, the ones performing in acid media also have a flexible design,
good power efficiency, low overpotential and high current density.*

An alternative to the high cost and low availability of noble metals can be found
in the development of transition metal and non-metal catalysts, which could
enable hydrogen production by water splitting on a large scale. The most used
transition metals as hydrogen evolution reaction catalysts are: iron, cobalt,
nickel, copper, molybdenum and tugsten.?? Contrary to noble metals, those
catalysts can be deactivated by going through passivation or corrosion in presence
of oxygen or water.' Those materials have, however, the advantage of being

highly available and cheap. Figure 1.6 shows the relative abundance of transition
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metals including platinum. As can be seen, platinum is much less abundant
compared to other metals, with a percentage of only 3.7 x10® amongst the
elements in the earth's crust, while the most abundant element within the
transition metals is iron with a percentage of 6.8%. Transition metals in form of
sulphides, nitrides and phosphides have already been reported as hydrogen
evolution catalysts. In the following sections all those groups will be discussed in

more details.
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Figure 1-6 Scheme highlighting the relative abundance of the most common transition metals
used as hydrogen evolution reaction catalysts in comparison to platinum.??

1.11 Transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) are a class of materials known for their
graphene like structure, which harbours interesting electrical and optical
properties. Contrary to graphene, TMDs are not inert, with a more versatile
chemistry making their electronic structure easier to tune and attractive for a
large variety of application like electrocatalysts for hydrogen evolution reaction
and hydrosulfuration, storage applications (Li-ion battery), supercapacitors and

opto-electronics.

1.11.1 TMDs crystal structure and crystal phase.

TMDs have a MX; composition where M is a transition metal of group 4-10 and X a

chalcogenide (e.g. S, Se and Te). # The bond between the metal and the
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chalcogenide is covalent, while between the X-M-X layers the interaction (which
holds the structure together) is weak and mainly due to Van der Waals forces. 464
Because of their structure, TMDs can be easily exfoliated from the bulk form to
single layers.

The metal coordination structures present in nature are trigonal prismatic (D3n) or
octahedral (Oh), which is sometimes thermodynamically preferred to be distorted
and then called trigonal anti prismatic (D3q). Different coordination structures lead
to different polymorphs: 2H and 3R for the trigonal prismatic coordination and 1T
for the octahedral ones where T stands for tetragonal, H for hexagonal, R for
rhombohedral, and the number indicates the number of X-M-X layers in the unit

cell.

A AKA

Figure 1-7 Scheme of the TMDs structural polytypes 1T (tetragonal symmetry with one layer
per unit cell), 2H (hexagonal symmetry with two layers per unit cell) and 3R (rhombohedral
symmetry with three layers per unit cell). Top view is additionally reported for the 1T and 2H

polytype.*8

Polymorphs can have different staking sequences between layers, leading to
different polytypes depending on the synthetic method. The natural “phase” 2H
of the Mo$S; polytype, for example, have a staking sequence of AbA BaB, where
the capital letters stand for the chalcogenides and the lower letters the metal.

Despite the metal having a trigonal prismatic coordination, when MoS; has a
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synthetic origin its phase is 3R with a stacking sequence of AbA CaC BcB. ¥
Monolayer TMDs have only two polymorph forms: trigonal prismatic (D3n) and

octahedral (D3q) which are referred to 1H and 1T, respectively.

1.11.2 Electronic structure

The TMDs have an electronic structure which varies according to the electron
number and the metal coordination. In particular, the electronic properties of
the compound are defined by the nonbonding d orbitals lying between the
bonding (o) and antibonding bands (c*) of M-X (Figure 1.8).0Octahedrally
coordinated metals (D34) can accommodate up to 6 electrons on the d
degenerated orbitals dz2, dx2-y2 (€g) and dyz, dxz, dxy (t2g) depending on the TMD’s
group. For trigonal prismatic coordination (D3n), the d orbitals are divided into
groups dz2(a1), dxz-y2, dxy(e) and dxz, dy- (€’) with a difference in energy of circa 1

eV between e and e’.

Group 4 (D) A Group5 (Dg) A Group 6 (Dg) + Group7(Dsy) Group 10 (D)

o—* 0* o'* O-*

Energy

Energy

Energy
Energy

Figure 1-8 Schematic illustration of d orbital arrangement and progressive filling for
different TMD groups.

Based on how the d orbitals are occupied by the electrons, TMDs can be
semiconductors or with metallic conductivity. Chalcogenides like 1T-ReS; and 2H-
NbSe; have the orbitals partially filled and therefore exhibit metallic properties,
while materials with fully occupied d orbitals like 1T-HfS; and 2HMoS; act as
semiconductors. Chalcogenides have less of an effect than metal on the electronic
structure. However, the band gap broadening decreases with an increase in the
chalcogenide’s atomic number. The phase preferably adopted by TMDs is strongly
dependent on the electron count and the most common phases for the different

groups are summarized in Table 1.
18



Table 1-1 Summary of different Chalco

genide’s phase and electronic properties. 4°

Group | Metal | Chalcogenides | Electron | Phase Properties
on the d
orbitals
4 Ti, S, Se, Te do Octahedral | Semiconducting
Hf, Zr (Eg= 0.2-2 eV),
diamagnetic.
5 V, Nb, | S, Se, Te d’ Trigonal Superconducting.
Ta prismatic | paramagnetic,
antiferromagnetic
or diamagnetic.
6 Mo, W | S, Se, Te d? Trigonal Semiconducting
prismatic | (sulfides and
selenides with an
Eg = 1eV).
Tellurides are
semimetallic.
7 Tc, Re | S, Se, Te d?3 Distorted | Small-gap
octahedral | semiconductors,
diamagnetic.
10 Pd, Pt | S, Se, Te dé octahedral | Sulfides and

selenides are
semiconducting (Eg
= 0.4eV). Tellurides
are metallic and
paramagnetic.
PdTe; is

superconducting.

Intercalation of alkali metals into the TMD layers can induce a phase change to

the structure. For example, the lithium intercalation into MoS: structure results

in a phase transition from 2H to 1T. 4%:30,51,52 The electron transfer between the
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alkali s orbital and the metal d band might be the reason behind the 2H phase
destabilization in combination with the free energy changes between the two

phases.

1.11.3 From bulk to 2D dimensions

TMD monolayers preserve the properties of the material in bulk form with the rises
of others due to confinement effect and lack of symmetry elements.>3°43 The
changes in the TMD electronic band from bulk to monolayer can be predicted using
density functional theory (DFT) calculations. For example, MoS; valence and
conduction bands change from an indirect to a direct band gap when transitioning
from bulk to monolayer.>%5 In the bulk form, the indirect band gap is due to the
different location of the valence band maximum and the conduction band
minimum at the I' and K points, respectively, on the hexagonal Brillouin zone. On
the contrary, a single monolayer has both the valence band maximum and the
conduction band minimum on the K position and therefore exhibits a direct band
gap (Figure 1.9). This change is due to the quantum confinement and leads to
enhanced monolayer photoluminescence in group 6 TMDs.>7%6:5859,60 The
calculated MoS; band gap also changes from 0.88V to 1.71 V ¢ and generally

becomes about 50% larger for all the other member of the 6 group TMDs.>%:62

The lack of inversion symmetry in MoS, monolayers results in spin splitting of the
electronic bands due to the spin-orbit interaction.®? In this condition, the high
symmetry points at the corner of the Brillouin zone K and K’, where the valence
band maximum and the conduction band minimum are located, have an unequal
momentum valley. The strong spin-orbit coupling leads to a valence band split at
these valleys, requiring the spin splitting for the different valley to be opposite.
The two electrons position can be selectively excited by different circularly
polarized light. The light is then remitted back to indicate its preservation
during the process. 2343 The ability to achieve and control the valley
polarization is an interesting property which can lead the construction of

valleytronic devices.
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Figure 1-9 Right, The 2H MoS, monolayer electronic band in the K and K’ position of the
Brillouin zone highlighting the spin splitting. The spin-orbit-split valence band maxima are
represented by the red and blue surfaces according to the different electron spin, while the
conduction band minima are in green. Picture are reproduced from reference %¢ and 2,

Differences between bulks and monolayers have also been identified on Raman
active vibrational modes corresponding to the in plane E';g at 382 cm2 and out of
plane A at 406 cm2. 3 As the layer thickness decreases, the Aigmode decreases

in frequency while the E';s mode increases (Figure 1.10).
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Figure 1-10 Left, in plane El;4 and out of plane A;g Raman active mode. Right, dependency
of mode E',q and Aiq from the MoS; material thickness. The pictures are reported from

reference %4 and 3 .

1.11.4 Transition metal dichalcogenide applications beyond hydrogen
evolution reaction

1.11.4.1 Energy storage applications

The typical structure of TMDs allows the intercalation within the layers of other
species, making them possible candidates for energy storage. For this reason,

chalcogenides like MoS; and WS; in bulk form were investigated as lithium ion

21



battery material.®>% The use as cathodes was however discouraged by their
structural instability during the intercalation process together with their low
average voltage, energy limits and electrical conductivity.®® On the contrary, the
use of exfoliated nanosheets as anode is a very attractive option since the loosely
staked plates can easily accommodate structural changes. The use of composite
MoS;/graphene as anode exhibits a great electrochemical performance with a
specific capacity of 1100 mAhg' at a current of 100 mAg' and a good cycling
stability-67-68.69.70 Moreover, the columbic efficiency of the graphene oxide based
material, the most commonly used anodic material in lithium ion batteries, is
much lower than the one obtained for MoS;. The reason might be the absence of
active sites on the basal plane, which avoids the trapping of lithium on the surface

common for graphene oxide based materials.

1.11.4.2 TMD transistors

Semiconductor TMDs can be used for transistor applications in digital electronics.
The processors currently considered the state of the art are silicon-based metal-
oxide-semiconductor field-effect transistors (MOSFETs).”! Those transistors
however, when further scaled down in dimension, cannot overcome heat
dissipation problems due to statistical and quantum effects. 7' The FET (field
effect transistor) structure consists of a semiconductor interconnecting a source
and a drain electrode, which is also separated by the gate electrode on the top
by a dielectric layer.”? The most common semiconductor used is silicone, as it
meets all the requirements of a good transistor: high charge carrier mobility, high
switching on/off ratio (connected to the material conductance) and high
conductivity (defined as the product between charge density and mobility). The
charge density can be increased in semiconductors by doping however this also
leads to a decrease in mobility due to scattering. 737475

TMDs with their sizable band gap can support a high switching on/off ratio while
maintaining high charge mobility with the additional advantage of the possibility
to scale down the material to ultrathin layers. 767> Furthermore, their 2D structure
offers the important advantage of producing layers with a sub nanometer
thickness, which coupled with their band gap range of 1-2eV, results in increased

control over the switching and therefore a high on/off ratio.”” This helps to
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decrease the most relevant factors preventing the transistor miniaturization such
as the power dissipation and the short-channel effects.

The first implemented MoS; thin layer device was a top-gate transistor (Figure
1.11).7¢ This device had n-type conduction exhibiting a room-temperature mobility
higher than 200 cm? V-'s ' with a switching on/off ratio of about 10 8. Moreover,
the top-gate geometry required a smaller voltage to switch the device, allowing
the insertion of more than one device in the same substrate. The mobility of the
MoS; monolayer was further improved by the use of HfO; as a k-dielectric in the
device.”879.80,81 Despite the use of HfO2, the mobility for MoS; top-gate transistors
is still too low to compete with conventional transistors. However, their use can

still be interesting for electronics which require low electronic power.”>

Figure 1-11 Scheme of HfO,-top-gated monolayer MoS; FET device. The picture is
reproduced from reference 76

1.11.4.3 Optoelectronic devices

Electronic devices, which can control, generate and detect electronic light, are
defined as optoelectronics. Common applications of optoelectronic are lasers,
LEDs, solar cells, optical switches, photodetectors and displays. For those
applications, the electronic band gap structure plays an important role because it
influences the ability of the material to absorb and emit light.

TMDs find some of their applications in solar arrays and transparent displays as

semiconductors because of their tuneable band gap used as light absorbing or
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emitting component. In these applications, the band gap is often tuned by
intercalation of metal ions or organic molecules. 8283

A thin film of MoS; was used within a phototransistor as a photodetector® due to
its photosensitivity®, and the resulting device responded to changes of incident
light intensities within 50 ms. The bandgap was tuned by preparing MoS: layers
with different thickness, enabling the photodetection of different wavelengths. 8¢
Single or double layers of MoS; with a band gap of 1.8V and 1.65V, respectively,
were used for green light while triple layer MoS; and its band gap of 1.35V was

used for red light detection.

Electroluminescence and photoluminescence are two interesting material
properties. Electroluminescence is the capability to emit photons in response to
an electron stimulus and is required to develop LEDs and diode lasers. Examples
of electroluminescence in TMD materials were reported for MoS; electrically
excited by Au nano-contacts 8 and SnS; monolayers incorporated into a polymeric
matrix.® Photoluminescence is the property of some materials to absorb a photon
light at certain wavelengths and then reemitting it at a different energy. Materials
with direct band gaps can directly absorb or emit photons with an energy bigger
than the band gap. On the contrary, indirect band gap materials require the
absorption of an additional photon during the process to supply the difference in
momentum leading to a less efficient process. MoS; monolayers with their direct
band gap are good candidates for future flexible optoelectronics requiring active
light-emitting layers.8%73 Even if the photoluminescence of a MoS: monolayer is
enhanced from its bulk form, its quantum yield is lower than expected for a direct
band gap material. For this reason, more studies are required to better understand
this photoluminescent emission and quenching before the development of those

devices.

1.11.5 Transitional metal phosphides (TMPs)

Transitional metal phosphides can be efficient and resistant catalysts with a wide
selection of compounds. Their electron rich surface makes them more reactive
than other compounds like carbides, nitrides and sulphides for catalytic
applications.® In particular, their activity as hydrodesulfurization (HDS) catalysts
and therefore their capability of absorbing and desorbing hydrogen has made them
good candidates for hydrogen evolution reaction. Beyond water splitting,
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phosphides find their use in other applications involving energy conversion and

storage as battery and supercapacitors.

1.11.5.1 Crystal structure and properties

Phosphides are a very heterogeneous class containing a wide range of structural
types with different physical and chemical properties. Generally, phosphide
structure is based on trigonal prisms instead of the layer structure typical of TMDs,
which allows the formation of more isotropic crystal structures.?? As a result,
phosphides have a higher number of unsaturated surface sites in their structure
compared to TMDs and therefore a higher intrinsic activity.?2 The bond type
present in this structures is not always defined and it is interpreted as covalent or
ionic depending on the case.

Despite their heterogeneity, phosphides are often classified by the metal
phosphorous ratio as metal rich (M/P>1), monophosphide (M/P=1) and
phosphorous rich (M/P<1). The polyphosphides (M/P>1) are characterized by a P-
P bond with a length comparable to the one of black phosphorous (dp_p = 2.23 A)
and varies from 2.15 to 2.30 A. The physical properties and the structure of
polyphosphides are typical of covalent compounds. Their localized valence
electrons make them good semiconductors or isolators with only a few exceptions.
Moreover, the melting point and the thermal stability are the lowest between
other phosphides compounds. Metal-rich phosphides share similar characteristics
with refractory hard metal compounds (carbides, nitrides, and borides) like high
thermal stability, electrical conductivity and chemical resistance to dilute acids
and bases.?:92.93.94 However, the melting point and the stability is generally lower
for the phosphides. The M-M bond length in compounds with MPy structures
decreases with increasing phosphorous molar fraction x. At the same time, the
density decreases with increasing phosphorous content; e.g. MoP4 - 3.9 gcm™'
MoP;-5.4 gcm™!, MoP - 7.2 gcm', MosP - 9.1 gcm™’, Mo - 10.2 gcm'" 92 Metals in rich
phosphides are trigonally or octahedrally coordinated with phosphorous. The most
common between those two is the trigonal prismatic coordination, which can
extended up to ninefold coordination by additional atoms above the rectangular
prism faces. An example of trigonal prismatic coordination is MoP, while FesP,

NisP, Ni2P, CozP,and Ru;P have a tricapped trigonal prismatic coordination.
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Figure 1-12 Crystal structure of the major transition metal phosphides.??

1.11.5.2 Phosphides as HER catalysts

Nickel phosphate was the first material of this class to be studied as hydrogen
evolution reaction catalyst after DFT calculations carried out by Liu and Rodriguez
identified an excellent activity on the (0001) plane. This phase mimics the
mechanism of the NiFe hydrogenase with the advantage of a higher
thermostability due to the solid surface.®

The (0001) crystal face performs well due to the co-existence of two active sites
which take part in the so called "ensemble effect",’> where the P actively
participates in the HER, acting as a proton acceptor site complimenting the
hydride acceptor sites on the Ni atoms. Jointly, the two sites therefore perform
far better as HER catalysts. The decrease of active nitride sites on the surface due
to the presence of phosphorous also seems to moderate the binding strength of
the reactant on the surface, making the catalyst acting more like the NiFe

hydrogenase rather than a metal surface.%
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Figure 1-13 Top view of the active site on the (0001) phase showing the “ensemble effect”
between the phosphorous and the nickel. The picture is reproduced from reference %

Experimentally Lewis et al. were the first to undertook the synthesis of Ni;P as
nanoparticles exposing a high density of the Ni,P (0001) surfaces.®% The particles
were tested for hydrogen evolution reaction on a titanium substrate in a solution
of 0.5 M HxS04, which lead to an overpotential of 130 mV with a current density
of 20 mA cm-2 and a Tafel slope of 46 mV dec'. This excellent HER activity further
confirmed the studies by Liu and Rodriguez and increased the interest in

phosphides as hydrogen evolution reaction catalysts.

Kucernak et al. carried out a study on the effect of phosphorous on nickel
phosphides.® It turns out that by increasing the phosphorous percentage within
the composition, the resistance of the material towards corrosion was increasing
along with the catalytic activity.* Similarly, a study conducted by Wang’s group
investigated the effect of different amounts of phosphorous between molybdenum
in metal form, MosP and MoP in the hydrogen evolution reaction.®” As a result, it
was found that an increased degree of phosphorylation leads to a change in the
catalytic activity of the metal, enhancing its performance. Only MoP had high
stability and performance in both basic and acidic media.

The importance of the phosphorous within the structure was also highlighted by
DFT calculations, which found a free energy close to zero in the active site with a
behaviour similar to the sulphur in MoS;.%” Like sulphur in molybdenum sulphates,
phosphorous increases the number of edges on the surface, thereby increasing the

number of active sites.
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1.11.5.3 Water oxidation

The oxygen evolution reaction (OER) is the water splitting semi reaction which
requires the highest overpotential to be performed and so its optimization is very
important for future applications.’ One of the many advantages of applying TMDs
as water spitting electrocatalysts is their bifunctional use (as HER and OER
catalyst) in alkaline and basic media. Since the OER reaction is carried out at high
potential in alkaline media, the phosphide catalysis surface often gets oxidised
and this influences its catalytic properties. A porous film of Cobalt
phosphide/phosphate was the first TMD to be proposed as OER catalyst in basic
media. % Subsequently, nanoparticles of pure Ni,P were proposed as OER
catalysts, obtaining a current density of 10 mAcm2 from an overpotential of 290
mV in a solution of 1M KOH. '® This study also highlighted that the catalytic
activity was due to the material nature and not to its surface area. After having
performed the OER reaction for an hour at 1.5V, the Ni,P particles changed their
composition to a ratio of Ni2P/NiOx. This change enhanced the catalytic activity
and stability of the material. 1%

Surface oxidise nanorods of CoP were also reported as OER catalyst by Xing et
al.’ The material was synthesised from a hydrothermally obtained Co0304
precursor with the subsequently phosphorization by a low temperature process.
The obtained material required an overpotential of 320 mV to obtain a current
density of 10 mAcm2 in a solution of 1M KOH. Similar to Ni;P, the promising
performance of the material could be explained by the presence of cobalt oxide
on the surface. Other transition metal phosphide electrodes were synthesised as
OER electrodes by phosphorization of the metal foils Fe, Co, Ni, Cu and NiFe. 103
The most active among those was NiFeP, achieving a current density of 10 mA cm-

2 with an overpotential of 277 mV.

The first phosphide tested as bifunctional catalyst was CoP prepared in the form
of a 3.3 nm nanosheet '* The material required an overpotential of 277 and 111
mV for the OER and HER semi reactions to achieve a current density of 10 mAcm-
2, The performance was also tested in a real water electrolysis device by applying
the material as anode and cathode and separating the electrodes by an anion-
exchange membrane. The current density obtained by applying an overpotential
of 1.8V was 335 mA cm2. This performance was competitive with the state-of-

the-art catalyst Pt/IrO; that achieves at the same overpotential a current density
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of 399 mVcm2. Despite this encouraging success, the use of CoP nanosheets still
need to overcome some challenges to be considered as competitive bifunctional
catalysts. The major challenges associate with the use of CoP in real water
electrolysis cells are the cell performance decay generated by the aggregation

and rupture of the catalyst at the anode and the anion membrane degradation.

1.11.5.4 Batteries

Nanostructured TMP materials find their use in battery applications as possible
replacement of the graphite in the anode. In fact, graphite has its theoretical
capacity limited at 372 mAhg' when completely converted to LiCe. TMPs are very
attractive as anode material because of their high degree of electrode
delocalization, which leads to lower oxidation state of the metal and a strong M-
P covalent bond connection. The theoretical limited capacity of phosphides is 1200
mAhg!, with a conversion reaction occurring only after full insertion of the lithium
inside the electrode. Unfortunately, this high phosphine capacity tends to decline
over multiple cycles because of the volume change during the charge/discharge
process and the fact that this conversion is not always reversible. The
irreversibility of those reactions is more common for Mn, Fe and Cu while is

generally rare for metals such as Ni and Co.'%

A remarkable work reported GePs as anode for storage applications, which used
the strategy of carbon confinement on the TMP surface to limit the volume
expansion of the material. % The material was made using pure Ge powder and
amorphous red P by high-energy mechanical milling. With increasing reaction
time, a change in morphology from a crystalline to a graphene like structure was
observed. This structure showed in its charge/discharge curve a loss in capacity
with the number of cycling and a low conductivity. However, the addition of
carbon changes the performance, limiting the material aggregation and
maintaining a high electrical contact. The resulting composite had a high rate
performance with a charge/discharge capacity of 2300 mAhg' that remained
constant for over 40 cycles. The improvement of the performance was due to the
formation of P-C bonds between the GePs and carbon interface. After those
promising results, other carbon composited phosphides were synthesised and also

showed very promising applications for lithium ion batteries. 107,108,109,110,111
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Much effort is also put into the development of Na-ion batteries due to the
abundance of sodium compared to lithium. TMPs were also applied in those
systems as anode material. A reported example was SnsP3material in a carbon yolk
shell structure which confined the particles to avoid loss in performances due to
volume expansion.'2 This material gave a capacity of 790 mAhg™' with a stable
cycling performance. Material damage due to changes in volume during the
charge/discharge process is the main problem faced during lithium ion batteries
development. This inconvenience is even more severe for Na-ion batteries because
of the higher molar volume of sodium. For this reason, more studies need to be

conducted in order to make this material competitive as a type of energy storage.

1.11.5.5 Supercapacitors

Supercapacitors are an attractive type of energy storage form; however their low
energy density made their application as primary power source unfavourable
compared to lithium ion batteries. Despite this disadvantage, characteristics like
their high charge/discharge rate and the long life cycle makes their study and
optimization interesting for further development. The most promising way to
optimise a supercapacitor is to combine a double-layer capacitor with a
pseudocapacitor.

Materials like TMP are of interest for supercapacitor applications because of their
metalloid characteristics and superior electrical conductivity.''3114115 The first
phosphide reported as pseudocapacitor was Ni;P nanoparticles on rGO.'"® Their
capacity was suggested to arise from a pseudo-capacitive capacitance based on a
redox process. This redox process was speculated to be due to the Ni(OH)2/NiOOH
couple which is formed and reversed during the charge and discharge process.
Moreover, the rGO substrate had the function of dispersing the Ni,P particles
during the synthesis and therefore increase the charge transfer conductivity. This
material obtained a specific capacitance of 2266 Fg' for a current density of 5
mAcm2 with a Columbic charge/discharge efficiency of almost 100% after 2500
cycles. Another phosphide material reported for its pseudocapacitor function was
Ni,P coated uniformly by Ni particles.!"” The amorphous material obtained had a
specific capacitance at 2 Ag™' of 1115 Fg'' which declined to 1029 Fg' after 3000

cycles.
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Phosphorization of transition metal oxides and hydroxides as a way to enhance
their supercapacitor performance was suggested by Zhou et al. " In this study,
Ni(OH)2 nanosheets were phosphorizated, creating 3D networked Ni,P nanosheets.
The performance of the resulting material was remarkable, obtaining a specific
capacitance of 2141 Fg' at 50 mVs™' instead of the 747 Fg' at 50 mVs™' obtained
for Ni(OH),. This improvement was explained by the enhanced conductivity due
to the carbon joined with the porous nanosheet structure.

Moreover, this experiment highlighted that phosphorization as an interesting way
to enhance the metal oxide performance, further confirming the potential

application of TMP in the supercapacitor field.

1.11.6 Ternary transition metal nitrides (TTMN)

Ternary transition metal nitrides are a class of compounds with a rich variety of
structural types. In those compounds, the relationship between composition-
structure-properties has not yet been fully understood and limited studies are
reported. Like binary nitrides, these compounds are used as sensors, "°
supercapacitors, 120121122 solar cells'?® and electrocatalysts for ammonia

synthesis, 24 hydrogenation and hydrocarbon reaction. '

1.11.6.1 Structure

Nitrides have a wide range of structures and stoichiometries consisting of a
transition metal T combined with another transition metal M, which is not bound
with nitrogen.

The TMN stoichiometry has a crystal structure that can be cubic, hexagonal or
perovskite. The cubic structure is observed in transition metals belonging to the
first row. Those compounds have the formula of T1.xMxN and generally do not show
any changes in their lattice periodicity after substitution of the nitrogen with
carbon. 126 Hexagonal structures are common for compounds like Tio.7C00.3N,
Tio.7Nio.3N, M0o.8C00.8Nio.9 and Moo.sNio.sNo.9. In these structures the metals result
in a hexagonal arrangement and present a layer sequence of ABACABAC, while the
nitrogen is octahedrally coordinated. Ternary nitrides with a perovskite structure
are derivates of MnsN and have a crystal composition of Mns.xMexN1.x/4, where the
metal Me can be Cr, Mn, Ni, Cu and Zn. The substitution of Mn with external
heteroatoms changes the lattice parameters inside the structure, which increase

or decrease depending if Cr and Mn or Ni, Cu and Zn are incorporated,
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respectively. Together with the lattice parameters, magnetic properties also
change with the substitution of Me within the structure. In fact, the magnetic
moment per unit cell strongly depends on the metals inside the structure. The
substitution of Mn with other heteroatoms can either increase or decrease the
number of electrons leading to a coupling of spin. Metals like nickel, copper and
zinc, for example, increase the electron concentration with a spin pairing together
with a decrease of the magnetic momentum by the formation of nitrogen
vacancies. 27 However, studies in this area did not yet reach a general consensus,

and is therefore not possible to delineate a trend and mechanism.

Nitrides with the TMN; stoichiometry, like chalcogenides, have a 2D structure and
their chemical characteristics are dependent on the nature and size of the cations
T and M. Generally, the metals having this stoichiometry are trigonally or
octahedrally coordinated and belong to the 2" or 37 row of transition metals. The
compounds belonging to this class are semiconductors or weekly metallic and

behave like paramagnets.

(2]
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Figure 1-14 Example of the hexagonal structure ZnMoN- belonging to the structure type
TMN2. The picture is reproduced from the reference 128

Nitrides with the T2MN stoichiometry contain elements in their highest oxidation
state. This type of stoichiometry is also common between some carbides they
share the same close packed hexagonal H-phase structure with. In the crystal
structure the nitrogen is in an octahedral position and located between two
transition metal layers with the elements exhibiting an alternating sequence along
the ¢ axis of MaTeNTaMgTaNTsMa. The T metal can belong to groups 4 and 5, while
the group of the M metal can vary and therefore affect the compound properties
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more. If M belongs to the IIB or IlIB group, the c/a ratio will be high, leading to an
almost hexagonal close packing structure with metallic characteristics. On the
contrary, when the M is from group 4 or 6, the c/a ratio will be smaller and the

metallic nature less pronounced.

The T3MN stoichiometry crystallizes as anti-perovskite and mixed-anti-perovskite.
This structure differs from perovskite by the reversed position of the anions and
the cations.'” Another difference from perovskite, which affects the physical
properties, is the presence of two types of anions coordinated with one cation.
Using the general formula (ABX), the anion position X is now occupied by a cation
(a transition metal), while the positions A and B are now occupied with different
types of anions.'30 In Figure 1.14 a perovskite unit cell is shown, with the A, B and
X positions indicated at the corner of the cube, at the octahedral site and at the
centre of the cubic face, respectively. The unit cell of the anti-perovskite can
deviate from the ideal cubic structure to tetragonal or orthorhombic depending
on different synthesis conditions used. For example, a study conducted by Sun et
al 3" using neutron diffraction analysis observed a phase change in the crystal
structure of Mn3ZnN in the temperature range between 50 K and 295 K. In
particular, the cubic structure had only the C1 phase at room temperature and
started transitioning to C2 at temperatures below 177 K. The two cubic phases C1
and C2 differ only in their lattice parameters, which are slightly larger for the C2
structure. This difference affects the magnetic order within the structure and
therefore changes the crystal properties. Applications for this stoichiometry are
found in fuel cells, where NizZnN is the most important compound reported for
this class.'3? This material was also studied as ORR (oxygen reduction reaction)
electrocatalyst, exhibiting an onset potential vs. RHE of 0.81 V in alkaline media

and good stability. 132
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Figure 1-15 Left, anti-perovskite structure. Right, the magnetic moment measured by
neutron diffraction at different temperatures. The insert shows the C1 and C2 phase with the
magnetic moment at the Mn atom indicated as arrows. The picture is reproduced from
reference 131,

The T3M2N structure known as B-Mn is a cubic system where the metal atoms have
a body centre cubic and a cubic face centre arrangement. The stoichiometry of
those compounds can be either TsM3N or T:M2N depending on the different
element’s stability within the crystal. For example, the NiMos3N structure is more
common than NizMosN. 133134 On the contrary, FesMosN has a faster formation than
FeaMosN, whose structure is not yet fully characterized.'® When ordered, this

structure has interesting potential for superconducting applications.

Nitrides with the N ;-carbide type structure are characterized by a TsM2N
stoichiometry. In this structure, the nitrogen is in the centre of a deformed
octahedron whose holes are partially filled by the metal atoms of the lattice. As
for B-Mn, this structure has a different stoichiometry depending on the elements
present in the structure and can assume a crystal formula of T4sM2N or TsM3N. The
T3M3N stoichiometry is also known as N ¢ and its structure presents a reduction by
50% of the nitrogen on the 16c site. 135136137 This class of compounds is very
interesting for their long range magnetic order which can be modulated by using

different T/M metals and different numbers of electron valence. 13>,136,137

1.11.6.2 Ammonia reaction synthesis

Nitrides has been used as catalyst for ammonia synthesis and decomposition in the

last few decades. In particular, ternary transition metal nitrides were shown to
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have higher activity than individual nitrides. Gurram et al prepared ternary Mo
nitrides using a molybdenum precursor and other ternary transition metals
reduced under an ammonia flow.'?* From the obtained compounds, CoMozN was
the one with the best performance with an increased catalytic activity up to
fivefold.

1.11.6.3 Nitrides as catalysts

Dai et al. reported the use of MoTiN as a catalyst for acetylene hydroclorination. 1%
The reaction conversion was 89% for a Ti/Mo ratio of 1:3 and selectivity achieved
98.5% for the vinyl chloride monomer (VCM). It was found that the Ti doping was
inducing an increase of the absorption capacity of the hydrogen chloride and a
reduction of acetylene absorption. Unfortunately, this nitride showed poor
stability as a catalyst due to the deactivation induced by the absorption of C;H,.
However, its activity is comparatively better than Mo;N and TiN, suggesting the
use as a starting point to design other catalysts for the production of vinyl chloride

monomers.

The compounds CosMo3N and FesMosN were synthesised by Noemie Perreta et al
138 35 catalysts for hydrogenation of organic reaction. The CosMosN catalyst was
determined to be active for hydrodechlorination and used for benzene synthesis.
The synthesis of FesMosN by TPR at 773 K resulted in a compound whose
hydrogenation rate for the conversion from nitrobenzene to aniline was higher

than the corresponding CosMosN.

1.11.6.4 Nitrides as sensor

There is great interest to use non-noble metals as electrochemical sensors for
molecular detection due to their sensitivity and economic fabrication. In
particular, compounds with nano-array architecture are extremely interesting to
study because of their large and specific surface area. Fe;Ni2N nanosheets on a Ti
mesh were used as an electrochemical sensor to quantify glucose.'® The nitride
had a good performance and was able to sense glucose over a linear range of 0.05
UM-1.5 pM with a response time of less than 5 seconds. The sensor had a high

sensitivity of 6250 pJAmM! with a long term stability and selectivity. 20

35



1.11.6.5 Solar cells

Theoretical and experimental calculations both suggest CuNbN; as an interesting
material for a tandem solar cell.'?® The material has a layer structure belonging
to the space group R3m. In the layers NbN is arranged octahedrally and separated
by the N-Cu-N bond. The study showed that this material had an absorption
between 1.3 and 1.4 eV with the lowest band energy of 0.9 eV.

1.12 Artificial photosynthesis devices

Considerable interest has been raised to find a way that uses sunlight to split
water into hydrogen, producing “artificial photosynthesis” devices.

There are two possible set ups which can be implemented in order to
commercialize those devices: the coupling of an electrolyser with a standard solar
panel or the development of a device able to perform light harvesting and
hydrogen production at the same time (Figure 1.13).

While the first approach comes with the advantage of using an already developed
apparatus, it has a loss in efficiency due to the additional steps involved.'3°

For this reason, many efforts have been made to develop devices which could
directly convert sunlight into hydrogen and use it as a fuel, reducing process steps
and thereby gaining efficiency. 140,141,142

The power of the incoming sun light is very low, achieving a maximum of 0.1 W
cm' and therefore only allowing to collect a current density of maximally 10 mA
cm2,'3 This is insufficient compared to a standard electrolyser of 0.5 — 2 A cm-
1,144 The production of the same amount of gas per unit time for those
electrolysers requires an electrode area around 50-200 times bigger than standard
ones, making the use of platinum, the best performing material, inapplicable for
larger scales.

Only the use of cheap and largely available compounds can make these systems
commercially applicable, and therefore many studies have focussed on finding
efficient materials in the compounds belonging to the transition metals.'#

The pH of the electrolyser is also relevant for hydrogen efficiency. Electrolysers
perform best at extreme basic or acid pH where the concentration of charges is
the highest. However, most of the semiconductors used as catalysts are not stable

at these conditions for long times and efforts have been made to find alternative
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electrolysers with good performances at neutral pH. Mild pH will also be beneficial
for other parts of the electrolyser such as gaskets, connectors and separator
membranes, making the overall electrolyser’s life longer and decreasing
maintenance cost. 4

Figure 1.13 shows the two types of solar-to-fuel devices: the wireless
configuration with a buried photovoltaic (Figure 1.13a) and the wire configuration
using a semiconductor film underneath the electro catalysts for light harvesting
(Figure 1.13b).

In 1998, Rocheleau and co-workers made the first wireless photoelectrochemical
solar-to-hydrogen device with CoMo and NiFeyOx as HER and OER catalyst,
respectively.'¥ The device was performing stable for over 7 200 hours at pH 14
with a solar-to-hydrogen conversion efficiency of 7.8% for a cell with an area of 1
cm?. Verlage et al improved the performance of wireless solar to hydrogen devices
to an efficiency of 8.6 % (per cell of 1 cm?) by building a GaAs-InGaP tandem-
junction for light harvesting. The group used a nickel based OER catalyst and NiMo
for the HER half-reaction. Later, a system performing in a borate buffer solution
with a pH of 9.2 was reported with triplet-junction silicon as light absorber, cobalt
oxy-hydroxide as electrode for the OER and NiMoZn for the HER.'® The device
achieved an efficiency of 2.5% for a cell with an irradiation area of 2 cm? using
simulated solar light as irradiation source. Since the use of silicon is expensive for
large scale production, Jansen et al suggest to use a triplet-junction made with a
polymer instead of silicon for light harvesting.' The light-to-hydrogen conversion
was performed at pH 9 obtaining an efficiency of 4.6% for an area < 0.1 cm? and
decreasing to 1.3 when the cell area became 1.2 cm?. The use of organic polymers
has also the additional advantages of improving the flexibility and to reduce the

production cost.
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Figure 1-16 Schemes of artificial photosynthesis systems.150 a) Wireless configuration where
the circuit is closed by the flow of the electrons through the electrolyte. b) Wire configuration
with an external circuit. For both setups the light to be absorbed has to pass through the
catalyst making thin catalysts desirable.

1.12.1 Challenges associated with the development of solar-to-hydrogen
devices

Despite various new developments in the field, challenges associated with scaling
up solar-to-water splitting devices still remain a significant hurdle for their
entrance into the market. For example, most of the irradiated areas of systems
reported in the literature is 1 cm? and therefore it is necessary to find a way to
scale them up to arrays of several square meters in order to produce a significant
amount of hydrogen. Moreover, more studies need to be done to improve the
device performance and increasing the long-term reliability with a robust design
that requires low maintainance.’”™' Set up components like the membrane, the
electro catalysts and the light harvesters were also tried to be substituted with
cheaper alternatives in order to keep the cost low. Those requirements challenge
the solar-to-hydrogen device construction in both the material as well as
engineering development.

The harvesting of hydrogen in a large-scale using extended surface arrays comes
with the additional problem of safety, which still needs to be solved. When the
current density of the device reaches a value of 10 mA cm2, the hydrogen and the
oxygen produced during the reaction can permeate through the separation

membrane and an extensive mix of those gasses is very dangerous. >
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Even if there are methods which prevent the extensive formation of this gas
mixture inside the electrolyser, they often reduce the efficiency of hydrogen
production.'3 This adds to the many problems associated with the production of
hydrogen in a large scale at atmospheric pressure.

The development of an electron-coupled proton buffer (ECPB) was proposed as a
solution, decoupling the HER and the OER reaction and therefore avoiding the
presence of both gasses inside the electrochemical cell at the same time. 54155136
To avoid this gas mixture the oxygen, which is produced under solar irradiation,
is coupled to the reduction and protonation of ECPB, which works as a counter
electrode.’ The ECPB is then deoxidise back electrochemically to generate

hydrogen.

The production of “artificial photosynthesis” devices is still facing a lot of
challenges and is far from perfect and ready to be released on the market. Much
work needs to be done in optimization of the device design as well as in the
development of the semiconductors and the electro catalysts before it will be

possible to produce a commercial artificial photosynthesis system.

1.13 Conclusion

The necessity to substitute traditional energy sources with renewable energy
comes with the need for an investment in energy storage systems. Research on
earth-abundant catalysts for photoelectrochemical or electrochemical water
splitting helps the hydrogen economy to become suitable for large scale set ups
and therefore to be commercialized. Due to widespread availability, these
inorganic materials compensate their lower activity as catalysts compared to
noble metals with their price. Other than having excellent catalyst performance,
an inorganic catalyst also needs to be easily scalable and to exhibit great durability
over years in order to be a suitable candidate for industrial purposes. Catalyst
classes like sulphides, phosphides and nitrides have shown promising results in this
direction. However, many challenges still need to be overcome in order to make
solar-to-hydrogen devices available in the market in the close future. Structural
problems associated with the necessity of scaling up systems reported in the
literature has led to challenges in many different areas. Another relevant issue is
the mismatch between the optimal pH conditions in which electrolyser perform

best and the milder pH that will prevent the device’s damage to maintain the
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cost. Despite these many challenges, much progress has been made in the last two
decades in order to commercialise solar-to-hydrogen devices leading to the

optimistic prediction that those devices will become one day reality.

1.14 Scope of this work

The aim of this work was to investigate new cathode materials for hydrogen
evolution reaction able to compete with the already existing but expensive noble
metal catalysts. Developing cheap catalysts from earth abundant materials will
make hydrogen production by electrolysis commercially favourable, helping to
decrease the amount of carbon dioxide release into the atmosphere due to
extensive use of fossil fuel. During this work, two compounds belonging to the
major inorganic classes and one from a recent study were prepared and

electrochemically characterised.

The synthetic strategies were chosen based on the use of cheap reagents and the
possibility to scale up. One of the major strategy applied to improve the
performance was doping the material with another metal in order to tune the
properties by either enhancing the activity of active sites already present or by
improving the conductivity. For the case of the Co-doped molybdenum sulphide
synthesised in Chapter 3, the material was prepared in distorted form, leading to
the advantage of further increasing the number of active sites by the higher
presence of defects for this particular morphology. Another strategy to improve
the performance was by the selection of the substrate, which improved the
electrical conductivity and therefore the overall catalyst’s performance. The
substrates chosen for this purpose were Fluorine-doped SnO; in Chapter 3 because
of its transparency suitable for solar-to-hydrogen applications and the more

conductive glassy carbon for the electro catalysts studied in Chapter 4 and 5.

All the materials were also characterized electrochemically to test their hydrogen
evolution reaction performance in acid and basic media. Besides the importance
of obtaining a material with the lowest overpotential possible, other tests were
carried out to ensure the stability of the performance over time and the material

efficiency in hydrogen production. All those measurements were performed in
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order to ensure that the prepared materials were in line with the criteria

necessary for commercialization in the future.
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2 Experimental

The aim of this chapter is to give a brief background about the methods used for
preparation and characterization of the materials described in Chapters 3 to 5.
The structure and phases of the catalysts was determined by X-RD analysis,
followed by a refinement procedure for some of the sample analysed. All samples
were furthermore characterized by scanning electron microscopy (SEM) and EDX
measurements to determine their morphology and sample composition.

For the synthesis of Co doped MoS; on a FTO surface (Chapter 3), additional
structural studies were performed with Raman spectroscopy, X-Ray Photoelectron
Spectroscopy (XPS), UV-Vis and Atomic force microscope (AFM). In particular,
Raman spectroscopy was used to identify active mode characteristics of the MoS;
structure and XPS was used to determine the oxidation state of each element.
Film thickness was measured by AFM, and their transparency by detecting the

transmittance in UV-Vis measurements.

Finally, all the catalysts prepared were characterized for their electrochemical
performance. In section 2.3, the electrochemical techniques performed during
this work will be described, highlighting advantages and disadvantages of each to

justify their specific use.

2.1 Preparative methods:
2.1.1 Hydrothermal synthesis (HT)

Hydrothermal synthesis is an important branch of inorganic chemistry, based on
the synthesis in aqueous or organic solvent using a sealed container at high
temperature (100-1000 °C) and pressure (1-100 MPa)."

In a more classical solid state synthetic approach, the reaction mainly occurs at
the interface between the raw materials and therefore its efficiency primarily
relies on diffusion. To overcome the problem of concentrating the reagents at the
reacting sites, these syntheses are generally performed at high temperature.
During hydrothermal synthesis, the reaction occurs in solution at high temperature
and pressure conditions. These different conditions in which those two methods
are performed leads to the possibility of obtaining different structures and

products from the same starting reagents. The advantage of hydrothermal

50



synthesis is to enable the preparation of compounds or materials which would not
be possible to synthesise otherwise or to prepare the same product at more mild
conditions. Many functionalized materials or compounds with particular
morphology, such as nanostructures, fine powders or sol-gels, are synthesized by

using this technique, making it a very flexible and powerful tool.

The strength of HT synthesis relies on its reaction medium, which is under
supercritical conditions during the reaction.? Water is the most common solvent
used, because of its availability, price and safety. Under high temperature and
pressure, the density surface tension and viscosity decreases, while vapour
pressure and ion production increases. When the reaction system is heated above
the water’s boiling point, the ion rate production will increase enormously. At this
pressure and temperature condition, the water is completely dissociated into H30*
and OH  and acts as a molten salt with a low viscosity. Hence, in HT the ion
mobility is much higher than under normal conditions. Therefore water may act
as a solvent or reagent accelerating the reaction and changing the chemical and
physical properties of the reagents.

The HT reaction is carried out in a hydrothermal autoclave composed of two parts:
the high-quality stainless steel jacket and a Teflon liner (Figure 2.1). This Teflon
autoclave enables reactions at a maximum temperature of 240 °C. An important
criterion for reproducible HT synthesis is to keep the amount of solution used
constant, as the pressure inside the sealed cylinder depends on the volume inside
the reaction chamber. In a standard reaction, the vessel is generally filled

between 50% and 80%, generating a pressure change from 0.02 to 0.3 GPa.?

Figure 2-1 Autoclave used for hydrothermal synthesis.
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2.1.2 Time programmed reduction (TPR)

Time programmed reduction is a technique used in heterogeneous catalysis to
determine the optimal time and temperature condition for a specific reaction.?
The reagent, here an oxide mixture (see Chapter 4), is placed in a catalyst reactor
and inserted into a furnace tube (Figure 2.2). During the reaction, the material is
exposed to a gas flux, and while the temperature increases according to the
selected program it is monitored with a thermal conductivity detector. The
parameters controlled in order to optimise the reaction are the time, the speed
rate, the type of gas used, the gas flow speed and the temperature. Single
parameters were changed to identify optimal conditions for the final product. As
the tube furnace used for the reaction heats by following a gradient that increases
from the outside to the inside of the chamber, the sample was always located in

the centre of the furnace at the same position.

Figure 2-2 Tube furnace used for TPR
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2.2 Structural determination and characterization
techniques:

2.2.1 Power X-Ray diffraction
2.2.1.1Background

Crystalline solids are characterized by the internal order of the atoms inside the
structure. The smallest repeated unit showing the full symmetry of the structure
is defined as unit cell.# This is described by the three angles a, B, y and the three

distances a, b, c. (Figure 2.3).

Figure 2-3 Representation of a general unit cell with the three vectors and the three angles
used to define the lattice indicated.

In a three dimensional system, the unit cells are divided in seven crystal systems
defined by the fundamental symmetry operations. Each of this system is described
by a unique volume formula and by the presence or the absence of a particular

symmetry inside the structure. (See Table 2.1)
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Table 2. 1 Summary of the volume and the symmetry elements for each unit cell.’

Unit Cell Volume Essential symmetry

Cubic V =a3 Four C3 axes in a

tetrahedral arrangement

Tetragonal V = a?c One C4 axis
Orthorhombic V = abc Three perpendicular C»
Axes
Hexagonal V3a2c One Cs axis
V= = 0.866a%c
2
Monoclinic V = abcsin B One C; axis
Triclinic

V = abc(1 — cos? @ — cos? f — cos?y None

+ 2 cos a cos B cos y) /2

Trigonal V = a%csin(60°) One Cs axis

According to where the atoms or ions are located inside the crystal (lattice points),
four different lattices can be defined: primitive (P), body centred (I), Face
centred (F) and side-centred (A, B or C) (see Table 2.2). From the combination of
the seven crystal systems and the four lattice points, it is possible to obtain the
14 Bravais lattices which can describe all the possible systems. Combining the 32
point group with the 14 Bravais lattice, 230 three dimensional space groups can
be defined, describing all the possible crystal structures adopted.® Further
information about the space groups can be found in the International Tables for

Crystallography.’
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Table 2. 2 with the crystal system and the possible lattice for each of them.

Crystal system

Bravais lattices

Cubic
a=b=c

a=ﬁ=y=90°

primitive

face centered

Tetragonal
a=b#*c

a=ﬁ=y=90°

c

gle |
a 14

primitive

Orthorhombic
a+b+c
a=p=90°

y = 120°

* 1

primitive

3

body centered

face centered

base centered

Hexagonal
a=b#*c
a=p=90°

Yy =120°

@ L]

@ o 9
g o

Trigonal
a=b=c

a=B=y +90°

<>

trigonal

Monoclinic

Ca AN T
a+b+*c
a=y=90° L
B + 90° primitive base centered
Triclinic (iEZiSE)
a+b+*c
triclinic

a+B+y+90°
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X-ray diffraction (XRD) is the most common technique used for solid state
structure analysis. The electromagnetic radiation is obtained by bombarding a
metal with a beam of accelerating high-energy electrons provided by a tungsten
filament. Once the electrons plunge into the metal, they decelerate, generating
a radiation in the order of 10"'°m. This radiation is called Bremsstrahlung and it is
a continuous range of emitted radiation with few high intensity sharp peaks due
to the collision between the incoming electrons and electrons of the inner shell
of the atoms. This collision causes the expulsion of some of the 1s (K shell)
electrons. The empty vacancy is then filled by outer orbital (2p or 3p) electrons
transitioning to the inner orbital, which leads to the emission of an X-ray photon
called K radiation. In copper, the most commonly used source the X-ray radiation

Ka is associated with the 2p — 1s transition with a wavelength of 1.5418 A.

X-ray radiation has a wavelength of 1 A, which is very comparable to the inter-
atomic distances inside a crystal (~0.8 - 3 A), allowing the diffraction to occur
when the x-ray beam strikes the solid.® Hence, this technique can be used to
determine the crystal structure and the presence of phase mixture inside the
sample. Moreover, the refinement of the X-ray pattern can be used to obtain

information about the dimension of the unit cell.

Bragg was the first to detect the potential of this technique in defining a model
to explain the XRD diffraction patterns (Figure 2.4). In his approach, a crystal was
viewed as a build-up of lattice with planes formed by neatly distributed atoms,
with a space between the planes defined as dk). Considering two parallel rays
being reflected by two lattice layers, the first ray strikes the lattice at point A1.
A second ray needs to travel an additional distance of B before being reflected at
the second layer at point A2, and an additional distance of C after being reflected.

The path difference between those two layers can then be expressed as:

B+ C =2dsin@ (2.1)

When the pathwave B+C is not an integer number of the wavelength, the
radiations interfere in a destructive way between each other. However, when the

B+C value is an integer number of the wavelength, the radiations have a
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constructive interaction and a signal is detected. Therefore, these constructive
radiations are described by the Bragg’s law with the formula (2.2), in which n

stands for the path-length differences of the in-phase wavelengths.’

An= 2dsin @ (2.2)

An advantage of the Bragg’s law is the possibility to calculate the d value by

knowing the reflection angle 6.

So S;

Figure 2-4 Conventional derivation of Bragg’s law. So and S; are the incoming and diffracted
x-ray radiation, respectively, scattered from the crystal surface with an angle of 8. The
lattices are indicates as planes in black, while their distance is indicated by dy,.

Knowing the d-spacing between the layers in the lattice allows-one to obtain the
Miller indices. These indices (h, k, ) are reciprocal to the intersectional distances
and are defined by the orientation of crystal planes and how those intersect the
axes of the unit cell. The dnk value can be defined for each crystal system by

following the equations listed in Table 2.3.
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Table 2. 3 Equations for calculating the d-spacing in different crystal systems.

Crystal system dni as a function of the Miller indices and lattice

parameters
Cubic 1 R4k + 12
dt® a?
Tetragonal 1 R+k*+1? N 12
dhklz - a2 c2
Orthorhombic 1 h k* P
dhk12 T a2 b2 2
Hexagonal 1 4(h*+hk+k? N 12
du? 3 a? c2
Monoclinic 1 1 (h* k?+sin’p N 12  2hlcosp
du’  sin?p\a? b2 c? ac
. . . 1 1
Triclinic — == [R2b%c? sin? a + k2a?c? sin? B + [2a?b? sin? y
hkl

+ 2hkabc?(cos a cos f — cosy)
+ 2kla?bc(cos B cosy — cos a)
+ 2hlab?c(cos a cosy — cos B)]

2.2.1.2Instrument and sample preparation

The X-ray diffractometer is composed of four main components; the X-ray source,
the slits, the sample stage and the detector (Figure 2.5). The slit regulates the
amount of radiation emitted from the source, which can be adjusted to the sample
configuration. The scattering of the sample is generated by oscillation of the atom
electrodes due to the incoming electromagnetic wave and it is collected with a
detector. To identify the sample, the collected pattern is compared to XRD
patterns present in a database.

Before a measurement, the sample was ground in a mortar and processed into a
homogenous powder to allow the distribution of small crystals in a random
orientation and therefore to detect all possible interplanar distances.’ To
increase the random orientation of the crystal, some diffractometer use a rotating

stage called “spinner”.
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All the data were collected using a Panalytical XPert-pro diffractometer. The
instrument was equipped with programmable divergent slits (PDS) and an ultrafast
solid state pixel detector (PIXcel3D). The measurements were performed on a
Bragg-Bretano stage using a Cu x-ray tube with the power capability of 2kW as
radiation source. A monochromator was used to select the Ka radiation at
1.544187A. A monochromatic wavelength was used to guarantee a well defined
application of the Bragg’s law. Experimentally, the beam was collimated through
the use of a 10 mm mask, 0.2 rad soller slit. Moreover, the KB radiation was
filtered by a nickel beta-filter of 0.02 nm. The detector used to collect the data
was a real time multiple strip detector (RTMS) allowing to obtain ultra fast
detection. The data were collected on a diffraction spectrum where the intensity

of the peaks were plotted against the diffraction angle range.

Figure 2-5 Schematic representation of the typical Bragg-Brentano geometry where w is the
incident angle between the x-ray source and the sample. The angle 26 is the diffraction
angle between the incident beam and the detector.

Figure 2-6 The Panalytical XPert-pro diffractometer used to measure in the Bragg-Bretano
reflection geometry.
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2.2.2 Data analysis:
2.2.2.1Rietveld refinement

Power diffraction data obtained by crystalline structures can be characterized
with the use of the Rietveld refinement technique. In this method a Gaussian
shape is assigned to each peak present in the pattern to describe the overall
profile obtained from the overlap. The data analysis starts with the use of a trial
structure on which the atoms’ position can be modified. The process of refinement
is carried out until the best fit is obtained and the calculated and observed data
become almost identical. Since the procedure require structural information, it
cannot be used for structure determination but rather as a refinement technique.
The data collected in this work were refined with the GSAS software package'"

using ESEGUI as interface.?

The Rietveld method uses structural information to produce a yc value and
compare it to the y; obtained from the X-ray pattern. The calculated X-ray profile
is obtained using the least square approach by weighting the difference between
the observed (yi) and the calculated values (ycac) of the diffraction patterns (see

equation 2.3).

Sy = Ziwilyi = Yeare)? 2.3)

The calculated intensities are functions of the structural factor Fx, which is
obtained from the crystal model by summing all the contributions calculated from

the Bragg K reflection. The y caic equation can be expanded as:

Ycalc = SZK LK |FK|Z¢(20i - zek)PkA + Ybi (24)

where s is the scale factor depending on the amount of irradiated sample, Lk is a
function containing the Lorentz polarization, @ is a value related to the profile
peak shape, Py is the preferred orientation function, ypi is the background intensity

for the point i and A is the absorption correction factor.

60



The structural factor contains various structural and experimental information

about the peak shape and the background. It can be written as:

Fi =Y} N;fjexp|2n(hx; + ky; + 1z;)|exp[—M;] (2.5)

where the position of a j atom is expressed by the coordinates x;, y;, and z;, the
indices h, k, l indicates the Braggs reflections, the value N; expresses the atom
multiplicity for a particular occupation and the value f; refers to the number of
electrons when sin8/1 = 0. M; is the scattering length and it is expressed by

equation 2.6:

M; = 8n?uZ sin? @ /12 (2.6)

Where u2 is the root-mean-square thermal displacement of the jth atom parallel
to the diffraction vector.
The background intensity ybi in equation 2.4 is described as a polynomial function

in 20 where Ny is the polynomial degree and a, is the coefficient.

Vbi = Ynlo @, (26,)" (2.7)

The peak shape, related to the @ value in equation 2.4, is instrument dependent
and can be described by a combination of Lorentzian and Gaussian functions using

the Pseudo-Voigt (pV) function:

pV=nL+ 1 —-1n)G (2.8)

Where the Lorentzian and Gaussian functions, equations 2.10 and 2.11 below, are
expressed by the symbols L and G. The Gaussian value generally represent better
the experimental values, while the Lorentzian value describes possible broadening

of diffraction peaks due to a different crystals size. The value n is the mixing
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factor and is described as a linear function of 26 where N, and N, are parameters

which can be optimised.

n =N, + Ny(26) (2.9)
1
(2In2)2
G= H: —=exp(—41n2(26; — 20,)*/H}) (2.10)
-2 (20i—28))
L_nHk/[1+4 HZ ‘] (2.11)

The Lorentzian and Gaussian contribution are expressed with the observable and
calculated position, 08i and 6k, for the K reflection. The Full-Width at Half
Maximum (Hk) is expressed as a function of the scattering angle and modelled by

varying the U, V and W values, which are instrument and sample dependent.

H2 = Utan®0 + Vtan® + W (2.12)

The preferred orientation function, Pk, attempts to correct variation in intensity
due to a preferred orientation of certain crystals by the optimization of the
parameters G and G2. The angle ak is the angle difference between presumed

cylindrical symmetry and the preferred orientation axis direction.

P, =[G, + (1 — Gy)exp(—G,ak)] (2.13)

To evaluate if there is a good fit with the experimental data, R or residual factor
indices are often used. The R- weighted profile, Rwp, is the most meaningful value,
since its numerator is described by the least square function minimised on the
refinement process (equation 2.14). The other R indices are R-expected Re
(equation 2.15), R-profile Rp (equation 2.16), R-intensity Ri (equation 2.17) and R
Bragg (equation 2.18)

1 1
_ Yiwilyi—Ycaicl /2 _ (N-P+C) /2
Rup = { Tiwi(yi)? } (2.14) R, = {Zwi(J’i)Z} (2.13)
_ 2lyi—Ycaicl _ Z|I%(i_1%(calc|
R, =22l (3 16) R; = Hiead .17)
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_ ZIKi_IKcalc
Rp = = £e0(2.18)

Where N, P and C on equation 2.15 are the number of observations and Ixi and lcac
on equation 2.16 to 2.18 are the observed and calculated Bragg intensities of the
reflection K.

Ideally, Rwp and Re should be a comparable in value and their ratio (equation 2.19)
should be in a range between 1< y? < 1.5 for the fit to be considered
satisfactory. If the y? has a lower value, the background signal is still relevant in

the measurement.

22 = [%]2 (2.19)

2.2.2.2 Le Bail Refinement method

Le Bail is an iterative method which extends the Rietveld approach on systems
where there is not an initial structural model. This method assumes that when the
structural factors of a system are unknown, the easiest approximation that can be
done is to assume that all the initial integrated intensities are equal to one.'® The

overlap of an N peak can be expressed mathematically as:

(r+1) Ay (0b$)xqm (D) . .
ATV (obs) =3, bs(i) — back 2.20
(0bs) (2¥o1 47 Ccabxan(d) (0bs(d) = back(®) (2.20)

Where A is the integrated intensity, qm is the product between cm(i) and Hk(i),
where the cm value contains the Lorentz polarization and (obs(i) — back(i)) is the
observed peak contribution for an i point.

The values of the denominator A, are all equal to one for the first iteration (r=1)
and represents the initial calculated intensities. The AL, (obs) value calculated in
this way will then be used as the denominator of the algorithm as new calculated
intensities. By Recursion of this algorithm, there is a rapid conversion between
the estimated and the calculated peak areas, independent of the initial
assumption. This is because the algorithm lost memory of the starting values after

five interactions. The final intensity value can then be used to obtain structural
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information about the unit cell, since it is expressed as a function of the structural
factor Fx. Despite the huge advantage coming from the adoption of this method,
it does not perform well for the resolution of weak peaks where the background
can be overestimated. In this case, the Le Bail estimates are chaotic and
oscillatory with the repetition of the interaction making this method not

applicable.

2.2.3 Raman spectroscopy

Raman spectroscopy is a technique that studies the changes of the molecular state
through the radiation scattered by the sample. Using this technique, it is possible
to get some information about molecular vibrations and rotations. When a
monochromatic radiation probes a sample with an energy value not corresponding
to any electronic transition, the system is forced to move from a ground state to
a “virtual” excited level'™ (Figure 2.7). This transition leads to an unstable
situation, which quickly reverts back with the emission of a photon with the same
energy as the ones probing the system. This interaction, which is named Rayleigh
component, corresponds to the elastic scattering and is the major part of the
radiation interaction.

A minor part of the incident photons, about 1 to 107, interact inelastic and
therefore they transfer or absorb some energy leaving the system to a different
vibrational level. The Stoke component of the spectrum is when the emitted
radiation has a lower energy than the initial one. On the contrary, the Anti-Stoke
component is due to an emission in which the light emitted is of a higher energy
than the initial light. The Anti-Stoke radiation is less probable because it requires
the starting molecular system in a vibrational level different then the level equal
to one. Both Stokes and Anti-Stoke processes are defined as Raman Effect and are
the ones investigated with this technique.

The shift in frequency observed in a Raman experiment corresponds to the energy
level of the vibrational and rotational mode of the molecule. However, not all the
modes are Raman active, but only the ones which the lattice deformation imply a

change in polarizability.
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Figure 2-7 Energy level diagrams with the transitions involved in Raman and Rayleigh
scattering.'> The Raman scattering is inelastic when the electron on the ground state is
forced on a virtual excited state and re-emitted as a scattering photon with lower (Stokes) or
higher (Anti-Stokes) energy. On the contrary, Rayleigh transition is elastic with the incident
photon having the same energy as the emitted.

A typical Raman spectrometer is composed of a laser beam using monochromatic
light as a source of radiation to increase the intensity of the scattered light.
Monochromatic light is used in order to be able to better observe small changes
of light emission in the scattered light. Moreover, the use of this light allows a
system stimulation on an energy value close to the one where absorption occurs.
Raman spectra were collected on a Horiba-Jobin-Yvon LabRam HR confocal
microscope. The apparatus uses a 532 nm laser light with a 50 X objective lens
and a Synapse CCD detector. The measurements were carried out in an acquisition

range of 100-1000 cm™! with a laser intensity decreased to the 10%.

65



Mirror

Source
Sample
Monochromator
. Or interferometer
Detector

Figure 2-8 Common setup of a Raman spectrometer.'® The laser beam passes through a lens
and a small hole on a mirror before it hits the sample. The scattering light is then directed
by the mirror to be collected and analysed on a monocromator or an interferometer at 90
degrees from the incident beam.

2.2.4 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
spectroscopy (EDX) analysis

Scanning electron microscopy (SEM) is an experimental technique used to study
the composition and the structure of a solid surface. This technique uses high-
energy electrons to interact with the sample and reveals information such as
external morphology, chemical composition and crystalline structure by

generating a 2-dimensional high-resolution image.

The electron beam is generated by heating a tungsten filament, which is then
focussed through magnetic fields into a single beam to probe the sample under
high vacuum conditions. The vacuum is necessary to avoid air particles to interact
with the generated electrons. Since the resolution is inversely proportional to the
wavelength, the use of highly accelerated electrons (and therefore with a small
wavelength) leads to a resolution down to 3.5 nm.

The accelerated electrons obtained carry a significant amount of kinetic energy,
which is dissipated in various signals due to electron-sample interactions. An
energy transfer from the primary electrodes to the atoms of the sample
characterizes these interactions and generates an emission of secondary
electrodes (SE), x-rays and backscattered (BSE) electrons'’,which are used for
image production. The SE originate from the atoms of the sample by an inelastic
interaction with the electron beam and are responsible for the more detailed

surface information showing the morphology and the topography of the sample,
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whereas the BSE are generated from elastic interactions and come from deeper
regions of the sample. The image information obtained with this source has lower
resolution but with the brightness expressed as a function of the atomic number.
A detector collects the electrodes generated by the interaction with the beam

and converts them into a signal which is sent to the screen.

The EDX measurements are often performed together with SEM and used to
characterise the chemical composition of the material. As mentioned previously,
the use of an electron beam generates the emission of X-rays, which can be used
to identify the different elements present in the sample. The X-rays are formed
after ionization of the inner cell electron, which is ejected and the subsequently
generated hole is filled with an electron from the outer shell. By this transition,
the energy difference is emitted as an X-ray, and since this energy difference is

related to the inner core electron energy levels it is specific for a particular atom.
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Figure 2-9 Schematic SEM setup.

In this work, a Philips XL 30 ESEM instrument with an accelerating voltage of 25
kV was used to investigate the sample’s morphology. EDX measurements were
coupled with SEM and performed using an Oxford Instrument X-act spectrometer.
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The INCA EDX analysis software using Cu as a standard calibrated the instrument.
Some samples were coated with gold in order to facilitate the imagine acquisition,

preventing the sample to charge and to avoid overexposure of the image.

2.2.5 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is an ionization technique used to gather
information about the surface composition and the nature of the chemical bonds
using the photoelectric effect. By irradiating a sample with an X-ray beam, the
kinetic energy and the number of electrons ejected from the material is
quantified. This method has the advantage of providing sensitive measurements
without destroying the material. Moreover, XPS provides quantitative information
about the chemical bonding and composition of the molecule. On the downside a
high vacuum is needed to ensure that the photoelectron does not collide with gas
molecules and loses its energy before it reaches the detector.

When an incoming X-ray (with an energy of 200-4000 eV) hits the sample surface
with sufficient energy, the radiation will be absorbed by the atom and an inner
shell electron will be ejected. This phenomenon is known as photoelectric effect.
Because the energy of the X-ray photon is known, the electron expelled by the
atom has a kinetic energy which can be calculated to be equal to the energy of

the incident X-ray minus the binding energy and the work function of the element:

E,=hv—E,—¢@ (2.21)

The work function is defined as the minimum energy needed to remove an electron
from the solid to a point in the vacuum outside the solid surface. By detecting and
measuring the energy of each expelled electron, which is unique for each element,
it is possible to determine the sample composition. After the photoelectric
process, the atom is left in an excited ion form. One of the ways for the atom to
relax is by having an upper shell electron fill the vacancy created by the X-ray

beam. During this process to preserve the energy, an Auger electron is emitted.
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Figure 2-10 Schematic portray the photoelectric effect. a) The x-ray source ejects the
electron on the core level of the atom and leaves a vacancy hole behind. b) An electron from
the valence level fills the hole vacancy, causing the ejection of an Auger electron to
preserve the energy.

Experimentally, a sample under vacuum is targeted with monochromatic X-ray
light and the photo-emitted electrons are ejected. The most common X-ray
monocromatic sources are Al Ka X-rays and Mg Ka X-rays with a photon energy of
1486.7 eV and 1253 eV, respectively. The emitted electrons are deflected to the
detector by a path made with electromagnetic lenses. Those electrons arrive at

the detector which counts the electrons and measure their kinetic energy.

The Ex is then represented on a spectrum as a function of ejected electrons over
an energy range. The energy and intensity peaks displayed can be used to identify
the surface elements presents on the sample based on the binding energy
characteristics of each atom. The peak area can also be used to estimate the
concentration of a certain element, since it is an indication of how many electrons
are on a specific energy level.

The photoemission is dependent on the X-ray source used, which means that the

Kinetic energy shifts when the same sample is analysed by using a different X-ray
source and therefore photoelectric line move in position when the same sample is
analysed by using a different X-ray source. On the contrary, Auger electrons have
a kinetic emission only dependent on the electronic state, allowing them to be
recorded at the same position independent of the X-ray source.'® The XPS
measurements are commonly reported as a function of the binding energy instead
of the kinetic energy. However, in this case the Auger peak changes its location
with the X-ray source and therefore is very important to specify the instrument

that is used.
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Figure 2-11 Simple scheme of a photon electron spectrometer showing the ionising radiation
(an X-ray source), an electrostatic analyser and an electron detector. The deflection of the
electron path depends on the electron speed.>

According to which kind of radiation source is used both Ultraviolet Photoelectron
microscopy (UPS) and X-ray photoelectron spectroscopy (XPS) use the
photoelectric effect. UPS uses probing photons with an energy of 10-45eV to
investigate the electron ejected from the valence shells and the details about the
bonding characteristics. On the contrary XPS uses an X-ray source (200-4000 eV)

to probe the system on the core energy levels.

2.2.6 Ultraviolet-visible (UV-VIS) spectroscopy

UV-Vis spectroscopy is an absorption spectroscopy occurring in the region between
ultraviolet and visible light. This spectroscopy technique is used to determine in
which wavelength in the range between 200 and 800 nm a molecule is absorbing,
with the transitions detected being relative to the electronic levels.

A light source is directed through a monochromator to select a single wavelength.
The selected radiation is then divided in two by a beam splitter and hits with equal
intensity the sample as well as a reference. The light passing thought the sample
will be partially absorbed and the detector will collect the transmitted light
(Figure 2.12). The light collected is converted into an electric signal by the
detector. The transmittance obtained from the machine is then expressed as a
ratio between the sample and the reference signal and reported as a percentage

by the following the equation:
T% = X100 (2.22)
b
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Usually the UV-Vis data are reported as a function of the absorbance:

A= —zogj—: = ¢lC (2.23)

The Lambert-Beer equation uses the absorbance A as proportional to the
concentration C expressed in molarity, the absorbance path wave expressed in cm

and the molar absorptivity coefficient, . This value describes the probability of

the molecule to absorb at a particular wave of light and is given as

molcem *

The maximum absorbance wavelength of a sample is generally used in equation
2.23 to calculate the molecular concentration inside the sample. The molar
absorptivity coefficient to calculate the concentration is obtained by generating
a calibration curve in the linear range where the absorbance is in relation to

different sample concentrations, with the obtained slope being el.
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Figure 2-12 Example of a typical UV-Vis spectrophotometer layout. '’

2.2.7 Atomic force microscope (AFM)

AFM is a technique which provides a 3D profile on a nanoscale definition. The
image is obtained by measuring the forces between a sharp probe of around 10
nm and the surface at 0.2 nm sample separation. The probe with a supporting
cantilever gently touches the surface, while the interaction between the probe
and the surface is collected. The entity of the collected forces are dependent on
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the spring constant relative to the stiffness of the cantilever (generally around
0.1-1 N/m) and the distance between the probe and the surface. Hooke’s law

describes the force collected as

F=-kx (2.24)

Where k is the spring constant and x is the surface distance. The force collected

is typically in the range between 10 and 10-° N.

The AFM has a z-scanner which moves the cantilever up and down the surface,
and a xy-scanner that moves the sample back and forward underneath the tip
probe (Figure 2.13). A position detector registers the movement of the cantilever
by tracking the laser movement reflected from the top. Any bending of the
cantilever will affect the laser reflection and the detector records those changes
during the measurement. The topographic imagine is generated by using a

feedback loop to control the height of the tip above the surface.

a) b) Deflection Topography
Laser i _|_|_
c)
Detector Repulsive
Inter-atomic Force
Z-scanner
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B .
Distance
XY-scanner

Figure 2-13 a) Schematic of the AFT experimental setup. b) Schematic showing the deflection
cantilever over time and how it is related to the topography image. c) Graph describing the
potential as a function of the distance. The kind of force between the tip and the surface
occurring at specific distances are indicated.

Typically, a probe is made from silicate nitride or silicone. The cantilever can

have different lengths, materials and shapes affecting the spring constant and the
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resonance frequency. The types of forces measured are the repulsive Van der
Waals VdW forces, and when the tip moves away also the surface attractive VdW
forces. AFT has three modes to collect the image: contact, intermittent contact
(or tapping mode) and non-contact.??

The contact mode is in the repulsive VAW regime and is generally used for resistant
surfaces because the probe can damage or deform these materials. Because of the
repulsive forces, the cantilever bends as it passes over the sample features. The
image of the sample is obtained by maintaining the cantilever deflection constant
using the DC feedback amplified. The forces applied to maintain the distance

between the tip and the sample constant is then used to produce the image.

The tapping mode produces an image similar to the contact mode. In contrast to
the contact mode, the cantilever oscillates in a resonance frequency with an
amplitude of 20-100 nm. During scanning the probe lightly taps the surface. The
oscillation of the tap allows to probe the sample at a constant timespan. The
advantage of this technique is the possibility to collect high quality images without
damaging the sample. However, the collection of images in liquid is often
challenging in this mode and therefore the contact mode is preferred.

Finally, the non-contact mode is a type of scan, which consists of a measurements
where the probe never touches the surface. It is performed in the attractive VdW
regime by making the probe oscillate above the sample without touching it. Every
sample has some water absorbed on the surface due to air humidity. A precise
high speed feedback loop is used to monitored the changes in oscillation due to
the attractive VdW forces and to keep the tip from crashing into the surface. This
technique has the advantage to not damage the material during the scanning.
However, the images collected in this mode are often of low resolution and their
resolution can be affected by contaminations of the surface. For this last reason,
other modes are generally preferred unless there is the possibility to operate in

an ultra-vacuum chamber.

The AFM technique has some limitation due to the type of sample probed. For
example, the resolution is limited by the size or the tip angle when the probing
sample has a very rough surface or a very steep slope. As a consequence, if the
probe tip is not sharp enough, the recorded image does not truly reflect the

sample morphology but rather only the interaction between the tip and the
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sample. Another limitation occurs when dealing with too rough samples that affect

the piezo movement limit.

2.2.8 Gas chromatography (GC)

Gas chromatography is a technique used in analytical chemistry to separate and
identify a mixture of compounds. In GC the mobile phase is in gas form, while the
stationary phase is liquid or solid. The gas solution to be analysed is extract by a
calibrated syringe from the headspace of a tight electrochemical cell and then
inserted into an injection port. The used column can either be packed, where all
the gas extracted from the syringe is plugged directly into the column or capillary,
where the gas enters into the column in small amount per time, while the rest is
kept in a chamber. Some GC machines are capable of switching between those
two types of injection modes. During the measurements the gas acts as a carrier
and transports the analytes through the column, where they arrive at the
detection unit at different rates based on their respective retention coefficient.
The detectors used to identify the gases can vary; the one used in this work
measures the changes in thermal conductivity of the gasses coming out of the
column. The values obtained were compared to the ones of a reference Ar gas
flow. Once the different gasses are detected, a signal is sent to the computer and
the value of each analyte is reported as a function of the arrival time. The
different arrival time is used to identify the type of gas present, while the peak
area correlates to the percentage of that particular gas inside the electrochemical
cell headspace. This percentage is calculated by the use of a calibration line that
is made for each analysed gas by using commercial gas cylinders containing a
specific percentage of the target gas in argon.

The gas percentages obtained from the measurements are converted into moles
by based on the volume of the headspace. The values are then compared to the
theoretical moles calculated, assuming that all the charge passing though the cell

is used to produce hydrogen.
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Figure 2-14 Gas chromatography setup scheme.

2.3 Electrochemical methods:
2.3.1 Experimental setup

Voltammetry studies the kinetic of a process by looking at electrode current
changes as a function of the voltage applied. The experiment is carried out in an
electrolysis cell, which can consist of two or three electrodes. The two electrode
set up is formed by a working electrode (WE), where the reaction occurs, and by
a counter electrode (CE) which closes the circuit.?' The counter electrode does
not have any influence on the reaction occurring at the WE and therefore is
generally made with inert material such as Pt or with less expensive carbon cloth.
22 The two electrodes setup is used to analyse the whole electrochemical cell
performance because it measures the difference of potential between the working

and the counter electrode.

The WE half-reaction can be studied independently by introducing a reference
electrode (Ref) within the set up. The potentiostat in this configuration ensures
that the current flow between the WE and the CE, leaving the reference electrode
stable and therefore allows the WE potential to be expressed relative to it. For
this reason, the reference’s potential needs to be stable over time and

temperature with a fixed and well-defined electrochemical activity.
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Most of the electrochemical measurements are reported using a standard
hydrogen electrode (NHE) as a reference (half-reaction 2H* + 2 e~ & H,). The
NHE potential is defined as zero by convention. Even if most of the data are
reported using this reference, the use in the laboratory is not common due to
difficulties in maintaining unit activity for H2 (g) in the half-cell. Most of the
reactions occurring in aqueous solution are carried out using as reference
electrodes the saturated calomel electrode (SCE) or the silver-silver chloride
electrode (Ag/AgCl).

The reason to use a particular reference electrode is based on availability and the
pH present inside the electrochemical cell. The reference electrode used during
this work was a (Ag/AgCl) electrode in a NaCl 3 M solution. It is composed of a
silver wire immersed in a NaCl solution whose concentration slightly influences
the half-cell potential. In this work the reference electrode has a potential of 209
mV, which was used to correct all the potential measurements and refer the
measurement to the NHE electrode.

Most of the experiments in this work were conducted on a single cell three-
electrode setup as shown in Figure 2.15. The two electrode setup was only used

for the galvanostatic measurements coupled with the GC.

Figure 2-15 Standard single cell three-electrode setup. The white wire is used for the
Ag/AgCl 3M reference electrode, the blue wire is linked to a Pt wire used as the counter
electrode (CE) and the red wire is linked to a glassy carbon acting as a working electrode
(WE).
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2.3.2 Linear sweep voltametry (LSV)

This method is the most commonly used way to electrochemically test a system
due to speed and simplicity. During the measurement the starting potential, E1,
varies as a function of time to a final value E2, and in the meantime the resulting

current is collected.?3

(@) (b)

E, Peak current
£ il
E,
Y . — N S—
Time E, E, E,

Figure 2-16 Potential sweep (a) and the resulting current (b) for an irreversible reaction.

The collected linear sweep voltamogram (Figure 2.16 b) shows the current/voltage
behaviour during the measurement, which can be better understood by assuming
the electrode kinetics in the oxidation reaction between A and B (equation 2.25)

irreversible.

o (2.25)

At the beginning of the measurement, the potential applied to the system is low
and therefore the detected current is due to the migration of the ions in the
solution. Once the applied potential achieves a more reducing value, the A species
starts to be reduced to B at the electrode surface and more current starts to be
detected. As the potential keeps increasing in its module, the current detected at
the electrode increases exponentially with time, indicating an increase of the
reduction rate K req in equation (2.25). On the voltammogram, the current
increases as more negative potential is reacted until a maximum, after which it
starts to decrease. The final decrease of the current is due to the consumption of
A on the electrode surface. The maximum peak on the voltammogram represents

the point where the increase of the reduction constant is compensated by the
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decrease of the A species on the electrode surface. After that, the current flow

reflects how fast A can diffuse back to the electrode surface.

When the reaction in equation 2.25 becomes reversible, the sweep voltammogram
shows a higher current and a lower potential. This is because once the equilibrium
is achieved, the total kinetic is described by both the processes. The species A
and B on the electrode surface are in equilibrium in a ratio described by the Nernst

equation.

0 b= o e [ . —

E; E, E
Figure 2-17 Example of reversible (a) and irreversible (b) linear sweep voltammograms

LSV measurements were used during this work to evaluate the activity of a
material for the Hydrogen Evolution Reaction (HER), as well as to calculate the

Tafel slope if performed on a slow scan rate (approximately 2 mV s').

2.3.3 Cyclic Voltammetry (CV)

Cyclic voltammetry is an extension of linear sweep voltammetry, based on
reversing the direction of the applied potential once it reaches the most negative
value E2.2# The reduction part of the voltammogram follows the same dynamic
already described for LSV. When the E2 potential sweeps back, the species B
formed during the reduction starts to be oxidised back to species A, generating a
current with the opposite sign. This current becomes bigger as the potential
becomes more positive. The peak intensity and location on the reverse scan gives

an indication about the reversibility of the A/B couple (equation 2.25).
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Figure 2-18 Potential variation during a cyclic voltammetry experiment (a) and the cyclic
voltammogram obtained for a reversible reaction (b).

In Figure 2.18 b typical reversible cyclic voltammogram is displayed. In the graph,
the reductive and oxidative peaks have the same intensity and are separated by a
peak distance of 59 mV (at 25 °C), which is independent of the scan rate. If the
number of electrons transferred during the process are more than one, the peak

separation can be calculated by the equation 2.26.

|Eg* — Ejed| = 2.218— (2.26)

When reaction 2.25 is irreversible, B is not reconverted back to A and therefore
the voltammogram does not show the return peak present for a reversible reaction
(Figure 2.19 a and b). The “reversible” and “irreversible” electron reactions are
the two limiting cases, and a real system can also be semi-reversible (Figure 2.19
¢). In this case, the difference in concentration between the A and B species
depends on the kinetic oxidation or reduction rate and on the mass transport rate.
A non-ideal system can be recognised from a reversible system because the peak
distance between the reduction and the oxidation peak is not fixed but rather
depends on the scan rate. In particular, the irreversible peak will only be seen by
using a fast scan rate. The B species requires a higher oxidising potential to be
reconverted back to A. If this process occurs too slowly, the B molecules formed

have time to decompose and therefore they cannot be reconverted.
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Figure 2-19 Cyclic voltammetry example of (a) irreversible, (b) reversible and (c) semi-
reversible.

As for the LSV technique, CV scans were used to evaluate the catalyst
performances in the hydrogen evolution reaction. Contrary to LVS, CV can scan
the material consecutively for a selected number of cycles, allowing to investigate
if the measurements are reproducible or if the material undergoes some chemical
rearrangements. Moreover, the repetitive cycling of the material for a high
number of times (e.g. 1000 cycles) can be used as a stability test for the catalyst.
However, this method is considered less reliable than others and testing
electrocatalysts by chronoamperometry or galvanostatic techniques is generally

preferred.

2.3.4 Bulk electrolysis or Chronoamperometry.

Bulk electrolysis is an electrochemical technique where a constant potential is
applied on the WE over time and the resulting current is monitored. As potential
a value is chosen with which complete conversion of the reaction A to B at the
electrode is observed.?> At the beginning on the measurement, an immediate drop
of the current is observed due to the rapid consumption of the A species in
proximity of the electrode, after which the species to be reduced has to diffuse
to the electrode (Figure 2.20 b). The current decreases as the concentration
gradient drops and therefore decrease the amount of the fresh reagent

approaching the surface.
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Figure 2-20 Variation of the potential at the beginning of the measurement (a) and the
current response in a Chronoamperometry experiment (b).

The Current response as a function of time is describe by the Cottrell equation:

1
nFAD2 [Apuirl

i = ——7— (2.27)

w2t2

Where | is the current expressed in A, F is the faraday constant, A is the electrode
area and [Ap,x] is the initial concentration expressed in mol/cm3. This equation

can be used to calculate the diffusion coefficient.

Chronoamperometry has a wide range of uses such as electrodeposition, stability
testing of an electrode catalyst or as an alternative way to collect the Tafel slope
(as in Chapter 3). The stability of a catalyst is generally tested by applying a
potential for a long period of time in a particular medium and monitoring the
changes of the produced current. The Tafel slope measurement is performed using
multi-potential steps, which consist of applying a constant potential for 5 minutes
and then repeat the measurement with the potential increased by 30 mV over a

range of potentials.

2.3.5 Galvanostatic measurement

This type of measurement is performed by applying a constant current on the WE
and monitor how the potential necessary to maintain this current changes during

the measurement (see Figure 2.21 a and b).
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Figure 2-21 (a) Current value maintained constant during the Galvanostatic measurement
and the resulting potential (b).

Experimentally, this offers a complementary technique to bulk electrolysis.
Stability tests of the catalyst were generally performed using a current of 0.71
mA, which enabled a current density of 10 mA cm2on a glassy carbon electrode.
The same measurement performed on a closed cell was used to generate

hydrogen, which was detected by coupling this technique to gas chromatography.

2.3.6 Electronic impedance spectroscopy (EIS)

EIS is a non-invasive technique to investigate the electrochemical properties of a
system. The potentiostat probes the system by shifting the potential away from
the equilibrium and thus generating an electrochemical reaction. EIS can be
performed in the time domain (DC) or in the frequency domain (AC). In the DC
mode, the applied potential is sometimes too large and can therefore irreversibly
change the system. The current detected as outcome is the sum of all the currents
from the different processes in the reaction. In the AC mode, a wave with a small
fixed potential amplitude is applied over a frequency range. The frequency
dependencies on different processes allows to separate the contributions to the

response.2®

The electrochemical resistance is the capability of a system to oppose an

electrical perturbation and can be expressed by Ohm’s law:

(2.28)

~ 1t
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In equation x R is the resistance (Q), E is the voltage (V) and | the current (A).
While in a DC experiment the ratio between the voltage and the current is
expressed by the resistance, in an AC experiment this value is substituted by the
more general term of impedance. The term impedance covers any reason why the
current is not flowing in the cell, which can be resistance, capacitance or

diffusion.

(2.29)

~Im

During a typical EIS experiment in AC mode a stimulus is applied as a voltage, and
an AC current is measured as a system response (see Equation 2.30 and 2.31 and
Figure 2.22).

E = dE sin(wt) (2.30)
I = dI sin(wt + @) (2.31)
Where w = 2nf (2.32)

In the equations above, E and | represent the instantaneous values of the voltage
and the current, while dl and dE are their maximum amplitude. Both E and | values
are described as a function of the radial frequency w (rad). It is defined in
equation 2.32, where f is the frequency (Hz) and the ¢ value represents the phase

delay between the applied voltage and the detected current.

Time

Figure 2-22 Alternative current (AC) measurement showing a potential sinusoidal wave E and
the current generated from the system as a response to the potential I. The two waves
oscillate with a phase delay of ¢.
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The ratio between these two waves expressed by equation x and x is defined as
impedance.

__E; _ Eysin(wt) sin(wt)
- I - I, sin(wt+¢) - “0 sin(wt+¢)

7 (2.33)

It is possible to rewrite the potential and the current with the Euler relationship:

exp(jp) = cos @ + jsin @ (2.34)

Where ¢ is a real number and j is the imaginary unit. The potential and the current
can be described as complex functions:

E; = E,exp(jwt) (2.35)

I, = Ijexp(jwt + @) (2.36)

The impedance can then be rewritten as a complex number:

Z(w) = % =Zoyexp(jp) = Zy(cos @ + j sin @) (2.37)
t

Z = |Z| cos(@) + j|Z| sin(¢e) (2.38)

Z = Real(Z) + Imaginary (Z) (2.39)

Impedance data are conveniently described as a plot where the imaginary and the
real part are plotted on the y and x axes, respectively. This graphic representation
is called Nyquist plot and will be described in more detail in paragraph 2.3.7.
Alternatively, the impedance can be displayed by the Bode graph, where the
logarithm of the impedance and the phase on the y axis are reported as a function

of the logarithm of the frequency in the x axis.

The criteria which need to be satisfied in order to consider EIS measurements
reliable are linearity, stability and causality. A system is in a linear range when
after application of a potential it responds with a current proportional to the
applied potential. Therefore the impedance level measured and calculated does
not change (equation 2.29). This condition generally occurs when the perturbation
is very small. Another important criterion is the time span in which the
measurement occurs. Long frequency measurements take a longer time to be

collected (e.g., a point at 1 mHz takes approximately 20 minutes). Therefore, if
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the system is not stable during the course of the measurement, the low frequency
data would not be valid. Finally, the system response has to be caused by the

perturbing signal (criterion of causality).

2.3.7 Equivalent circuit for the interpretation of electrochemical cells

The data obtained from the measurement are fitted with an equivalent circuit,
which describes the physical processes taking place. The association between the
electrochemical processes and circuits is not surprising since they both obey the
fundamental laws connecting charge and potential. However, this analogy has
some limitations because only simple circuits can be used to describe a system
unambiguously, and some physical considerations are required for systems that
are more complex.?’

The electrical components have a defined relationship between the applied
frequency and the impedance. The simplest circuit element is the resistor, and its
impedance is described by the resistor’s value (equation 2.40). It generally
represents the solution’s resistance or the charge transfer resistance into the
electrochemical cell. Since this circuit element is not frequency dependent, its

value is independent of the frequency range applied.

Z=R (2.40)

On the contrary, a capacitor’s impedance is frequency dependent and its value is
inversely proportional to the applied frequency (equation 2.41). In this case, the

phase difference between current and voltage is "/2, whereas there is no phase

difference in the resistance case.

7=-L (2.41)

wC

The capacitance model describes physical processes such as the electrochemical
double-layer, which is a region where electrolyte ions can accumulate with a
major entity in respect to the bulk. The capability of an interface to store charges
makes the surface act as a capacitor. Sometimes the capacitor is substituted by

a constant phase element (CPE), which is defined as an imperfect capacitor. This
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is generally used to define rough surfaces. The CPE uses two degrees of freedom
to fit the data and therefore will give a better fit of the data compared to the

normal capacitor.

The electrical elements described above have a different representation on a
Nyquist plot.?® The resistor does not have a phase dependency and therefore its
impedance does not have any imaginary contribution. Its impedance is then
represented by a single point on the x-axes (Figure 2.23 a). The capacitor is phase
dependent and its contribution will be displayed on the y-axes. Since this
contribution is frequency dependent (see equation 2.41), its value will vary during
the measurement and it will be represented as a vertical line at the x origin (Figure
2.23 b).

The impedance behaviour becomes more complex when the resistor and the
capacitor are placed in parallel. In this arrangement, the current can flow in both
circuit components. However, the capacitor’s impedance dependency on the
frequency makes the current preferentially flow through the capacitor at higher
frequencies, and to the resistor at lower frequencies. The resulting Nyquist plot
is a semicircle where the x interception at low frequency represents the value of
R (Figure 2.23 c¢). This circuit is generally used to describe a standard
electrochemical three electrodes model (as defined in paragraph 2.3.1), where it
is assumed that no electrolysis is occurring. In this circuit the resistance mimics
the one of the solution, while the double layer capacitance at the working

electrode represents the capacitor’s element.
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Figure 2-23 Nyquist plot showing the impedance dependency with the single circuit element
resistor (a) and capacitor (b). Impedance plot representing the impedance response of a
resistor and a capacitor in parallel (c) and the same circuit linked in series with another
resistance R; (d). Nyquist plot representing the impedance response for a parallel RC circuit
in series with a resistor with the Warburg term in parallel with RC describing the diffusion
contribution (e).
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The third and most common Randles circuit consists of a resistor Rz in parallel with
the Ry and C components. In this system, the current has to pass through R, and
then splits into the other two components. The obtained Nyquist plot is a
semicircle starting at Rz with the width of R1. This circuit is generally used to
describe a three-electrode system in the presence of electrolysis, where R1

represent the charge transfer resistance (Figure 2.23 d).

Some three-cell systems need to take into account a diffusive parameter, which
is described by the Warburg impedance term. This is inserted in parallel with the
capacitor and the charge transfer resistance. The solution resistance mainly
dominates the impedance at high frequency. At those frequencies the charge
transfer does not occur and the current mainly flows through the capacitor. As the
frequency starts to decrease, the charge transfer starts to occur, showing a
semicircle on the Nyquist plot (Figure 2.23 e). Finally, at low frequencies the
impedance starts to rise largely because of the diffusion described by the Warburg

term.
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3 Transition metal sulphides as non-precious catalysts for HER
Synopsis

The goal of this project was to synthesise molybdenum sulphide on a transparent
electrode, which could help to integrate future sulphide-based materials into
solar-to-fuel devices. Direct hydrothermal synthesis on a transparent conductive
substrate was considered impractical in the past because of the harsh environment
caused by the hydrothermal synthesis. Therefore, this explored the possibility of
using benign conditions of one-pot reactions to synthesize metal-chalcogenides
directly on transparent metal-oxide-electrodes. The aim was to deposit
translucent films that could be prepared by simply reducing the starting
concentrations. The films obtained could achieve an overpotential of 260 mV at a
current density of 10 mA cm2 with a Tafel slope of 64 mV dec™' in acidic media,
which is comparable to the results previously reported on sulphides in the

literature.

3.1 Introduction
3.1.1 Transition metal sulphides as non-precious catalysts for HER

Metal sulphides are a subclass of the metal chalcogenides group.

The thermodynamically stable MoS; polymorph forms are 2H and 3R, which are
semiconducting with an indirect band gap of 1.7 eV, while the conducting 1T form
can only be obtained by lithium intercalation. '3.16,17,18,19

This class of metal chalcogenides paved the way for the production of catalyst

bio-inspired by enzymes such as nitrogenase or hydrogenase. 20 21,22,23,24,25
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Figure 3-1 Left, 2H-MoS, unit cell crystal structure and layer stacking. Right, 3R-MoS; unit cell
crystal structure and layer stacking.2¢

In 2005 Hinnemann et al %’ did density functional theory calculations (DFT) which
proved that, despite MoS; in crystalline bulk form not being reactive,?® the (10-
10) Mo edges have an activity similar to nitrogenase.?’ These results were proven
experimentally by synthesizing and testing the activity of MoS, nanoparticles on
graphite.

Jaramillo et al synthesized MoS; on a clean Au(111) substrate by physical vapour
deposition and thereby managed to generate different sizes of MoS; nanoparticles
with a high amount of Mo edges exposed.? This confirmed the HER was
proportional to the length of the exposed edges and not the coverage of MoS:;

nanoparticles, further confirming the Hinnemann calculations.

3.1.2 Challenges associated with sulphides as HER catalysts

The catalytic activity of MoS; can be increased by active site engineering or
electronic conductivity engineering. Active site engineering can include steps such
as increasing the number of exposed active sites or enhancing the reactivity of
active sites, while improving the electrical contact to active sites can be achieved

by utilizing a conductive substrate.

Some research has been focused on improving the HER activity by doping the
material with other metals to increase the formation of defects on the basal plane
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and therefore the number of active sites.*° Xie et al showed that the basal plane
could crack by the presence of other elements, enlarging the number of active
sites across it.4"*2 The doping can also modify the catalytic performance by
altering the charge distribution inside the compound and so to tune the activity.
Metals like Co and Cu have been successfully incorporated into the MoS;
lattice.3%3! A theoretical study conducted by Chorkendorff et al performing DFT
calculation on Co doped MoS; suggested that the free energy associated with the
S-edges dropped from 0.18 to 0.10 eV, achieving a comparable value to the 0.08
eV of the Mo-edges.*

The use of Co and Cu as dopant has resulted in a significantly improved HER
activity on a wide range pHs. In particular, Co doping achieved the best
performances at neutral pH, achieving an overpotential of 250 mV with a Tafel
slope of 85 mV dec'.30 Inspired by the improvement of the MoS: performances by
Co doping, Sun et al tested Co-S film as HER electro-catalyst. The material was
prepared by electrodeposition of CoCl; and a thiourea solution on a conductive
fluorine tin oxide (FTO) surface followed by the further annealing of the material
at 300 °C under an Ar atmosphere. The material was tested in a potassium
phosphate buffer obtaining an overpotential of 150 mV at 10 mA cm2 with a Tafel
slope of 93 mV dec™.

The Cu:MoSs crystalline material was synthesised at 135 °C under nitrogen
atmosphere, adapting a procedure previously described by Pruss et al.* The
material was active in neutral and basic media achieving the best performance at
acidic pH with an overpotential of 135 mV and a Tafel slope of 95 mV dec™'. No
Tafel slopes calculated matched with any of the principle steps for the hydrogen
evolution reaction® but they were comparable with other MoS; doped materials

present in the literature.

The choice of a substrate in the design of a catalyst is an important parameter to
enhance the catalytic activity. The use of a conductive substrate has the
additional advantage of binding the catalyst on the surface without the need to
use expensive building agents such as Nafion. For this reason, many solvothermal
syntheses have been reported mainly using graphene paper, carbon cloth or
carbon fibre as support. 474849

In 2013 Laursen et al 33 published the electrodeposition of a MoSx catalyst on a

highly porous network of carbon fibres, increasing the electrochemically active
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surface area and therefore enhancing the catalyst’s activity. The fibre structure
also enabled a better release of the hydrogen during its reduction, resulting in a
longer-lasting material. This electrodeposit exhibits an overpotential of 150 mV
at the current density of 10 mA cm2. The synthesis was also performed on a FTO
surface obtaining an overpotential of 210 mV for 5 mA cm2. Graphene and reduced
graphene oxide (rGO) were also used to create a composite with 5-20 nm
nanoplatelet of MoS; exhibiting photocatalytic and electrocatalytic activities. The
nanoplatelet structure of MoS; was generated with a large percentage of edge
sites and therefore with a high number of active sites to increase the MoS2/rGO
interface, leading to a major charge transfer promotion. The obtained particulate
was tested on a FTO substrate obtaining an overpotential of 250 mV for 10 mA cm-
Zin a 1M NaOH basic solution.

The use of porous substrates has the advantage of combining the support function
of enhancing the surface area with the possibility of benefitting from a conductive
framework. Jaramillo et al engineered MoS; by using mesoporous silica as a
growing surface for the films by electrodepositing Mo onto silica with further
sulphidization.? The high surface curvature and large surface area enhanced the
exposure of the edges, leading to an overpotential of 230 mV with a Tafel slope
of 50 mV dec™.

Another strategy to increase the defects in the structure is to synthesise a
compound in its amorphous form. This has the advantage of preparing a highly
efficient compound under mild temperatures. Hu et al decided to undertake this
route by electrodepositing amorphous MoSx films on different conductive
substrates (e.g. glassy carbon, ITO and FTO). 3 The resulting electrocatalysts were
performing in a wide range of pH with an overpotential value of 200 mV for a
solution of 1M H;S04 and a Tafel slope of 40 mV dec™, reflecting the Heyrovsky
mechanism. The same group analysed the mechanism of the reaction by XPS
analysis and identified MoS2.x as the active phases of all the films.3¢ However, the
condition in which the electrodeposition was carried out was not suitable for many
substrates. Therefore Vrubel et al investigated deposition methods applicable to
a wider range of substrates.3® The prepared amorphous MoSs particles were
deposited on a glassy carbon or a FTO electrode by drop-casting using a MoS3
solution containing multiwalled carbon nanotubes (MWCNT) to increase the

electron transfer. The best performing substrate was glassy carbon with a catalyst
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loading of 32 pg cm2 obtaining an overpotential of 220 mV in acidic media. The
Tafel slope value increased with the catalyst loading from 41 to 63 mV because of
the lower efficiency in electron and proton transfer, while the value obtained for
lower loading agrees with the ones previously detected for MoSx films37, indicating

a HER occurring with a Heyrovsky mechanism.

An alternative way to improve HER performance is to design a molecule that
mimics the MoS; edge. DTF calculation found a Gibbs free energy near to zero on
the terminal bridge di sulphide ligand, suggesting that molecules on high exposure
of those such as dimers would result in a significant increase of catalytic activity.3°
[M02S+12]* was designed and prepared in the form of (NH4)2[Mo2(52)6]2H20 following
different modified Muller methods.>® The material was finally deposited on a FTO
substrate by drop casting and tested in a 0.5M H;SO4 solution obtaining an

overpotential of 160 mV with a Tafel slope of 39 mV dec™.

3.2 Experimental methods
3.2.1 Hydrothermal synthesis of Co2M09S2¢

Reagents: (NH4)s(M07024)-4H,0 (Sigma Aldrich, 99%); SC(NH:)2 (Alfa Aesar, 99 %);
CoS04-7H,0 (Sigma Aldrich, 99%); F-doped SnO; deposited on soda-lime glass
(Hartford Glass Co,.7Q per sheet)

The synthesis of products with a nominal Co2M09S26 composition was performed by
using hydrothermal synthesis, which is an environmentally friendly technique that
allows the experimenter to perform reactions in water at a higher temperature
than its boiling point (100 °C). The dissolved reagents were mixed in a
stoichiometric ratio of 1:6:15 and poured into a 20 mL Teflon-liner bomb. The
substrate was then placed at 45° to the base of the reaction chamber (Figure 3.2).

The bomb was finally sealed and heated in an oven to the desired temperature.
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Figure 3-2 The Teflon liner with a substrate (right) and the liner with the stock solution

The synthesis of the material was carried out by monitoring different parameters
and then choosing the range, which gave the best HER performance. The reagents
selected were polyoxometalate (POM) with the formula; (NH4)3(CoM0o¢O24He)-7H20
as the first option and the two salts (NH4)sM070244H20 and CoSO4-7H20 as the
second option. Both the synthetic strategies had SC(NH2)2 as the sulphur source.
After this preliminary selection, the reagent’s concentration in the deposition

solution was decreased. This led to thinner films with higher light transmission.

300 nm-thick films of Co2Mo9S26 were prepared by making 15 ml of a stock solution
by mixing 28 mL of 0.05 M (NH4)eM07024 4H20, 70mL of 0.05 M of SC(NH2); and
4.66mL of 50 mM CoS0O4-7H20 in distilled water. The concentrations of the reacting
elements were 2.3 mM Co, 13.6 mM Mo and 34.1 mM S, in order to obtain a Co :Mo
:S ratio of 1:6:15. The Teflon liner with the stock solution was then sealed inside
a stainless steel reaction vessel and heated at a rate of 1° / min to 180°C in a
convection oven. After 72 hours reaction time, the vessel was cooled at a rate of
10°/min to ambient temperature. After the reaction, the vessel exhibited a black
translucent film covering the substrates’ conductive side in a colourless solution
with a pH of around 8. The obtained film was washed with distilled water and then
dried in a desiccator over silica gels (freshly regenerated at 100°C) overnight.

The attempt to anneal the material at 300°C in Ar did not lead to any improvement
in the electrochemical performance making the addition of this further step

unnecessary.
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The 150nm-thick films were made by following the strategy described above but
changing the reagent concentrations to 4.66 mL of CoSO4*7H,0 0.02M, 28 mL of
(NH4)6M07024*4H,0 0.03M and 7-mL of SC(NH2)2 0.02M. The ratio between the

target elements was left at 1:6:15.

The substrates tested for the synthesis were iodium tin oxide (ITO) and fluorine
doped tin oxide (FTO) due to their intrinsic transparency, which would be
advantageous in possible solar-to-fuel device applications. The substrates were
cleaned by sonication in a KOH/iso-propanol solution for 10 minutes followed by

rinsing with a 1M solution of HCl and water.

Once the substrate and the precursors were selected, a temperature study was
carried out by heating the bomb at a rate of 1°C min™' up to a temperature of
180°C or 230°C. The temperature was kept for 72 hours before cooling down to
room temperature at a rate of 10 °C min™'. After the reaction, the substrate was
washed with water to remove loosely-held material. The grey-black film obtained

was deposited on the substrate only on the conductive side for both substrates.
3.2.2 Electrochemical characterization:

All the electrochemical measurements were carried out by CH instrument
potentiostats. The experiment was performed in a single electrolysis cell within a
25ml beaker filled with 15ml of 0.5M H2SO4 solution. The analysed sample, acting
as a working electrode and cathode, respectively, was immersed in 0.5 M H2S04
solution with the CoMo0¢Sz¢ film facing the Ag/AgCl (NaCl, 3 M) reference
electrode. The sample was immersed in the solution for 1 cm? of its surface in
order to keep the active area constant during the measurements. A piece of
carbon mesh (purchased by Alfa Aesar, 2.5 x1 cm?) was used as an auxiliary
electrode (which acted as an anode). All the electrodes were fixed at a constant
distance using Parafilm. All the potentials were reported according to the NHE
reference scale through the converting equation E (NHE) = E(Ag/AgCl) + 0.209 V.

Moreover, the potentials applied were corrected manually for ohmic resistance.>'

The HER activity was measured through linear sweep voltammetry (LSV) on a

three-electrode configuration with a scan rate of 2 mV s'. The bulk electrolysis
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was carried out with the same experimental setup at a constant current of 0.71
mA.

The Tafel slopes measurement were obtained by using LSV (as described above)
or by multi-potential steps programmes where stated. For the slopes collected by
multi-potential steps voltammetry technique, the range of potentials tested for
the measurements was between —0.2 to —0.83 V and each potential was held for
5 minute in order to be stable before being recorded. During the measurement
the solution was kept homogeneous by stirring at a constant rate of 250 rpm
(rotations per minute). Finally, all the potentials recorded were corrected for the

resistive losses.

Figure 3-3 The experimental setup with the working electrode (WE), the reference electrode
(RE) and the auxiliary electrode (AE) labelled.

3.2.3 Gas chromatography

Gas chromatography was carried out with the use of an airtight cell on an Agilent
Technologies 7890A GC system. During the bulk electrolysis, 50 pL of the gas on
the headspace was collected periodically and injected in regular intervals into the
GC column. The GC column was a 30-metre long 0.320 mm wide-bore HP-
molesieve column (Agilent) kept at a temperature of 27°C and Ar as carrier gas.
The machine was calibrated for H; by using a standard hydrogen mixed with argon

at different percentages purchased from CK Gas product limited (UK).
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3.2.4 Raman spectroscopy

Raman spectroscopy was performed with a Horiba Jobin-Yvon LabRam Raman
HR800. The sample on an FTO substrate was placed on a glass slide and loaded
horizontally into the sample space. The focus on the surface of the sample was
performed using controls with the help of a microscope with 10x and 50x
magnification. Before the measurement the instrument was calibrated using Si as
a standard.

The sample was initially focussed using an optical microscope to identify the area
of interest. The laser was then turned on and the spectra were recorded using the

standard parameters as shown in Table 3.2

Table 3. 1 Typical instrument parameters for collecting Raman spectra. The analysis of the
Raman spectra was carried out by comparing the vibrational modes of Co2M09526 with the
ones found for MoS,.

Laser Filter Hole Grating Objectives  Acquisition
Range
532 nm  10% 200pum 600nm 10x / 50% 100 — 1000 cm’

3.2.5 Powder X-ray diffraction (PXRD)

The powder X-ray diffraction measurements were obtained using Panalytical
XPert-pro diffractometer (Cukq radiation corresponding to A= 1.54178 A
wavelength). A typical XRD experiment was performed at room temperature in a
Bragg-Bretano reflection geometry with a 0.033° / step in a 26 range from 10 to
60° for 20 minutes. Using the so-called bracket holder the substrate was inserted
directly into the sample stage with the film facing the detector as shown in Figure
2.6. The diffraction patterns obtained were analysed in reference to the ICSD
database by comparing the reference peaks of the pure phases with those

observed from the sample.

3.2.6 Scanning Electron Microscopy (SEM)

A Philips XL30 ESEM with an attached Oxford Instruments x-act EDX detector was

used for scanning electron microscopy in conjunction with Energy-dispersive X-ray
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(EDX) spectroscopy. The samples were mounted onto the carbon covered SEM
holders. Before the measurements the surfaces of the selected samples were
covered with a thin layer of gold using metal sputtering to improve the
conductivity of the sample and thus to avoid charging of the surface and achieve
an improved image quality. SEM pictures as well as EDX analysis was performed
with a beam current of 20 kV. The SEM images were collected using magnifications
of: 20x, 100x, 800x and 4000x. The EDX spectroscopy was then carried out on
selected areas in order to obtain the elemental composition of the samples.
Before performing the measurements, the apparatus was calibrated by the use of

a Cu foil as a standard.

For the EDX spectra typically 2-minute scans were performed at two or three
different points on each sample. However, due to the strong overlap of Mo and S
peaks, the results of the EDX analysis were only semi-qualitative. The elemental
mapping was also performed over a wide area within each sample in order to

detect the distribution of Co atoms on the surface.

3.2.7 Atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy was carried out by using a Perkin Elmer Analyst
400 instrument. The powder scratched from the substrate was weighed and added
to 5 mL of aqua regia and boiled at 120 °C for 30 minutes. After cooling, the
solution was transferred to a 25 mL volume flask and diluted with water to bring
the concentration to the AAS linear range. A blank sample was prepared by the
same procedure with 5 mL of aqua regia. The standards were prepared with a
concentration range of 0-5 mg L' for cobalt and 0-50 mg L' for molybdenum. The
flame used to measure molybdenum was oxide/acetylene at 313.3 nm and

acetylene at 240.7 nm for cobalt.

3.2.8 UV/Vis

The transmittance measurements were carried out using a Shimadzu UV-2101PC
scanning spectrophotometer. The measurement was performed by comparing the

transmittance obtained from the bare FTO substrate used as a reference and the
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ones obtained from films with different thickness. The measurement was detected

in the range between 350-850 nm.

3.2.9 X-ray photoelectron analysis (XPS)

X-ray photoelectron spectra were collected by the National EPSRC XPS Users’
service at the University of Newcastle on a K-alpha instrument (Thermo Scientific,
East Grinstead, UK), with a 1486.6 eV monochromatic AlKa source and probing the
sample with a spot size of 400 X 800 microns. The emission angle was zero and the
sample was probed with 200eV energy for a survey and 40 eV for high resolution.
The spectra were analysed by using the free-software CasaXPS and referenced to
the adventitious C 1S peak (285.0 eV).

3.2.10 Atomic Force Microscopy (AFM)

A Bruker Dimension Icon AFM was used to generate the 3D nanostructured images.
The films deposited on the FTO substrate were scanned over an area of 20 pm x
6.7 um. The step edge measured was generated by performing an electrolysis of
the film in acid media until the complete exfoliation of the catalyst substrate.
The relative height was then measured in three areas and the data reported as an
average with an uncertainty of +50nm. For the 300 nm film, the measurement
taken with a step of 4um gave a height value of 270 nm with an average roughness
of 26 nm, which proved to be very close to the FTO ones (20 nm Ra >2). To minimise

the error, the tip was substituted after each AFM measurement.

3.3 Results and discussion
3.3.1 Hydrothermal synthesis parameters

The FTO substrate was chosen based on its conductivity and transparency. Initial
tests were carried out at different temperatures and reaction times on blank
substrate with the conductivity checked with a voltmeter after the reaction. FTO
showed low conductivity after being hydrothermally heated without the reagents
within the temperature range between 160 — 220 °C. The reason of the
conductivity loss without the film protection was not pursued but we assumed it
might be due to the leeching of F from SnO;. An attempt to prepare MoS; from
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ammonium heptamolydbate and thiourea did not produce films sufficiently stable
for an electrolysis test. However, after mechanically removing the film the
underlying substrate showed conductivity similar to pristine substrate. The
formation of the sulphide coating thus plays an important role for stability of FTO
layer. Attempts to dope Co into the system led to more stable films. Consequently,
it was concluded that a successful film formation was dependent on the presence

of both cobalt and molybdenum sources inside the reaction chamber.

After the preliminary study, FTO was selected as substrate and the CoS04-7H,0
used as a relevant metal precursor for doping process due to improved stability of
films containing Co during the HER performances. The optimal temperature was
selected at 180 °C with the reaction time set to 72 hours before cooling down at
a rate of 10 °C min™! to the room temperature. These reaction conditions were
adopted from the previous work carried out in Ganin’s group by a project student
who worked on preparation of powder samples (no substrate) of sulphides.

Atomic absorption spectroscopy (AAS) revealed a relative weight percentage of
Mo and Co of 47.4 wt. % and 6.5 wt. %, respectively, indicating a Co: Mo ratio of
1:4. This percentages were lower than the ones in the deposition solution.
Assuming from the CHN analysis an insignificant amount of carbon, hydrogen and
nitrogen, it was possible to assign the formula of Co2M09S26 to the material. Two
types of coatings were made with 300 nm and 150 nm thickness (as determined by
AFM spectroscopy). The 150 nm film showed relatively good optical characteristics

as evident from the Figure 3.4.

niversity

Glasgow

Figure 3-4 The 150 nm-thick film of Co,M09S;5 0on a FTO substrate.
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3.3.2 Raman Spectroscopy

Since the Co-doped structure is similar to that of MoS;, we can analyse our film by
probing the vibrational Raman active modes that lie on similar wavelengths as the
one calculated for MoS;. In particular, the out-of-plane and in-plane modes Aig

and E'yg (Figure 3.5) are located at 407 cm™ and 374 cm™', respectively.
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Figure 3-5 Raman-active vibrational modes in MoS,.%3

To analyse objectively our sample, we decided to set standard parameters for all
our measurements (see Table 3.2). As can be seen from Figure 3.6, the two
dominant peaks of the Raman spectra are at E';s= 374 cm™ and Aig= 403 cm’,
corresponding to the vibrational modes relative to MoS; in bulk form previously
reported in the literature.>*>> The presence of only these two peaks on the spectra
shows the monophasic nature of our compound and therefore the absence of other
impurities such as CoSx and MoOx. The shift observed between the two peaks is
equal to Ak=29 cm' and agrees with that reported in the literature for the multi-

layered products.>®
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Figure 3-6 Raman spectra of a 300nm - thick film deposited on the FTO surface showing the
peaks associated to the Co,M04S,9 phase. In the insert, a magnified region showing the peak

associated with the Raman active modes in plane E} and out of plane 4, fitted with a Gaussian
function is depicted.

3.3.3 X-ray photoelectron spectroscopy

The XPS measurements highlight a homogenous presence of Mo, Co and S on the
entire FTO surface. The material was probed on the molybdenum 3d region to
identify the Mo valence state (Figure 3.7). On the spectrum the presence of two
main peaks related to Mo (IV) was found, corresponding to 87% of the total
molybdenum. Moreover, other minor peaks associated with molybdenum in the
oxidation state of Mo(V) and Mo(VI) were identified with a percentage of circa 6.5,
each associated to MoO;0H and MoOs, respectively. 3657
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Figure 3-7 XPS spectrum of the 3d Mo and 2S region for a 600 nm-thick film. The data were
fitted by a Gaussian-Lorentzian profile function and are associated with molybdenum in
different oxidation state: Mo(IV) at 87%, Mo(V) at 6.5% and Mo(VI) at 6.5%.

The presence of cobalt was detected in the 2p region of the high-resolution
spectrum (Figure 3.8). The spectrum shows the presence of two doublets with a
mixed valence of cobalt: Co(ll) at 57% and Co(lll) at 43%. This might be due to the
presence of the cobalt in an oxide form. The peaks associated to S on the 2ps/
region (see Figure 3.9) were fitted in a single doublet associated with a binding

energy of 162.2 and 163.4 eV according to the oxidation state of sulphur SZ-.
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Figure 3-8 XPS spectrum on the 3p region of Co for a 600 nm-thick film. The peaks were fitted
with a combination of Gaussian-Lorentzian profile showing the presence of cobalt in different

oxidation states: Co(ll) at 57% and Co(lll) at 43%.
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Figure 3-9 XPS spectrum for a 300 nm-thick film in the S 2p region. The peaks are fitted with
a single doublet by a Gaussian-Lorentzian profile in agreement with the S oxidation state.
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3.3.4 Atomic Force Microscopy (AFM)

The different thickness of the films obtained by scaling the reagents
concentration, were characterized by AFM measurements. By comparing those
with the transmittance measurements of the UV-VIS paragraphs 3.3.5 below, the
thickest substrates showed to be on the order of 300+50 nm while the ones showing

translucent properties was on the order of 150+50 nm.

[f88.9 nm

69,6 nm

Height, nm
=

0 1 2 3 4
Lateral dimensions, um

Figure 3-10 Top 3D topographical profile of 300 nm thick film. Bottom line scan highlighting
the height difference measured indicating the film thickness.
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3.3.5 UV spectra

The UV-VIS spectra of samples were recorded in order to compare the light
transmission of films with a thickness of 150 nm or 300 nm on FTO and a bare FTO
substrate. The150 nm thin films are translucent, making them useful as catalysts
in solar-hydrogen devices because of their capability to transmit light through the

electro catalyst onto the light-harvesting material underneath.
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Figure 3-11 Comparison between the UV-vis transmission spectra with 300 nm-thick Co,M04S;¢
on FTO, 150 nm-thick Co,M04S;5 on FTO and the uncovered FTO. In the insert a picture of the
sample after synthesis is shown.

3.3.6 XRD

The diffraction pattern of the material shows the polycrystalline nature of the

film (see Figure 3.12).
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Figure 3-12 (a) XRD pattern of Co,Mo04S;¢ film on FTO substrate; the peak highlighted with a
star is associated to the MoS,; structure type in the hexagonal form. (b) XRD diffraction pattern
of the FTO bare substrate.

By comparing the XRD structures of Co2M09S2¢ on the FTO surface (Figure 3.12 a)
and the bare FTO (Figure 3.12 b), we can see that the majority of the sharp peaks
on the diffraction profile (a) are related to the FTO surface underneath the film.
This means that the covered material protects the FTO surface from degradation
during the hydrothermal synthesis. The only peak related to the product is the
broad reflection peak (0002) located at the low diffraction angle of ¢ = 12.36 A.
It corresponds with the peak expected for the MoS; phase with a hexagonal
structure. The absence of cobalt sulphide reflections suggests that Cobalt and
Molybdenum are incorporated onto the film structure and so they do not

contribute to the XRD spectra by adding an additional phase.

3.3.7 Scanning Electron Microscopy (SEM)

The morphology of the material was assessed by using a scanning electron
microscopy telescope. The films resulted in a homogenous distribution of Co, Mo
and S as determined by the elementary mapping. The structure of the film is
composed of “sea-urchin-type” blocks, which are likely to represent some
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misalighment between the chalcogenide layers. This misalignment between the
layers along the c-axis of the hexagonal structure might cause the broadening of
the peak corresponding to the MoS; hexagonal structure phase on the PXRD
pattern. From a catalytic point of view, the lack of order in the structure is
beneficial because the misfit between the layers generates an increased number

of catalytic sites.>3>°%11,60, 61,62,

Co

Figure 3-13 (a) SEM image of the sample showing the morphology at magnification 4000x (b, c
and d) Elemental mapping of Co, Mo and S in the Co,M04S,¢ product indicating the distribution
of the elements homogeneous for all samples.

EDX elemental analysis yielded a ratio between Co and Mo of 1:5, which is close
to the stoichiometry of the target material Co2M09S26. However, it should be noted
that the EDX analysis only has an indicative value in this case because of an overlap

between the Mo and S peaks.
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Figure 3-14 a) and b) images of two samples at magnification of 100x and 800x, respectively.
c) and d) are images of a sample at a magnification of 4000x with the probe point indicated.
The corresponding EDX spectra with Co, S and Mo peaks marked are shown as inserts. The
unlabelled peaks between 3-4keV originate from Sn.

3.3.8 The electrochemical hydrogen evolution reaction (HER)

The 300 nm Co-doped molybdenum sulphide material was tested as a cathode for
the hydrogen evolution reaction in 0.5 M H2504. The cyclic voltammetry scan was
collected by linear sweep voltammetry technique with a scan speed of

2 mV sec™.

Figure 3.15 shows the electrochemical performance of bare FTO substrate
compared to the ones obtained for the FTO covered with the 300 nm film thick
catalyst. The overpotential obtained for the catalyst was 262 + 8mV for a current

density of 10 mA cm2.
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Figure 3-15 Comparison between the current densities of Bare FTO substrate and the ones
obtained for 300 nm Co-doped molybdenum sulphide film on FTO. The data were collected in
a 0.5 M H;S0, solution by linear sweep voltammetry with a scan speed of 2 mV sec™'.

To further characterize the material, the Tafel slope was determined by
measuring the current density after 5 minutes of electrolysis in a potential range
from -0.2 to -0.83 V with an addition of 0.03V after each measurement. The value
obtained with this measurement was 66 mV dec™'. However, it was not possible to
obtain a constant current density for potentials higher than 250 mV due to
delamination of the material, which required an alternative way to collect this
data (see Figure 3.16). For this reason, the Tafel slope was measured by using
linear sweep voltammetry, which by measuring the current density for shorter
times was avoiding the delamination issue. The value obtained by LSV was 64 mV
dec’!, indicating a good agreement between the two measurements (see Figure
3.17).
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Figure 3-16 The Diagram shows the Tafel slope obtained by the multipotential steps technique

for a 300 nm thick film of Co,M04S,6. The black square indicates the different current densities
collected after 5 minutes of bulk electrolysis.
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Figure 3-17 The graph shows the Tafel slope collected by linear sweep voltammetry for a 300
nm thick film of Co,M0,S,¢. Both measurement were collected in a solution of 0.5M H,SO, with
Ag/AgCl as a reference electrode and with carbon cloth as a counter electrodes.

111



The thinner 150 nm films exhibited a poorer performance, requiring an
overpotential of 300 mV to achieve a current density of 10 mA cm2 with a Tafel
slope of 85 mV dec' (Figure. 3.18). The decrease in activity might be explained
by the sample morphology, which is permeable to the solvent. The sample with
the major catalyst load allowed an increased access of active sites and was

therefore more active.
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Figure 3-18 Current density of the 150 nm-thick film of Co,M04S,¢, the black square indicate
the current density for each potential collected after 5 minutes of polarization. The values
are collected in an acidic solution of 0.5M H,SO, using Ar/AgCl as reference electrode and
carbon cloth as a counter electrode. A fitted curve is shown in red.
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Figure 3-19 Tafel slope obtained for 150 nm-thick film of Co,M04S,, by the multipotential step
technique in a 0.5M H,SO, solution. Each potential collected after 5 minutes of electrolysis
corresponding to a different potential is indicated by a black square. The data were collected
by using Ag/AgCl as a reference and carbon cloth as a counter electrode.

3.3.9 Study of the electrochemical performances at different pH.

The 150 nm films were also tested in a neutral and basic pH range by using a 0.5
M sodium phosphate buffer and 1M NaOH, respectively. Films tested at neutral pH
show poorer performances than in acidic media with an overpotential of
approximately 210 mV at a current density of 1 mA cm? compared to
approximately 460 mV at 10 mA cm2 (Figure 3.20).These results are similar to the
ones obtained for Co-MoS3 on glassy carbon substrates by Hu and co-workers.%3
However, it must be noted that no current density higher than 1 mA cm2 has been
reported, while the Tafel slope in the range from -0.5 to -5 mA cm2 resulted to
be 220 mV dec™' (Figure 3.21). The films have poor stability at a basic pH, thus not

allowing the collection of the data.
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Figure 3-20 The black square shows the steady state current density after 5 minutes at
different potentials on a neutral pH for a 150 nm-thick Co,M04S;¢ film. The measurements
were made by using Ag/AgCl as a reference electrode and carbon cloth as a counter electrode.
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Figure 3-21 Tafel slope calculated in a sodium phosphate buffer for a 150 nm-thick film of
Co,Mo04S,9 on a FTO substrate. The measurement was collected by using a multi potential steps
technique with Ag/AgCl as a reference and carbon cloth as a counter electrode.
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Table 3.1 summarises the Tafel slopes and the overpotentials at a current density
of 10 mA cm2 of the materials synthesised in this thesis compared to similar others
previously reported in the literature. At neutral pH, the new material yields lower
performances than the Co/Mo sulphide prepared on FTO by electrodeposition by
Tran at al.3° However, the performance of the new material achieves similar
values at pH 0. This confirms that hydrothermal conditions are a viable route to

the molybdenum Co-doped sulphide derivative on conductive surface as FTO.

Table 3. 2 HER metal chalcogenide properties of molybdenum sulphide derivatives (Tafel slope

and the overpotential at the current density of 10 mA cm2),

Reference Catalytic pH n at 10 mA Tafel Catalyst
material cm2 (mV) slope deposition
method
mV per
decade
Tran et al. CoMoSx 7 250 85 electrodeposition
(2013)3°
Tran et al. CuzMoS4 0 135 95 Precipitation of
(2012)3 simple salt
Sun et al. Cobalt 7 150 93 electrodeposition

(2013) 32 sulphides

Laursen et MoS: on O 150 - electrodeposition
al 33 activated

carbon
Laursen et MoS: on 0 210 5 - electrodeposition
al 33 FTO mAcm-2)
Meng et MoS: on 13 250 _ Solvothermal,
al.34 rGoO then dip-coat
Jaramillo MoS; 0 230 50 electrodeposition
et

al.(2012)%
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Vrubel and Amorphous O 170 - electrodeposition
Hu(2002) 3¢ MoS:

Merki et al. Amorphous 0 200 40 electrodeposition
(2011)37 MoS;
(14 mA cm?)

Vrubel et MoS:; and O 220 41-63 Drop casting
al.(2012)3%  MoS3

Huang et al Mo02S12 0 160 39 Various, none
(2015)-3° Hydrothermal
This Work  Co2M09S26 0 262 64 Hydrothermal

on FTO synthesis

3.3.10 Stability and gas analysis

Gas chromatography analysis was performed on the 300 nm-thick Co2M09S26 film
to ensure that hydrogen was the dominant reduction product. The experiment was
carried out on the headspace of sealed cells by applying an electrolysis for an
extended period of time at an overpotential of -0.25 V (Figure 3.23). This analysis
indicates that hydrogen is the main reduction product with a yield of 89 + 6%
(Figure 3.22). During electrolysis, the film fell off partially because of bubbles
forming during the measurement. Increased film thickness could improve the

endurance of the film and therefore lead to longer electrochemical performances.
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Figure 3-22 Gas chromatography analysis from the headspace of a close cell obtained by
electrolysis in acidic media of a 0.5M H,SO,solution. The expected values are indicated by red
points, while the measurements obtained by gas chromatography are indicated by black
squares.
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Figure 3-23 Bulk electrolysis of the 300 nm Co,M04S,¢ thick film on a FTO support at the applied
overpotential of -0.27V. The measurement was done by using carbon felt as a counter
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electrode, Ag/AgCl as a reference electrode and an area of 1.4 cm? of working electrode
previously washed with distilled water.

Figure 3-24 A 300 nm Co;M04S;¢ film before and after the electrochemical measurement. The
sample after testing looks “thinner” compared to the one before the measurement.

3.4 Conclusions

In this study, a mixed-metal chalcogenide Co,M09S¢ was produced by
hydrothermal synthesis, which performs very effectively for proton reduction
under acidic conditions. The thickness of the film was adjusted by varying the
precursors’ concentrations inside the hydrothermal vessel. The material was
morphologically characterised by XRD, EDX and Raman spectroscopy. From the
analysis, the sample resulted in a homogeneous distribution of Co throughout the
predominantly MoS; lattice. To conclude, the material obtained has a good HER
performance in acidic conditions, obtaining a current density of 10 mA cm2 at 260
mV with a Tafel slope of 64 mV per decade for the 300nm-thick film. Thinner films
show a substantial translucency, which makes them good candidates for solar-to-

hydrogen applications.
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4 The role of Mo content on the activity of MoxNi2.xP towards the
hydrogen evolution reaction from water

Synopsis

In this project, the Ni;P bulk structure was fine-tuned by modulating the metal
composition (i.e. Mo and Ni) with the use of the synthetic solid solution method
followed by a time programmed reduction (TPR) in a 5% Hz / 95% Ar gas mixture.
The HER activity was then investigated in acid and basic media and compared with
the value obtained for MoP in bulk form. The study shows that the selective
substitution of the molybdenum into the (0002) crystal face enhances
electrochemical performances in acid media, resulting in performances
competitive with the bulk MoP. Moreover, the method applied to produce Ni,-
xMoxP compounds is easy to scale up and therefore possible to exploit for

industrial purposes.

4.1 Introduction
4.1.1 Crystal structure of Niz2P

The physical properties of Ni;P, including high mechanical strength, electrical
conductivity and chemical stability, make this compound a well-studied material
for HER' and hydrogen desulfurization (HDS) processes.? It is therefore important
to discuss the crystal structure of this compound, which is composed of a network
of edge-sharing Ni-centred tetrahedral and square pyramidal units coordinated by
phosphorous (Figure 4.1a). Ni;P adopts the Fe;P crystal structure-type (P62m
space group with the lattice parameters of a = 5.862 A and c = 3.382 A. 3

Inside the unit cell there are two types of Ni-sites, which are commonly denoted
as Ni1 and Ni2 depending on the coordination environment by P. The Ni1 atom is
tetrahedrally coordinated by P, while the Ni2 atom displays a square pyramidal
coordination. Ni1 has some distortion from the ideal tetrahedral arrangement as
the two types of coordinated phosphorous have slightly different bond lengths
(Figure 4.1b). Similarly, Ni2 polyhedra have an arrangement slightly different from

the perfect square pyramidal geometry. In particular, the bond length between



the nickel and the phosphorous apex of the pyramid is shorter than the ones on

the pyramidal base (Figure 4.1c).

a) c)
2.37A
2.46 A 2.46 A
2.46 A 2.46 A

d) e)

o ©
L () L. ©

Figure 4-1 The unit cell of Ni,P with Ni1 and Ni2 in tetrahedral and square planar coordination.
The unit cell is shown by a solid line box. P atoms outside the unit cell are omitted for clarity.
The red and blue planes represent (0001) and (0002)-planes respectively (a). Polyhedral
coordination around Ni1 (b) and Ni2 (c) along with selected bond lengths based on data from
[Ref. 3].The cross section at the distance 0.5 and 1 of the c-parameter are shown in (d) and
(e), respectively.

Figures 4.1 d/e show two cross sections through the unit cell of the c-axis which
coincide with (0001) and (0002) planes. Within the unit cell boundaries the (0001)-
plane has a stoichiometry of Nii.sP. Similarly, the (0002) cross section displays a
NisP stoichiometry. Therefore, the overall unit cell formula is Ni¢P3, e.g. in line

with the Ni;P formula.

In the (0002) plane the central P of the NisP subunit is slightly above the plane
(Figure 4.2).# This subunit is located below but in a rotated orientation to the Ni-
trimer hollow of plane (0001) known to be the active site of the HER reaction (see
paragraph 1.11.5.2). Modifications in the composition of the Ni3P subunit can
potentially affect the Ni-trimer activity by changing its distance with the
phosphorous below belonging to the (0002) plane.
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v
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Figure 4-2 NioP unit cell highlighting the Ni trimer hollow (HER active site) together with the
NizP subunit belonging to the (0002) plane. Nil and P belonging to the (0001) plane and in
the top of the unit cell are in dark green and orange, respectively, while Ni2 and P on the
(0002) plane are labelled in a lighter colour.

4.1.2 The nature of the electrocatalytic site in NizP

The NizP structure is stabilised by the presence of an additional P covering the
Ni-trimer hollow on the (0001) plane (Figure 4.3 c) as highlighted by Low-energy
electron diffraction experiments (LEED)> together with scanning tunnelling
microscope (STM) studies on Ni;P single crystals ©.

As mentioned above, this hollow is known to be the HER active site for Ni;P
according to DFT calculations.” Yet, the (0001) plane is P-covered in circa 80% of
the cases,® questioning the DFT calculations of most of the studies reported in

the literature and carried out without the capping phosphorus (Figures 4.3 b/d).
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Figure 4-3 (a) View of the Ni,P (0001) surface over a 2x2 supercell of the (0001) surface to
highlight the network of tetrahedra without the terminating phosphorus atoms. (b) View of
the 2x2 supercell with capping P consistent with Ni;P, stoichiometry. (c) and (d) The possible
adsorption sites of the (0001) cross sections are highlighted. The adsorption energies of
hydrogen depending on the nature of the site are summarized in Table 4.1.

Table 4.1 compares the absorption energies between the energy sites with and
without the P layer on the (0001) plane. From this table it is evident that there is
a substantial difference in the energy of the sites if there are phosphorus atoms
above the layers. When DFT calculations take into account extra phosphorus, it is
the Ni-P bridging site which is the site lowest in energy (site 3 in (Figure 4.3d).®
In this respect, the adsorption of hydrogen on the bridging site presents an
interesting opportunity to explore the role of the crystal structure (Ni-P bond
length) on the process of HER. Replacing Ni atoms with another element (e.g.
transition metal) may have a positive effect on the electronic properties and as a
result the catalytic properties of newly formed systems in general. For example,
Mo-atoms favour a square pyramidal arrangement that can potentially be used to

tune the properties of Ni2P and make it more HER active.
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Table 4. 1 Hydrogen absorption energies sites on (0001) surface obtained by DFT calculations.?

Surface Site of hydrogen E ads (eV)
NisP 1 Ni threefold trimer -0.65

2 Ni at top -0.01

3 Pattop 0.09

4 Ni-P bond -0.05
NizP-P 1P at top -0.22as

2 P second at top 0.15

3 Ni-P top bound -0.04

4 Ni-P bridge site 0.23

4.1.3 Substitution of Ni for a transition metal within Ni2P structures

It is possible to synthesize a range of compositions (solid solutions) with the Fe;P
structure-type and a general formula (MixNix)2P, where M is a transition
metal.%10.11,12.13 Depending on the ionic radius of M, various amounts of
substitutions are possible. However, only the (Fe1.xNix)2P system shows a complete
solid solution across the entire range of 0<x<1, e.g. the hexagonal structure is
retained for both Ni;P and Fe;P end members.'#">16 There are solid solutions
consisting of (Co1-xNix)2P; (V1xNix)2P and (Mn1.xNix)2P systems where the hexagonal
phase is found across a relatively large range of 0<x<0.85; 0<x<0.75 and 0<x<0.8,
respectively (Type 1).17:15.16,18,19.20 |n the Type 2 system, which includes Mo, Cr,
Pd, Rh, W, the hexagonal structure is preserved within the narrow compositional
range of 0<x<0.5.2'22 Remarkably, in the Type 2 compounds the substituting
transition metal M preferentially replaces only Ni2 in pyramidal sites, e.g. the
stoichiometry of the (0001)-slab is preserved independent of the value of x and
contains only Ni atoms. At the extreme value of x = 0.5, the chemical formula
corresponds to a 1:1:1 stoichiometry e.g. MNiP. For example, MoNiP displays a
crystal structure where the metal atoms within the (0002) plane are Mo, while Ni
takes the sites on the (0001) plane as shown in Figure 4.3. This is in contrast with
Type 1 compounds, where the M sites are evenly distributed between Ni1 and Ni2
sites independent of the stoichiometry.!" Therefore, Type 2 compounds like MoNiP
can provide an efficient route for controlling the electronic structure without

obscuring the effect of doping into the (0001)-layer.
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Figure 4-4 The unit cell of MoNiP with Ni and Mo in tetrahedral and square planar coordination.
The unit cell is shown by a solid line box. Phosphorus atoms outside the unit cell are omitted
for clarity. The red and blue planes represent (0001) and (0002)-planes, respectively (a).
Coordination polyhedral around Ni1 (b) and Ni2 (c) along with selected bond lengths based on
data from [Ref. '7]. The cross section at the distance 0.5 and 1 of the c-parameter are shown
in (d) and (e), respectively.

4.1.4 Electrocatalytic properties of (M1xNix)2P compounds

Acidic solutions

Table 4.2 summarizes the (M1.xNix)2P electrocatalysts studied in acidic solution.
The research is dominated by studies of the (Co1.xNix)2P system and there is a huge
variety of the overpotential values reported even for the materials with the same
composition. An interesting trend emerges, however, showing that replacing Ni
for Co leads to an improved performance, e.g. all Co-doped composites
outperforming Ni;P with the performance peaking for NiCoP.Z The associated
change in unit cell parameters confirms that solid solutions are generally formed.
As discussed above, since Co and Ni are equally distributed irrespective of the
crystallographic site, it is unclear what might be the origin for improved catalytic
performance. While the DFT calculations were carried out, one general
assumption was that the (0001) surface was terminated by metal atoms in contrast
to clear evidence from STM that this is the case in the real system. Furthermore,
the identical Tafel slopes may further indicate that the change in catalytic

performance is probably driven by the change in surface area.
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Table 4. 2 The electrochemical properties of (M;xNiy),P compounds in acidic solutions

Reported material description n at 10 mA cm2 Tafel slope, Ref.

in 0.5M H2S04 mV dec!
Ni2-xCoxP on reduced graphene NiP 130 mV 51 23
oxide Ni1.8C00.2P 119 mV 51

Ni1.4C00.6P 98 mV 51

Ni1.2C00.8P 80 mV 51

NiCoP 59 mV 51
Ni2-xCoxP nanoparticles Ni,P 136 mV 76 24

Ni1.8C00.2P 130 mV 70

Ni1.4C00.6P 115 mV 58

NiCoP 98 mV 51
NiCoP free-standing powder 316 mV 122 2
NiCoP on carbon quantum dots 216 mV 80 2
NiCoP on Ru nanoparticles 49 mV 49 26
NiCoP on a Ni foam 80 mV 37 27
NiFeP 101 mV 43 28

Similar results were reported for crystalline Niz.xCoxP nanoparticles.?4 However, in
this work there seems to be a gradual decrease in Tafel slopes from 76 mV dec’!
to 51 mV dec! indicating changes in reaction kinetics and thus implying that the

Co doping may lead to Heyrovsky reaction (2) being the rate determining step.

M+ H* + e » MH 4 Volmer reaction is fast (1)
MH, 4, +H* + e~ > M+ H, Heyrovsky reaction is slow (2)

This suggests that replacing Ni with Co makes protons to be adsorbed more
strongly to the surface of the catalyst.

At this point it should be pointed out that it is rather challenging to assess to what
extent the electrocatalytic properties of (Mi.xNix)P originate from the material
itself as the literature reports are dominated by composite and nanoparticulated
materials.??30 As a result there is a significant difference in surface areas and it is
very difficult to discriminate between the actual change due to doping or change

in morphology. However, a recent work on free-standing NiCoP provides an
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interesting story in this respect.?> The overpotential (reaching 316 mV at 10 mA
cm2) reported for this free-standing material is significantly higher than for
nanostructured materials discussed above. In addition the Tafel slope of 122 mV

dec' suggests the Volmer reaction is the rate determining step.

M+ H" 4+ e > MH, 4 Volmer reaction is slow (3)
2MH 45 — 2M + H, Tafel reaction is fast  (4)

Unfortunately, no comparison with different amount of Co was made; although
authors showed that adding carbon nanodots led to an improved overpotential and
reduction in the Tafel slope. This tentatively suggests that the role of the carbon
is to facilitate improved adsorption of protons on the surface of the catalyst.
(Fe1xNix)2P system have been studied as alternative to Co compounds due to
relatively high abundance of iron and low costs.3® However, it seems to be
challenging to prepare phase pure compounds without significant amount of
contamination from potentially (more) electrocatalytic NisP4 phase making it
difficult to tell whether the performance originates from the replacing nickel for
iron or the impurities.

As discussed above Co and Fe are not optimal (from the perspective of
understanding the role doping has on electrocatalytic properties) ions for
replacing Ni within Ni,P structure as they tend to take the position randomly
within the 0001 and 0002 layers. Therefore, the origin of a superior catalytic
performance within Co-Ni-P is still unclear or at least does not provide new
advance strategies for future development of electrocatalysts. In this respect,
replacing Ni for Mo can offer a much better strategy (at least from the
fundamental point of view) since Mo does not take positions in the 0001 layer,

which contains solely Ni atoms.

Alkaline solutions

One attraction of (Co1.xNix)2P composites (and possible reason for comprehensive
research efforts) is that they display impressive performance in alkaline media as
well (Table 4.3). They can therefore, work as bimodal catalysts. For example,
attempts to prepare (Mo1-xNix)2P composite on Ni foil yielded poorly characterised
multi-phase sample which, however, showed an exceptional performance in

alkaline solution.?' The improvement over Ni;P may be driven by increased
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conductivity as was evident from the comparison of results of the impedance
measurements for Ni2P and Niz(1-x)Mo2xP products. From this perspective, Ni-Mo-P
system is very promising as bimodal catalyst especially if the phase pure materials

can be isolated and tested.

Table 4. 3 The electrochemical properties of (M;,Ni,),P compounds in alkaline solutions

Reported material description nat 10 mAcm? Tafel slope Ref.
In 1M KOH mV dec’
NiMoP carbon nanotube 135 mV 45 29
NiCoP nanoflower 83 mv 47 30
NiCoP on Ru nano particle 52 mV 50 26
NiCoP nanocrystals 270 mV 124 2
Nanostructured NiCoP on a Ni foam 105 mV 79 27
Niz2(1-xyMo2xP nanowire on Ni foam 72 mV 46 31

4.2 Experimental preparation and characterization of
(MoxNi1-x)2P solid solutions

Reagents: (NH4)s(M07024)-4H,0 (Koch-Light Laboratories Ltd, >99.985%); nickel(ll)
nitrate hexahydrate (Ni(NO3)2-6H:0) (Alfa Aesar, >99.9%, stored under Ar), di-
ammonium hydrogen phosphate ((NH4)2HPO4) (Sigma-Aldrich, >99.0%) and citric
acid (CsHsO) (Fisher Scientific 99.9%).

The synthesis of solid solutions of phosphides was carried out with an oxidic
precursor followed by a time program reduction step using a gas tube furnace
under a 0.2 sL/min gas flux of 5% Hz / 95% Ar with a heating rate of 15 °C/min.
Different Mo:Ni:P ratios and reduction temperatures were investigated in order to
obtain a pure and crystalline phase composition. Finally, some compounds were
prepared with the addition of citric acid to stabilize the mixture.3% All the relevant
samples and precursors were repeated twice to ensure the reproducibility of the

study.

The synthesis of the oxidic precursor was followed without modification using the
synthetic protocol reported elsewhere.333* The reagents were dissolved
separately, at the desired stoichiometry, in deionised water before being mixed
together. The resulting solution with the presence of a suspension was then left
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to dry overnight on a hot plate at 120°C and stirring at 220 rpm. The obtained

green-yellow precipitate, was finally left in an oven for further 24 hours at 120°C.

To optimize the reduction of the precursor, different temperatures and times
were tested. Ca. 1 g of precursor was placed into a 6.7 cm long quartz sample
tube with a diameter of 1.4 cm and a wall thickness of 1 mm that was open on
both ends. The openings on both ends was then sealed using silica wool. Finally,
the sample was placed into the horizontal quartz reactor tube located in the
middle of the tube furnace. Once the best temperature was determined, samples

were annealed further one or two times to improve crystallinity the phase purity.

4.2.1 Electrode preparation and electrochemical measurements.
4.2.1.1 Electrode preparation

Materials: CHI glassy carbon disk working electrode (CH instrument Inc.), DMF
(dimethylformaldeide)(Honeywell >99%) and Nafion (Sigma-Aldrich, 5 wt.%)

The ink was prepared by mixing 1 mL of DMF, 50 pL of Nafion and 8 mg of the
testing catalyst. The resulting mixture was then sonicated for 1 h to facilitate the
dispersion of the catalyst. After sonication, a pipette was used to deposit 30 pL of
the mixture onto the surface of the GC electrode (0.071 cm?) to reach the catalyst
loading of 3.4 mg cm2. Finally, the electrode was left to dry at room temperature
overnight.

After each electrochemical characterization, the GC electrode was cleaned by
polishing the surface with a microcloth polishing pad moistened with distilled
water and coated with 0.05 micron alumina polishing powder. The electrode was
cleaned by holding it vertically and firmly while making figure of eight on the pad.
The electrode was finally cleaned electrochemically by using a three electrodes
configuration and by running the CV scans between 0.6 and -0.8 V for 20 cycles at

a scan rate of 100 mV s™' to remove any remaining catalyst.

4.2.1.2 Electrochemical measurements

The electrochemical characterization was carried out using a Biologic SP 150 in a

three electrodes configuration at room temperature, using a glassy carbon GC as
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a working electrode (WE), Pt as a counter electrode (CE) and Ag/AgCl (3M) as a
reference (Ref). The potentials were reported with the NHE scale using the
conversion equation E (NHE) = E(Ag/AgCl) + 0.209 and the Ohmic resistances were

compensated.

The HER activity and Tafel slope were measured by using the linear sweep
voltammetry technique (LSV) with a scan rate of 2 mV s' and a 0.5 M H2504
solution as electrolyte. The catalytic performances in basic media were carried
out with the cyclic voltammetry (CV) technique in a 1M KOH solution at a scan
rate of 100 mV s,

The electrochemically active surface area (ECSA) of the catalyst was carried out
in a 0.5 M H2504 by recording the CV scans at different scan rates from 0.155 V to
0.250 V vs. NHE and by taking the potential obtained for -0.209 V at each cycle.
The stability of the material was probed by chronopotentiometry (CP) in an
unstirred solution by applying a constant reductive current to the working
electrode of -0.71 mA over time.

The Electrochemical impedance spectroscopy (EIS) measurements were conducted
using a potentiostat with an EIS function, using a three-electrode cell (on the
standard setup) in order to analyse the cathode as an individual electrode. The
potentiostat was programmed to determine the impedance in a frequency range
from 200 kHz to 1 MHz where the kinetics related to the charge transfer dynamics
are detected. All the data were collected in potentiostatic mode at -500 mV with
an amplitude of 10 mV.

The potential was chosen in a range where the HER reaction was occurring in order
to probe its catalytic kinetics.3

The Nyquist plots obtained were modelled by using a simplified Randles circuit
model widely reported in literature.36:37,38.39.40 This circuit consists of a resistor
(Rs) in series with a parallel arrangement of a resistor (Rct) and a constant phase
element (CPE).The resistance Rs can be obtained from the intercept of the Nyquist
plot with the real axes and corresponds to the resistance between the electrode-
electrolyte interface. It depends on the space between the working electrode and
the reference as well as on the related conductivity of the material and therefore
varies between measurements and samples. The value associated with the resistor

Rct is named charger transfer resistance and is related to the HER kinetics. A small
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Rct value is associated to a faster kinetic and therefore to a more efficient HER

reaction.

4.2.2 Morphological characterization
4.2.2.1 Powder x-ray diffraction measurements

The X-ray measurements were collected using a Bragg-Bretano geometry by a
Panalytical XPert-pro diffractometer (Cukq radiation corresponding to A= 1.54178
A wavelength). Each pattern was collected for 25 minutes in a range between 10
to 65°-.

4.2.2.2 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
spectroscopy (EDX) analysis

The instrument used to collect electron microscopy pictures was a Philips XL30
ESEM with an attached Oxford Instruments x-act EDX detector. Before performing
the measurement, the apparatus was calibrated using a Cu foil standard. As in
Chapter 3, all the images were obtained using magnifications of 20x, 100x, 800x
and 4000x. EDX spectroscopy was used to detect the composition of the
phosphides by probing the sample in three points for each area and then average
the value for each element. Finally, mapping analysis was performed only for
compound Mog.¢Ni1.3P to ensure a homogeneity of the composition in the overall

sample.

4.3 Result and discussion:

4.3.1 Synthesis of (MoxNiix)2P solid solutions
4.3.1.1Synthesis of oxide precursors

The (MoxNi1x)2P series were synthesised by using a solid solution approach already
reported in literature.' The protocol was chosen because of the simplicity of the
experimental procedure and molecular ratios scalability. Moreover, the reagents

used for the research were cheap and easy to find.

The precursors obtained exhibited a range of colours becoming more intensely

green with increasing nickel percentage (Table 4.4). After the precursor was
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ground with pestle and mortar, the powder obtained was studied by PXRD to

determine the phase composition (Figure 4.4.). However the amorphous patterns

were obtained with the presence of (NHs)(H2PO4) and NH4NOs as crystalline

impurities.
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Figure 4-5 XRD patterns of the phosphides precursors. Stars indicates NH,NO; while plusses

NH4H.PO,.

Table 4. 4 Summary of Precursors for MoP, Ni,P and the (Mo,Ni;,),P transition metal

phosphides series obtained by solid solution synthesis.

Targeted composition Precursor colour

Crystalline phases

MoP White (NH4)(H2PO4) / NH4NO3
Moo.25Ni1.75P Yellow-green NH4NO3

Moo.s5Ni1.5P Light green

MoNiP Green (NH4)(H2PO4), NH4sNO3
NizP Green NH4NO3
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4.3.1.2 Optimisation of the reaction parameters

4.3.1.2.1 Investigation of the role of temperature on phase composition of MoNiP
product

The solid solution synthesis was carried out according with the reaction procedure
reported elsewhere in literature.33'2 However, in the original study the reduction
was carry out in pure Hz atmosphere. Since the pure hydrogen was not available
in our laboratory we therefore decided to investigate the role of temperature on
the phase composition using commercially available Ar/Hz 95 vol.% / 5 vol.%.
Each reduction was performed on a fresh oxide precursor using a heating ramp
rate of 15 °C /min and a dwell time of 11 hours. The first reduction temperature
tested was 750 ° C and has led to a product which showed a strong presence of
MoP, MoOz and MoP207 in the X-ray diffraction pattern (Figure 4.5). The MoNiP
phase was obtained at 850 °C with the minor presence of MoP and MosP as
impurities.

After the reduction at 850°C, the samples showed a change of colour from green
to black with a weight loss of 61.46 wt. % (Table 4.5). This variation was due to
the reduction of the phosphate-type groups (PyOx) by hydrogen which made the

phosphorous available for the phosphide formation.33

MoNiP 850 °C
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10 20 30 40 50 60
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Figure 4-6 X-ray pattern of MoNiP depending on the reaction temperature. Plusses MoO,, stars
MoP and crosses Mo;P, respectively.

Table 4. 5 Percentage of weight loss after the MoNiP precursor’s annealing at different
temperature

MoNiP Temperature °C % of weight loss
750 2.37
850 61.46

4.3.1.2.2 Investigation of the role of annealing time on phase composition of
MoNiP product

Once the optimal temperature of 850 °C was selected, a time reduction study was
carried out by annealing samples for 11, 22 and 33 hours. This was done in order
to identify if longer reduction times have any role on the phase assembly. The
time dependence studies were conducted for MoNiP only and the products
obtained investigated by PXRD.

The resulting XRD patterns did not show any substantial impact on phase
composition (Figure 4.7). However, the PXRD refinements showed the unit cell
becoming slightly bigger and closer to the unit cell value reported in literature
after increasing the reduction time (Table 4.6). The MoNiP volumes for 11 hours
reduction has a value of 109.558 A3, which is still close to the ones reported in the
literature of 110.19 A3. [Ref 7] Unfortunately, a negative correlation (vide infra)
between the crystallinity and electrochemical performance of the material was
observed when the MoNiP samples with different reduction times were tested for
the hydrogen evolution reaction. A higher overpotential at 10 mA cm? was
observed for the materials, which underwent longer reaction times. This could be
explained by the fact that more crystalline (and longer annealed products) showed
lower dispersability in the solvent and it was harder to turn them into inks. For
this reason, it was decided to use 11 hours as a time parameter for all the

compounds prepared in this work.
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Figure 4-7 PXRD patterns of MoNiP depending on reaction times. Stars correspond to MoP and
crosses to MosP respectively.

Table 4. 6 The unit cell parameters obtained for MoNiP products depending on reaction times

Time, hours a, A c, A v, A3

11 5.8533(1) 3.6923(1) 109.558(5)
22 5.8548(9) 3.6989(1) 109.810(3)
33 5.8582(3) 3.7022(2) 110.036(1)

4.3.2 Synthesis and characterisation of (MoxNii-x)2P series

Once the optimal temperature and reduction conditions of 850 °C and 11 hours
were established, four compounds belonging to the (MoxNiix)P series were
synthesised and compared. The common impurity of MoP was also made for
comparison since known to be electrochemically active for HER.#'42 A comparison
between the PXRD patterns on the (Mo1xNix)2P series is shown in Figure 4.7. The
PXRD patterns displayed in Figure 4.7 show that with the exception of binary Ni2P
and MoP compounds none of the ternary phases were made as pure phase
compounds. For all the samples belonging to the (MoxNi1x)P series a presence of

impurities were found. However, with exception of MoP these were not
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electroactive and thus, would not have a substantial effect on the electrochemical

performance.
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Figure 4-8 PXRD patterns of (a) MoP, (b) MoNiP, (c) Mog sNis 75P, (d) Moo z5Niq 5P and (e) NiP
after being reduced T 850 °C for 11 hours. Stars denote MoP, plusses Ni;;P5s and crosses
Mo3P.The numbers correspond to the associated Miller indices for the selected reflections of
(Mo44Niy),P.

On overall, the phosphide patterns agree with those previously reported in the
literature.'? For the stoichiometric Ni/Mo=1 ratio, MoNiP was synthesized showing
the unit cell parameters of a=5.8598(2) A and c=3.6992(2) A, which were slightly
smaller than the ones reported with cell values: a=5.861 A and c=3.704 A.[Ref 1]
The samples of the series obtained for Ni/Mo > 1 have a very similar XRD pattern,
which exhibits a right shift of the (11-21), (20-21) and (21-30) peaks with the
increase of the Ni content (Fig. 4.7); while there is a linear increase of the cell
volume with the Mo composition (Table. 4.7). According to the Vegard’s law, this
linear trend indicates a homogenous substitution of nickel by molybdenum with
increasing the Ni/Mo ratio. It should be noted that the products with Ni/Mo < 1
showed change in structure from Ni2P to a mixture of various phases with MoP

acting as a dominant phase and are not shown.

139



Table 4. 7 The unit cell parameters of (Mo4Ni,),P products

Sample a, A c, A v, A3
NizP 5.86448(5) 3.38820(5) 100.906(3)
Moo.25Ni1.75P 5.88292(5) 3.45190(7) 103.461(2)
Moo.sNi1.sP 5.8744(2) 3.5401(3) 105.522(5)
MoNiP 5.8533(1) 3.6923 (1) 109.558(5)
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Figure 4-9 The dependence of the unit cell volumes with x in (Mo,Ni;_,),P.
4.3.3 Electrochemical investigation of (MoxNi1-x)2P

4.3.3.1Electrochemical performance of (Mo1-xNix)2P in acidic solution

The materials belonging to the (Mo1-xNix)2P series were tested for the hydrogen
evolution reaction. There was an enhancement of the HER activity as more nickel
was replaced by molybdenum within the structure (Figure 4.9). For all the
compounds tested, MoNiP showed the best performance.

Overall, it appeared that the substitution of the molybdenum on Ni2 site had a
positive effect on the catalytic performance in bulk form. It was evident that the
overpotential of 229 mV obtained for MoNiP appeared to be very comparable to
the overpotential of MoP (242 mV) at the current density of 10 mA cm2, which

was prepared using the same conditions and used as a control sample. However,
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since MoNiP showed a similar current density as MoP, it was unlikely that its

improved performance was due to minor MoP impurities.
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Figure 4-10 Cyclic voltammograms of MoP, MoNiP, Mog ;5Ni; 75P, Mog sNi; 7sP and Ni,P at 0.5M
H,S0,.

Table 4.8 summarizes the performance of the materials. It is noticeable that Ni;P
was a remarkably inefficient electrocatalyst when compared with the

nanostructured form reported earlier."

Table 4. 8 Overpotential of the Mo,Ni,.,\P series at 0.5 M H,SO,.

Sample n at 10 mA cm2
MoP 229 mV

MoNiP 242 mV
Moo.5Ni1.5P 401 mV
Moo.25Ni1.75P 436 mV

Ni2P Not obtained

There are several explanations for this phenomenon. Firstly, it was extremely
difficult to disperse Ni;P into inks. As a result, the material tended to fall off the

electrode during the measurements. Secondly, the free-standing and highly
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crystalline product may have the most active sites blocked for the HER. Finally, it
is still open to debate** whether it is Ni;P or other phases that are more active for
HER. However, the underlying trend is very similar to the one discussed above in
Co-Ni-P system. The replacement of Ni with Mo clearly leads to improvement of
the electrocatalytic performance. This highlights the potential of MoNiP as a good
electrocatalyst. Even in free-standing form and without additional nanostructuring
/ composites with carbon it shows a very good performance outperforming free-

standing CoNiP compound.?>

4.3.3.2Electrochemical performance of (Mo1-xNix)2P in basic solution

The materials were also tested for their catalytic performances in a 1M KOH base
solution. To test the material, the potential was converted using the Nernst
equation and the resulting values were reported according to the RHE electrode.
In contrast to the acid media experiments, the control MoP sample had a
substantially better performance showing the overpotential of 174 mV at the
current density of 10 mA cm2, while MoNiP showed the value of 223 mV (Figure
4.10 and Table 4.9).

MoP

=30 -

Current Density mA cm™2

04 03 02 01 0.0
Potential, RHE (V)

Figure 4-11 Cyclic voltammogram of MoP, MoNiP and Moy ;5Ni; 75P synthesized tested for HER
in basic media at 1 M KOH.
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Table 4. 9 Overpotentials at 10 mA cm? for the bulk form phosphides tested in basic media.

Sample n at 10 mA cm2
MoP 174 mV
MoNiP 223 mV
Moo.25Ni1.75P 336 mV

It appears that with the reduced amount of Mo within the structure there was a
clear trend for a worse HER performance in alkaline media. This was evident from
the n obtained for Moo.25Ni1.75P which was relatively high suggesting that at least
in case of alkaline solution the catalytic process might happen on the Mo sites.
Therefore, there might be completely different HER mechanisms, which occur on
the catalyst surface at acidic and basic condition. However, this time MoP
significantly outperformed MoNiP and it was unclear whether the catalytic
performance in alkaline media is solely due to impurities of MoP or intrinsic.
Therefore, we decided to investigate an alternative reaction route to see if the
phase purity can be improved. The use of citric acid as a stabilizer was used in
the synthesis of phase pure phases in Mo-Ni-P system before.*44>4! Moreover,
addition of citric acid led to an increase of the catalyst surface area which may
help to improve dispersibility after the addition of the stabilizer. The high
dispersibility may play an important role on the activity of the material making it

more strongly attached to the surface of the testing electrode.

4.3.4 Synthesis of (MoxNii-x)2P solid solutions with citric acid

4.3.4.1Synthesis of oxide precursors

Citric acid was added to the starting solution as the early literature reports
suggested that it may lead to single phase samples.*44>4! Furthermore, the carbon
residues can act as a structural promoter and helps avoid the formation of side
products.3? The synthesis of the phosphides MoP and Ni;P with the use of citric
acid was carried out by following the temperature-programmed reduction
protocol identical to the one identified for the MoNiP above, e.g. 850 °C and 11
hours.

The citric acid was dissolved in the 13 : 10 molar ratio with the phosphide source
and mixed with the metal precursors. The solution dried overnight showed the
presence of a sticky precipitate which colour vary between brown to green
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depending on the composition. After drying in the oven, the precipitate doubled
in its volume showing porous texture. All the powders obtained showed PXRD
patterns with very broad background suggesting amorphous products (Table 4.10).

The one exception was the precursor for MoNiP, which showed NH4NO3 as a

crystalline impurity.
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Figure 4-12 XRD patterns of the oxide precursors made with the presence of the citric acid as
a stabilizer. Stars denotes NH,NO;.

Table 4. 10 Appearance of oxide precursors for synthesis of MoP, Ni,P and the Mog ¢Ni; ;P.

Targeted composition Precursor colour Crystalline phases

MoP Brown Amorphous

Moo.6Ni1.3P Yellow-green Amorphous

MoNiP Yellow-green Amorphous with NH4NO3
Ni2P Green Amorphous

4.3.4.2Synthesis and characterisation of (MoxNi1x)2P series with the presence
of citric acid

The products obtained after reducing the relevant precursor at 850 °C for 11 hours
in 5% Hz / Ar are shown in Figure 4.12. All products can be identified as phase pure

from their XRD patterns suggesting that citric acid plays a key role in isolating a
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pure phosphide. The PXRD data were refined by Rietveld refinement against the
Fe,P crystal structure-type model (see annex paragraph 7.3 for the results) further
confirming excellent purity of the samples. The obtained unit cell parameters are
summarized in the Table 4.11 and compare favourably with those reported in

literature for MoNiP and Ni;P.
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Figure 4-13 PXRD patterns of MoP, MoNiP, Mog ¢Ni; sP and Ni,P synthesized with the addition
of citric acid.

Table 4. 11 The unit cell parameters of Ni,P, Mog ¢Ni 3P and MoNiP.

Sample a, A c, A v, A3

NioP 5.86490(3) 3.38922(3) 100.961(1)
M0o.6Ni1.3P 5.8572(1) 3.6132(1) 107.355(4)
MONiP 5.85937(7) 3.70152 (8) 110.056(4)
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Figure 4-14 The unit cell volume versus the molar fraction of molybdenum in (Mo,Ni;.),P
series.

The unit cell volume of 110.056(4) A3 for MoNiP phase with addition of citric acid
was slightly larger than the one observed without addition of the structural
promoter 110.002(6) A3 and compared more favourably with the literature data
for MoNiP (110.19 A3) prepared directly from the elements.'”-12 This may indicate
that it was much closer to stoichiometric composition and also eliminates the

possibility of potential incorporation of carbon within the crystal structure.

4.3.5 Electrochemical Characterization

4.3.5.1Hydrogen evolution reaction activity of MoxNi2-x)P series with citric
acid in basic media

The MoP sample showed a marginal increase in overpotential (compared to the
one without citric acid discussed above) from 174 mV to 187 mV at 10 mA cm
(Figure 4.14 and Table 4.12). However, the overpotential of MoNiP decreased from

223 mV (without citric acid) to 199 mV (with citric acid) at 10 mA cm2.

Remarkably, there was no clear trend of electrochemical performance in the

MoxNi-x)P series. In fact, other than Ni;P, the measurements lie within the
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experimental error and therefore performed similarly despite their composition.
For this reason, Moo.¢Ni1.3P could be a good competitor for MoP because of the

lower cost of nickel compared to molybdenum.
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Figure 4-15 Cyclic voltammogram of MoP, MoNiP, Mo ¢Ni; 3P and Ni,P synthesized in presence
of citric acid and tested for HER in basic media at 1 M KOH.

Table 4. 12 Overpotentials at 10 mA cm? for the bulk form phosphides synthesized with citric
acid in basic media.

Sample n at 10 mA cm? with Tafel slope mV dec’

citric acid

MoP 187 mV 74
MoNiP 199 mV 96
Moo.sNi1.3P 192 mV 88
NizP 509 mV 150

Figure 4.15 shows the Tafel slopes for the tested catalysts. As can be seen on the
CV scan, except for Ni;P the Tafel slope values were very similar between MoP
and members of the MoxNigxP series, possibly indicating a similar HER

mechanism.

147



ol MoP
] e 74 mVdec”
W -0.24 MOOGN.IH;\\M
% 88 deec'1 MoNiP ‘*5::::_:—‘“\
) 96 mV dec’'

(7]
2 .0.3-
2
S 0.4
]
o
[}]
°
o -0.5 4

-0.6 ; : . . : . .

0.0 0.5 1.0 1.5 20

- Log Current Density (mA cm'z)

Figure 4-16 Tafel slopes for phosphides synthesized by the addition of citric acid from CV
measurements at 1M KOH.

4.3.5.2 Hydrogen evolution reaction activity of MoxNii2-xP series with citric
acid in acidic media

The results of electrochemical characterisations in acidic media are shown in
Figure 4.16. The products followed a general trend similar to one observed for
samples without addition of citric acid, e.g. replacement of Ni for Mo leads to
improved performance within MoxNi.x)P series. However, there was a substantial
reduction in the activity of MoP. The citric acid addition made MoP underperform
with an overpotential of 314 mV compared with the 224 mV observed for the
sample without citric acid. On the other hand, the MoNiP overpotential did not

seem to be affected by the addition of citric acid, exhibiting a value of 241 mV.
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Figure 4-17 Cyclic voltammograms of MoP, MoNiP, Moy ¢Ni; 3P and Ni,P made with citric acid in
0.5 M H,SO,.

Figure 4.17 shows the Tafel slopes of the resulting compounds. MoNiP with the
Tafel slope of 53 mV dec’' was very close to the one reported for CoNiP
nanoparticles.? This indicates that the Heyrovsky reaction may be the rate

determining step.

M+ H* + e~ - MH,q4s Volmer reactionj is fast (1)
MHu4s +H" +e” > M+ H, Heyrovsky reaction is slow (2)

In this case, the reaction permitted hydrogen gas formation through a
recombination of adsorbed hydrogen atoms and protons on the surface of the
catalyst. This may indicate that the surface coverage is relatively high. The Tafel
slopes for Moo.¢Ni1.3P and MoP with the values of 66 and 86 mV dec' were
intermediate in value and therefore it was difficult to define the rate determining

step.
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Figure 4-18 Tafel slopes for phosphides synthesized by the addition of citric acid from LSV
measurements with a scan rate of 2 mV s'at 0.5 M H,SO..

Table 4. 13 Electrochemical performance of the phosphides in acid media prepared with the
addition of citric acid.

Sample n at 10 mA cm2 Tafel slope mV dec™!
MoP 314 mV 86

MoNiP 241 mV 53

Moo.6Ni1.3P 296 mV 66

Ni.P Not obtained 159

4.3.5.3 Stability of phosphides synthesized with citric acid in acidic media
The stability of all the phosphides was probed by a galvanostatic scan in aqueous
solution of 0.5 M H;SO4. A constant current intensity of 0.71 mA, which
corresponds to the value for the reference current density 10 mA cm2, was applied
over time to probe the constancy of the performances (Figure 4.18).

Overall, all the samples showed a good stability during the measurement. Samples
MoNiP and MoP had a constant overpotential with slight decreases over 48 hours

from 240 to 250 mV and from 336 to 346 mV, respectively. On the contrary, the
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performance of Moo.¢Ni1.3P improved from 450 to 415 mV over time, although not

reaching the performances of the other compounds.
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Figure 4-19 The galvanostatic curves of MoNiP, MoP and Mog ¢Ni; ;P at 10 mA/cm? in 0.5 M
H,SO,.

4.3.5.4 Electrochemical impedance spectroscopy (EIS)

All the EIS data are reported on Nyquist plots with the relative fitting obtained by
the EC Biologic, which applies the Levenberg-Marquard minimization based on a
complex nonlinear least-square procedure.*¢ Sample Ni;P was not catalytically
active at the selected potential and therefore it was decided to exclude it from
the EIS measurements.

From the fitting of the data obtained for the described materials, the charger

transfer resistances conform to the HER activity values detected from the CV scan.

Sample MoNiP was electrochemically more active in acid media and resulted in
lower charge transfer resistance with a value of 8.59 Q. On the other hand, MoP
sample had a higher charge transfer resistance of 71.11 Q, which might be the
reason for a high overpotential. The Moo.¢Ni1.3P product showed the charge
transfer resistance of 23.1 Q which indicates that the improvement of

overpotential with x could be driven by change in resistance.

1