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Abstract

Hydrogen is a promising green source of energy, and its use could be one of the solutions
against the global threats such as global warming. However, its current production ways mainly
use fossil fuels in different processes, releasing a high amount of greenhouse gases. There is
then a need to turn to renewable and sustainable ways to produce hydrogen. Among those
methods, photoelectrochemical water splitting appears to be an interesting alternative, as it
relies on the use of the most renewable and abundant source of energy on Earth (solar energy)
to produce hydrogen from the water molecule H>O, the most abundant source of hydrogen on
Earth. To use photoelectrochemical water splitting, photocatalyst semiconductors must be
produced. The most common and studied photocatalyst is titanium dioxide (TiO2), but it is
rather limited by its bandgap, reducing its absorption properties to the UV part of the solar
spectrum. Novel photocatalysts, such as BiVO4 and CuBi204, are more and more studied as
candidates to be used as photoelectrodes. In this work, both BiVO4 and CuBi>O4 photocatalysts
were produced using pulsed direct current reactive magnetron co-sputtering to be studied as
visible light active photoelectrodes in a PEC tandem cell. Then, the produced materials were
studied by several analytical techniques to determine their crystallinity (XRD, Raman
Spectroscopy), their morphology (SEM, 3D Optical profilometry, AFM) or their chemical
composition (EDX, XPS). Their photocatalytic abilities under UV irradiation were successfully
assessed by methylene blue dye degradation tests. Their photoelectrochemical properties were
assessed in a PEC cell to study the oxygen evolution reaction, the proton reduction reaction and
the overall water splitting reaction. Monoclinic scheelite BiVO4 was identified by XRD and
Raman analysis, with impressive performances regarding MB dye degradation and
photocurrent production. Tetragonal CuBi,O4 was also successfully produced as an efficient
photocathode. Both materials present similar behaviour regarding their efficiencies, due to the
presence of oxygen vacancies implemented in the lattice during the production process. It
results in increasing their charge transport efficiency but does not enable them to have a good
charge transfer efficiency. This piece of work describes the use of reactive magnetron co-
sputtering to deposit efficient photocatalytic coatings for photoelectrochemical purposes, with
a study of the production parameters to determine the optimised deposition conditions. The
photoelectrodes produced were used to study a first approach for a PEC tandem cell to study
the production of hydrogen via solar activated water splitting. The results of this work address

the viability and the challenges faced by this process.
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I. Introduction and Literature Review

1. Introduction

The primary goal of this research was to develop novel photocatalytic materials for
visible-light photocatalytic water splitting for the production of green hydrogen. The magnetron
sputtering technique was chosen for its potential to produce efficient photocatalytic thin films
on an industrial scale. In this chapter, the background information is provided about hydrogen
gas production, the environmental issues related to its current production methods and the new
approaches to produce hydrogen in a renewable and sustainable way. A description of the main
research and thesis layout is also provided.

The chapter is structured as follows: Section 1 is dedicated to the background and
motivation for this research work, the research aims are described in Section 2, and Section 3

presents the thesis structure

1.1 Background and motivation

In 2015, the United Nations Climate Change Conference (or COP 21) held in Paris was
concluded by a common agreement to decrease the global carbon emissions by 43% in 2030,
with the objective of the Net Zero Carbon emissions by the year 2050 [1]. According to the
International Energy Agency (IEA), the main source of CO> emissions in 2021 was the energy
sector, due to the global production of electricity and heat, with over 1000 Mt more CO>
produced compared to 2020 [2]. The main reason is the use of fossil fuels (such as oil, coal, or
natural gas), a major source of carbon emissions, that account for 80% of the energy production
around the globe and are responsible for global threats such as climate change or ocean
acidification [3, 4]. Moreover, according to predictions, the global energy demand will continue
to increase due to population growth and economic development [5]. For example, between
1950 and 2022, the global primary energy consumption increased from 30.000 TWh to 180.000
TWh, with a need of more than 250.000 TWh predicted for 2050 [6, 7]. Finally, the current
fossil fuels stocks are depleting, with a prediction of 57 years remaining for global oil stocks
[8]. Hence, there is a need to turn to new energy resources in order to establish a sustainable

society for the future generations
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In response to this environmental emergency, research and industry focused their
interest in recent years on renewable energy sources that produce little to no greenhouse gas
emissions, such as solar, wind and hydroelectric power [9]. The development of technologies
related to the energy production, storage and distribution is also a key factor, to ensure the
growth of global renewable capacity: to meet the Net Zero Carbon scenario, the renewable
capacity should increase by 3750 GW between 2022 and 2027, whereas the current growth is
around 2250 GW [10]. Hydrogen gas (H2) has attracted considerable interest over the past
decades. It is not considered as an energy source by itself but as an energy carrier of high energy
density that can be used in many key sectors, from industry to transportation and energy
production [11]. Currently, the main use of H» is within industrial processes for the production
of various chemicals, such as ammonia, methanol or hydrogen peroxide [12]. However, its use
for heat production (via H> combustion) and electricity generation (when used with a fuel cell
technologies) makes this gas an environmental-friendly fuel, as does not directly produce
carbon emissions [13]. It can then be considered as a promising solution for a low-carbon future

and for a global transition to a sustainable society.

However, the main issue with hydrogen today is its current production methods, mainly
relying on fossil fuels as a feedstock: the vast majority of H» is produced from natural gas via
steam reforming (76%) and coal via gasification (22%) [14]. These processes are associated
with high carbon emissions, resulting in the hydrogen being classified as “black™ or “grey”.
The goal of research today is to turn to “new colours” of hydrogen, such as blue or green [15].
“Blue hydrogen” regroups all processes associated with reduced-carbon emissions. For
example, it can be accomplished by integrating carbon capture and storage (CCS) technologies
with thermochemical processes to decrease the carbon emissions released in the atmosphere
[16]. Based on that, new H> classification systems are developed, based on the intensity of CO»
released [16]. Nevertheless, the goal of Net Zero Carbon is to suppress CO2 emission by 2050,
so research should focus on the development of “green H>”, grouping the technologies with low
to net-zero carbon emissions. Those technologies rely mainly on the use of a sustainable energy

source to produce H; from an abundant source of hydrogen [17].

Among the different “green H>” processes, water splitting utilises the most abundant
source of hydrogen on Earth, H>O. This process is already in use via different electrolyser
technologies, using the energy provided by electricity to force the separation of H and O to
produce H> and O> gases. However, only 4% of global H» is produced using electrolysis and

the different electricity production pathways do not necessarily make electrochemical water
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splitting a low-carbon emission process [18]. For example, depending on the country, the
electricity can be either produced mainly with nuclear power (as it’s the case in France [19]),
by thermal power plant (such as in Germany [19]) or by renewable energies (as in the UK [19]).
To ensure the production of “green H»”, water splitting needs a renewable energy source to be
powered. Solar energy represents the most abundant source of energy, with a more than 170.000
TWh delivered to the Earth’s surface per hour, equivalent to current global energy needs for
one year [20]. Today, different technologies are under investigation to achieve solar activated

water splitting to produce “green H»”, such as photoelectrochemical water splitting.

1.2 Aim and objectives

The objectives and research goals of this project are summarised in this section. Here,
the aim of this work is to produce efficient photocatalysts to perform the complete water
splitting reaction in a laboratory scale photoelectrochemical water splitting cell. The
photocatalysts are produced as thin films by reactive magnetron sputtering. The main objectives

of this research are:

1. The study of deposition parameters for the production of efficient bismuth vanadate

photocatalyst used as photoanode to study the oxygen evolution reaction.

2. To produce a novel copper bismuth oxide photocatalyst via magnetron sputtering to be

used as a photocathode for the study of the hydrogen evolution reaction.

3. The optimisation of the deposition parameters to maximise the efficiency of the

photoelectrodes and identify the main limits of the produced materials.

4. The integration of both photocatalysts into a lab scale photoelectrochemical water

splitting cell for the study of the overall water splitting reaction.

In this thesis, both materials were then tested in lab scale water splitting cell to prove their

ability to perform the reactions under visible light illumination.
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1.3 Thesis structure

The thesis is divided into four parts with a total of 9 chapters plus annexes. The first part
of the thesis is dedicated to the scientific background of the work, with a comprehensive
literature review on the different topics related to the research. Part II describes the analytical
and experimental techniques used in the thesis for the thin films production, characterisation
and testing. Part III provides a description of the results obtained during this investigation and
a discussion of their meaning with respect to the application. Finally, Part IV provides an

overview of the main results obtained and develops possible future research suggestions.
The thesis chapters are structured as follows:

Chapter 1 Background and motivations, where the research aims and objectives of the thesis

are discussed.

Chapter 2 Overview of solar activated water splitting, with a focus on the basics of water
splitting, the development of photocatalysis for water splitting and one specific configuration

(Photoelectrochemical water splitting).

Chapter 3 Discussion of the main photocatalytic materials used for photoelectrochemical water

splitting, with details of the specific requirements of oxide semiconductors.

Chapter 4 Overview of thin films, their applications and production methods, with a specific

focus on PVD and magnetron sputtering.

Chapter S Description of the different analytical and experimental techniques used to produce,

test and characterise the materials produced during this project.

Chapter 6 Presentation of the work done for the reactive magnetron co-deposition of BiVO4

thin films to study the oxygen evolution reaction of the overall water splitting reaction.

Chapter 7 Describes the development of photocathode material CuBi,04 for the hydrogen

evolution reaction in a PEC water splitting cell.

Chapter 8 Discusses the photoelectrochemical measurements performed with both
photocathode and photoanode in a tandem PEC cell, their intrinsic limitations and how to

overcome the latter.

Chapter 9 Conclusion of work done and suggestions for future work.
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2.From electrolysis to Photoelectrochemical water
splitting

In this chapter, the application of photocatalysis for water splitting is discussed. The
requirements, configurations and limitations associated with photocatalytic water splitting are
presented. Photoelectrochemical water splitting is also reviewed, as photocatalytic water
splitting may exhibit several drawbacks discussed below.

This chapter is divided into several sections. Section 2.1 describes the thermodynamic
and kinetic basics of the overall water splitting reaction, followed by a description of the
different technologies (electrolysers) currently used in industrial hydrogen production. Section
2.2 is dedicated to the description of photocatalysis and how photocatalysis can be applied to
water splitting. Section 2.3 describes the photoelectrochemical water splitting process, its

associated efficiencies and the different configurations possible for the use of this process.

2.1 Hydrogen production by electrolysis

2.1.1. Basics of water splitting

J.R. Rudolph and A.P. van Troostwijk first reported an experiment in 1789, where gold
electrode wires, connected to an electrostatic generator based on friction, were used to
electrochemically split water into two different gases [21]. Then, several experiments were
performed during the 19™ century to understand the water splitting mechanism (W. Nicholson
and A. Carlisle in 1800 [22]), allowing the development of the water electrolysis industry for
hydrogen generation.

The decomposition of the water molecule H2O into its elemental components O and H
is not a spontaneous reaction. The overall water splitting reaction in standard conditions (T° =

98 K, P =1 bar) is described in Equation (1):
Hy0q) — Hy ) +5 0y, : AG" =237 kl.mol” (1)

where AG? is the Gibbs free energy of the reaction. Here, AG? is negative, showing the
endothermic nature of the reaction and then an energy input is required to cleave the bonds

between hydrogen and oxygen.



This energy can be provided by temperature via the use of heat sources (thermal
decomposition of water), but the high temperatures needed, and the low efficiency of the
process limits its applications [23]. Today, the most standard method to achieve water splitting
is to perform the electrolysis of water. In electrolysis, non-spontaneous chemical reactions are
driven by electrical current flowing between two electrodes, electrically connected by an ionic
conductor (such as an aqueous electrolyte) and an external circuit. To initiate the electrical flow,
a potential difference is implemented between a cathode, site of a reduction reaction, and an
anode, site of an oxidation reaction. The devices used to perform electrolysis are called
electrolysers (described in 2.1.2.). The overall water splitting reaction (1) is a redox reaction,
where an exchange of electrons happens between a reducing agent and an oxidizing agent. It

can be then divided into two half reactions (Equations 2 and (3)) [24].

2H,0q) = Oy(gy +4H* +4e™ 5 E%,/u,0 = 1.23V vs RHE (2)

2H* +2e™ > Hyg); E°y+,y, = 0.00V vs RHE 3)

It must be noted that those equations are valid in acidic environment, whereas in alkaline
solutions, the redox couples involved are different. Both redox couples (H"/H; and O2/H20)
possess specific standard potentials, respectively 0.00 V vs RHE and 1.23 V vs RHE. The
hydrogen evolution reaction (HER) is a multi-step process where a transfer of two electrons
occurs at the cathode surface to produce the hydrogen molecule H». The equation (3),
corresponding to a reduction reaction, involves different mechanisms which can be described
by several models. The Volmer-Heyrovsky model describes how a proton is captured by an
electron from the surface catalyst to form an adsorbed hydrogen intermediate (H") [25]. This
attracts a proton and an electron simultaneously to generate a hydrogen molecule. Depending
on the pH of the electrolyte, the reactive species involved differ, as shown in Equations (4) to
(7). Additionally, a Tafel reaction can take place, where two adsorbed hydrogen intermediates
are joined together chemically to generate a hydrogen molecule at the cathode surface , as

shown by Equation (8) [25].

- Volmer reaction:

H,0 + e~ +*— H*+ OH™, in alkaline electrolyte 4)
H;0%* + e~ + x> H*+ H,O0 , in acidic electrolyte (5)
- Heyrovsky reaction:
H*+ H;0" 4+ e~ - H, + H, , in acidic electrolyte (6)
H*+ H,0+ e~ - H, + OH™ , in alkaline electrolyte (7)
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- Tafel reaction:
H*+ H* - H, (8)

Regarding the oxygen evolution reaction (OER), a transfer of 4 electrons occurs at the
anode surface to produce the oxygen molecule O,. Due to different kinetics, the OER involves
more complex mechanisms and reaction pathways, but most of the models proposed agree on
the presence of three main intermediates during the OER steps (OH", O and HOO") [25]. Such
as HER, the different species involved in the OER depends on the pH of the electrolyte used.
The acidic reactions are described in Equations (9) to (12) and the alkaline ones are described

in Equations (13) to (16).

- OER in the acidic electrolyte:

H,0 ++—> HO*+H" + e~ 9)
HO* - 0"+ H* +e” (10)
0*+ H,0 > HOO*+ H" + e~ (11)
HOO* » x40, + H* + e~ (12)
- OER in the alkaline electrolyte:
OH  ++*—> HO" +e” (13)
HO*+OH™ - 0"+ H,0 + e~ (14)
0*+0OH™ - HOO" + e~ (15)
HOO* - x+0,+ H,0 + e~ (16)

To fulfil the thermodynamic requirement of the overall water splitting reaction during
an electrolysis, a minimum voltage should be applied between the electrodes. This minimum

voltage needed for the hydrolysis can be calculated via Equation (17) [26]:
AG® = nFE (17)

with AGY is the Gibbs free energy, n is the number of electrons exchanged (in this case
n = 2), F is the Faraday constant (F = 96 500 C.mol™'), and E is the applied voltage. The
theoretical voltage to apply for water electrolysis is then equal to 1.23 V. However, higher
voltage is usually needed in industrial electrolysers due to several kinetic barriers [24]. This
additional potential required n is called overpotential and can be caused by several factors
(activation barriers on both cathode and anode, ohmic resistance of electrolytes and
electrolysers components etc). In practice, voltages from 1.8 to 2 V are used to achieve water

splitting.
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1.1.2.1. Technologies for electrochemical water splitting

The first generation of hydrogen from the principle of electrolysis was done by
Troostwijk and Diemann in 1789, by using an electrostatic generator as a direct source of
current [21]. Since then, more and more water electrolysers were developed, especially in the
20" century, to produce hydrogen used in the synthesis of ammonia fertilizers. Different types
of technologies have been developed to perform water electrolysis, starting with the
development of alkaline water electrolysers, followed by Proton Exchange Membrane (PEM)
and solid oxide electrolysers in the 1980s. To understand the operating principles and the
configuration of the electrolysis technologies, an example is shown in Figure 2.1 with the
example of alkaline water electrolysis. The electrolyte is transported to the cathode through a
Gas Diffusion Layer (GDL). Two moles of alkaline solution are then reduced to produce one
mole of H> and two moles of hydroxyl ions (OH"). The H» gas travels through the GDL and is
evacuated, whereas the hydroxyl ions are transferred to the anode side through a porous
diaphragm. OH" are discharged to produce 2> mole of oxygen, one mole of H>O and two moles
of electrons. The electrons are sent to the cathode via an external circuit to sustain the
electrochemical reactions, whereas the O2 and H>O are evacuated through a Porous Transport

Layer (PTL).

..........

Cathode Anode
2H,0 + 2e - H, + 20H- ' 20H > H,0 +%0, + 2e

5M KOH/H,0 =) |

Diaphr‘agm

Flow field separator plates Flow field separator plates

Cathode Electrode (Ni) Anode Electrode (Ni)

Figure 2.1: Schematic illustration of alkaline water electrolysis working principle (reproduced from [27])
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All electrolysis technologies rely on the same operating principles. Today, four main

technologies are used in water electrolysis for hydrogen production:

- The alkaline water electrolysis phenomenon was first studied by Troostwijk and
Diemann and was then developed during the 19" century. The principle is described
above, and it is considered as a well-established technology with a relatively low cost
and long-term stability. However, several drawbacks limit the efficiency of this
technology, such as the low current densities produced. Moreover, there is a high
crossover of the gases produced [28].

- The Anion Exchange Membrane (AEM) water electrolysis was first reported by We and
Scott in 2011 as a green hydrogen production technology [27]. This technology is
similar to the alkaline electrolyser, but the conventional separation diaphragm is here
replaced with an anion exchange membrane. This enables a reduction in the
concentration of the alkaline electrolyte, from SM KOH to IM KOH. AEM then relies
on the same working principle, producing higher current densities. However, the limited
stability (35,000 h of use with a goal of 100,000 h) limits the current capability to scale-
up this technology.

- Proton exchange membrane (PEM) water electrolysis was developed by General
Electric Co. in 1966 to overcome the drawbacks of alkaline water electrolysis [29]. In
the case of PEM, the electrolyte is brought to the anode side, where one mole of H2O is
dissociated into 2 moles of H", 2 moles of electrons and % moles of O,. The electrons
are sent to the cathode via an external circuit and the O gas is evacuated from the anode
surface. The protons arrive at the cathode through a proton-conducting membrane,
where they recombine with the electrons to produce Hz. The high current densities and
high purity gas produced make this technology interesting for commercial applications,
but research is still ongoing to reduce the costs of the components used. In particular,
the electrodes are made of noble metal-based electrocatalysts, such as IrO2 or carbon-
supported Pt, making the hydrogen produced expensive.

- Solid-Oxide water Electrolysis Cells (SOEC) were developed in 1970s by General
Electric Co. and Brookhaven National Laboratory. Contrary to the other technologies,
SOEC operates with water in the form of steam at high temperatures (between 500°C
and 850°C), resulting in favourable thermodynamics and reaction kinetics for the
overall water splitting reaction. The power consumption is drastically reduced,

increasing the energy efficiency during the process. Here, the water molecule is split on
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the cathode side into H» and oxide ions O%". The oxide ions are transported to the anode
side via a dense ceramic diaphragm to produce O> and electrons. As AEM technologies,
the main drawback of SOECs is their limited stability, despite their high efficiencies
[27].

Table 2-1 summarises the different advantages and disadvantages of electrolysis
technologies. Although the technologies for electrochemical hydrogen production seem well
understood and developed, currently only 4 to 5% of global hydrogen is produced using
electrolysers, due to the amount of electrical energy needed to overcome the thermodynamic
and kinetic requirements for the overall water splitting reaction, resulting in high costs [29].
Moreover, the source of electrical power does not ensure the process produces green hydrogen,
as carbon can be emitted during the production of electricity (such as with coal factory). Green
hydrogen production requires the direct use of renewable energies to produce hydrogen, and so

photocatalysis appears to be a promising solution.

Table 2-1: Advantages and disadvantages of different water electrolysis technologies [27]

Electrolysis technology Advantages Disadvantages
Alkaline water e Well established Technology e Limited current densities
electrolysis e Commercialised for industrial applications e Crossover of the gases
e Noble metal-free electrocatalysts e High concentrated (5SM
e Relatively low cost KOH) liquid electrolyte
e Long-term stability
AEM water electrolysis e Noble metal-free electrocatalysts e Limited stability
e Low concentrated (1M KOH) liquid e Under development
electrolyte
PEM water electrolysis e Commercialised technology e Cost of the cell
e Operates higher current densities components
e High purity of the gases e Noble metal
e Compact system design electrocatalysts
e Quick response e Acidic electrolyte
Solid oxide water e High working temperature e Limited stability
electrolysis e High efficiency e Under development
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2.2 Photocatalysis

The photocatalytic phenomenon was established by the pioneer work of Fujishima and
Honda in 1972 [30]. In their work, a single crystal TiO; electrode irradiated by a UV light source
was used in a three-electrode electrolysis cell operating under an applied bias to achieve water
splitting. Since then, photocatalysis has been studied for many applications, such as pollutant

degradation, self-cleaning coatings or antimicrobial purposes [31 — 33].

2.2.1. Principle of photocatalysis

A photocatalyst can be defined as a material able to drive chemical reactions thanks to
the absorption of light energy. Photocatalysts are usually semiconductors, known for their
particular electronic structure, composed of a valence band (Evg) and a conduction band (Ec).
The difference of energy between the valence band and the conduction band is called the band
gap (Eg) [34]. When a photocatalyst is illuminated by a light source, photons with an energy
greater than the band gap value (E = E;) are absorbed and their energy is transferred to the
electrons located in the valence band. Those latter are then promoted to the conduction band,
leaving in the valence band a positive space charge called “hole”. These electron-hole pairs are
mobile and can migrate to the reaction sites on the photocatalyst’s surface, to initiate a charge
transfer with adsorbed molecules, through redox reactions. In the case of the overall water
splitting reaction, the adsorbed molecules are dissolved Oz and H>O, used to drive both oxygen
evolution reaction and hydrogen evolution reaction. However, spontaneous recombination
events between electrons and holes can happen in the bulk of the material or at its surface,
lowering the efficiency of the photocatalytic process. The photocatalytic process can be then
divided into 4 different steps, as shown in Figure 2.2: (1) Absorption of the photon’s energy by
the photocatalysts, (2) Separation of charge carriers in the respective bands, (3) Migration of
the charge carriers to the photocatalyst surface, (4) Redox reactions with the adsorbed
molecules [34]. As photocatalysis only requires a photocatalyst, water and an illumination
source to provide energy, it is then theoretically possible to drive the overall water splitting
reaction with an abundant source of hydrogen (H20) and with a renewable source of energy

(sunlight).
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2.2.2. Photocatalytic water splitting

When photocatalysis is applied to water splitting, the holes and electrons produced
(see Equation 18), respectively in the valence band and conduction band, can drive the oxygen
evolution reaction (Equation 19) and the hydrogen evolution reaction (Equation 20) to perform

the overall water splitting reaction (see Figure 2.2).

Photocatalyst + hv - ht g + e g (18)
h*yp + 2H,0 > 4H* + 0, + 4e™ (19)
2e~cp + 2H* > H, (20)

As mentioned above, there is a competition between charge transfer from redox reaction
and recombination events within the material (bulk or surface), reducing the overall efficiency
of the photocatalytic process [34]. In addition, several requirements specific to the water
splitting reaction need to be fulfilled. Firstly, the energies of the valence band and conduction
band should match the thermodynamic standard potentials of both half-reactions. To perform
the oxygen evolution reaction, the valence band should be more positive than the standard

potential of the reaction, (E° H,0/0, = 1.23 V vs RHE ), whereas the conduction band should be
more negative than the standard potential of the hydrogen evolution reaction

(E%y+ s, = 0.00Vvs RHE). Consequently, as both half-reactions are performed by the same
photocatalyst, the band gap of the photocatalyst should be at least 1.23 eV, to fulfil these

energetic requirements [34].

In terms of hydrogen production, the use of a single photocatalyst is not the ideal
configuration for the overall water splitting reaction as both Hz and O gases are produced on
the same reactive sites. And yet, the surface recombination reactions of H> and O to form H>O
1s thermodynamically more favourable than the water splitting reaction (see Figure 2.3) [35 -
38]. Hence, photocatalysis is drastically limited by the surface recombination reactions (e.g.
oxygen reduction and hydrogen oxidation). The process can be enhanced using nanoparticles
dispersed in solution; however, it causes additional issues relating to the disposal of
photocatalyst nanoparticles [36]. Charge scavengers can also be used to enhance the
photocatalytic water splitting process [37]. Another way to apply photocatalysis to water

splitting is to use the photoelectrochemical configuration.
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E vs RHE H,

E%y+ /i, = 0,00V

EOHZOIIOZ - 1,23 V

- = ——

H,0

Figure 2.2: Schematic of photocatalysis applied to the overall water splitting reaction; (1) Photons absorption; (2)

charge carriers separation; (3) charge carriers migration; (4) redox reactions at photocatalysts surface reaction sites

Y a) b)
& H,+ 0, 8| Ha+ 0, Downhill
o] [
c c
o] [1h]
) AG>0 5
w H,0 w
Uphill reaction

Figure 2.3: Thermodynamic Gibbs free energy for overall water splitting (lef) and recombination between H» and
O, (right) (adapted from [39])

As seen in section 2.2.1, the photocatalytic phenomenon can be divided into several
steps: the light absorption and the production of electron-hole pairs, the migration of the charge
carriers from the bulk of the material to the surface of the photocatalyst, and a charge transfer
between the photocatalyst and the electrolyte to drive the redox reactions. Each step influences
the overall efficiency of the water splitting process, with losses mainly due to charge carrier
recombination. All efficiencies attributed to photon absorption, charge transport and charge

transfer will be described in Chapter 3.
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2.3 Photoelectrochemical water splitting

2.3.1. Principle

In photoelectrochemical water splitting, the photocatalysts are used in a form of thin
films in an electrolysis configuration: typically, two electrodes (a cathode and an anode) are
immersed in a conductive electrolyte containing the chemical species on interest. Both
electrodes are connected to each other via an external circuit to permit the circulation of
electrons between the electrodes. In this configuration, the electrodes are made of a thin layer
of photocatalysts deposited on a transparent conductive substrate, to create photoelectrodes
[40]. Each photoelectrode is then responsible for one half-reaction, with the photoanode being
the reaction site of the oxygen evolution reaction and the photocathode being the reaction site
of the hydrogen evolution reaction. The usual configuration of photoelectrochemical water
splitting is the use of one photoelectrode combined with a counter-electrode, as shown in Figure
2.4. When the photoelectrode is illuminated by a light source, the photocatalytic process
described in section 2.2. happens, allowing the production of electron-hole pairs. When a
photoanode is used, the holes migrate to the photoanode’s surface, driving the oxygen evolution
reaction, while the electrons from the photoanode are attracted to the counter-electrode through
the external circuit. When the photoelectrode is a photocathode, the electrons produced drive
the hydrogen evolution reaction, while the anode is responsible for the oxygen evolution
reaction [40]. Compared to photocatalytic water splitting, photoelectrochemical water splitting
presents several advantages. The separation of reactive sites for both half-reactions drastically
prevent the recombination of H> and Oz gases during the reaction, increasing the efficiency of
the process [41, 42]. Also, as one photocatalyst is only responsible for one half-reaction in
photoelectrochemical water splitting, the band energies should match with just one of the

standard potentials (Eyp > E°y,0,0, for the photoanode and Ecp < E°y+,, for the

photocathode). It opens then more possibilities for materials to be studied as photoelectrodes,

which will be described in chapter 3.
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Figure 2.4: Schematic of PEC water splitting with (a) single photoanode, (b) single photocathode

To ensure to operate the photoelectrochemical measurements in standardized
conditions, the power intensity of the light source is calibrated to correspond to the air mass
coefficient (AM) 1.5 reference spectra. The air mass (AM) coefficient is used to characterize
the solar spectrum after traveling through the Earth’s atmosphere and corresponds to the ratio
between the direct optical path length through the atmosphere and optical path length at the
zenith. As the sunlight passes through the atmosphere, its intensity is attenuated (due to
phenomena such as scattering, absorption, reflection ...). The AM coefficient is then usually
followed by a number, corresponding to the atmosphere thickness travelled by the sunlight.
This number is determined by the angle of the incident solar radiation: for the AM 1.5 spectra,
the angle corresponding to 1.5 atmosphere thickness is 48.2 °, and was chosen in 1970 as a
standard, as it corresponds to temperate latitudes where many of the world’s major population
centre are located (China, Europe, Japan, USA ...). This norm is usually referred as ASTM G-
173 (see Figure 2.5) [166].
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Figure 2.5: ASTM G173-03 Reference spectra [166]

2.3.2. Efficiencies for the evaluation of PEC performances

The ability of a photoelectrochemical water splitting cell to produce hydrogen can be
characterised by several efficiency measures. There are two main efficiencies that characterise
a PEC device: the incident photon-to-current efficiency (IPCE) and the solar-to-hydrogen
(STH) efficiency. Each of those measurements should be performed with the same energy input,
usually provided by the photons from a calibrated light source reproducing the solar spectrum.
The incident photon-to-current efficiency (IPCE) measures the ability of a photoelectrode to
convert the energy from the incident photons into electrons used by the PEC cell. As the energy
of a photon is related to its frequency, the [IPCE measurement is dependent on the wavelength

of the illuminating light. The IPCE can be measured using the following Equation (21) [43]:

electrons produced (cm=2.s~1) _ JpnM)/e _ Jpn(A)x1239.8
incident photons (cm—2.s-1) p(g)(%) o P(A)xA

IPCE(A) = 21

The flow of electrons produced is calculated by multiplying the photocurrent density
produced under monochromatic irradiation at wavelength A, Jon(X) (in mA.cm™), by hc/e (with
e the charge of one electron, ¢ the speed of light and h the Planck’s constant). The incident
photons are calculated by multiplying the power intensity of the incident monochromatic light
P(A) (in mW.cm™) by the wavelength A. By measuring the IPCE of a photoelectrode, it is then
possible to determine at which wavelength the PEC cell is the most efficient. As the IPCE
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measures the converted incident photons into electrons, all the steps associated with the
photocatalytic phenomenon have an impact on the IPCE. Then, IPCE can be expressed with the
following Equation (22) [43]:

IPCE(/D = MNabs X ntransport X ntransfer (22)

with 74, the light absorption efficiency (or light harvesting efficiency), Nuansport the charge
transport efficiency and Neansfer the charge transfer efficiency. An example of [IPCE measurement

is shown in Figure 2.6.
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Figure 2.6: IPCE plots for undoped and 6.25% Ti doped hematite electrode measured at 1.8 Vrue (pH

=1, 1 sun illumination) [44]

The solar-to-hydrogen efficiency (STH) is used to measure how efficiently a PEC device
can convert the solar energy input into chemical energy stored in H» gas. This measurement is
performed when the device is exposed to broadband solar light to produce H> and O; gases at
the photocathode and photoanode, respectively [43]. The mathematical expression of STH
efficiency is given by the following Equation (23):

mmol Hys~1x237 kJmol™!

Ptotai(mW.cm~2)xarea (cm?)

STH =

(23)

where the numerator corresponds to the chemical energy and the denominator is the solar
energy input. The chemical energy is calculated by multiplying the amount of H> produced (in
mmol Hz.s™") by the change in the Gibbs free energy per mole of H» produced, associated with
the reaction from H,O to H> and O: (at 25°C, AG = 237 000 J.mol™!). The solar energy input is
calculated by multiplying the power density of the incident light (in mW.cm™) by the
illuminated electrode area (in cm?). The STH efficiency is usually measured in a two-electrode

configuration when no external bias is applied. Yet, when only one photoelectrode is measured,
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the driving force produced by the photovoltage is usually not high enough to run an unassisted
PEC water splitting cell. In this case, an applied bias is provided by a power supply. Then, the
STH efficiency is called the applied bias photon-to-current efficiency (ABPE), which takes into
account the applied bias. STH efficiency depends on the irradiation source but also on the band
gap of the semiconductors used for the PEC cells, as shown in Figure 2.7. A theoretical
maximum photocurrent density is then associated with each material but is often lower in

practice due to the several limitations of each photocatalytic step.
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Figure 2.7: The theoretical maximum STH value for a semiconductor according to its bandgap [45]

2.3.3. Configurations possible for PEC water splitting

If the configuration with a single photoelectrode represents a first approach of
photoelectrochemical water splitting, it still requires the use of an external bias to achieve the
overall water splitting reaction, in addition to the use of a light source. Therefore, it is necessary
to use different PEC configurations that makes the PEC cell unassisted, as it was first reported
by Yoneyama et al. in 1975 [46]. Several parameters should be taken into account when
studying a PEC tandem cell configuration. Usually, a STH efficiency of 10% and a stability of
1000 h are generally considered to be the minimum threshold for the commercial application
for PEC water splitting cell [47]. The main possible configurations (n-type photoanode/p-type
photocathode tandem cell, PEC/PV tandem cell and buried junction cell) all presents theoretical

STH superior to 20% [42]. However, the experimental STH efficiency reported for all the
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configurations are far below the theoretical ones, due to the different limitations of

photocatalysis.

One of the main tandem cell configurations studied is the n-type photoanode/p-type
photocathode configuration. The n-type photoanode/p-type photocathode tandem device relies
on the use of two photocatalysts as photoanode and photocathode, respectively, to perform both
half-reactions, as shown in Figure 2.8a. This is the extension of the single-photoelectrode
configuration described in section 2.3.1. As the photocurrent and photovoltage produced by
photocatalysts can be low, it is possible to engineer multilayer photoelectrodes by adding thin
films of photovoltaic materials in order to enhance the PEC power of the photoelectrodes [42].
However, the cost of fabrication increases, and the fabrication becomes more complex,
involving several production steps. This configuration offers the possibility to study the
combination of many photocatalysts. For example, Chu et al. studied a n-type photoanode/p-
type photocathode tandem cell composed of a TiO» photoanode and a CuBi,04 photocathode,
with a STH efficiency of 1.23% achieved [48]. The use of smaller band gap materials, such as
Fe203, does not necessarily show higher STH (0.15% for a tandem cell composed of Fe;O3 and
CuBi204 photoelectrodes [49]). Examples of n-type photoanode/p-type photocathode tandem

cells and their respective efficiencies are provided in Table 2.2.

The PEC/PV tandem cells are obtained by connecting a PV cell to the photoelectrode
and counter-electrode used in the single photoelectrode configuration. This configuration
exhibits higher STH efficiencies, due to the large photovoltage provided to the device by the
additional PV cell. This PV cell can be integrated to the photoelectrode, but it can then suffer
from corrosion due to the exposition to the electrolyte. Usually, PV/PEC tandem cells are
studied with the PV cell separated from the PEC cell, as shown in Figure 2.8b. This
configuration can be studied with a photoanode material, such as WOs3, or with a photocathode,
such as Cu20 [50, 51]. Examples of PV/PEC tandem cells and their respective efficiencies are
presented in table 3. Finally, the buried junction PEC cell is a compact and integrated structure
composed of two photocatalysts, as shown in Figure 2.8c. It presents several advantages, such
as a higher light absorption and a diminution of ohmic losses due to smaller distances involved.
This configuration is more compact and needs less electrolyte filling. If the configuration brings
some advantages, there are also some drawbacks regarding the difficulty of cell assembling or
the low efficiencies exhibited by the device. Due to inefficiencies, buried junction PEC tandem
cell is not largely studied compared to the two other configurations. Some examples are

provided in Table 2.2.
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Table 2-2: Examples of water splitting cell configurations with respective STH efficiencies

Tandem cell STH efficiency
Configurations Electrodes (anode/cathode) %) References
Ti0»/CuBiy04 1.23 [48]
All oxide PEC/PEC Fe,05/CuBiOs 015 [49]
3-jn a-Si-RuOy/ 3-jn a-Si-Pt 1.8 [52]
R /p- -
D-YPe/P-tyPe | by b ased PEC/PEC Pt/p-Si-GaAsP 0.5 [53]
Oxide 0-Fe;03-NiFeOy/a-Si-Pt 0.91 [54]
photoelectrode-PV WO:/a-SiGe:H 0.7 [55]
hybrid PEC/PV
Oxide WO5/DSSC 3.1 [50]
PEC/PV photoanode/PV
Oxide Cu,O/PSC 2.5 [51]
photocathode/PV
Pt/3-jn a-Si/RuOy 5 [56]
Buried NiMoZn/3-jn a-Si/Co 2.5 [57]
. . /
junction Rh/TiOy/oxide/AlInP- 19 [58]
device GalnP/GalnAs/GaAs/RuO;
—e
a) e — b} -
| < | ©
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Figure 2.8: Possible configurations for tandem water splitting cell (a) photoanode/photocathode tandem cell, (b)

PEC/PV tandem cell, (c) Buried junction tandem cel
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3. Materials for semiconductor photocatalysts

In this chapter an overview of the materials used for photoelectrochemical water
splitting is provided. Photocatalysis relies on the use of semiconductors and their intrinsic
properties. Specific requirements need to be fulfilled for semiconductors to be used either as a
photoanode or a photocathode. Ternary metal oxides present a promising type of material for
study. Moreover, improvement techniques are developed to enhance the properties of existing
semiconductors.

This chapter is divided into several sections. Section 3.1 describes the properties of
semiconductor photocatalysts, with a focus on their electronic band structure and the
interfacial interactions between a semiconductor and an electrolyte. Section 3.2 presents the
metal oxide semiconductors, the most studied photocatalysts, with a description of the different
types and an overview of the different efficiencies related to metal oxide semiconductors.
Finally, Section 3.3 describes the different enhancement strategies proposed to increase the
activity of photocatalysts, especially the effect of oxygen vacancies, dopants/co-catalysts and

heterostructures.

3.1 Semiconductor photocatalyst

3.1.1. Properties of a semiconductor

As discussed in Chapter 2, photocatalysis relies on the use of semiconductor materials,
defined by their specific electronic structure. In the band structure theory of solid-state
materials, the combination of two atomic orbitals results in the creation of two molecular
orbitals of different energies (a bonding orbital and an antibonding orbital). A solid is composed
of a large number of atoms, resulting in multiple molecular orbitals produced. As those
molecular orbitals are very close in terms of energy (in the order of 102? eV), the adjacent

energy levels can be all considered as a continuous level energy called a band [59].
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Two specific bands are of interest for semiconductor materials: the valence band, corresponding
to the highest occupied molecular orbital (HOMO), and the conduction band, corresponding to
the lowest unoccupied molecular orbital (LUMO). The band gap E; corresponds to the energy
difference between the top of the valence band and the bottom of the conduction band. Within
the band gap lies the Fermi level Erg, a hypothetical energy level which has a 50% chance to
be occupied at any temperature [60]. The value of the semiconductor’s band gap defines the
nature of a solid material: when the band gap is greater than 4 eV, the electrons cannot be
promoted to the conduction band, the materials are then considered as insulator. When the
valence band and the conduction band overlap, the electrons have the possibility to go to the
conduction band, making them highly mobile, the material is then considered as a conductor.
Finally, if the band gap is relatively narrow (between 1 and 4 eV [61]), the electrons can be
promoted to the conduction band with an energy input, that can be provided by a rise in
temperature or from a photon, hence the material can be defined as a semiconductor. For a
semiconductor with a Fermi level halfway through the valence band and the conduction band,
it is called an intrinsic semiconductor. An extrinsic semiconductor is produced when dopants
are added to change nature of the majority charge carriers within the lattice of the materials.
For example, a semiconductor with a valency of four (e.g. titanium dioxide) doped with
trivalent impurities will provide extra holes, making the semiconductor a p-type (positive). In
opposite, a semiconductor doped with pentavalent impurities will provide extra electrons,
making the semiconductor an n-type (negative). Both types of doping result in a displacement
of the Fermi level close to the conduction band in the case of n-type and close to the valence

band in the case of p-type [62]. All electronic structures are shown in Figure 3.1.
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Figure 3.1: Band structure for insulator, semiconductor (intrinsic and extrinsic) and conductor materials
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3.1.2. Interactions at the semiconductor/electrolyte interface

When a semiconductor photocatalyst is immersed in an electrolyte solution, a potential
difference is established at the semiconductor-electrolyte interface, due to the difference of
energy between the different Fermi levels (see Figure 3.2a and 3.2b). Both Fermi levels
equilibrate via charge transfer through semiconductor/electrolyte junction, leading to several
changes [63]. Firstly, the charge transfer induces the formation of a space charge region at the
semiconductor side. This region is charged differently depending on the type of semiconductor.
In the case of an n-type semiconductor, as the flow of electrons goes from the semiconductor
to the electrolyte, the semiconductor loses negative charges, resulting in a depletion layer
(positively charged) at the semiconductor side. In the case of a p-type, the space charge region
is an enrichment layer, negatively charged due to the flow of electrons, going from the solution
to the semiconductor. Depending on the material, this space charge region has a width of the
order of 10 to 1000 nm [64]. Also, the conduction band and valence band are both shifted in
the space charge region due to the change of charges. The bands are shifted upward in the case
of an n-type semiconductor or shifted downward in the case of a p-type semiconductor (see
Figure 3.2c and 3.2d). This phenomenon is called band bending and induces a built-in electric
field within the space charge region. This electric field is of importance, as it directs the charge
carrier flux during charge separation. For example, when holes and electrons are produced
within the space charge region of an n-type semiconductor, the holes migrate to the surface of
the semiconductor to drive oxidation reactions, whereas the electrons are directed to the bulk
of the semiconductor (see Figure 3.2e). The opposite phenomenon happens with a p-type
semiconductor, as depicted in Figure 3.2f. Finally, during illumination, the equilibrium reached
by the exchange of electrons is broken, altering the charge carrier density and the band bending
within the band gap. The Fermi level is then replaced by the concept of quasi-Fermi levels for
each band, e.g. a quasi-Fermi level for holes (Esp) and a quasi-Fermi level for electrons (Efn).
The electrochemical potential of the illuminated semiconductor/electrolyte interface becomes
thus the quasi-Fermi level of its minority carrier (holes for n-type, electrons for p-type). The
difference between the two quasi-Fermi levels is called the photovoltage Voc. This specific
phenomenon related to junctions between semiconductors and liquid phase enables the
electrochemical reactions with a different potential than that of conductive electrodes [64].
Hence, a n-type semiconductor can promote oxidation reactions at a lower potential than
conductive electrodes, and is called a photoanode, whereas a p-type semiconductor can promote

reduction reactions at a higher potential and is called a photocathode.
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3.2 Metal oxide semiconductors

Several requirements must be fulfilled for a semiconductor to be considered for
photoelectrochemical water splitting. Firstly, its conduction band and valence should match the
standard potentials of the oxygen evolution reaction or the hydrogen evolution reaction,
depending on whether the material is used as photoanode or photocathode. A narrow band-gap
should allow it to be visible-light responsive, to harvest the photons from the visible part of the
solar spectrum, having a STH efficiency as high as possible. Finally, the material should be
stable in aqueous solutions, made of abundant and cheap elements to guarantee the feasibility
of photoelectrode production, and should be non-toxic. Over the years, several groups of
semiconductors have been studied. The I11-V group materials are composed of non-oxide
semiconductors, formed from group 13 metal elements and group 15 anion elements. They can
be composed of binary compounds, such as InP or GaP, or ternary compounds such as GalnP,
GalnN and AlGaAs [66]. These materials present narrow band gaps and exhibit high-
photoactivity regarding water splitting, however they are made of expensive elements. Another
group of interest is the group II-VI elements, composed of materials formed with group 12
metal elements and group 16 anions elements [67]. These materials (CdS, CdTe) are used for
various opto-electronic applications but are composed of elements that have multiple effects on
biological organisms and generally considered as toxic. For the purposes of the thesis, the
materials that are considered for photoelectrodes are the metal oxide semiconductors.

3.2.1. Binary metal oxide semiconductors

The first generation of photocatalysts studied was made of a single transition metal
oxide, of formula AxOy (with A being a transition metal element). Most examples present the
properties required to be used as photocatalysts (non-toxic, made of abundant elements, with
simple synthesis routes) [68]. Their nature as semiconductors is determined by the type of
defects present in their lattice: a n-type metal oxide semiconductor presents intrinsic oxygen
vacancies (Vo), acting as electron donors that are the majority charge carriers. Most of transition
metal semiconductors are n-type, such as TiOz, Fe203, ZnO or WOs. In the case of a p-type
semiconductor, the main defects are metal cation vacancies (Vwm), acting as positive charge
donors [68]. The main p-type metal oxide semiconductors are Cu-based materials (Cu.O and
CuO).
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Transition metal oxides exhibit a number of drawbacks that drastically reduce their
photocatalytic efficacy. The main disadvantage of those materials is their large band gap that
does not allow the absorption of a large part of the solar spectrum. For example, TiO2 presents
a band gap comprised between 3.0 eV and 3.2 eV, depending on the crystal phase (for rutile
and anatase, respectively) [69]. For a semiconductor, according to the Planck-Einstein Equation

(24), the higher the band gap, the lower the maximum wavelength absorbable:
E=— (24)

with h the Planck’s constant (4.135 x 10°° eV.s), ¢ is the speed of light (3 x 108 m.s™) and A is
the photon’s wavelength in nm. Therefore, in the case of TiO,, the maximum wavelength
absorbable would be between 380 and 410 nm, which mainly corresponds to the UV part of the
solar spectrum. It only represents 4% on the solar radiation on Earth, limiting the ability of TiO-
to perform water splitting under solar illumination [70]. Table 3 presents several transition
metal oxides with their band gaps and the respective maximum absorbable wavelengths. It must
be noted that some metal oxide semiconductors possess a relatively small band gap allowing
them to harvest visible light, such as Fe2Os or copper oxides. However, they present another
major disadvantage: they all suffer from photo-corrosion when they are used as photoelectrodes
[71, 72]. This photo-corrosion behaviour makes them unstable in an aqueous environment and
hence less suitable for photoelectrochemical water splitting. To overcome those limitations,

ternary metal oxides were investigated.

Table 3-1: Examples of metal oxide photocatalysts and their characteristics

Metal oxide photocatalyst | SC type | Band gap (eV) | Maximum A (nm) | References
TiO> n-type 3.0-32 387 - 413 [69]
ZnO n-type 3.37 368 [73]
WO3 n-type 2.6-3.0 413 - 477 [74]
SnO; n-type 3.6 345 [75]
Fe203 n-type 1.8-22 563 - 689 [76]
Cu20 p-type 2-217 571 - 620 [77]
CuO p-type 1.2-2.6 477 - 1033 [78]
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3.2.2. Ternary metal oxide

Ternary metal oxides have been investigated as a more promising alternative to binary
metal oxide. These materials are usually studied for supercapacitor applications [79]. They are
represented by AxByO, chemical composition (with A and B transition metal elements), with
three categories depending on the A/B/O ratio: AB204, ABO2s34and AzB2Og. All these different
structures (delafossites, perovskites, spinels ...) present a large range of n-type and p-type
semiconductors; some example materials are presented in Table 3.2 [80]. Compared to binary
metal oxides, the addition of another transition metal element in the lattice brings additional
atomic orbital interactions, resulting in a change of the electronic band structure. Usually, the
band structure of a ternary metal oxide results from the hybridization of the O 2p orbital with
the orbitals from both metal cations. The addition of an additional element in the lattice helps
to push the valence band upward, resulting in a decreased band gap compared to binary metal
oxides [81]. An example is the comparison between Bi>Os and BiVOs, where the band gap of
Bi203 is 2.7 eV [82] whereas the band gap of monoclinic BiVOa is around 2.4 eV [80]. Other

examples of band gaps of ternary metal oxides are presented in Figure 3.3.
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Table 3-2: Examples of ternary metal oxide with band gaps and respective ICPE

Ternary metal oxide | Structure | Band gap | IPCE efficiency measured | Reference
(eV) (%)

ZnRh204 Spinel 2.0 8 [83]
CaFe 04 Spinel 1.9 3 [84]
CuFe204 Spinel 1.48 18 [85]
CuFeO> Delafossite 1.55 1.5 [86]
CuCrO> Delafossite 3.15 1 [87]
CuRhO> Delafossite 1.9 18 [88]
CuNbOs3 Perovskite 1.9 5 [89]
BiFeOs Perovskite 2.3 0.21 [90]
LaFeOs Perovskite 2-217 0.5 [91]

3.2.3. Efficiencies of ternary metal oxide semiconductors

As discussed in Chapter 2, the photocatalytic phenomenon can be divided into several
steps, namely the light absorption for the charge separation, the charge transport for charge
carriers’ migration to the photocatalyst surface and the charge transfer through the
semiconductor/electrolyte interface to drive the redox reactions. Each of those steps can be
associated with an efficiency, that allows determination of the IPCE for the photocatalyst,
according to Equation (22). It must be noticed that all those efficiencies are intrinsic limits for
the photoelectrochemical water splitting process, then they should be all optimised.

The light harvesting efficiency indicates how efficiently the photons are harvested by
the photocatalyst. It should be correlated with the band gap value measured for the
photocatalyst, as Eg represents the limit for photon harvesting. Nonetheless, light harvesting
efficiency gives a useful indication of which range of voltages is more suitable for the
photocatalyst to be used. Moreover, as seen in equation (22), its measurement is necessary to
estimate the IPCE. An example of the light harvesting efficiency for BiVOy is provided in
Figure 3.4c [92]. Once the electron-hole pairs are created, the charge carriers migrate to the
photocatalyst surface to perform the redox reactions, depending on the type of material used.
The charge transport efficiency mMeansport €Stimates the percentage of photogenerated charge
carriers that are separated and transported without charge recombination. Ideally, the charge
transport efficiency should be as high as possible. However, recombination events within the
bulk of a material are caused by intrinsic defects within the lattice (dislocations, grain
boundaries ...) acting as recombination centres for the charge carriers. The recombination
events can also occur at the surface of the material, due to the slow kinetics of the photocatalysts

regarding redox reactions. Hence, the surface charge transfer efficiency Nuansfer measures the
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percentage of charges transferred from the semiconductor to the electrolyte to drive the redox
reactions. Examples of the charge transport and charge transfer efficiencies are provided in
Figure 3.4a and 3.4b, with BiVOs thin films produced by Son et al. with a pulsed laser
deposition (PLD) method [93]. It was shown that a preferential crystal plane (here (0 1 0)
against (0 0 1)) resulted in higher separation and transfer efficiencies. Then, it is possible to

optimise the efficiencies by tailoring some parameters of the photocatalysts.
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3.3 Enhancement strategies

3.3.1. Oxygen vacancies

According to theory, a crystalline material has its constituent atoms perfectly arranged
in a periodic lattice. However, different types of defects, such as oxygen vacancies, change this
theoretical arrangement of the crystal and hence its physiochemical properties [94]. Oxygen
vacancies (VO) are ubiquitous in metal oxide semiconductors and have been first proposed by
Tompkins et al. in the 1960s [95]. Since then, VO were found to exist in many photocatalysts,
improving their intrinsic properties compared to stoichiometric compounds. VO can act as an
active site in (photo)catalytic reactions and enhance the optical characteristics, the electron
transport, or the surface kinetics of the material [94]. The electronic structure of the lattice
surrounding a vacancy is changed due to the redistribution of charge. One of the main effects
of this redistribution if the creation of defect levels in the band gap of the semiconductor,
allowing a better absorption of the visible light [96]. Also, these defects levels can act as
electron traps, preventing the latter from recombining with holes during charge migration [97].
However, it must be noted that an excess of VO can also reduce the mobility of electrons [98].
This is why the implementation of VO must be controlled.

Several methods for the production of VO in metal oxide compounds have been
reported. However, it is rather complicated to control the amount of VO produced during one
specific process. Calcination of a sample is one commonly used method to produce VO. Due
to the high temperatures, the surface atoms (including surface oxygen atoms) vibrate at high
frequencies and surface lattice oxygen can easily diffuse and be lost [94]. This phenomenon has
been observed for samples annealed in air [99, 100] or in oxygen-deficit atmosphere [101, 102].
The production of VO by thermal treatment depends then on the production technique and on
the compound of study. Chemical reduction is also used, by adding a reductive molecule (H> or
NHj3) that adsorbs on the metal oxide surface and captures O atoms to generate VO [94]. Finally,
High-Energy Particle Bombardment (HEPB) or ion doping demonstrated their ability to
produce OVs in several studies [103, 104].

The most common technique described in literature to establish the presence of oxygen
vacancies i1s X-Ray Photoelectron Spectroscopy (XPS) [105]. This technique is usually used to
determine the oxidation state of the surface elements of a sample. In the case of oxygen

vacancies, the O 1s high-resolution XPS spectra of a sample can be deconvoluted into several
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peaks. Specifically, one peak located at around 530.5 — 531.5 eV can be attributed to chemical
species adsorbed at oxygen vacant sites [105]. When a defect appears in the lattice, it provides
coordinated unsaturated sites for oxygen species chemisorption. As photoelectron spectroscopy
relies on the measurement of the kinetic energy of an electron removed from the core or valence
level of an atom, no photoelectron signal can originate from a missing oxygen atom in the lattice
[106]. Therefore, it is not a direct measurement of the number of oxygen vacancies, but a
measurement of the oxygen species chemisorbed on the surface of the sample. This technique
is frequently used to assess the presence of oxygen vacancies for many metal oxide

semiconductors [107].

3.3.2. Dopants and co-catalysts

The introduction of anions and cations into the lattice of a photocatalyst relies on the
same phenomenon as the introduction of oxygen vacancies into the lattice, resulting in the
formation of distortions in the lattice. This promotes the occurrence of charge carrier trap levels,
increasing the charge separation efficiency of the material. Several types of doping are possible,

with different effects on the photocatalytic properties:

- Non-metal doping, most frequently with elements having an atomic radius similar to
oxygen, such as boron, carbon or nitrogen. Asahi et al. studied the effect of the
introduction of non-metal dopants, such as C, N, or S, as substitutional dopants for O in
anatase TiOz [108]. An interaction between non-metal dopants and the O 2p orbital in
the valence band was observed. When a non-metal dopant is introduced in the lattice,
the 2p orbital from the dopant overlaps with the O 2p, resulting in a mid-gap level close
to the valence and then narrowing the value of the band gap. It should be noted that N
was used as a dopant with various ternary metal oxides via several methods, usually by
using a NHj3 treatment at high temperatures [109].

- Noble metals can be used as co-catalysts when added on the surface of photocatalysts
to enhance the kinetics of the redox reactions. In the case of noble metal nanoparticles
or clusters, the process mainly relies on the surface plasmon resonance (SPR)
phenomenon. As seen in section 3.1.1, the electrons are free to move from the valence
to the conduction band in conductor nanomaterials. SPR happens when a noble metal
nanoparticle is illuminated with light of appropriate wavelength (in the same order as
the nanoparticle size), inducing an electron oscillation. When the wavelength of the

excited light is higher than the nanoparticle size, called the resonance conditions,
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coherent oscillation of all conduction electrons at the metal surface can be generated.
Combined with the Schottky junction, an electric field is induced by the contact of metal
with semiconductor.

- Incorporation of metal cations in the lattice of semiconductors, which creates additional
trap states near the conduction band, acting as electron traps that prevent the
recombination with holes. For example, Naing et al. used Co as dopant to enhance the
photoelectrochemical performances of BiVO4 photoanode, enhancing the IPCE to more
than 40% at 450 nm [110]. The effects of trap states near the conduction band in BiVO4
was also studied by Bakhtaran et al. with the incorporation of Cu in the lattice,

increasing the degradation rate of methylene blue [111].

3.3.3. Heterostructures

A heterostructure can be defined as an interfacial structure composed of two
semiconductor materials with two different energy band structures in contact. These structures
enhance several characteristics of semiconductors, such as light absorption or charge separation
[112]. It must be noted that the introduction of heterostructures can be combined with other
enhancement methods, such as oxygen vacancies to get synergetic effects [113]. Depending on

the semiconductors combined, several types of heterostructures can be defined:

- A p-n heterostructure consists of an interfacial region formed by the contact between an
n-type and a p-type semiconductor. In this structure, the electrons produced in the CB
of the p-type semiconductor are transferred to the n-type semiconductor, while the holes
from the VB of the n-type semiconductor migrate to the p-type semiconductor. It then
results in the formation of a space-charge region at the interface and a built-in electrical
potential, allowing a better separation of the charge carriers. Several photocatalysts have
been combined to build p-n heterostructures, such as GCN/CuBi204 or p-NiO/n-ZnO
[114, 115].

- In a Z-scheme heterostructure, two photocatalytic systems are put in contact (PS I and
PS 1I), with an electronic medium in between. Under light irradiation, the
photogenerated electrons of PS II migrate to the electronic medium, where
recombination occurs with the holes from PS 1. Meanwhile, the rest of the charge

carriers (holes from PS II and electrons from PS I) drive the redox reactions. This type
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of heterostructure shows high charge-separation efficiencies and has been studied with
several photocatalysts, such as BiVO4/Au/Cuz0 or CuGaS, /RGO/TiOz [116, 117].

It is also possible to combine photocatalyst semiconductors of the same nature to build
a heterostructure. Depending on their energy band diagram, heterostructures can be then
classified into three categories: straddling gap (type I), staggered gap (type II) and
broken gap (type III), as shown in Figure 3.5. Type I or type III heterostructures often
exhibit low efficiencies, as they do not possess interleaved energy band structures. In a
type II heterostructure configuration, one of the semiconductors has its CB and VB
higher than that of the other, establishing a potential difference at the interface between
them. This potential difference enhances the charge carrier separation, preventing
recombination events. Many photocatalysts can be combined in this way, such as

BiVO4/WO; and CuBi,04/CuO [118, 119].
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Figure 3.5: Types of heterostructures (a) Type-1, (b) Type-I1, (c) Type-III [121]
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3.4 Examples of materials for photoanode and photocathode

As stated earlier, two different types of photoelectrodes are used in PEC water spliitng:
a photoanode, to drive the OER for the production of oxygen, and a photocathode, to drive the
HER for the production of hydrogen. Here, two materials are presented as potential photoanode

and photocathode

3.4.1 Bismuth vanadate as photoanode

Many photocatalysts have been studied to produce an efficient photoanode. In particular,
n-type oxide semiconductors fulfil the main requirements to perform the oxygen evolution
reaction in a PEC cell. Since the pioneering work of Fujishima and Honda with TiO> [30],
several oxide semiconductors have been studied as n-type photoanode over the past few years,
such as WOs3 [172], ZnO [173], Fe203 [174] and BiVO4 [175]. All of them are suitable for the
oxygen evolution reaction, but they also all have drawbacks that limit their
photoelectrochemical properties. For example, TiO> presents many advantages (easy
preparation, low-cost production, stability, non-toxicity), but its absorption efficiency within
the solar spectrum is rather limited by its wide bandgap (3.0 — 3.2 eV). Among alternative
photocatalysts, bismuth vanadate (BiVOj4) attracted a lot of interest in recent years and was first
reported by Kudo et al. as a promising visible light photocatalyst [176]. Its narrow bandgap (2.4
eV) makes it a suitable material for harvesting photons from the visible part of the solar
spectrum. Moreover, it exhibits good chemical stability. BiVO4 has been studied for many
photocatalytic applications, such as dye degradation [177] or antimicrobial activity [178].
Bismuth vanadate compounds present 3 different crystal structures: monoclinic scheelite (m-s),
tetragonal scheelite (t-s) and tetragonal zircon (t-z). In both zircon and scheelite structures, the
different atoms (V, O and Bi) form 2 different types of units, VO4 tetrahedron and BiOg
octahedron. In the zircon structure, each Bi atom is surrounded by six different VOg units (eight
different VO4 units in the scheelite structure) [179]. This difference induces a change in the
band structure between scheelite and zircon BiVOy, as the contribution to the valence band
mainly comes from the O 2p orbitals in the zircon structure. The V 3d orbitals contribute to the
conduction band, leading to a bandgap of 2.9 eV for the zircon structure. In the scheelite
structure, the Bi 6s orbitals overlap the O 2p orbitals, reducing the bandgap value to 2.4 eV.
Finally, the V-O and Bi-O bonds do not have the same lengths in m-s and t-s BiVO4. The VO4
tetrahedron and BiOg octahedron appear to be more distorted in the m-s structure, due to various
V-0 and Bi-O distances in the units. These distortions promote the transfer and separation of

photogenerated charge carriers and then improve the photocatalytic behaviour of bismuth
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vanadate [179]. For all those reasons, monoclinic scheelite BiVOys is the main phase of interest
for the production of an efficient photoanode. The different crystal structures can be seen in
Figure 3.6.

However, as the other n-type oxide semiconductors, BiVO4 photocatalysts present
several drawbacks, such as poor conductivity and high charge carrier recombination rates.
Several studies have focused on several strategies to improve the photoelectrochemical
properties of BiVO4 photoanodes. Among those strategies, introducing heterojunctions [181],

co-catalyst coupling [182] and creating oxygen vacancies [183] have shown promising results.

Figure 3.6: Crystal structures of (a) t-z, (b) m-s and (c) t-s BiVO4 [180]

3.4.2 Copper bismuth oxide (CuBi,04) as photocathode
Similarly to n-type metal oxide semiconductors studied for photoanode production, p-type
metal oxide semiconductors are the materials of interest for the study of photocathodes. The
latter possess in their lattice several defects due to metal vacancies, acting as electron acceptors
and resulting in a production of cathodic photocurrent when illuminated by a light source [218].
Also, their conduction band position is more negative than the standard potential for the proton

reduction (E®,+ /n, = 0.00V vs RHE), allowing them to drive the HER. As with n-type

semiconductors, materials for the photocathode should be able to harvest visible light (i.e. with
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a narrow band gap) and should be stable in aqueous environment. Most of those p-type
semiconductors are Cu-based oxide materials and are less numerous than n-type metal oxide
semiconductors. Binary copper oxides (CuO and Cuz0) are the most common materials for the
study of photocathodes, with a p-type behaviour originating from the Cu vacancies in the lattice
[218]. On one hand, they show appropriate properties to perform the HER under visible light,
with low band gaps (between 1.2 and 1.5 eV for CuO and 2 eV for CuO [219, 220]). On the
other hand, their respective redox potentials are located at energetic positions
thermodynamically more suitable than HER, making them vulnerable to self-reduction reaction
during hydrogen production [221]. Yet, copper oxides possess low onset potentials, meaning
they need an applied bias to perform HER, even when illuminated by a light source [221]. To
answer those issues, copper bismuth oxide (CuBi2O4) attracted more and more attention in
recent years as a potential photocathode material, with a first study by Sayama et al. in 2007
[222]. CuBi204 have been studied for various photocatalytic applications, from photocatalytic
pollutants degradation to synthesis of H>O» [223, 224].

Due to its chemical composition, CuBi2O4 possesses a lower band gap (between 1.6 and
1.9 eV) than copper oxides, allowing it to absorb the visible part of the solar spectrum [225].
DFT calculations were performed to understand the electronic structure of CuBi2O4. The
incorporation of Bi in the lattice results in the hybridization of the O 2p and Bi 6s orbitals,
bringing the valence band edge to lower values and thus reducing the band gap. The conduction
band results from the interaction between the Cu 2p and O 2p orbitals [226]. This electronic
configuration also prevents the material from photocorrosion compared to copper oxides.
CuBi,0s4 crystal structure is called kusachiite, which corresponds to a tetragonal crystal
structure, with space group P4/ncc (Z = 4). The parameter of the unit cell for CuBi2O4 are a =
8.4996 A, b=18.4996 A and c = 5.8172 A. The crystal structure of CuBi>O4 is shown in Figure
3.7. In the schematic Bi, Cu, and O atoms are represented by blue, orange and red spheres,
respectively. It consists of consists of [CuO4]® units stacked along the c-axis in a staggered
manner, as shown in Fig 3.7a. Bi atoms are incorporated between the stacks of [CuO4]® and

connected to 6 different O atoms, forming BiOs complexes with 3 different Bi-O bonds [227].
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Figure 3.7: a-Drawings of the CuBi,04 crystal structure as viewed (a) along the c-axis, (b) at an arbitrary angle

(reproduced from [227])

Despite its advantages, CuBi,Os suffers from several drawbacks regarding its poor
conductivity for charge transportation or poor kinetics regarding the electrochemical reactions
of water splitting. The main strategy to enhance the photoelectrochemical properties of CuBi>O4
is the creation of heterojunction with another semiconductor, such as CuO/CuBi,04 for a type

IT heterojunction or BiVO4/CuBi,04 for a p-n heterojunction [228, 229].
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4. Thin film growth and Deposition

In this chapter, the different techniques used to produce thin films are presented. This
chapter focuses on presenting magnetron sputtering as the main technique used in this thesis to
produce thin films photocatalysts. The notions of PVD, vacuum, plasma and thin films growth
are also presented.

The chapter is divided into several sections. Section 4.1 presents an overview of the
different industrial techniques used for thin films deposition. Section 4.2 introduces the notion
of vacuum and the industrial tools used to implement (pumps) or measure (gauges) vacuum.
Physical sputtering is presented in section 4.3, with the notions of industrial plasma and

magnetron sputtering. Finally, the thin films growth theory is exposed in section 4.4.

A thin film can be defined as a layer of material with a thickness ranging from nanometre
(monoatomic layer) to several microns. They are used in almost every industrial field, from
aeronautic to packaging, as well as electronic or for decorative purposes. The goal of a thin film
is to improve the surface properties of a material, which can be mechanical (wear resistance
with Diamond-Like Carbon coatings [120]) or chemical resistance (passivation layer with
AL O3/Cr03 protective layers [121]). In the case of this thesis, oxide semiconductors are used

as thin films for their photocatalytic properties.

4.1 Thin film deposition techniques

Different methods have been used in the industry to produce thin films. In the research
field, photocatalyst are produced as thin films mainly by using wet deposition processes,

chemical vapour deposition of physical vapour deposition (see Figure 4.1.).

4.1.1. Wet chemical methods

Wet chemical methods group all the process used to produce thin films using aqueous
chemical precursors. The material of interest is produced by the chemical reactions involving
those precursors and is then deposited onto a substrate surface. An annealing step is usually
mandatory, to evaporate the solvent or any by-products, and to get a crystalline material. Many

wet chemical processes can be used to produce photocatalytic coatings, such as:
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- Electrodeposition, where an electric current is used to reduce dissolved metal
cations to form the desired compound on the substrate’s surface. The main
advantage of this technique is the ability to control the thicknesses of the coatings
produced [122].

- Spin coating, where the thin film is applied as a solution on a flat substrate, which
is spinning at a certain speed to spread the material on its surface. There is a need to
synthetise the solution before using soft wet chemical methods, such as sol-gel
[123]. The obtained thin film must be then heated to obtain a crystalline
photocatalyst.

- Hydrothermal synthesis, where chemical precursors are used to synthetise a
suspension of the photocatalyst, which is then heated and filtered for several cycles.
This method is very time consuming, as it needs several steps to obtain the

crystalline material [124].
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Figure 4.1: Overview of thin film deposition techniques

The main drawback of wet chemical methods is the use of harmful chemicals involved
in the processes, that also represents a danger for the environment. In fact, most of those

processes need acidic environment to synthetise the photocatalysts.
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4.1.2. Chemical Vapour Deposition

Chemical vapour deposition (CVD) is a thin film deposition process used in the industry
for its versatility and ability to produce coatings on complex geometry substrates. In a chamber,
gas phase precursors are introduced with an inert gas carrier (usually argon) and diffuse on the
substrate surface. Once adsorbed, the precursors chemically react and diffuse on the substrate
surface to form a homogeneous coating. The chemical reactions occurring are various
(pyrolysis, reduction, hydrolysis...) and need an important energy input to occur [125]. This
energy is usually brought using elevated temperatures (> 900°C), implying high costs and
limiting the types of substrates possible. The range of pressure used for CVD processes vary
from atmospheric pressure to 10~ Pa. Those drawbacks can be avoided by several techniques,
such as the use of metalorganic precursors (MOCVD) to lower the temperatures used. Also, the
use of plasma enhanced CVD (PECVD) allows to lower the process temperatures around 300
to 500°C [125]. Thanks to a microwave source, a plasma is used to ionise the gas precursors
molecules, forming highly reactive species (electrons, ions) that can form the thin film on the
substrate surface. The main drawback of CVD processes remains the use of hazardous
chemicals as precursors (such as silane SiH4) and produces dangerous by-products that need to

be evacuated during the process.

4.1.3. Physical Vapour Deposition (PVD)

Physical vapour deposition (PVD) corresponds to the vacuum processes where a vapour
made from a solid material condensate onto a substrate surface to form a thin film. PVD requires
a medium to high vacuum to operate and vaporise the solid material (from 0.1 to 10 Pa). The
vapour can be produced by thermal evaporation, where the source material is heated at elevated
temperatures to produce a vapour, or by physical sputtering, where the collision of gas ions with
the source material atoms results in the ejection of those latter in a vacuum environment,
forming a vapour that condenses on the substrate surface [126]. PVD processes can then be
used to deposit a large variety of coatings, from metallic to ceramic, with various thicknesses
(from nanometres to microns), on various substrates. However, contrary to CVD, the geometry
of the substrates is more limited, due to the directional, line-of-sight, deposition nature of PVD

processes. Some examples of evaporation processes are:

- Thermal evaporation, where a material is heated at elevated temperatures and at low

pressure. Usually, this technique is used to form a metallic layer onto substrates, but
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the high temperatures required does not make this evaporation technique cost-
effective. [126]

- Cathodic arc evaporation, where a DC arc of high current and low voltage is applied
to vaporise a solid material source. The high-density electron cloud resulting ionises
the vaporised atoms, producing high reactive species that condensate onto the
substrate surface. It is possible to produce ceramic coatings (oxides or nitrides) by
introducing a reactive gas in the low-pressure atmosphere. [127]

- Ion plating, where the growing thin films (usually produced with an evaporation
technique) is bombarded by a concurrent ion beam directed to the substrate during
deposition. This ion bombardment is used to modify the film properties by affecting
several growth parameters (changes in the nucleation process, densification of the
film microstructure ...). However, the technique can suffer from films properties
variations due to a lack of the ion bombardment uniformity, or a high substrate
heating that limits the type of substrate that can be coated. [127]

One of the main other methods to produce PVD thin films is to use physical sputtering, that is

discussed in Section 4.3.

4.2 VVacuum

4.2.1. Definition of vacuum

In PVD processes, the different physical phenomena used (thermal evaporation,
physical sputtering) need a low vacuum environment to work. A vacuum can be defined as a
region or a volume that is “empty”, where no matter (molecules, particles) can be found. This
definition corresponds to the vacuum that exists in the depths of space, where technological
vacuum can be defined as a space with a lower pressure than the atmospheric one (101325 Pa)
[126]. Usually, vacuum is implemented by mechanically removing the gaseous species from a
given volume (for example a deposition chamber) via a pumping system, comprising different
types of pumps. Several parameters that define vacuum are important in PVD processes. One
of the most important is the mean free path of particles in the chamber. The mean free path of
a particle corresponds to the average distance travelled without undergoing collisions. When
two particles collide, they lose energy and change directions. PVD processes are considered as

directional processes, as the atoms from the solid source are ejected in a preferential direction.
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Then, to avoid collisions with other particles, the pressure inside the deposition chamber needs
to be as low as possible, to ensure that energetic particles reach the substrate to form the coating.
Vacuum pressure is usually measured in Pa and can vary from 10° Pa (atmospheric pressure) to

1077 Pa (high vacuum pressure) [128].

4.2.2. Positive displacement pumps

To reach the high vacuum needed in PVD processes, a low vacuum needs to be achieved
first by removing the air contained in the deposition chamber. In industry, low vacuum is usually
implemented using positive displacement pumps. Several types of roughing pumps exist, but
the most common positive displacement pumps are the rotary vane pumps. A rotary vane pump
is composed of an eccentrically placed rotor and a rotating vane placed in a cylindrical housing
(see Figure 4.2). This pump comprises two different chambers, completely isolated one from
the other, and both connected to an inlet and an outlet. Firstly, the gas is aspirated through the
inlet, thanks to the rotation of the vane, into an expanding space. Due to the position of the rotor
and the rotation of the vane, this space and the gas are then compressed and evacuated through
an exhaust. This operation is repeated over the time to achieve a low pressure in the deposition
chamber. This system is cheap and effective to reach low vacuum pressures but becomes
inefficient when it reaches pressure around 1072 Pa, as the particle gas density becomes too low
[129]. Then, high vacuum pumps are needed to decrease even more the pressure inside the

chamber.
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Figure 4.2: Schematic of a rotary vane pump (adapted from [130])
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4.2.3. High vacuum pumps (turbomolecular and diffusion
pumps)

When a gas reaches a low pressure, its behaviour inside the chamber changes from a
viscous fluid to a molecular regime flow [129]. A positive displacement pump is then not able
to decrease the pressure anymore, and pumps based on momentum transfer are then required to
achieve high and ultra-high vacuum. The most common ones are the diffusion pumps and the
turbomolecular pumps. In a diffusion pump, a dense, low vapour-pressure liquid (usually oil)
is heated until vaporisation. The vapour is then projected at high speed from the centre of the
pump to the external body of pump, cooled down with water cooling tubes. The vapour jets
collide with the gas particles that enter the diffusion pump, leading them to an exhaust line on
the bottom of the pump (see Figure 4.3). The oil vapours are cooled down by the pump walls,
condensate and pour down in a reservoir to be evaporated again. This process enables high
vacuum until 10 Pa [129]. The main advantage of this type of pump is its high pumping speed,
however there is a possibility of oil contamination in the coatings produced. Moreover, the
pump cannot be exposed to air due to a risk of oxidising the oil. In a turbomolecular pump, a
series of rotor blades are rotating at very high speed (from 20 x 10° to 90 x 10° rpm) and are
paired with symmetrical stator blades (see Figure 4.4). This system drags down the remaining
gas particles that diffuse into it from the chamber to the bottom of the turbo pumps, toward the
roughing pump to be evacuated. Thanks to turbomolecular pumps, high vacuum of 10" Pa can
be achieved, and oil contamination can be avoided. However, the specific configuration implies

expensive manufacturing costs for turbo pumps [129].
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Figure 4.3: Schematic of a diffusion pump system (adapted from [131])
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Figure 4.4: Schematic of a turbomolecular pump

4.2.4. Vacuum measurement

As a PVD process usually needs high vacuum to be operated, the pressure inside the
deposition chamber must be measured to ensure the high vacuum. Different types of gauges
can be used to measure the pressure inside a deposition chamber. To measure low vacuum,
Pirani gauge is mainly used. A Pirani gauge is made of a metallic wire heated by a current. Due
to the gas molecules colliding with the wire, the latter loses heat and its temperature decreases.
This temperature loss causes a change in the resistance of the wire, which is measured by a
bridge circuit (see Figure 4.5) connected to the heated wire. So, any change of the gas pressure
leads to a change of the wire resistance: if the pressure decreases, less gas molecules collide
with the wire and its temperature increases. The resulting change of resistance is then converted
into a reading of pressure. The masses of the different gases are different and then the heat loss
due to the colliding molecules depends on the type of gas. Thus, the Pirani gauge should be
calibrated to the type of gas used. It should be noticed that the range of pressures measured

varies from 0.13 to 133 Pa [129].
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Figure 4.5: Schematic of a Pirani gauge [129]

The Baratron™ gauge (from the name of the manufacturer that first made these gauges
available) is a capacitance manometer gauge. It is composed of a tube where a flexible
diaphragm separates a reference vacuum from the vacuum of the system studied. Two
electrodes are placed on both sides of the diaphragm. When the diaphragm is moved by a change
of pressure, the capacitance between the diaphragm and the electrodes changes. This pressure
variation can be directly linked to the change of capacitance measured. It does not depend on
the type of gas as it only relies on the diaphragm deflection. The Baratron gauge is usually used
between 1 Pa and 107 Pa. [129]. A schematic of a Baratron gauge is shown in Figure 4.6. The
Penning gauge is a cold cathode ionisation gauge. An anode and a cathode are placed within a
magnetic field. An applied potential between the electrodes (around 2 kV) produces a glow
discharge. The pressure is indicated by the measurement of the produced ion and electron
currents. The higher the pressure, the greater the ion/electron formation. The usual geometry of
a Penning gauge is a cylindrical cathode circling an anode, both between the magnets (see
Figure 4.7). A Penning gauge only works at a specific range of pressure, as the glow discharge
cannot happen if the pressure is too high (too many molecular collisions) or too low (not enough
collisions to sustain the glow discharge). The working pressure of a Penning gauge varies from

1.3 Pato 1.3 mPa[129].
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4.3 Physical Sputtering

4.3.1. Plasma

Plasma, identified and named by Langmuir in the 20" century, is often defined as the 4"
state of matter, after solid, liquid and gas states. The different states of matter can be defined by

the way the particles behave within the matter [132]:

- In solid state, the atoms only vibrate, are closely bonded together and cannot move
freely within the matter. Their arrangement can be either patterned (crystalline
materials) or random (amorphous materials). The shape and volume of solids are clearly
defined in space.

- Inliquid state, the atoms and molecules take the whole space of its container, while still
closely bonded, allowing them to move freely in the container.

- The gas state is a fluid state, where the particles take the whole space of its container
and can move freely within without being bounded to each other. Contrary to liquids,
gas are compressible fluids.

A plasma is a gas where not only atoms and molecules can be found, but also charged
particles, such as electrons, ions, and radical species. It is also called an ionised gas. All those
species are moving freely within the plasma, resulting in a conductive behaviour of the plasma
(due to the movement of charged particles), despite being a neutral (or quasi neutral)
environment [133]. The plasma can be then influenced by magnetic and electric fields. Different
parameters can define the temperature of the plasma studied. The average electron energy
defines the electrons temperature within the plasma (measured in electron-volts eV) while the
electron density (in cm™ or m~) measures the number of electrons for a given volume. The
plasma can be then characterised as thermal (hot) or non-thermal (cold). In a hot plasma, the
temperature of electrons and the ions are quite similar, whereas a cold plasma possesses
electrons with greater temperature than the ions. Examples of hot plasma can be found in space
(stars) or in processes that require a huge amount of energy (thermonuclear fusion). Examples
of cold plasmas can be found in Figure 4.8, with magnetron discharges or glow discharges. In
technological plasmas, a high degree of ionisation of the plasma is required to make the process
used efficient. The degree of ionisation can be defined as the ratio between the charged particle
density (here the electrons) and the total particle density and can be expressed with Equation

(25):
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a= (25)

Net+ny

with a the degree of ionisation of a plasma, ne is the electron density and nj is the neutral species
density [133]. The ionisation process can follow different pathways depending on the way the
plasma is produced. In the case of plasma produced in a vacuum environment, the plasma is
formed by applying a high electric field between a cathode and an anode, ionising the plasma
gas atoms, and generating free electrons. Moreover, a direct ionisation occurs from the inelastic
collision between the free electrons produced and gas atoms [134]. The direct ionisation process

is described in Equation (26):

A+e” o AT + 2e” (26)
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Figure 4.8: Average electron density and energy of various plasma types [132]

4.3.2. Sputtering phenomenon

The physical sputtering phenomenon is based on the sublimation of a target material by
the bombardment with positive gas ions. It was discovered in 1852 by W.R. Grove [135] and is
used for many industrial applications to produce thin coatings. It is usually preferred for
industrial applications compared to evaporation for many reasons [136]. The main drawback of

evaporation processes is the elevated temperatures used due to the high melting point of several
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source materials. This requires a huge amount of energy (and so high costs) and limits the type
of substrate that can be coated. Moreover, sputtering has demonstrated the ability to produce
stoichiometric ceramic thin films on large areas (ex: windows of several square meters) with a

high homogeneity.

The principle of sputtering relies on the ejection of the atoms from a solid source
material (target) due to the collisions of accelerated gas ions with the target surface. The
sputtered atoms then diffuse through the process chamber to condensate on the substrate surface
to form a thin film. The process is carried out in a vacuum chamber, and the gas used for
sputtering is a noble gas, usually argon. The argon gas is ionised thanks to a negative voltage
applied on the cathode (the target material), and the positive ions produced are accelerated
toward the target [136]. The collision between the argon ion and the cathode surface atoms
results in the transfer of momentum from the ions to the target atoms, ejecting them from the
target surface. Moreover, secondary electrons are produced thanks to the collisions, allowing
continued ionisation of the argon atoms and then a plasma stability. The number of atoms
ejected during sputtering depends on the sputter yield of the material (Y), which corresponds
to the number of atoms ejected per incident ions (see Equation 27). Figure 4.9 shows a

schematic of the sputtering principle.
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Figure 4.9: Sputtering principle
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4.3.3. DC Diode Sputtering

DC diode sputtering represents the simplest form of sputtering process and is presented
in Figure 4.10. Two plate-electrodes (a cathode and an anode) are placed parallel one to another
in a vacuum chamber. The cathode is the target source material, and the anode is the substrate.
The plasma forming gas is introduced in the chamber at pressures ranging from 10 to 0.1 Pa. A
DC power supply is used to apply a negative potential to the cathode, resulting in a glowing
plasma between the electrodes: electrons are removed from the cathode, exciting the argon
atoms and ionising them to form a plasma. Then, the same phenomenon describes in the
previous paragraph happens: the argon ions are then accelerated toward the cathode, sputtering
the atoms from the target to the substrate, forming a coating, with the generation of secondary
electrons for the plasma stability [136]. DC diode sputtering is a PVD method that allow the
production of thin metallic films. However, several drawbacks can be listed for this technique,
such as low deposition rate and low ionisation efficiency. Moreover, the deposition of dielectric
materials is very difficult to produce by DC diode sputtering, due to the insulating nature of
dielectrics. Radio Frequency (RF) sputtering can be a tool to sputter dielectrics, but the
deposition rates remain very low, and the cost of production can be high due to the RF power

supply [136]. To enhance the sputtering process, magnetron sputtering has been developed.
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Figure 4.10: DC diode sputtering schematic
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4.3.4. Magnetron sputtering

As seen before, several drawbacks (low deposition rates and low ionisation efficiency)
do not make DC diode sputtering suitable for thin films production at the industrial level. An
early study of the influence of magnetic fields onto DC glow discharge by Albert Hull was
published in 1921 [137]. In the sputtering processes, a magnetron is a system of magnets placed
behind the cathode target during deposition. A centre magnet (or inner magnet), placed behind
the centre of the source material target, is circled with magnets of opposite polarity. A permanent
magnetic field is then implemented in front of the target and is used to confine the plasma in
the target vicinity. A magnetron configuration is illustrated in Figure 4.11. It must be noticed

that the magnetic field B implemented is parallel to the target surface [138]. The magnetic field

B exerts a force F , known as Lorentz Force, onto charged particles in motion described with

Equation (28):

-

F=q@AB) (28)
F=qxE+q{@+B) (29)

with q the electronic charge of the particle, ¥ the electron’s velocity and B the magnetic
induction. The electrons are the particles that are governed by this force, as the ions mass is
too heavy. An electron subjected to a uniform magnetic field will then have a helical motion,

drifting parallel to the magnetic field lines and orbiting around it. During sputtering, an
additional electric field E, perpendicular to the magnetic field, exerts a constant force on the

electrons (see Equation (29)). This combination of electric and magnetic fields induces a

specific helical motion, known as “E x B drift”, where the electrons drift parallel to the

cathode surface, but perpendicular to the magnetic field [138]. When using a planar

magnetron, this drift path is organised to close on itself, trapping the electrons near the target.

Racetrack

Figure 4.11: Schematic of magnetron configuration used in magnetron sputtering
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This electron trap increases the probability of collisions with Ar atoms, leading to a
higher degree of ionisation of the plasma in the target vicinity. In addition, the secondary
electrons produced by the ion bombardment of the target are also trapped, enhancing the
ionisation of the plasma. Magnetron sputtering requires lower Ar pressures comparing to DC
diode sputtering, enhancing the mean free path of the ejected atoms and then the deposition rate
of the sputtering process. This results in a higher probability to encounter an Ar atom and then
to ionise it. The density of Ar" ions increases in the target vicinity and with it, the ion
bombardment on the target surface. The number of ejected atoms is greatly enhanced, allowing
higher deposition rates on the substrate. Moreover, more secondary electrons are produced,

allowing an efficient ionisation of the argon gas.

The configuration of the magnetron is also a key factor to ensure a higher deposition
rate, as the magnets arrangement changes the strength, and directions of the magnetic field lines

produces:

- With inner and outer magnets of equal strength, the magnetron is called “balanced”: the
magnetic field lines close on themselves, confining the plasma near to the target surface
with a high ionisation level. However, this region of dense plasma does not extend more
than ten of millimetres from the target, meaning that a substrate out of this region cannot
be subjected to ion bombardment (see Figure 4.12a). [139]

- With the inner magnet stronger than the outer ones, the magnetron is a “type-I
unbalanced magnetron”: the magnetic field lines are directed toward the walls of the
chamber, with a low-density plasma in the substrate vicinity (see Figure 4.12b). [139]

- With the outer magnets stronger than the inner one, the magnetron is called a “type-II
magnetron”: the magnetic field lines does not all close on themselves, but some are
directed toward the substrate. The plasma is then not just confined in the target vicinity,
but is extended towards the substrate, allowing a significant ion current to be transported
to the deposited film (see Figure 4.13c). [139, 140]

In industry, the geometry of components to coat varies from simple (flat surfaces for
example) to very complex shapes. Therefore, multiple magnetrons are usually used to ensure
the production of uniform coatings. Different configurations are then possible in a multiple
magnetrons system, where one magnetron is paired with another one of similar or opposite
polarity. An example is shown in see Figure 4.11d. When the polarities are the same, the
configuration is called “mirrored”: the magnetic field lines are directed toward the walls,

resulting in a low plasma density in the substrate vicinity. When the polarities are opposite, the

69



configuration is called “closed-field”: the field lines are linked between the magnetrons,
resulting in a high-density plasma in the substrate vicinity and then a high energetic
bombardment of argon ions on the growing coating. Their energies are transferred to the

adatoms, allowing a higher mobility, and then producing a high quality and dense thin film

[141].
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Figure 4.12: Configurations of (top right) balanced, (top left) unbalanced type-I and (top middle) unbalanced

type-II magnetrons, (bottom) Closed field configuration with unbalanced type II magnetrons
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4.3.5. Reactive magnetron Sputtering

Sputtering is not only suitable for the deposition of thin metallic coatings, but also for
the deposition of dielectrics and ceramic coatings. Reactive magnetron sputtering consists in
the introduction of a reactive gas in the plasma glow discharge to produce the compound of
interest (O2 for oxides, N2 for nitrides ...). When the reactive gas is introduced, chemical
reactions take place onto the surface of the cathode target, forming a compound layer, which
acts as an insulator. This phenomenon is called “target poisoning” and affects the usual
sputtering conditions for the metallic coatings [142]. The target poisoning can be observed by
a hysteresis behaviour of the electrical parameters. An example is given is Figure 4.13, showing
the evolution of the voltage applied to a bismuth target as function of the oxygen flow, in an
argon/oxygen atmosphere. The hysteresis curve can be divided into several regions,
respectively a ‘metal mode’ and a ‘poisoned mode’ [142]. The metal mode is characterised by
a relatively low reactive gas partial pressure, the compound layer is not built up and the
deposition rate stays high. During the poisoned mode, the compound is completely formed onto
the target’s surface, the electrical parameters completely change, and the deposition rate is
drastically reduced. Usually, hysteresis curves exhibit a transition mode, corresponding to a
range of reactive gas flow where the hysteresis behaviour occurs. This transition mode
corresponds to the deposition of stoichiometric compound at relatively high deposition rates.
Optical Emission Monitoring (OEM) systems are usually used to control the reactive gas flow
and ensure the deposition of stoichiometric compounds. It must be noticed that the reactive
sputtering of ceramic compounds with metallic targets is more convenient that sputtering with
dielectric target materials, due to the difficulty to maintain a glow discharge with dielectric

cathodes.
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Figure 4.13: Example of hysteresis curve for sputtering process of Bi target in argon/oxygen
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4.3.6. Pulsed DC magnetron sputtering

The main drawback when using reactive sputtering for the deposition of ceramic layers
is the formation of an insulating compound on the surface of the target. Due to their insulating
nature, these compound layers act as capacitor, accumulating electrons until they discharge by
the formation of electric arcs in the chamber. In the best-case scenario, it can result in the
formation of defects in the coatings due to the presence of target ejected. It can also damage the
whole device to the formation of electric arcs. Finally, the insulating layer drastically reduces
the deposition rate. To overcome these issues, Pulsed DC magnetron sputtering was developed
in early 1990s [143]. In DC sputtering, a negative voltage is constantly applied on the target.
The idea of pulsed DC sputtering is to periodically switch off the voltage applied on the target
(or to switch to a small positive voltage) in order to discharge the compound layer (see Figure
4.14). This period is called “pulse off”. To characterise the voltage waveform in pulsed DC
sputtering, the duty cycle (corresponding to the ratio between the “pulse on” and the full cycle
time) is used. This duty cycle is usually comprised between 50 and 90%, depending on the
frequency used (from 0 to 350 kHz) [143]. The combination of pulsed reactive sputtering with
the magnetrons closed-field configuration can then be used to obtain defect-free thin oxide

layers with a high sputtering rate.
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Figure 4.14: Voltage waveform of a power supply operating in asymmetric bipolar pulsed DC mode
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4.4 Thin films growth

In PVD processes, the ejected particles from the target source material eventually
condense onto the substrate to form a thin film. This growth step is a complex process,
influenced by several factors, (such as the deposition conditions) and allows the formation of

different types of morphology and structures for the thin film.

4.4.1. Nucleation-growth

Nucleation growth of thin films with vapor deposition is a typical case of heterogenous
nucleation, where atoms from a vapor phase condense onto a substrate made of atoms different
than those from the vapor. A basic schematic of atoms condensation in thin film growth is shown
in Figure 4.15. Firstly, the evaporated atoms adsorb onto the substrate surface. These atoms (or
adatoms) can still have some energy left after the adsorption, allowing them to move around
the surface with a certain degree of mobility. This mobility is dependent upon various factors,

such as the substrate temperature or the substrate chemistry [144].
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Figure 4.15: Simple schematic of thin film growth on substrate

One of the main factors that influence a thin film growth is the interactions between the
substrate and the adatoms. Three main growth modes have been studied (see Figure 4.16) [144,

145]:

- Volmer-Weber growth mode (Island): The binding energies between adatoms are
stronger than those between adatoms and the substrate. The adatom-to-substrate
interaction is weak, allowing the adatoms to cluster together and to form islands. Those
islands represent then preferential nucleation sites for the next adatoms, which

eventually coalesce to produce a homogeneous film.
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- Frank — van der Merwe growth mode (2D layer): The adatom-to-adatom interactions
are stronger than the adatom-to-substrate ones. The adatoms then condensate onto the
substrate, forming layers that grow one on top of another.

- Stranski-Krastanov growth mode (2D layer + island): It is a combination of the Volmer-
Weber and Frank-van der Merve models. At the beginning of the film growth, and
adatom-to-substrate interactions are stronger, leading to the formation of a 2D layer.
With the growing thickness of the 2D layer, further layer growth becomes energetically

unfavourable and 3D islands start to grow.

0 <1ML 1<B8<2ML 0>2ML
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Stranski and Krastanow

Figure 4.16: Schematic representation of the three possible thin film growth models (ML = monolayer)

It must be noticed that for each growth modes, the interactions between adatoms and the
substrate result in surface energies, according to the Young’s Equation (30) (see Fig. 4.17)
[146]:

Y8 =V +Yyacosg (30)

where yB is the surface energy of substrate, YA is the surface energy of film material and y* is
the surface energy of film-substrate. Then, it is possible to classify the growth models described
above in terms of surface energies. The island growth (¢ > 0) mode occurs when yp < y* +
¥4 cos @, whereas the 2D layer growth (¢ = 0) is preferred when yz > y* + y,cos . Ina 2D
layer + island growth mode, the wetting angle of the adsorbed adatoms tends to increase with
the thickness of the monolayer deposited, leading to the formation of 3D islands on top of 2D
layers [146].
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Figure 4.17: Schematic representation of the Young’s equation between an adsorb particle and a substrate

4.4.2. Microstructure evolution

The evolution of the microstructure of a thin film during the nucleation growth is a
parameter of importance, as it defines its final properties. The substrate temperature T represent
a parameter of importance for the microstructure evolution, as it can provide to the adatoms the
energy needed to reach preferential nucleation sites. Different processes related to Ts have been

identified [146]:

- Shadowing effect: the adatoms are growing related to the morphology of the surface

(roughness). This effect is predominant for low Ts.

- Surface diffusion effect: When Ts increases, the adatoms gain more mobility on the
surfaces and interfaces (grain boundaries)

- Bulk diffusion effect: The adatoms have a mobility not just on the surface, but also in
the bulk of grains.

- Recrystallisation effect: With high Ts, the adatoms can change in crystal orientation and
have phase transition.

However, for the deposition of metal and dielectrics, the diffusion of adatoms is also
related to the melting temperature of the material Tr. In 1969, Movchan and Demchishin
proposed a structure zone model (SZM) applicable to the film growth of various metallic
coatings [147]. In this model, the morphology of vacuum deposited thin films relies on the
homologous temperature, corresponding to the ratio between the substrate’s temperature and
the source material’s melting temperature (Ts/Tm). Then, three different growing zones can then

be defined (see Figure 4.18):
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- Zone I (Ts/Tm < 0.3): the adatoms have a low mobility, no diffusion can occur on the
substrate surface, the microstructure formed is porous with fine grains.

- Zone II (0.3 < Ty/Tm < 0.5): at higher homologous temperatures, some interfacial
diffusion can occur, resulting in the formation of columnar structures.

- Zone IIl (T¢/Tm > 0.5): When the homologous temperature is higher than 0.5, bulk
diffusion occurs with activation energies above 0.3 eV, resulting in dense films with

large grains.

Figure 4.18: Structure zone diagram model from Movchan and Demchishin [147]

The SZM developed by MD was extended several times, to account for the evolution of
the PVD technologies and related to their particular operating parameters. For example, Barna
and Adamik proposed a model in 1998 related to thin films deposited by thermal evaporation
[148]. In 1974, the Thornton SZM describes the crystalline structure of sputtered metal films
based on their homologous temperature and the argon gas pressure used during sputtering [ 149].
In this model (illustrated in Figure 4.19), the previous zones (zone I, zone II and zone III) are
still present, with a zone I extended for homologous temperatures higher than 0.3 combined
with high argon pressure. However, an additional zone, called transition zone (zone T), is
located between zone I and zone II. This transition zone is made of densely packed fibrous
microstructure, as the result of the high mobility and diffusion of adatoms, compensating the

shadowing effect caused by the low temperature of the substrate.
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Figure 4.19: Thornton SZM [150]

With the introduction of magnetron sputtering, the plasma produced in sputtering
processes becomes denser and more ionised, resulting in energetic ion and atom fluxes that
reach the substrate surface. Especially, the energetic ions produced can transfer their energy to
the growing thin film, causing rearrangement in the structure of the film, such as adatom
displacement or vacancies. The ratio between the ion flux (J;) and the atom flux (Ja) then play
an important role in the coating’s microstructure and can be used to redefine the SZM. In 1998,
Kelly et al. studied the microstructure of thin metallic films (Al, Zr and W) produced by closed-
field unbalanced magnetron sputtering (CFUBMS) [151]. In this 3-axis model (see Figure
4.20a), the microstructure produced is the result of the homologous temperature, the ratio
between the ion and the atom fluxes (Ji/J.) and the bias voltage applied to the substrate. It
appears that the formation of porous and voided structures was completely suppressed. The
high energetic bombardment of Ar" ions allowed the formation of dense columnar structures,
corresponding to the Zone Il and Zone III of the original SZM, but at homologous temperatures
far below those required by PVD processes. Moreover, this model allows understanding of the
influence of each energy parameter, especially the influence of the ion-to-atom ratio on the

coating’s microstructure.
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Figure 4.20: (a) Structured zone model proposed by Kelly and Arnell related to the CFUBMS, (b) 2D-slices
through SZM at constant bias V1 and V2 (V2> V1) [152]
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5.Summary of literature review

The photocatalytic phenomenon appears to be an interesting process to produce green
hydrogen from a renewable source of energy (solar energy) with a sustainable source of
hydrogen (H2O). The configuration of interest is the photoelectrochemical water splitting,
where two photoelectrodes are used to drive the overall water splitting reaction by harvesting
the light from an illumination source. Many configurations can be studied, all presenting
drawbacks and advantages. However, several factors currently limit the efficiency of binary
metal oxides photocatalysts like TiO2, such as their limited light harvesting efficiency, due to
their high band gap. Nowadays, the photocatalysts of interest are the ternary metal oxide
semiconductors, who presents advantages such as lower band gaps. The main challenges of
these photocatalysts remains their poor efficiencies regarding the kinetics of the redox reactions
associated to the overall water splitting reaction. Several ternary metal oxide semiconductors
have been identified as potential candidates to be used in a tandem PEC water splitting cell.
Especially, BiVO4 and CuBi204 appears to be the most interesting photocatalysts to be used as

photoanode and photocathode, respectively.

Different techniques for thin films production have been presented in the previous chapter.
Despite the fact that all presents some advantages, the technique chosen for the production of
photocatalysts coatings used as photoelectrodes is pulsed DC magnetron co-sputtering. Its
versatility, scalability for potential upscaling and repeatability makes it a suitable technique for
the production photoanodes and photocathodes. In addition, it represents an interesting field of
studies, as most of the literature is dedicated to chemical solution deposition for the production
of photoelectrochemical thin films. It can then represent one of the novel contributions of the
thesis. Moreover, several properties of the photoelectrodes produced can be optimised by pulsed
DC magnetron sputtering, such as their thicknesses, compositions or their morphology. All of
these parameters are of importance regarding the photocatalytic phenomenon applied to water

splitting.

The following part presents the methodology used in this work to produce efficient
photocatalyst thin films by pulsed DC reactive magnetron sputtering, the analytical techniques
used to characterise them (morphology, crystal structure, composition ...) and the analytical

techniques used to assess their photoelectrochemical properties.
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II. Methodology

This chapter presents information about the thin film deposition technique used for the
production of coatings discussed in this thesis, including vacuum measurement, reactive gas
control and types of power supplies used. The Teer Coatings UDP350 sputtering rig used for
the coating production by pulsed magnetron sputtering method. Following, the different
analytical techniques used in this thesis are presented, divided in several sections for each

characterisation technique.

6. Experimental techniques

6.1 Thin film deposition technique

All photocatalysts were deposited using a Teer Coatings Ltd UDP 350 sputtering rig
(see Figure 6.1). To achieve a high vacuum, with a base pressure of 2¢ Pa, a combination of
rotary vane (BOC Edwards 40) and turbo molecular (Leybold TMP1000) pumps were used.
The pressure was monitored by using three different gauges: Pirani, Penning and Baratron
(capacitance manometer). The coatings were deposited using rectangular metallic targets
(300mm x 100mm), vertically placed in a close field configuration with unbalanced type II
magnetrons from Teer Coatings Ltd (see Figure 6.2a and b). The substrates were placed on a
rotatable substrate holder to ensure the uniformity of the coatings deposited. During the
deposition runs, the rotation of the substrate holder and the distance between the targets and the
substrates were kept constant (4 rpm and 20 cm, respectively). The argon flow was maintained
at 40 sccm, and several oxygen flow rates were used (10 or 20 sccm) depending on the material
deposited. The magnetrons were powered in pulsed DC mode using an Advanced Energy
Pinnacle Plus power supply, with two channels at a frequency of 100 kHz and 60% duty cycle.

Different substrates were used during depositions to be used in different experiments:

- Fluorine-doped tin oxide (FTO) coated glass from Pilkington®, with a resistance sheet
comprised between 12 and 14 Q/sq, to produce photoelectrodes for
photoelectrochemical tests.

- Fisherbrand ™ soda-lime glass microscope slides, to study the photocatalytic activity
of the samples produced.

- Si wafer for analysis of compositions (EDX).
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The substrates were all ultrasonically cleaned in acetone and then isopropanol prior to
deposition. All chemicals were purchased from Sigma Aldrich, unless stated otherwise. For the
production of bismuth vanadate coatings, metallic bismuth and vanadium targets (300mm x 100
mm, 99.5 % purity) were used simultaneously, as shown in Figure 34. The vanadium target was
replaced by a copper target when copper bismuth oxide was produced. The targets were used in
a close-field configuration to ensure a high ionic bombardment [152] of the substrates during

the deposition and then the formation of dense coatings.

Figure 6.1: Teer Coatings Ltd UDP 350 rig
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Figure 6.2: (a) Schematic of the UDP 350 sputtering rig configured for BiVOj thin film production; (b) Close-

field magnetrons configuration for the production of BiVOy thin films
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6.2 Photoelectrochemical cell configuration

A typical electrochemical cell consists of two electrodes, an anode and a cathode, immersed
in an aqueous electrolyte solution. The cell itself can have different shapes (rectangular,
cylindrical...) and configurations (one or two compartments, presence of ion exchange
membrane for the separation of reactive species). This part will be discussed in Chapter 8. A
system of electrolyte circulation can also be implemented. One additional parameter of the PEC
cell comparing to the usual electrochemical cell is the ability to let the light penetrate through
the cell to reach the photoelectrodes. Moreover, a specific illumination area must be well
defined to be able to compare one measurement to another. Figure 6.3 presents the three-
electrode configuration of the PEC cell used in this thesis. The cell used in the thesis is based

on the one developed by Lopes et al., and is composed of several parts [163]:

- Atransparent acrylic body with a capacity of 100 mL (1).

- Two quartz windows ((2), at the front and back of the transparent acrylic body) of 5 x 5
cm?, that defines the maximum illumination area of the samples tested. The presence of
two windows allows an illumination of the photoelectrode from back and front,
depending on the number of light sources used.

- Two removable metallic frames (front and back) used to press the quartz windows
against an O-ring by means of twelve screws.

- Two black acrylic masks (3) placed next to the metallic frames, allowing an illumination

area of 5 x 5 cm?.

Figure 6.3: Configuration of the PEC WS cell (1) Cell acrylic body, (2) Transparent quartz window, (3) Dark
acrylic mask, (4) Xe light source, (5) Electronic light shutter, (6) Working electrode, (7) Ag/AgCl reference

electrode, (8) Pt mesh counter-electrode
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The photoelectrochemical measurements performed in this work were done in a three-
electrode configuration. As it is shown in Figure 6.3, the PEC configuration is composed several

elements.

- In a three-electrode configuration, three different electrode are used: the working
electrode, the counter-electrode and the reference electrode. The working electrode
(WE, (6) in Fig. 6.3) is the electrode where the reactions of interest are studied. In PEC
water splitting, the WE is usually made of a thin layer of photocatalyst deposited onto a
transparent conductive substrate. The conductive substrate is used to ensure that the
charge carriers produced by the photocatalyst properly flow from the WE to the CE to
ensure the chemical reaction occurring on the other reaction site. The back contact
between the substrate and the photocatalyst should be good enough to ensure an efficient
charge transfer to the external circuit [165]. Usually, fluorine-doped tin oxide (FTO) and
indium tin oxide (ITO) are used as conductive substrates. Also, the transparency of the
substrate is an important parameter if utilising an illumination from the back face of the
photoelectrode. In this work, the WE was composed of a thin layer of BiVO4 (for the
photoanode) or CuBi204 (for the photocathode) deposited by magnetron sputtering onto
a FTO substrate. For the working electrode, the geometric surface area in contact with
the electrolyte was defined by applying an epoxy resin mask (see Figure 6.4). Each
samples was defined with a 1 cm? geometric surface area to ensure the comparison
between the samples.

- The counter electrode (CE, (8) in Fig. 6.3) provides the reaction site for the other half-
reaction of water splitting, which should have a large surface area and fast kinetics, so
as not to limit the circuit current. The common CEs for the n-type photoanode and p-
type photocathode are Pt and RuO; (or IrO,), respectively [165]. In this work, the
counter electrode used was a Pt mesh (5 x 5 cm?, 99%, Sigma Aldrich).

- The reference electrode (RE, (7) in Fig. 6.3) in a three-electrode configuration is used
to ensure that the potential of the WE are applied and measured with respect to a well-
defined electrochemical potential scale. Saturated calomel electrodes (SCEs) and
Ag/AgCl Res are usually used. In publications on PEC water splitting, the applied
potential measured with respect to a SCE or Ag/AgCl reference electrode is normally
converted into the reversible hydrogen electrode (RHE) scale for easy comparison
between reported data in the literature [165]. The conversation process is based on their

potential with respect to the standard hydrogen (SHE). For instance, the potential
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applied on the RHE scale with a reference electrode Ag/AgCl in a 3.0 M solution of KC1

can be determined with the following equation:
ERHE = EOAg/AgCl + 0.059 x pH + EAg/AgCl (39)

where Eruk is the potential on the reservable hydrogen electrode (RHE) scale, E° Ag/AgCl

is the standard potential of the Ag/AgCl electrode (0.197 V vs RHE when using a
saturated KCl solution) and Eagagci is the potential applied with respect to the Ag/AgCl
reference electrode. In this work, the reference electrode used was a Ag/AgCl reference
electrode (EO = 0.197 VruE).

To ensure the conductivity between the photoelectrodes and to complete the electrical
circuit, an electrolyte with a good ionic conductivity should be used. It must be noticed
that the electrolyte should not react with the photoelectrode to avoid any degradation
during the measurement. For example, BiVOys is usually used with neutral electrolyte
(NazS04, K2SO4 or KH2PO4/KoHPOs) because of the degradation is bismuth
compounds in acidic environments [164]. For acidic electrolyte, H2SOj4 is usually used
(to ensure the presence of H" protons) and KOH or NaOH are usually used for alkaline
electrolytes. Finally, the electrolyte should not contain any other redox couple than the
one studied, to avoid any side redox reactions. In this work, the electrodes were
immerged in an aqueous electrolyte (0.5M Na>SOys, prepared from anhydrous Na>SO4
powder from Sigma Aldrich, 99% purity). The three electrodes were connected to an
Autolab potentiostat from Metrohm (PGSTAT302N) to perform the different

photoelectrochemical measurements.

Copper tape —————
— FTO substrate
s

Epoxy resin

Photocatalyst
layer

Figure 6.4: Schematic of a masked working electrode
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The light source system (4) used in this thesis is composed of a Uniform Arc light source
system LSU308 from Quantum Design, powered by a 150 — 300 W arc lamp system LSN354.
The lamp used is a 300W Xe lamp, as it reproduces the AM 1.5G spectra (see Figure 6.5), and
the optical system includes an electromechanical shutter. A series of filters is placed on the light
source, a 325 nm UV filter (to protect the user from the high energy UV radiation produced by
the light source) and an Air Mass filter from Newport (81094). The light source used is also
equipped with an electronic shutter, to alternatively switch off and on the illumination onto the
WE. The light source was placed at approximately 18 cm distance to ensure a uniform output
illumination on the sample and to obtain a total power density for the light source of around

100 mW.cm™, measured with the use of a photodiode.
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Figure 6.5: Typical Xenon spectra of ozone free lamp from Quantum Design (reproduced from technical Data

sheet, product LSB530)
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7. Analytical techniques

7.1. X-Ray Diffraction

X-rays are a type of electromagnetic radiation, produced by electronic transitions with
the electrons releasing their energy [153]. Due to their high energy and short wavelength (in a
range of 10 m or Angstrom), X-rays have a better ability to penetrate matter. X-rays are
largely used today in different fields, from medicine (production of radiography) to geology
(phase identification of minerals). Thus, X-Ray Diffraction is a powerful analytical technique

used for the identification of crystal phases in solid materials.
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Figure 7.1: Principle of X-Ray diffraction
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To produce X-Ray, a tungsten filament is heated in a vacuum environment to produce a
higher energy electron beam which is directed towards a metal target (in this case copper). The
electron beam causes the release of core electrons from the copper atoms, which are replaced
by outer electrons that release energy equal to the transition energy between electron orbitals,
thus producing an energetic and monochromatic radiation source. The wavelength of the X-
rays produced depends on the nature of the anode (for example, K,Cu = 1.54 A and KMo =
0.71 A) [153]. Due to the periodic nature of a crystalline structure, and the similarity in feature
size to the radiation wavelength, the X-rays produced are diffracted to produce constructive or
destructive radiation and captured by an X-Ray detector, leading to diffraction patterns that are
characteristic for each crystalline material (see Figure 7.1). The relation between the X-Ray

beam diffraction angle and the crystal lattice is determined by the Braggs equation (Equation
(31)):

nil = Zdhleine (31)
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where n is an integer, A is the wavelength of the X-ray beam, dn is the crystal lattice
spacing and 0 is the diffraction angle. The identification of the crystal structure of a material is
crucial as a compound can exist in different crystal phases. For example, bismuth vanadate is
reported to have different crystal phases with different lattice spacings (i.e. monoclinic and
tetragonal), which has a significant impact on the photocatalytic performances. In this work,
the photocatalysts crystallinity was assessed by X-Ray diffraction. The XRD patterns were
obtained using a PANalytical Xpert system, with CuK, radiation (0.154 nm) with the
accelerating voltage and applied current set to 40 kV and 30 mA, respectively. The diffraction
patterns were recorded in grazing incidence mode at 1°, with a 26 range of 15 to 60° in steps of
0.025° at a step time of 0.88s per step. The XRD were then identified using the International
Centre for Diffraction Data (ICDD). In addition, in-situ XRD measurements were done on the
BiVO4 photoanodes to analyse the evolution of the XRD patterns with the temperature, starting

from room temperature to 500°C with an increment of 100°C.

/.2 Raman Spectroscopy

Raman spectrosocpy is a non-destructive spectroscopy technique that relies on
molecular vibrations to characterise the structure of a material. The Raman scattering
phenomenon is based on the interaction between a monochromatic light and samples bond
vibrations. When a monochromatic light source illuminates a material, the incident photons
interact with the molecules, transferring their energy to the electron clouds. Those electrons are
then excited for a brief moment, passing from an energy state to a virtual excited one, then relax

by emitting a photon. Two types of interactions exist:

- The elastic interactions (Rayleigh scattering), where the scattered photons and the
incident ones vibrate at the same frequency v0.

- The inelastic interactions, where the scattered photons have a different frequency than
the incident ones. This phenomenon is known as Raman scattering. When the frequency
measured of the scattered photon is lower than the incident one (v0-vR), this is known
as Stokes Raman scattering. Anti-Stokes Raman scattering are measured for a higher
frequency measured (vO+vR). This frequency shift (VR) corresponds to the molecular
vibration frequency. Hence, Raman Spectroscopy consists in measuring this molecular
vibration frequency via the shift in scattered light frequency, which is specific to the
composition and structure arrangement of the analysed material [154].

Raman shifts are usually measured in wavenumbers (cm™') and Raman spectra are

plotted with count rate in ordinate and wavenumbers in in abscissa. In this work, the thin films
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produced were analysed by Raman Spectroscopy with a Raman Renishaw Invia with a 514 mm
laser, with a power of 10mW and a long working distance microscope objective with a 50x
magnification. The Raman spectra were recorded on different wavenumbers range, detailed in

the results chapter for each photoanode and photocathode.

7.3 Scanning electron microscopy and Energy dispersive X-Ray
spectroscopy

Scanning electron microscope is a powerful tool that allows the observation of a sample
at a high magnification to analyse the microstructure and the morphology of a sample. Based
on the interaction between a primary electron beam and the matter of the sample analysed, the
information collected by the different detectors can either allow the formation of images or the
collection of information about the chemical composition. A scanning electron microscope is
usually composed of an electron gun, used to generate an electron beam, focused on the sample
by an array of electromagnetic lenses. A vacuum is maintained in the sample chamber to avoid
the collisions between primary electrons and residual gas particles, and the acceleration voltage
can be up to 30 kV. A primary electron beam, generated by an electron gun, is accelerated
towards the sample’s surface. The primary electrons spread through the sample by inelastic and
elastic collisions in a small volume, resulting in the emission of different particles (as shown in

Figure 7.2):

- Secondary electrons (SE2) correspond to the electrons ejected after the inelastic
collisions occurring between the primary electrons and the electrons from the sample’s
surface. The secondary electrons detected produce a detailed image, used to study the
morphology of a sample.

- Backscattered electrons (BSE) correspond to the electrons produced by the inelastic
collisions between the primary electrons and the nucleus of the sample’s surface. With
BSE imaging, the heavy elements appear brighter than the light ones, resulting in high
resolution images produced.

- Finally, when a primary electron ejects an inner shell electron, it leaves a positively
charged hole, which is then filled by an electron from a higher energy shell. This latter
one releases an excess of energy in the form of X-Rays, characteristic of the atomic
number (as shown in Figure 7.2). Hence, collecting those X-rays emitted can allow us
to determine the elements present in the analyse sample. This technique is called the

energy dispersive X-Ray spectroscopy (EDX) [155].
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Scanning electron microscopy was performed to analyse the morphology of the coatings
produced. A Zeiss Supra 40 VP-FEG-SEM was used to produce top surface and cross-section
images with a SE detector and generated with a 2kV electron beam. As the samples studied are
composed of poor conductive materials, a thin layer of gold was sputtered on top of the samples
to enhance their conductivity and ensure the production of good quality images. EDX was also
performed with an EDAX Trident system, performed on an imaged area of 100 um? under an
acceleration voltage of 20kV to analyse the composition of thin films. 3 different areas of each

samples were analysed to obtain an average of the composition of the samples analysed.
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Figure 7.2: (top) Electron-Matter interactions and particles emitted; (bottom) X-Ray emission in EDX (adapted
from [155])
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7.4 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is an advanced versatile characterisation
technique. Contrary to SEM, the principle of TEM relies on the electrons that passed through
the matter when accelerated toward a sample. The range of information provided by TEM is
quite large, with information about the crystalline structure, the morphology, or high-resolution
images. The acceleration voltage is higher in TEM compared to SEM (several 200 kV) and the
operation is carried out in a vacuum environment. TEM is made of similar components than the
SEM (electron source, electromagnetic lenses to focus the electron beam) and a charge coupled
device (CDD) for high-resolution images acquisition. As it relies on transmitted electrons, the
sample’s thickness should be around 100 nm [156]. Two different modes, bright-field and dark-

field, are based on the transmitted and diffracted electrons, respectively:

- In the bright-field mode, the objective aperture is positioned in the back focal plane of
the objective lens, allowing only the transmitted electrons to pass through the aperture.
Electrons pass through different mass density within the sample, resulting in bright
(light atoms) and dark (heavy atoms) areas on the screen.

- In the dark-field mode, the objective aperture is positioned in the image plane of the
objective lens. The transmitted electrons are then blocked and only the diffracted
electrons can pass through the aperture. A diffraction pattern is then obtained, showing
series of rings with dots for polycrystalline materials (single array of dots for single
crystal materials).

During this work, The TEM analysis of BiV samples produced by reactive magnetron
sputtering was carried out at the Leeds EPSRC Nanoscience and Nanotechnology Facility. The
thin films were prepared via FIB-SEM with a FEI Helios G4CX FIBSEM for lamellae
extraction. The extracted lamellae were then analysed by HRTEM using a FEI Titan Themis
FEG STEM in bright-field mode operating at 200 kV. In addition, STEM elemental mapping
was performed by EDX spectroscopy.
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7.5 Atomic force Microscopy (AFM)

Atomic force microscopy (AFM) is a scanning probe microscopy technique used to
produce topographic images of a sample surface down to the atomic level. Here, the probe is a
sharp tip (cantilevered force sensor) placed close to the sample surface. In the case of a repulsive
force between the tip and the sample, the cantilever is deflected upward, while in the case of an
attractive force, the cantilever is deflected downward. The deflexion is proportional to the force

applied to the sensor, as described by Hooke’s law (Equation (32)):
F=kx (32)

Where F is the force applied on the cantilever, k is the spring constant of the cantilever and
x is the distance of deflection. The probe is then mechanically moved all around the sample
thanks to a piezoelectric scanner controlled by a computer, to produce an image of the whole
surface of the sample. Finally, a laser is reflected on the back of the cantilever to a position
sensitive photodiode detector. The movements of the cantilever implied by the topographical
changes in the sample are then tracked and sent to a feedback control system to produce a
topographic image of the sample. A schematic of AFM instrument is shown in Figure 7.3.

Different modes can be used with an AFM instrument:

- Contact mode, where the cantilevered force sensor is kept in physical contact with the
sample. As the probe raster scans the surface, the deflection of the cantilever is used to
record the topographic changes and then produce an image [157].

- Tapping mode (or intermittent contact), where the tip is oscillated at its resonance
frequency close to the sample surface. The oscillation amplitude is firstly great and
reduced when the tip comes in contact with the sample surface. This reduced amplitude
is used to fix a separation distance between the tip and the sample. This reduces the tip
wear and sample damaging [157].

- Finally, the non-contact mode is similar to the tapping mode, without bringing the tip
into contact with the sample surface. When the topography of the surface changes, a
frequency shift of the cantilever is observed, due to the attractive Van der Waals force.
This frequency shift is then used to produce a topographic image [157].

In this work, a first AFM measurement was performed onto one BiV and one BiCu samples, to
obtain a first idea of the roughness and confirm the morphology obtained in SEM top surface
micrographs. Here, AFM measurements were done on a Horiba XPlora Plus system, in tapping

mode, equipped with a polygon-based pyramid shape tip.
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Figure 7.3: Atomic force microscopy instrument setup (adapted from [157])

7.6 Optical 3D Profilometry

To characterise a specimen surface (topography, morphology), optical 3D surface
profilometry can be used. It is a non-contact method based on Michelson’s interferometer [ 158]:
an incident light beam (from a light source) is sent through a beam splitter and is directed to the
sample (for the measurement) and to a reference surface. The two beams reflect on the different
surfaces and recombine, but with two different optical paths, resulting in interferences recorded
by a CCD image sensor to form a topographic image of the sample’s surface. Optical 3D
profilometry can be then used to image the sample’s surface and determine specific
characteristics (such as the average roughness Ra). It is also possible to determine a coating’s
thickness by creating a step on the sample with an uncoated area (by applying a mask during
the thin film deposition). In this work, the surface morphology, the average roughness of the
thin films produced were measured using a Profilm3D profilometer from Filmetrics with 50x
magnification. In addition, the thickness of the coatings was measurement by creating a step
during the deposition process. The thickness and roughness were measured on three different
areas per samples, as shown in Figure 7.4., to calculate the mean and associated standard

deviation. A schematic of Optical 3D profilometry is presented in Figure 7.4.
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Figure 7.4: (left) Schematic of Optical 3D profilometry, (right) Schematic of the deposited films and the position

for thickness measurements

7.7 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray photoelectron spectroscopy (XPS) is a chemical state analysis technique,
providing a qualitative and semi-quantitative information about a sample’s surface. It must be
noticed that the analysis depth in XPS does not generally go below 10 nm [159]. The principle
of XPS relies on the interaction between monochromatic X-rays with a sample. The irradiation
of monochromatic X-Rays causes the emission of core electrons (photoelectrons) with a
specific kinetic energy (KE). Or, according to the Einstein’s “principle of the conservation of
mass”, this kinetic energy is equal to the energy of the incident X-Ray (#v) minus the core
electron’s binding energy (BE) and the spectrometer’s work function (®s), as described in
Equation (33). By measuring the kinetic energy of the emitted photoelectrons, and as hv and ®s
are known, it is then possible to determine the binding energy of the core electron, which is
element specific. It is then possible to identify the elements present on the sample’s surface
(exception for hydrogen and helium) [155]. The determination of BE can also help to quanfity
the chemical state of an element. Finally, it is possible to quantity the elements present in the

sample as the photoelectrons produced are proportional to their concentration in the sample.
kE = hv — BE — & (33)

In this work, XPS was performed with a SUPRA photoelectron spectrometer from
Kratos Analytical Ltd., equipped with Mg K X-Rays as the primary excitation source. The data
were collected with the equipment within the Surface Engineering Group by Dr. Gary Miller.
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The data were collected onto 1 x 1 cm? samples, the survey scans were collected with a pass
energy of 160 eV. The region scans were collected with a pass energy of 40 eV. After that, the
data were analysed using the software CasaXPS. The C 1s line at 284.8 eV was used as the
reference for the calibration of the binding energy, and curve fitting was performed applying a

Gaussian function with a Shirley background.

/7.8 UV-Vis Spectroscopy

UV-Vis spectroscopy is an analytical technique based on the interaction between an
incident light and an analysed sample. A UV-Vis spectrometer is composed of UV-Vis light
sources, a filter monochromator, a beam splitter and a photodetector (see Figure 7.5). The light
is usually produced by several light sources that generate a UV spectrum (between 180 and 400
nm) and a visible/near-infrared spectrum (from 400 to 1000 nm). A part of this incident light is
absorbed by a sample, whereas the rest is divided between several phenomena such as
transmission, reflection, and scattering [160]. The transmitted light is measured by a detector,
where the intensity of the transmitted light is compared to the intensity of the incident light to

obtain the transmittance of the sample studied (Equation 34):

T=1 (34)

Io
A= —log(T) (35)

with I is the transmitted intensity and Io is the intensity of the light source. Then, it is possible
to determine the absorption of the sample using Equation 35. By determining those two
characteristics, it is then possible to determine other optical properties of a semiconductor
photocatalyst. In this work, UV-Visible measurements were performed using an Ocean Optics
USB4000 UV-Vis spectrometer. Hence, several characteristics of the photocatalyst thin films
produced were evaluated: the optical band gap via the Tauc plot method and the light harvesting
efficiency (LHE).
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Figure 7.5 : UV — Vis spectrometer principle

6.8.1 Band gap calculation

The Tauc plot method was used to estimate the value of the optical band gap of the
produced coatings, which is a key value in photocatalysis applications. For wide band gap
semiconductors [161], the optical band gap value E; may be obtained using the following

Equation (36):

ahv = (hv — Ej)n (36)

Where a is the absorbance coefficient (um 1), h is the Plank constant (eV.s), v is the
frequency of vibration (s'). The coefficient n represents the nature of the band gap of the
material studied. For the case of indirect bandgap material, n=1/2, and for the case of direct
bandgap material, n=2. The absorbance coefficient can be determined from the transmittance
(T), the reflectance (R) and the coating’s thickness d (um) from the Equation (37). The value of
the bandgap energy can then be estimated by plotting (ahv) " as a function of hv and

extrapolating the linear region to the abscissa [161].

a=(3)n (=D (37)
In this work, the optical band gap of a sample was measured by determining the absorbance
coefficient from the transmittance measurements, recorded thanks to the use of the Ocean
Optics USB4000 UV-Vis spectrometer. The transmittance was recorded onto three different
areas per sample, within a delimited range of wavelength (from 300 to 900 nm). The FTO glass

substrates were used as reference.
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6.8.2 Light harvesting efficiency (LHE)

The light absorption efficiency (or light harvesting efficiency) 1, translates the ability
of the thin film photocatalyst to absorb the photons from the light source. It is defined as the
percentage of incident photons that are absorbed to generate electron and hole pairs. The light

harvesting efficiency can be calculated from the absorbance data A with the following Equation

(38):
Naps = 100% — 1074 (38)

where Io(}) is the initial light intensity (in W.cm™) and I()) is the transmitted light intensity. The

LHE can be enhanced by several methods, as illustrated in Figure 7.6.
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Figure 7.6: Light harvesting efficiency of WO3 nanowires, doped W:BiVO4 and WO3/W:BiVOs NWs
heterojunction [162]

6.9 Photoelectrochemical (PEC) measurements

Different types of photoelectrochemical measurement were performed to assess the
photoelectrochemical properties of the photoelectrodes produced. Voltammetry corresponds to
the evaluation of the current passed through an electrode as a function of the potential different
applied to the WE. Different studies can be done, such as linear sweep voltammetry (LSV) and
cyclic voltammetry (CV). The first technique is usually done to assess the production of a
photocurrent under illumination with a visible light source. In LSV, the potential applied is
linearly swept between two values, with a range of value defined according to the redox reaction

studied. The measurement is performed in two conditions:

- One measurement without illumination to record the “dark current”, i.e. the current

produced without the photocatalytic phenomenon. For a photoelectrode, the dark
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current produced is usually almost zero (in a range of 10! pA.cm™), as no chemical
reactions are supposed to occur in the range of voltage chosen.

- One measurement with the photoelectrode illumined by the light source, to record the
photocurrent produced. It must be noticed that the nature of the photocurrent produced
depends on the nature of the photocatalyst semiconductor studied. N-type
semiconductors, used to perform oxygen evolution reaction, produce a positive (anodic)
photocurrent. On the other hand, to study the HER, p-type semiconductors are used,
producing a negative (cathodic) photocurrent.

For the study of the oxygen evolution reaction, the potentials are typically swept from a lower
starting potential (Ei= 0.2 Vrug) to an upper final potential (Er = 1.8 Vrug), whereas for the
hydrogen evolution reaction, the potential is swept in the opposite direction. In this work, the
LSV measurements were performed with a scan rate of 20 mV.s™!. The upper and lower values
were fixed according to the redox reaction studied : In the case of the oxygen evolution reaction,
the scan was performed from 0.2 Vrue to 1.7 Vrug, to observe firstly the production of anodic
photocurrent when going to higher potentials. In the case of the hydrogen evolution reaction,
the scan was done in the opposite direction, from 1.3 Vgrue to 0.2 Vrug, to observe the
production of the cathodic photocurrent associated with the proton reduction reaction. From the
LSV measurements, the half-cell solar-to-hydrogen efficiency (HC-STH) was calculated
using Equation (40):

J(mA.cm™2)x(1.229—|Vapp | ) VIX0E
Ptotai(mW.cm™2)

HC — STH = (40)

where J is the photocurrent produced during the measurement, Vap, is the potential
applied, nr 1s the Faradaic efficiency Pt 1s the power density of the incident light used
(estimated at 100 mW.cm™). Usually, the Faradaic efficiency is assumed to be 100% [169].
Between measurements, air bubbling was used to remove the gas bubbles produced during

measurements.
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Figure 7.7: (left)) LSV for BiVO,4 photoanodes (dark and light) [167], (right) LSV for CuO photocathode (dark
and light) [168]

In addition, cyclic voltammetry was use only in dark conditions, to estimate the
electrochemical band edges of the samples produced, in order to estimate the electronic
configurations of the photocatalysts semiconductor studied. For CV, the potential applied is
reversed back to the starting potential E; after it reaches Ef, and multiple cycles are conducted.
Details of the cyclic voltammetry are presented in chapter 10 for both photoanode and

photocathode.

Chronoamperometry was also used to determine the stability of the samples produced.
In chronoamperometry, a potential applied to the working electrode is fixed at a certain value
and the current produced is record over the time. This measurement is usually performed during
a long period of time, to ensure the ability of the photoelectrode to produce a high and stable
photocurrent. A decay of the photocurrent after several hours of testing can be the sign of the
degradation of the photocatalyst. The degradation can be caused by electrochemical interactions
between the electrolyte and the thin film. For example, Cu oxides are known to degrade easily
in aqueous solutions, due to low reduction potential of the Cu/Cu** couple [170]. For the
measurement of photoelectrode stability, chronoamperometry was parameters. Also,
chronoamperometry was used to measure the transient time, which is a key characteristic of a
photocatalyst. The transient time gives an estimation of the lifetime of charge carriers before
recombination. As charge carriers’ recombination is a limiting factor of a semiconductor
photocatalyst activity, the transient time should be as long as possible. To calculate the transient
time for a given photoelectrode, chopped chronoamperometry is used. When a photoelectrode

is illuminated, a peak of initial photocurrent appears I;, followed by a fast decay of photocurrent
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intensity, corresponding to the recombination of charge carriers (see Figure 50). The transient

time can be then obtained from the following equations:

InD === (41)
Ie—1f)

D=L 42
Ui-1p) (42)

where I;, Ir and I; the initial photocurrent, final photocurrent, and photocurrent at time t,
respectively. The transient time is obtained by plotting In D as a function of time. By
extrapolating the linear part of the curve plotted, it is possible to determine the transient time t

for In D = -1 (see Figure 7.8).
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Figure 7.8: (Left) Example of photocurrent response in chronoamperometry, (Right) Plotted curves for obtaining

the transient time [171]

Finally, chronoamperometry can be used to estimate the theoretical amount of gas
produced during an experiment. The theoretical amount of gas produced can be determine using
the following equation:

At
_ Jy J®at
gas — nxF

(43)

with qgas is the number of moles produced, |, OAt J(t)dt is the photocurrent produced over the time

of the chronoamperometry measurement, n is the number of moles of electrons used for the gas
production and F the Faraday constant (96 500 C.mol!) [172]. Some electrochemical
measurements, such as Mott-Schottky plots or impedance spectroscopy were not studied in this

work, due to the potentiostat device used which was not equipped with the appropriate modules.
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I1I. Results

8. Production of photocatalytic BiVO,4 thin films by
reactive magnetron co-sputtering for the study of
oxygen evolution reaction

This chapter presents the results obtained for the production of photocatalytic BiVO, thin films
produced by reactive magnetron sputtering. The thin films produced are studied as photoanodes for
photoelectrochemical oxygen evolution reaction. Section 1 discusses the background of BiVOy as a
photocatalyst and photoanode material. The production parameters of the samples studied are presented
in Section 2. The crystalline phase determination and morphological study are presented in Section 3
and 4 respectively. Section 5 presents the determination of the optical properties of the thin films
produced. Section 6 presents the photocatalytic and photoelectrochemical activities assessment. Section
7 discusses the efficiencies of a selected range of samples and section 8 discusses the impact of film

thickness onto the PEC measurements. The chapter is summarised in Section 9.

8.1. Introduction

Monoclinic BiVO4 photocatalyst is usually produced using wet chemical methods, such
as sol-gel [184], spin coating [120] or electrodeposition [185]. However, several drawbacks can
be observed with those techniques, such as excessive film thicknesses or poor adhesion to the
substrate, resulting in BiVO4 photoanodes with low efficiencies [186]. On the other hand,
physical vapour deposition methods present some interesting advantages, such as the
scalability, the lack of hazardous chemicals/precursors and enabling the production of uniform
coatings in terms of morphology and composition. The production of BiVO4 photoanodes by
magnetron sputtering has been demonstrated several times, but mainly by using RF sputtering
and from compound targets (BiVOs compound target [187] or Bi2O3 and V targets [188]).
Reactive sputtering with metallic targets in oxygen/argon atmosphere offers notable
advantages, such as higher deposition rates, process stability and reduction of defects.
Moreover, it offers the possibility to study different production parameters (power applied on
the targets), and then to optimise the sample production. Despite its clear advantages, BiVO4
produced by reactive magnetron sputtering has not been characterised as a photoanode but only

utilised for dye degradation [189].
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8.2. Experimental methods

The goal of this chapter is to produce an efficient BiVO4 photoanode for the study of
the oxygen evolution reaction in a PEC cell. In this work, several types of BiVO4 samples were
produced by mid-frequency pulsed DC reactive magnetron co-sputtering, using two metallic
targets (Bi and V, 99.5% purity). Various types of substrates were used for different applications
(Fluorine-doped tin oxide coated glass from Pilkington®, soda-lime glass slides or Si wafer).
The samples produced were characterised by different analytical techniques to determine their
intrinsic properties (crystallinity, morphology, composition). Then, the initial assessment of the
photocatalytic properties of the films was made with methylene blue degradation testing.
Finally, the photoelectrochemical properties of the photoanodes produced were studied in a
three-electrode electrolysis configuration and showed efficient photocurrent production to

perform the oxygen evolution reaction.

Table 8.1 summarises the deposition conditions of the samples produced. Due to the
high sputtering yield of Bi comparing to V [190], the samples were produced by fixing a
relatively low power applied on Bi (50 W) and by varying the power applied on V target, from
400 to 1200 W. The samples are labelled in accordance with the power applied on the vanadium
target (for example, BiV400 means that the sample was produced by applying 50 W on Bi target
and 400 W on V target). Dual-channel Advanced Energy™ Pinnacle Plus power supply were
used, with a pulse frequency of 100 kHz and a duty cycle of 60 %. Argon and oxygen flows
were kept constant during the deposition, at 40 and 20 sccm, respectively. The thin films were

deposited for 1h and were then annealed in air at 500°C for 1h.

Table 8-1: Sputtering parameters for the production of BiV samples

Sample ID Psi (W) Pv (W) Py/Psi
BiV400 50 400 8
BiV3500 50 500 10
BiV600 50 600 12
BiV700 50 700 14
BiV800 50 800 16
BivV900 50 900 18
BiV1000 50 1000 20
BiV1100 50 1100 22
BiV1200 50 1200 24
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After deposition, the samples were characterised with different analytical techniques.
The crystal structure of the thin films produced was analysed by XRD using PANalytical X pert
X-Ray diffractometer with a Cu K, source (A = 1.5406 A). The diffraction peaks were recorded
in the range of 20 = 15° - 60°, with a step size of 0.015° and a measurement time of 60 seconds
per step. Then, the reference patterns were identified using the International Centre for
Diffraction Data (ICCD) database. Raman spectroscopy was also performed on the coatings
produced, using a Renishaw Invia, performed with a laser operating at a wavelength of 514 nm
with a power of 10 mW and a long working distance microscope objective with magnification
of 50x. The Raman spectra was recorded between 100 and 1000 cm™'. Scanning electron
microscopy (SEM) was used to identify the morphology of the coatings produced. Top-surface
and cross section secondary electron (SE) images were recorded at a magnification of 50,000
and generated with a 2kV electron beam using a Zeiss Supra 40VP equipped with EDAX 40Vp
energy dispersive X-Ray (EDX) analyser. The composition of the films was quantified on an
imaged area of approximately 100 pm? under an acceleration voltage of 20 kV. White light
interferometry (WLI) was used for thickness measurements using Profilm3D optical
profilometer from Filmetrics. The measurements were done at three different positions with
magnification of 50x, to determine the mean thickness and the standard deviation. High
resolution transmission electron microscopy (HRTEM) imaging was performed with a FEI
Titan Themis FEG STEM in bright-field mode, operating at 200 kV, onto lamellae extracted by
a FIB-SEM (FEI Helios G4CX FIBSEM). In addition, STEM elemental mapping was
performed by EDX spectroscopy. A first AFM measurement was performed onto one BiV
sample with a Horiba XPlora Plus system, in tapping mode, onto an area of 10 x 10 cm?, with
3 different areas analysed. The optical properties of the thin films produced were measured
using an Ocean Optics USB4000 UV-Vis spectrometer, connected to a DH-2000-BAL UV-Vis-
NIR light source. The transmission properties were recorded between 300 and 900 nm.
Substrate FTO films were used as reference prior to the measurements. The oxidation state of
the deposited films was determined using X-Ray photoelectron spectroscopy. The XPS analysis
was performed with a Kratos Axis Supra system, equipped with a monochromated Al K1 X-
Ray excitation source (hv = 1486.6 eV). The peak model fitting was carried out with the
software CasaXPS. All spectra were charge corrected to the acquired C s region scan and the
adventitious carbon peak (C-C) position at 284.8 eV. Curve fitting was done applying a

Gaussian function with a Shirley background.
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Prior to photoelectrochemical measurements, photocatalytic dye degradation tests were
performed. Prior to the test, the samples were immersed in 50 mL of 2 umol.L"' methylene blue
(MB) solution and left in the dark for 60 min under continuous stirring, to reach adsorption-
desorption equilibrium. Then, the samples were illuminated by a UV-A light source (2x15 W
Sankyo Denki BLB lamps) for 1h. The evolution of the main absorption peak of MB (664 nm)
was monitored with an Ocean Optics USB4000 UV-Vis spectrometer. The
photoelectrochemical measurements were performed in a three-electrode configuration
powered by au Autolab potentiostat from Metrohm (PGSTAT302N). In brief, the BiV/FTO
samples were used as the working electrode, whereas the counter electrode was a Pt mesh (5 x
5 cm?), and the reference electrode was an Ag/AgCl reference electrode. The geometric surface
area was defined as 1 cm? (defined with an epoxy resin mask). A 0.5 M Na>SOs (pH = 7)
solution was used as the electrolyte. To assess the photoelectrochemical activity of the films,
Linear Sweep Voltammetry (SV) measurements were performed from 0.2 to 1.8 Vrug at a scan
rate of 20 mV.s"\. The measurements were performed in the dark and under visible light
illumination to assess the photoelectrochemical activity of the samples produced. From the
photocurrent produced, the half-cell solar-to-hydrogen conversion efficiency (HC-STH) of all
samples were determined, using equation (36):

Jpn(mA.cm™?)x(Eo, /1,0~ |Vapp|) V) xnE
Ptotal(mW.cm=2)

HC — STH =

(40)

with Jpn the photocurrent density at Vapp, Vapp the potential applied during the
measurement, Ptotal the power density of the incident light (100 mW.cm™) and Eo,/n,0 the
standard potential for the oxygen evolution reaction (here 1.23 Vgrug). The three-electrode
configuration was also used to perform chronoamperometry (CA). Firstly, CA was used to
measure the stability of the photocurrent produced by the samples at 1.23 Vrug for 3 hours. CA
was also performed for a shorter period of time (60 s) to determine the transient time t for the

samples produced by using equation x:
InD = ‘7’ (41)

_ e=1Ip)

= 42
ui-1p) (42)

where [;, Ir and I; the initial photocurrent, final photocurrent, and photocurrent at time t,

respectively. The transient time is obtained by plotting In D as a function of time. By
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extrapolating the linear part of the curve plotted, it is possible to determine the transient time t

forInD =-1.

8.3. Crystallinity assessment

Raman Spectroscopy was initially used for identification of crystalline phases of the
BiV coatings produced. As stated earlier, the phase of interest for BiVO4 photoanode is the
monoclinic scheelite (m-s), which produces specific Raman bands corresponding to specific

elongations within the BiOs or VO4 units. Especially, 6 typical Raman bands are of interest for

the m-s BiVO4 compound [191]:

- The most intense band centred at 826 cm™! is attributed to the A, symmetric mode of the
V-0 bonds in the VOy4 tetrahedra.

- The asymmetric mode (Bg) can be observed by the presence of the shoulder peak at

around 710 cm™.

- The two bands located at 367 cm™ and 325 cm™ correspond to the symmetric and

asymmetric bending modes of the VO4 tetrahedra, respectively.

- Finally, the last two bands (210 cm™ and 125 cm™) correspond to the two external modes

for rotation and translation.

The Raman spectra of the different BiV samples produced are presented in Figure 8.1. Three
different types of spectra can be observed among the different samples, allowing them to be
grouped in three different categories. The first group of samples regroups the three samples
with the lower power applied on the vanadium target (BiV400, BiV500 and BiV600, see Figure
6.2a). Those samples present typical Raman bands associated with the presence of BisV201i
compound, with two bands located at 152 cm™! and 930 cm [192]). This compound was
previously reported in BiVO4 coatings produced by magnetron sputtering, due to a too high
amount of Bi1 in the film and leading to the formation of this crystal phase during the annealing
step [193]. In addition, the different bands of BiVO4 can be observed but are slightly shifted to
lower wavenumbers and widely spread, indicative of the lack of crystallisation of this phase.
The second group of samples (BiV700, BiV800 and BiV900, see Fig. 6.2b) all exhibit the bands
attributed to m-s BiVOs, whereas some additional bands appear for the samples produced with
the higher power applied on the vanadium target (BiV1000, BiV1100 and BiV1200, see Fig.
6.2¢). The bands located at 142 cm™, 280 cm™', 401 cm’!, 481 cm™, 523 cm™ and 991 cm™ can
all be attributed to the presence of V205 phase [194]. This compound becomes predominant in
the coating for Py =1200 W, as the main bands of BiVOs are either shifted to lower

wavenumbers (such as the band at 816 cm™) or are diminished in terms of intensity.
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A correlation between the Raman Spectra and the composition of the thin films produced
can be done thanks to the EDX analysis performed on the samples, where three different areas
of the samples were analysed to calculate the standard deviation (the error measured is
comprised within the range of typical error of EDX measured, comprised between 1 and 5 %,
see Figure 8.1d and Table 8.2). As it can be observed, a higher power applied on the V target
results in a higher content of V in the coating, resulting in the formation of V20s. On other hand,
if the amount of vanadium is not sufficient, it favours the formation of the BisV20O1:1 phase. The
sample BiV800 appears to be the closest to BiVO4 in terms of stoichiometry, with an atomic
ratio (B1/V) close to 1. According to the phase diagram of the Bi2O3 — V205 binary system,
the BiVO4 compound corresponds to a solid solution containing 50% of Bi203 and 50% of
V205 [282].
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Figure 8.1: Raman spectra of the samples (a) BiV400, BiV500 and BiV600; (b) BiV700, BiV800 and BiV900 ;
(c) BiV1000, BiV1100 and BiV1200 ; (d) Example of EDX spectra of BiV1100 deposited onto Si water
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Table 8-2: Elemental (EDX) analysis of the BiV samples produced

Sample Z Element Atomic fraction (%) At% V/Bi
ratio
8.00 O 704 +£1.2
BiV400 29.00 v 123+1.2 1.39
83.00 Bi 17.2+1.1
8.00 O 69.8+1.3
BiV500 29.00 \% 13.2+1.1 1.28
83.00 Bi 170+ 1.1
8.00 o 705+ 1.4
BiV600 29.00 A% 13.3+1.2 1.22
83.00 Bi 16.2+1.2
8.00 o 70.6 +1.3
BiV700 29.00 A% 13.7+1.2 1.14
83.00 Bi 157+1.4
8.00 o 702+1.3
BiV800 29.00 v 147+1.3 1.04
83.00 Bi 150+1.2
8.00 o 69.8+ 1.6
BiV900 29.00 v 155+1.3 0.94
83.00 Bi 147+13
8.00 o 70.7+1.5
BiV1000 29.00 v 134+14 0.87
83.00 Bi 159+14
8.00 o 70.0+1.5
BiV1100 29.00 \% 16.5+1.2 0.81
83.00 Bi 13.4+1.1
8.00 0O 709+1.3
BiV1200 29.00 \Y 16.8 £ 1.4 0.73
83.00 Bi 123+1.2
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X-ray diffraction was performed on the BiV samples to confirm the findings from
Raman Spectroscopy. In addition, XRD was used to investigate evolution of the crystallisation
process of BiV800 sample with the annealing temperature. The XRD patterns obtained can be
seen in Figure 8.2, where the FTO peaks can be observed (ICDD card 041-1445). The
“stoichiometric” samples (BiV700, BiV800 and BiV900) present the following peaks,
attributed to m-s BiVO4 (ICDD card 14-0688), as shown in figure 6.3b: 18.9° (1 1 0), 28.8° (1
21),30.5°(040),34.6°(200),35.2°(002),40°(211),42.4° (1 50),45.9° (13 2),46.8° (2
40),47.2°(042)50.2°(202),53.5°(1 6 1),58.3° (1 70) and 59.4° (3 2 1). In addition, the
findings regarding the “Bismuth-rich” samples (BiV400, BiV500 and BiV600) are confirmed,
with the presence of peaks from the BisV201; phase (23.1° (1 1 1), 27.5° (2 0 0), 28.2° (1 1 3),
32.1°(006),48.3°(220),55°(3 11)and 58.8° (2 2 2), ICDD card 42-0135). As it can be
observed in figure 6.3a, the Bi14V,011 peaks are predominant and progressively diminish with
the increasing amount of V, favouring the formation of BiVO4 phase. For the ‘Vanadium-rich
samples” (BiV1000, BiV1100 and BiV1200), no noticeable peaks related to the presence of
V>0s phase can be observed, but only a short shoulder peak at 30.3°, corresponding to the (0 1
1) plane (JCPDS card 65-0131) for BiV1200 sample (see Figure 6.3c¢).

To investigate the crystallisation process of m-s BiVOys, in situ X-Ray diffraction study
was performed onto the BiV800 sample (see Figure 8.3). The sample was placed into an XRD
hot stage chamber and heated from room temperature to 500°C with 100°C increments, in an
air atmosphere. From room temperature to 200°C, no diffraction peaks associated with
crystalline BiVO4 could be seen, evidential of an amorphous structure. The only visible peaks
are attributed to the FTO layer of the substrate used (26.5° (1 1 0), 33.9°(1 0 1), 37.9° (2 0 0)
and 51.9° (2 1 1), ICDD card 041-1445). Crystallisation occurs from 300°C, which is in
agreement with the literature, as the reversible transition between monoclinic and tetragonal
scheelite starts at 255°C [195]. From 400°C, the diffraction pattern contains all the peaks that
can be attributed to m-s BiVOa. The monoclinic scheelite is directly observable from 300°C to
500°C, with sharpened diffraction peaks with higher temperature. Based on these results, 500°C
was chosen as the preferential temperature for thermal treatment of BiV samples for the rest of

this work.
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Figure 8.3: BiV800 sample heated in air from room temperature to 500°C

108



8.4. Coatings morphology

To study the morphology of the BiV samples produced, scanning electron microscopy
was used. Figure 8.4 presents an example of top surface SEM image of an as-deposited BiV
sample. A typical columnar structure can be observed, which corresponds to a columnar
structure described in the Thornton Structure Zone Model for coatings by sputtering techniques
[145]. Once annealed, the morphology observed for the samples produced changes, with
different structures observed depending on the sample’s composition (see Figure 8.5). The
samples BiV400 and BiV500 present a highly porous structure made of small grains, with few
larger grains incorporated in between. This morphology can be explained by competitive
formation of Bi4V,011 phase and BiVOs4 phase, as observed on Raman Spectroscopy and XRD
patterns. As both materials present relatively high thermal expansion coefficients, the observed
porosity could result in damages occurring during the annealing step [196, 197]. A transition
can be observed with the BiV600 sample, where no porosity is observed, and the coating
becomes denser. From Py = 700 W, the coatings are composed of large grains of different sizes
(from 200 nm to 500 nm). This morphology is the result of crystallisation occurring during the
annealing process. Shi et al. produced BiVOq films by spin-coating in 2018 and reported that
the samples annealed with a higher temperature (500°C and 540°C) exhibited larger grains
compared to the samples annealed at lower temperatures (400°C and 450°C). They also
demonstrated that this morphology was associated with a higher photoelectrochemical activity,
especially regarding charge transport and charge transfer at semiconductor-electrolyte interface
[198]. Moreover, Bakhtiarnia et al. obtained this morphology for BiVO4 produced by reactive
magnetron sputtering for water treatment purposes [189]. When the amount of vanadium in the
compounds is in excess (from Py = 1000 W), nanorods and/or nanoparticles appear onto the
surface of the samples. Those latter can be attributed to the formation of V2Os phase, showing
that the excess of vanadium tends to migrate to the surface of the samples to react with the
oxygen of the annealing atmosphere. The formation of V205 crystals have been observed by
Singh et al. when BiVOs is produced with an excess of vanadium. This was reported as
beneficial for water cleaning application, enhancing the photocatalytic activity of BiVOg4

photocatalysts [199].
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Figure 8.5: Top surface SEM micrographs of BiV samples produced, from BiV400 to BiV1200
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To measure the thicknesses of the BiV samples, 3D optical profilometry was used, and
all the different data recorded are listed in Table 8.3. Figure 8.6 presents the 3D images obtained
for different BiV samples produced. The thicknesses of the samples produced increase with the
power applied on the vanadium target, going from 303.9 nm for BiV400 to 407.7 nm for
BiV1200. Some measurements of the area roughness of the different BiV samples (based on
the ISO standard 27178) seem to show a relatively similar area roughness for all the samples
(all around 10 nm), however the accuracy of the profilometer used is not sufficient to confirm
those findings. Few first measurements were done by AFM for the BiV800 sample, showing a
similar morphology than the top surface SEM image can be observed (see Figure 8.7¢). This
grain morphology makes the sample smooth, with a surface roughness measured of
approximately 9 nm, potentially confirming the data from WLI. A more in-depth AFM analysis
of the area roughness of the BiV samples could be done in additional work, to confirm the
similar roughness of the BiV samples produced. Here, an approximation is made of the
roughness of the samples to allow the direct comparison when performing photocatalytic and

photoelectrochemical measurements.

Figure 8.6: Examples of WLI 3D images of BiV coatings deposited with varying Py: (a) 400 W ; (b) 800 W ; (¢)
1000 W and (d) 1200 W
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Table 8-3: Data recorded from 3D Optical profilometer for BiV samples

Thickness measured (nm)
Sample ID  —eaieT T Measure2 | Measare 3 Mean
BiV400 302 302 308 304 £12
BiV500 318 322 327 322+11
BiV600 338 337 340 338 £2
BiV700 346 346 342 344+ 5
BiV800 359 355 354 356 +7
BiV900 365 364 367 365+3
BiV1000 374 374 379 375+£8
BiV1100 392 394 389 391+6
BiV1200 409 408 406 407 +£4

Finally, TEM micrograph and cross section are presented in Figure 8.7a and 8.7b. A dense
structure of the coating is confirmed, with the higher presence of crystallites close to the
interface with FTO. Darker and brighter areas are observed in Figure 8.7b, with further
investigation that needs to be done determine what they correspond to. A d-spacing of 3.02 A
is observed, corresponding to the (1 2 1) plane of BiVOs. It correlates the data obtained with
the XRD patterns, where the (1 2 1) plane was the most predominant peak. EDX elemental
mapping of a selected cross-section sample’s revealed an homogeneous distribution of bismuth
and vanadium in the BiVOg4 layer deposited onto FTO (see Figure 8.8). The homogeneity of the
coating is of importance to ensure an effective performance of the photocatalyst and to ensure
a good stability regarding the photoelectrochemical performance. Also, some gap can be

observed at the interface between FTO and BiVOg4 layer. This might be a limiting factor for the
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photoelectrochemical properties, reducing the potential transfer of electron to FTO during
photoelectrochemical measurements. It should be noticed that a diffusion of Na into the coating
happened during the annealing step, as well as the Si from the substrate. However, no migration

of Sn from the SnO; layer of the substrate can be observed in the coating.

Bi50V800

Figure 8.7: (a) Morphology of the coating at low magnification, (b) HRTEM micrograph of BiVO4 (1 2 1) plane,
(c) Example of AFM micrograph of BiV800 sample
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Figure 8.8: Elemental mapping of BiV800 sample with the different elements observed

8.5 Optical properties and band gap measurements

Figure 8.9 presents the visual aspect of BiV800 photoanode before and after annealing.
It must be noticed the two samples presented are from two different runs, explaining the
uncoated band in the middle of the as-deposited sample. The as-deposited sample present a
transparent, yellowish colour, whereas the annealed photoanode presents an opaque yellow
colour, typical from BiVO4 when used as a pigment [200]. This change of transparency can be
observed in the transmittance measurements, with an example given with BiV800 in Figure
8.10a. Before annealing, the transmittance is almost null until 360 nm and then increases to
reach more than 90% at 500 nm, showing that visible light is easily transmitted by the sample.

After annealing, the crystallisation induced has an effect on the optical properties, with a
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transmittance being almost null until 450 nm and reach a maximum of 80% from 650 nm. The

annealed sample transmits less the incident light.

Bi1V s is known for its relatively low band gap (between 2.4 and 2.6 eV) [176]. Usually,
the optical band gap of a crystalline semiconductor is determined using the Tauc plot method
and is obtained by plotting (ahv)" as a function of hv and extrapolating the linear region to the

abscissa (equation (36)) [157]:

ahv = (hv — Eg) (36)

However, the coefficient n depends on the nature of the band gap (2 for a direct band gap or
1/2 for an indirect band gap). Concerning BiVOy, its band gap nature is subject to debate, with
papers finding it direct [202, 203] or indirect [204, 205]. Figure 8.10b shows the Tauc plots of
the BiVO4 sample for both indirect and direct band gaps, where the linear part of the plots are
extrapolated to the x-axis to estimate the optical bandgap. The range of bandgap for the
extrapolation was chosen according to the expected bandgap for monoclinic BiVOs4. Indirect
band gap plot shows an estimation of a 2.42 eV for the band, whereas the direct band gap
exhibits an estimated band gap of 2.56 eV. Both methods show similar results and are in
accordance with the findings in the literature [176]. Moreover, both values show that BiVO4
sample can harvest photons from the visible light: a band gap of 2.55 eV allows the photons
absorption until 477 nm, whereas a band gap of 2.42 eV allow the photons absorption until 516
nm. Wiktor et al. have found similar results [206], where density functional theory (DFT)
calculations showed the difficulty to distinguish between direct and indirect band gaps in the
case of BiVOa. For the rest of the work, the BiV samples produced are considered as indirect
band gap semiconductors. The different band gap values found for the BiV samples are listed

in Table 8.4. No significant differences can be seen among the different BiV samples.
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Figure 8.9: Example of BiV sample: (a) Before annealing, (b) After annealing
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Figure 8.10: (a) Example of BiV800 transmittance measurement and (b) Tauc plot associated for direct and

indirect band gap

Table 8-4: Band gap calculated for the BiV samples produced

Sample ID Band gap (eV)
BiV400 2.32
BiV500 2.31
BiV600 2.34
BiV700 2.39
BiV800 242
BiV900 241

BiV1000 2.38
BiV1100 2.28
BiV1200 2.32

116



8.6. Photocatalytic and photoelectrochemical activities

A first assessment of the photocatalytic activity of the BiV samples produced was done
by performing methylene blue (MB) dye degradation test under UV light for 1h. The MB
degradation tests were performed with all BiV samples produced and with uncoated FTO glass
as a reference. Figure 8.11a presents the absorbance evolution with irradiation time, with the
reference sample (referred as photolysis) showing almost no diminution of the absorbance after
1h. All BiV samples present a photocatalytic activity, showing a decreasing absorbance of the
solution, but with different efficiencies. Figure 8.11b exhibits’ estimations of the pseudo-first
order kq, extracted using equation (48) (see Annexe 1). As it can be seen in Figure 8.11c, the
ko constant rate reach a maximum for the sample BiV800, associated with a Bi/V atomic ratio
close to 1. As demonstrated earlier, this atomic ratio is associated with the production of the
monoclinic phase, usually reported to be the most efficient crystal phase for BiVO4. Above this
ratio, corresponding to the samples BiV400 to BiV700, the k, constant rate drops, showing that
the presence of BisV,011 drastically reduces the photocatalytic activity. Samples with an atomic
Bi/V ratio below 1 still exhibit a good photocatalytic activity, but the k, constant rate tends to
decrease when the amount of V becomes too important, as it can be observed with sample
BiV1200, where the constant rate is lower than 1x10~ s™! (see Figure 8.11c). This may be due
to the formation of V20Os impurities, acting as charge carriers’ traps that favours the
recombination of charge carriers. Finally, stability assessment of the best performing sample
(BiV800) was done by removing Rhodamine B solution, a pollutant known to be more stable
to photocatalytic degradation than methylene blue (with a maximum absorption of 542 nm).
The sample has been tested during 10 cycles of 1h and appears to have a stable activity over
the time; the results of the test are presented in the Figure 8.11d All photocatalytic data are

summarised in Table 8.5.
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Figure 8.11: Photocatalytic activity assessment: (a) MB concentration in the dark and under UV when exposed
to BiV samples and uncoated FTO ; (b) Pseudo-first order reaction rate plotted for MB removal, calculated for
BiV samples and uncoated glass ; (¢) evolution of k, constant rate depending on the Bi/V ratio ; (d) RhB removal

percentage after 1h for 10 consecutive cycles

Table 8-5: Results of MB degradation tests under UV-A for BiV samples

Sample No. Pseudo first order kq (10-3.s7) R?
Uncoated FTO 0.07 0.383
Biv400 0.52 0.956
BiV500 0.78 0.982
BiV600 1.19 0.985
BiV700 3.00 0.997
BiV800 5.44 0.997
BivV900 4.41 0.998
BiV1000 3.93 0.993
BiV1100 3.37 0.998
BiV1200 1.72 0.994
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The first photocatalytic measurements are then followed by photoelectrochemical
characterisation, performed in a three-electrode configuration in a PEC cell, as described in
Chapter 5. The working electrode used is the BiV sample, the counter-electrode is the Pt mesh,
and the reference-electrode is the Ag/AgCl electrode. The electrolyte used is a neutral
electrolyte solution, 0.5M Na>SOs, with a pH close to 7, as degradation of the coatings has been
observed when an acidic electrolyte was used (H2SO4). Also, Na>SOys is the usual electrolyte
used for measurement of PEC properties of BiVO4 photoanodes [180, 182]. Photocurrent
production was assessed by performing linear sweep voltammetry (LSV) with a visible light
source, calibrated to the AM 1.5 standard. Figure 65 presents the LSV curves recorded for each
group of samples. The different PEC characterisation values are listed in Table 8.6.Two
different measurements were performed, with and without the visible light source, to illustrate
the ability of the samples to produce a current under illumination. For the BiV samples, the
LSV measurements were not recorded under chopped illumination, except for the sample
BiV1200, as shown in Figure 8.12¢, to show an example of chopped illumination. All samples
present a similar behaviour, with a photocurrent production starting with an onset potential
between 0.5 and 0.6 Vrug, meaning the oxygen evolution reaction starts occurring at low
potentials, showing the photoelectrochemical activity of the samples. Usually, the onset
potential for BiVO4 photoanodes is around 0.7 V vs RHE [207]. It must be noted that the onset
potentials are not even clearly distinguishable for BiV400 and BiV500, due to their low
photocurrent productions. A correlation between the results of photocatalytic MB degradation
tests and photocurrent production can be made. A tendency curve (see Figure 8.12¢), similar to
the photocatalytic activity, can provide a relation between the Bi/V ratio and the photocurrent
production. For the “Bismuth-rich” samples (BiV400, BiV500 and BiV600), the
photoelectrochemical activity was very low, with a photocurrent not exceeding 0.2 mA.cm?,
likely due to the poor crystallisation of the coatings produced. The samples that present the best
results are BiV800 and BiV900, with a photocurrent production of 1.95 mA.cm™ and 1.58
mA.cm™ at 1.23 V vs RHE, respectively. These high photocurrents are associated with the
highest HC-STH efficiencies, determined with equation (40). The HC-STH efficiencies
determined from the photocurrent densities are listed in Table 8.6. BiV1000 also present an
interesting photoactivity, but then the photocurrent production drops for BiV1100 and BiV1200.
The latter even presents a photocurrent divided between a cathodic part (negative photocurrent
below 0.7 V vs RHE) and an anodic current, contrary to the rest of the samples. This behaviour
is indicating the p-type nature of those samples and can be attributed to the high presence of

V>0s, usually known as a p-type semiconductor. As mentioned earlier, V2Os is sometimes
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mentioned as a way to enhance the PEC activity of BiVO4 by forming heterojunctions [200].
However, in this case, the presence of V205 seems to reduce the photoactivity of the

photoelectrode, giving to the photoanode a p-type behaviour, which is not desired in this work.

Table 8-6: Photoelectrochemical data recorded from LSV and HC-STH measurements for each BiV samples

Sample ID Photocurrent production Max HC-STH (%)
(mA.cm? at 1.23 V vs RHE)
BiV400 0.07 > (.01
BiV500 0.13 0.015
BiV600 0.18 0.02
BiV700 0.42 0.06
BiV800 1.95 0.27
BiV900 1.58 0.16
BiV1000 1.28 0.15
BiV1100 0.56 0.05
BiV1200 0.15 /

Table 8-7: Examples of BiVO4 photoanodes fabricated with various sputtering techniques

Biand V target(s) | Electrolyte | Counter- Reference- Photocurrent | Onset potential | Ref
electrode electrode density at 1.23 (V vs RHE)
V (vs RHE)
V (99.95 at%) 0.1M Pt Ag/AgCl 1.19 mA.cm? 0.7 Vvs RHE | [209]
Bi203 (99.99 at%) NaySO4 3M)
V (99.99 at%) 0.5M Pt mesh Ag/AgCl 0.4 mA.cm2 0.4 VvsRHE | [193]
Bi;03(99.99 at%) | NaSO4+ 3M)
0.1M
K>HPO4
BiV04(99.99 at%) 0.5M Pt Ag/AgCl 1.86 mA.cm2 | 0.65V vs RHE | [211]
phosphate (3M)
buffer
Bi (99.95 at%) 0.5M Pt mesh Ag/AgCl 1.2 mA.cm2 0.4 VvsRHE | [188]
V (99.95 at%) Na>SO4 3M)
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Figure 8.12: LSV measurement of the different BiV samples: (a) BiV400, BiV500 and BiV600 ; (b) BiV700,
BiV800 and BiV900 ; (c) BiV1000, BiV1100, BiV1200 ; (d) HC-STH associated with the LSV measurements ;

(e) Evolution of photocurrent density production at 1.23 Vryg with the Bi/V ratio

The BiV samples produced does not outperform some of the BiVO4 photoanodes

produced by wet chemical methods, where specific morphologies such as nanostructures or

higher porosities are used to enhance the surface area and so their photoelectrochemical

activities [208, 209]. Table 8.7 presents different photoelectrochemical data related to BiVO4

photoanodes produced by sputtering techniques. The lack of standard among the different

studies (type and concentration of the electrolyte) does not allow a proper comparison between
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the different BiVO4 photoanodes. However, the results obtained for this work remain

promising, allowing the production of a high photocurrent density at 1.23 Vrug for BiV800.

8.7. Charge separation and charge transport efficiencies

As seen in the previous section, the samples that present the most interesting
photoelectrochemical properties are BiV800, BiV900 and BiV1000. All three were selected to
measure their respective charge transfer and charge transport efficiencies (Mansfer and Mtransport),
both representing key factors to understand PEC properties of the materials. Both efficiencies

are determined with the following equations:

JH,0
Ntransfer = ] . (44)
scavenger
— ]SCavengeT 4
Ntransport = ] (45)
abs

where Jy,0 is the photocurrent density produced without scavengers, Jscavenger 18 the

photocurrent density produced with scavengers and J,,s 1s the theoretical maximum
photocurrent produced. The scavengers used for the efficiency’s measurement was 0.1M H20>
solution added to the electrolyte. H>O> was here used a hole scavenger and is assumed that its
oxidation kinetics is very fast, with a charge transfer efficiency of 100% [211]. This scavenger
is often used as hole scavenger for charge transport and charge transfer efficiencies for BiVO4

photoanodes [43].

Javs can be deduced from the light harvesting efficiency, as described in equation (46):
pl
Jabs = 3= L AX @y X LHE X d2 (46)

where @, is the spectral irradiance of the light source used (estimated at 100 mW.cm™),
calibrated under the AM 1.5G standard and LHE the light harvesting efficiency (in %) [rajouter
une reference]. As described in Chapter 7, it corresponds to a theoretical measure, and is used
to estimate how efficiently the photons absorbed by the photocatalysts are contributing for the
production of electron/hole pairs [43]. This measurement is usually calculed for the
measurement of other efficiencies, such as STH. The LHE efficiencies for the BiV samples
selected are presented in Figure 8.13. This value remains theoretical and does not take into
account other optical phenomena, such as scattering or reflection. Charge transport and charge
transfer efficiencies (Mansfer and Neransport) for selected samples are presented in Figure 8.14a and

8.14b, respectively. The charge transfer efficiency of BiV1000 is drastically lower than the two
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other samples tested, not exceeding 10% at 1.23 V vs RHE. The two other samples present a
higher Neanster values, with 14,5 and 17.7 % for BiV900 and BiV800, respectively. Those values
remain low and can be explained by the poor kinetics of BiVO4regarding the oxygen evolution

reaction, often identified as a key limitation to photoanode performance [213].
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Figure 8.13: Efficiencies related to BiV800, BiV900 and BiV1000 samples : (a) Light harvesting efficiency
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Contrary to the two other samples, BiV1000 presents at its surface V2Os nanoparticles.
Usually, the combination of BiVO4 and V20s enhances the charge transfer from the
semiconductor to the electrolyte, thanks to the formation of heterojunctions [200] [214].
However, here V205 is not produced as a thin layer on top of BiVO4but is randomly distributed
as nanoparticles across the surface, as it can be seen on the SEM top surface images in Figure
8.5. In this case, V205 nanoparticles act more as recombination charge centre, thus lowering the

transfer efficiency to the electrolyte. On the other hand, BiV800 and BiV900 exhibit the highest
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charge transfer efficiency. Regarding the charge transport efficiency, BiV800 exhibits the
highest rate, with a charge transport efficiency of 60% at 1.23 Vrue. To understand the different
photoelectrochemical activity measured for the selected samples and the higher efficiencies of
the BiV800 sample, their respective chemical and electronic states were investigated using XPS

analysis.

The survey spectra for the three selected samples are shown in Figure 8.15, where the
residual carbon can be observed with the C 1s peak. The bindings energies of other peaks were
referenced to the C 1s peak located at 284.9 eV. Figure 8.16 shows high resolution XPS spectra
of Bi 4f, V2p and Ols states. The Bi 4f spectrum reveals two peaks located at 158.9 eV and
164.2 eV, attributed to the binding energies of Bi 4f7» and Bi 4f5); states. These values are in
good agreement with the literature information and are indicative of the presence of bismuth in
the Bi** state but slightly shifted to lower values. Li et al. attributed this shift to the break of Bi-

O bonds, forming low valent Bi ions (Bi®™"*

), indicative of the formation of oxygen vacancies
[215]. It must be noticed that no other peaks can be observed for Bi 4f. The spectrum of V 2p
reveals the presence of two peaks, attributed to the V 2pi2 and V 2p3, states, with binding
energies of 516.3 eV and 524.1 eV, respectively. The vanadium is present in the V°>* oxidation
states, which is in agreement with the formation of BiVO4 [215]. It is not possible to verify the
V1,05 presence with XPS, due to the same valence of vanadium between V205 and BiVO4. The
high-resolution XPS spectra of O 1s before and after annealing is presented in Figure 68c and
68d, respectively. As observed, prior to the annealing step, the O 1s peak can be deconvoluted
into two peaks located at 529.5 eV and 531.3 eV. Those peaks can be attributed to the lattice
oxygen and hydroxyl species adsorbed onto oxygen vacancies. Before annealing, the O 1s L
peak is greater than the O 1s V peak. Once the sample is annealed, the atomic percentage ratio
between the O 1s L to O 1s V (calculated from the relative areas of the XPS peaks) changes,
with an increasing amount of oxygen vacancies. This indicates a significant higher number of

oxygen vacancies within the sample, which is in good agreement with the photoelectrochemical

measurements.
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Figure 8.16: High resolution XPS analysis of BiV800 sample: (a) Bi 4f state, (b) V 2p state, (c) O 1s state before
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The presence of oxygen vacancies could explain the better charged transport and charge
transfer efficiency measured for the BiV800 sample compared with the two others. In metal
oxides, oxygen vacancies act as electron traps, thus helping to avoid the recombination within
the lattice and enhancing the charge carrier’s lifetime [94]. Here, it appears that BiV800
possesses the highest amount of oxygen vacancies (see Table 8.8). It is complicated to properly
quantify the amount of oxygen vacancies within the bulk of the materials and at the surface of
the coatings. Nonetheless, the presence of oxygen vacancies has been found to increase the
charge transport efficiency in many cases of BiVO4 photoanode. The increasing efficiency of
charge transfer is usually done by altering the surface of the photoelectrode by diverse meaning.
For example, Lu et al. deposited a VOx layer on the top of a photoanode surface boosting the
charge transfer efficiency of the BiVO4 photoanode produced [216]. On the other hand, Liu et
al. studied the impact of Bi and oxygen vacancies within the lattice of a BiVO4 photoanode and

demonstrated its positive impact on the charge transport efficiency [217].
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Figure 8.17: (a) Transient time photocurrent measured for BiV samples, (b) Associated calculation process for

obtaining the transient time, obtained for Ln D = -1

To illustrate this extended lifetime of charge carriers induced by oxygen vacancies,
transient time measurements were performed. Transient photocurrents were measured for the
three-selected samples in a three-electrodes configuration and are presented in Figure 8.17a.
The decay of photocurrent when the sample is illuminated can be determined using Equation
(42) described in section 5.10.5. The transient time T can be obtained with Equation (41) at the
time when In D = -1. Associated transient time plots are presented in Figure 8.17b. It can be
seen from the transient photocurrents and the transient times associated that BiV800 seems to
produce charge carriers with the highest lifetime. This measure can be correlated with the high
oxygen vacancies amount estimated for this sample. The transient times measured with this

method are more qualitative data than quantitative data, as the transient times measurement is
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not accurate. Abdi et al. investigated the charge carrier’s lifetime and diffusion length of BiVO4
photoanodes with time-resolved microwave conductivity (TRMC) [218]. It was found that the
charge carriers’ lifetime was about 40 ns, which is more than 10000 times less than the values
found with transient time measurements. Further investigation would be then needed to
precisely determine the charge carrier’s lifetime within the BiV samples produced. Table 8.8

summarise the different data presented in this section.

Table 8-8: Data recorded for BiV800, BiV900 and BiV1000

Oxygen Transient time t Neansfer at 1.23 Vvs RHE | Myransportat 1.23
vacancy amount (s) (%) V vs RHE (%)
(area %)
BiV800 40.12 1.19 17.7 59
BiV900 32.18 0.19 14.5 38
BiV1000 23.46 >0.1 10 15

8.8. Thickness dependence of the BiVO, films
Finally, the BiV800 sample was replicated with different thicknesses by varying the

deposition time, to study the impact of film thickness onto the photoelectrochemical
performances. Table 8.9 presents the different deposition times selected, with the different
thicknesses associated. Several sources of errors can influence the thickness measurement from
the cross-section images, such as the resolution of the SEM, errors of calibration or errors
associated with the angle of the camera. Here, the measure was repeated 5 times and standard
deviation was calculated. The cross-section SEM micrographs are shown in Figure 8.18, where

the deposited layers can be observed on top of the FTO layers from the substrates.

Table 8-9: Data recorded for the BiV800 films deposited at different thicknesses

Deposition time | Thickness measured Photocurrent production at Maximum HC-
1.23 Vvs RHE (in mA.cm™) | STH efficiency

(%)

15 min 87 £ 11 nm 0.3 0.02

30 min 190 £ 16 nm 2.6 0.35

1h 340 £22 nm 1.5 0.17

1h 30min 445 + 37 nm 1.2 0.12

2h 572 =31 nm 0.5 0.05

All samples present a dense morphology made of large grains, which is indicative of the
recrystallization zone depicted in the Thornton model [147]. Figure 8.19 presents the different
PEC measurements done with the produced samples. According to the LSV scans, the
photocurrent produced decreases with the thickness of the coatings. The best performance

obtained is for BiV800 deposited for 30 min, resulting in a thickness of 190 nm. The
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photocurrent produced by this sample reaches around 2.5 mA.cm™ at 1.23 V vs RHE, with a
maximum HC-STH efficiency of 0.35%. The performances then drastically decrease when the
thickness is increased, with only 0.5 mA.cm™ at 1.23 V vs RHE (maximum HC-STH efficiency
01 0.05%) produced for a sample deposited for 2h. A correlation between the coatings thickness
and the photocurrent produced is shown in Figure x. It is interesting to notice that a too thin
film (BiV800 deposited for 15 min, 87 nm thick) does not exhibit a larger photocurrent
compared to the BiV800 sample deposited for 30 min.

BIVB0O'30 min (~ 190 nm)

“| FTO layer(~ 320 nm)
200 nm

50.00KX

200kV
WD = 10.8 mm

1 um 2.00kV SE2 2000KX
WD = 85mm

Figure 8.18: Cross-section SEM images of BiV800 sample deposited for; (a) 15 min; (b) 30 min; (¢) 1h; (d) 1h
30min; (e) 2h
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Figure 8.19: a) LSV scans for the BiV samples produced with different thicknesses, b) Associated HC-STH
efficiencies, ¢) Stability measurement for BiV sample deposited for 30 min, (d) Correlation between thicknesses

and photocurrents produced by the BiV samples deposited for several times

The impact of film’s thickness can be explained by the short diffusion length of the
charge carriers within BiVO4 before recombination. As mentioned earlier, the short charge
carriers’ lifetime within BiVO4 (40 ns) is associated with a short diffusion length (around 70
nm) [218]. When the charge carriers are produced in the bulk of a thick layer of photocatalyst,
they need to reach the reaction sites on the photocatalyst surface to drive the chemical reactions.
Despite the presence of electron traps such as oxygen vacancies, their diffusion length within
the material (and then their lifetime) is limited. Hence, a thick film results in a higher
recombination rate and so a lower photocurrent produced. Interestingly, the sample produced
for 15 min, resulting in a thickness of 87 nm does not produce a high photocurrent, probably
due to the lack of matter deposited compared to thicker coatings. An equilibrium should be then
found to obtain a coating thin enough to avoid charge recombination, but thick enough to
harvest the incident photons. Finally, the stability measurement photocurrent is presented in
Figure 8.19¢c, and was recorded by performing chronoamperometry with a fixed potential at

1.23 Vrue on sample BiV800 deposited for 30 min. The chronoamperometry was recorded for
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180 min to observe the stability of the photocurrent produced by the sample. A peak of
photocurrent can be observed and then a decay of photocurrent (Idecay = 58.7%) that stabilises
around 1.4 mA.cm produced. The large and quick decay of the photocurrent observed can be
explained by a large number of electron-hole pairs produced, followed by a quick
recombination of some of them. Compared to LSV measurements presented in Figure 8.19a,
the photocurrent produced by the photoanode is less important, probably due the poor charge
transfer efficiency demonstrated in the previous section. This is also associated with a decay of
the photocurrent more important compared to a BiV800 sample deposited for 1h. Additional
work could be then done to enhance this charge transfer efficiency, to expect a higher

photocurrent produced and a lower photocurrent decay during stability measurements.
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8.9. Summary

To summarise, BiVOs photocatalysts were produced using pDC reactive
magnetron co-sputtering to be used as photoanode for the study of the oxygen evolution
reaction. The first parameter studied was the variation of power applied on the Bi and V targets,
due to the high sputter yield difference between the two metals. This difference of sputter yield
can result in the formation of “bismuth-rich” or “vanadium-rich” compounds, with the presence
of impurity phases (Bi4V2011 and V20s), reducing the performances of the materials. The phase
of interest (m-s BiVO4) was obtained for the samples produced with a Bi/V ratio close to 1.
Regarding the photocatalytic and photoelectrochemical performances, all samples presented a
photoactive response to UV light and visible light. The BiV800 sample presented the highest
degradation rate and photocurrent production, with a photocurrent produced of 1.95 mA.cm™
at 1.23 VRug, resulting in a HC-STH efficiency of 0.28% at 1.23 Vrue. To understand this better
activity, the different charge transport and charge transfer efficiencies were evaluated. In
particular, a better charge transport efficiency was measure for the BiV800 sample (59% at 1.23
VruEg). This improved efficiency can be then explained by a higher amount of oxygen vacancies
produced within the coating, acting as charge carrier traps and then reducing the recombination
rate within the bulk of the photocatalyst. On the other hand, all samples presented a poor charge
transfer efficiency, due to the poor kinetics of BiVO4 regarding the oxygen evolution reaction.
The impact of the films thicknesses was also studied, showing a maximum of photocurrent
produced at 1.23 Vgrug for a 30 min deposited film, resulting in a thickness of 190 nm and a
photocurrent produced of 2.6 mA.cm™ at 1.23 Vrue. However, when the photocurrent stability
is studied, a large photocurrent decay is observed (more than 60% of photocurrent lost after
1h), which can be explained by the low charge transfer efficiency of the material. This lack of
charge transfer efficiency could be improved in future studies, with the addition of co-catalyst
(such as Co-Pi), the combination with other photocatalysts to build heterojunctions or with
implementation of protection layers. The findings presented in this chapter show the feasibility
of producing BiVOs coatings for photoanodes by pDS reactive magnetron sputtering. In
addition, several studies can be done to improve or characterise the BiV photocatalysts
produced. Additional work should be done in future work to obtain more information on the
photocatalysts. Firstly, the specific surface area should be measured with additional techniques,
such as AFM, or by electrochemical techniques such as cyclic voltammetry. Mott-Schottky
plots could obtain information about the electronic band structure. Finally, impedance

spectroscopy would help to understand the electronic behaviour of the electrical circuit.
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9. Production of CuBi,04 photocathode by magnetron
sputtering for PEC hydrogen evolution reaction

This chapter presents the results obtained for the production of copper bismuth oxide
coatings produced by reactive magnetron co-sputtering for the study of the
photoelectrochemical hydrogen evolution reaction.

This chapter discusses the background on CuBi>O4 photocatalysts (Section 1), the work
overview explaining the production method (Section 2), the characterization of the samples
produced, with crystallinity (Section 3), morphology (Section 4), the optical measurements
(section 5) and a first assessment of the photoelectrochemical activity (Section 6). Section 7
presents the measurements of charge transfer and charge transport for a selected range of
samples and Section 8 discusses the impact of thicknesses onto photocurrent production. A

summary of the chapter is given in section 9.

9.1. Introduction

As for most of the metal oxide photocatalysts, CuBi2O4 photocathodes have been typically
produced using wet chemical methods, such as spin-coating [231] or hydrothermal synthesis
[232]. As with the study of BiVO4, PVD methods present interesting advantages, such as the
scalability, the lack of hazardous chemicals/precursors and enabling the production of uniform
coatings in terms of morphology and composition. In this work, BiCu thin films were produced
using mid-frequency pulsed DC reactive magnetron co-sputtering, using two metallic targets
(Bi and Cu, 99.5% purity). Duployer et al. demonstrated the feasibility of producing CuBi>O4
photocathodes by RF sputtering from a ceramic compound target [233]. Otherwise, no mentions
of production of CuBi»O4 photocathodes by sputtering techniques have been found to date.
Contrary to RF sputtering, reactive sputtering with metallic targets in an argon/oxygen
atmosphere offers several advantages, such as higher deposition rates, process stability and
reduction of defects. As two targets are used, it is possible to tune the chemical composition of
the thin films deposited by adjusting the power densities applied to the targets. Hence, it is
possible to study the effect of the sputtering parameters on the photoelectrochemical properties
of the samples produced. It must be noted that Bi and Cu have different sputtering deposition

rates, with Bi being known for having a high sputtering yield [234].
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8.2. Experimental methods

The goal of this chapter is to produce an efficient CuBi2O4 photocathode by pulsed DC
magnetron sputtering using two metallic targets (Bi and Cu, 99.5% purity), for the study of the
hydrogen evolution reaction in a PEC cell. BiCu samples were produced by varying the power
densities applied on the targets during deposition, with the sputtering parameters summarized
in Table 9.1. The power applied on Bi was fixed at 100 W and the power applied on Cu was
varied, from 25 W to 200 W with a 25 W increment, to ensure a various of Pgi/Pcy range (from
4 to 0.5). The samples are labelled in accordance with the power applied on the copper target
(for example, BiCu25 means that the sample was produced by applying 100 W on Bi target and
25 W on Cu target). The films were deposited onto Si wafer (for EDX analysis) and Fluorine-
doped Tin oxide (FTO) glass substrate from Pilkington. Dual-channel Advanced Energy™
Pinnacle Plus power supply was used, with a pulse frequency of 100kHz and a duty cycle of
60% (off time: 4 ps). Argon and oxygen flows were kept constant during the deposition, at 40
and 10 sccm respectively. The deposited samples were then annealed in air at 500°C to get a

crystalline CuBi204 photocatalyst.

Table 9-1: Sputtering parameters for the production of CuBi samples

Sample ID Pgi (W) Pcu (W) Pcu/Psi
BiCu25 100 25 0.25
BiCu50 100 50 0.5
BiCu75 100 75 0.75

BiCul00 100 100 1
BiCul25 100 125 1.25
BiCul50 100 150 1.5
BiCul75 100 175 1.75
BiCu200 100 200 2

Similarly to the previous chapter, the BiCu samples produced were characterised with
different analytical techniques, to understand their composition, morphology or crystal
structure. A first measurement was done by Raman Spectroscopy with a Renishaw Invia
performed with a laser operating at a wavelength of 514 nm with a power of 10 mW and a long
working distance microscope objective with magnification of 50x. The Raman spectra was
recorded between 100 and 900 cm™'. Then, XRD was performed PANalytical X’pert X-Ray
diffractometer with a Cu K, source (A = 1.5406 A). The diffraction peaks were recorded in the
range of 20 = 15° - 60°, with a step size of 0.015° and a measurement time of 0.88 seconds per

step. Then, the reference patterns were identified using the International Centre for Diffraction
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Data (ICCD) database. The morphology of the BiCu samples was analysed by Scanning
electron microscopy (SEM), to produce top surface and cross section images. The micrographs
were recorded using secondary electron emission at a magnification of 50,000 and generated
with a 2kV electron beam using a Zeiss Supra 40VP equipped with EDAX 40Vp energy
dispersive X-Ray (EDX) analyser. The composition of the films was quantified on an imaged
area of approximately 100 pm? under an acceleration voltage of 20 kV, and three different areas
of the samples were analysed to calculate the standard deviation. White light interferometry
(WLI) was used for thickness measurements using Profilm3D optical profilometer from
Filmetrics. The measurements were done at three different positions with magnification of 50x,
to determine the mean thickness and the standard deviation. A first AFM measurement was
performed onto one BiCu sample with a Horiba XPlora Plus system, in tapping mode, onto an
area of 10 x 10 cm?, with 3 different areas analysed. The optical measurements (transmission,
optical band gap) were assessed by the use of an Ocean Optics USB4000 UV-Vis spectrometer,
connected to a DH-2000-BAL UV-Vis-NIR light source. The transmission properties were
recorded between 300 and 900 nm. Substrate FTO films were used as reference prior to the
measurements. The oxidation state of the deposited films was determined using X-Ray
photoelectron spectroscopy. The XPS analysis was performed with a Kratos Axis Supra system,
equipped with a monochromated Al K1 X-Ray excitation source (hv = 1486.6 eV). The peak
model fitting was carried out with the software CasaXPS. All spectra were charge corrected to
the acquired C 1s region scan and the adventitious carbon peak (C-C) position at 284.8 eV.

Curve fitting was done applying a Gaussian function with a Shirley background.

Similarly to the previous chapter, photocatalytic dye degradation tests were performed
by degradation of solution of mythelene blue (2 umol.L-1) under UV light irradiation. However,
the BiCu studied did not present significant photocatalytic properties regarding MB degradation
tests. The results of the photocatalytic measurements are presented in Annexe x. The
photoelectrochemical measurements were performed in a three-electrode configuration
powered by au Autolab potentiostat from Metrohm (PGSTAT302N). In brief, the BiVx/FTO
samples were used as the working electrode, whereas the counter electrode was a Pt mesh (5 x
5 cm?), and the reference electrode was an Ag/AgCl reference electrode. The geometric surface
area was defined as 1 cm? (defined with an epoxy resin mask). A 0.5 M NaxSO4 (pH = 7)
solution was used as the electrolyte. To assess the photoelectrochemical activity of the films,
Linear Sweep Voltammetry (SV) measurements were performed from 1.4 to 0.2 Vrug at a scan

rate of 20 mV.s"!. The measurements were performed in the dark and under visible light
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illumination to assess the photoelectrochemical activity of the samples produced. From the
photocurrent produced, the half-cell solar-to-hydrogen conversion efficiency (HC-STH) of all
samples were determined, using equation (36):

Jpn(mA.cm™?)x(Eoy, /1,0~ |Vapp|) V) x71F
Piotal(mw.cm=2)

HC —STH =

(40)

with Jpn the photocurrent density at Vapp, Vapp the potential applied during the
measurement, Pt the power density of the incident light (100 mW.cm™) and Eo,/n,0 the
standard potential for the hydrogen evolution reaction (here 0.0 Vrug). The three-electrode
configuration was also used to perform chronoamperometry (CA). Firstly, CA was used to
measure the stability of the photocurrent produced by the samples at 1.23 Vryg for 3 hours. CA
was also performed for a shorter period of time (60 s) to determine the transient time t for the

samples produced by using equation x:

InD = _TT (41)
Ie—1f)

D=L 42
Udi-1p) (42)

where I;, Ir and I; the initial photocurrent, final photocurrent, and photocurrent at time t,
respectively. The transient time is obtained by plotting In D as a function of time. By
extrapolating the linear part of the curve plotted, it is possible to determine the transient time t

forln D =-1.
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9.3. Crystallinity assessment

Firstly, the identification of the crystalline phases of the BiCu samples produced was
done by Raman Spectroscopy. The phase of interest for CuBi,04 photocathode is the tetragonal
phase, which produces specific Raman bands corresponding to specific elongations within the

BiOs and CuOg4 units. Especially, 7 distinctive Raman bands can be identified for the tetragonal

CuBi204 compound [236]:

- A strong peak at 130 cm™ is associated to the Alg mode which originates from
translational vibrations of the CuO4 planes along the c-axis.
- The small peak at 189 cm™ is the Eg mode and indicates the vibrations of the Cu-Cu
links
- The Alg mode at 263 cm™! corresponds to the rotation of two stacked CuO4 squares in
opposite directions. The peaks at 280 cm™ and 466 cm™, corresponding to B2e modes
are mainly assigned to the oxygen motion.
- Finally, the band observed at 406 cm™! is the Alg mode of the Bi-O stretching vibration
while the peak at 589 cm™! is an in-plane breathing of CuOs squares.
The Raman spectra of the different BiCu samples produced are presented in Figure 9.1.
Similarly to the BiV samples, different types of spectra can be observed among the different
BiCu samples. The samples with the lowest power applied on the Cu target (BiCu25, BiCu50
and BiCu75, see Figure 9.1a) present different bands that can be associated with the presence
of the monoclinic a-Bi»O3 phase (150, 210 and 440 cm™), with specific bands attributed to the
displacements of Bi and O atoms within the monoclinic a-Bi20Os lattice [236]. In addition, some
bands associated with CuBi204 are visible, but slightly shifted to lower wavenumbers, and can
be interpreted as a lack of crystallinity of the samples. A transition occurs from Pcy = 100 W,
with all the typical Raman bands appearing for BiCul00, BiCul25 and BiCul50 samples.
Moreover, no additional phase can be observed on the Raman spectra (see Figure 9.1b). Finally,
increasing the power applied on the coper target (BiCul75 and BiCu200) results in the
appearance of two new Raman bands on the spectra (340 and 633 cm!, Figure 9.1c). Those
bands can be attributed to the formation of CuO [237]. Those findings are in good agreement
with EDX analysis performed on samples deposited onto Si wafer (see Figure 9.1d), reported
in Table 9.2. As expected, increasing the power applied on Cu results in a higher proportion of
copper within the coatings. The formation of a-Bi2O3 is correlated with an excess of Bi in the
compound. Similarly, BiCul75 and BiCu200 exhibit a high amount of Cu comparing to Bi, this

excess of Cu being oxidized during the annealing step to form CuO. Interestingly, BiCul50 also
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presents a slight excess of Cu compared to Bi

according to EDX measurements, without

presenting any bands attributed to CuO phase.The phase diagram of the CuO — Bi203 binary

system reveals that the CuBi2O4 phase corresponds to a solid solution containing 68% of CuO

and 32% of Bi203. This is in accordance with the findings of the EDX analysis, showing that

for this configuration, a power ratio Pgi/Pv results in sputtering twice more copper than Bi [283].
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Figure 9.1: (a) Raman Spectra for the samples BiCu25, BiCu50 and BiCu75, (b) Raman Spectra for the samples

BiCul00, BiCul25 and BiCul50, (c¢) Raman Spectra for samples BiCul75 and BiCu200, (d) Example of EDX

analysis of BiCul50 deposited onto Si
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Table 9-2: Elemental (EDX) analysis of the CuBi samples produced

Sample Z Element Atomic fraction (%) At% Bi/Cu
ratio
8.00 0 741+12
BiCu25 29.00 Cu 78+ 1.1 2.31
83.00 Bi 181+13
8.00 o) 735+13
BiCu50 29.00 Cu 82+13 2.23
83.00 Bi 183+ 14
8.00 o) 738+1.1
BiCu75 29.00 Cu 84+12 2.1
83.00 Bi 178+ 1.1
8.00 o) 744+ 14
BiCul00 29.00 Cu 84+1.6 2.05
83.00 Bi 172412
8.00 o) 738+1.4
BiCul25 29.00 Cu 8.8+ 1.4 1.98
83.00 Bi 174413
8.00 o) 74+15
BiCul50 29.00 Cu 89+ 1.4 1.91
83.00 Bi 171+1.7
8.00 o) 73.9+1.7
BiCul75 29.00 Cu 92+15 1.83
83.00 Bi 169+ 1.4
8.00 o) 73.6+13
BiCu200 29.00 Cu 97+15 L.72
83.00 Bi 167+1.6
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To confirm the findings from Raman spectroscopy, X-Ray diffraction was used to
identify the crystalline phases of the coatings produced. All XRD patterns can be seen in Figure
8.3 (a-c). The XRD peaks associated with the presence of CuBi,04 phase were identified using
the ICDD card 48-1886. The peaks are the following: 20.84° (200), 28° (211), 29.68° (220),
30.76° (002), 33.26° (310), 34.26° (112), 37.42° (202), 45.16° (330), 45.92° (312),46.68° (411)
and 47.82° (420). As already seen in analysis by Raman spectroscopy, the “bismuth-rich”
samples (BiCu25, BiCu50 and BiCu75) exhibit several diffraction peaks related to the presence
of a-Bi203 (ICDD card 76-1730), in addition to the peaks associated with the CuBi,04 crystal
phase, meaning the presence of a mixture of both materials. It should be noticed that the
diffraction peaks of CuBi>O4 are slightly shifted, with a lower intensity, showing the lack of
crystallinity compared to bismuth oxide. The rest of the samples strongly exhibit CuBi2O4
diffraction peaks. In addition, samples with the higher amount of Cu (BiCul75 and BiCu200)
presents 2 additional peaks associated with the presence of CuO (35.5° (-1 11),38.6° (1 11),
ICDD card 48-1548), without altering the CuBi2O4 phase.
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Figure 9.2: XRD patterns of the different BiCu samples produced ; (a) BiCu25, BiCu50 and BiCu75 ; (b)
BiCul00, BiCul25 and BiCul50 ; (c) BiCul75 and BiCu200
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9.4. Coatings morphology

The top surface morphology of the CuBi samples produced was studied by SEM. A first
observation can be made when the coatings are observed with SEM before and after annealing,
as it can be seen in Figure 9.3. Before annealing, all samples produced in this work present a
columnar structure, typical from samples produced by sputtering techniques and related to the
porous columnar structure described in the Thornton Structure Zone Model [146]. After
annealing, a change in the morphology can be observed and differs from one sample to another,
depending on the sputtering parameters. As it can be observed on the SEM micrographs (Figure
9.4 and Figure 9.5), the variation of sputtering parameters influenced the morphology obtained.
The samples with the lowest amount of Cu (BiCu25 and BiCu50) present a morphology made
of small grains (around 100 nm) and with a lot of cavities in between. The presence of these
cavities can be interpreted as damage due to the difference of thermal expansion between Bi2O3
and CuBi20s4, respectively [236, 237]. When the amount of Cu is increased to reach the
composition close to CuBi2O4, a transition in the morphology occurs, with the formation of
larger grains, as it can be observed with samples BiCu75 and BiCul100. BiCul25 and BiCul50
exhibit a morphology with large, smooth, and well-defined grains. This type of morphology
was already reported from the production of CuBi,04 photocathodes by PVD techniques, such
as PLD by Gottesman et al. [240]. Finally, the “Copper-rich” samples exhibit another type of
morphology, with the formation of a denser granular structure. This morphology is correlated
with the appearance of CuO phase on Raman spectroscopy and XRD patterns. This morphology
has been observed with the deposition of CuO thin films from a CuO target by RF sputtering
[241, 242]. The importance of grain size was studied by Wang et al. in 2022, where CuBi1204
photocathodes were produced by TSA method and annealing in two steps [243]. It was shown
that the formation of a dense coating composed of large grains (between 500 nm to 1um) was
associated with a higher photocurrent density, due to the improvement of charge carrier lifetime

and increasing charge carrier transport within the coating.

Figure 9.3: Example of CuBi sample before annealing
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Figure 9.5: SEM images of CuBi samples produced, from BiCul25 to BiCu200
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The importance of grain size was studied by Wang et al. in 2022, where CuBi,04
photocathodes were produced by TSA method and annealing in two steps [243]. It was shown
that the formation of a dense coating composed of large grains (between 500 nm to 1um) was
associated with a higher photocurrent density, due to the improvement of charge carrier lifetime
and increasing charge carrier transport within the coating. 3D Optical profilometry was used
for thickness measurements of the samples produced. The data recorded are listed in Table 9.3.
Figure 9.6 presents the 3D images obtained for each CuBi samples produced. As expected,
increasing the power applied to copper target results in thicker coatings, with thicknesses
varying from 341 nm for BiCu25 to 426 nm for BiCu200. As an indication, the area roughness
of the samples was measured, based on the ISO standard 27178. Similarly to the BiV samples,
the area roughness appears very low for each sample (around 10 nm for each sample). AFM
image is presented in annexes, but were not usable to compare the roughness obtained, due to
the poor image quality obtained. Nonetheless, as all samples present a similar area roughness
with 3D Optical profilometry, it allows the direct comparison when performing photocatalytic

and photoelectrochemical measurements.

Table 9-3: Data recorded from 3D Optical profilometer for CuBi samples

Thickness measured (nm)
Sample ID
Measure | Measure | Measure Mean
1 2 3
BiCu25 315 313 318 315+ 6
BiCu50 337 332 332 333+ 8
BiCu75 347 345 343 345+ 9
BiCul00 363 365 368 365+ 6
BiCul25 378 377 372 375+ 10
BiCul50 393 391 396 393+ 6
BiCul75 407 414 414 411 £ 16
BiCu200 421 423 428 424 + 13
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Figure 9.6: WLI images of BiCu samples produced, from a) BiCu25 to h) BiCu200
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9.5. Optical properties and band gap measurements

The optical measurements were performed using an Ocean Optics USB4000 UV-Vis
spectrometer. Interestingly, once annealed the BiCu samples for not become opaquer, but more
transparent, as it can be seen in Figure 9.6. The as-deposited sample presents a dark brown
colour whereas the annealed sample presents a pale brownish colour. This behaviour was
already observed by Hahn et al. for CuBi2O4 photocathode produced by electrochemical
synthesis and was attributed to a higher light scattering within the materials after crystallisation
[244]. As a result, the transmittance of the annealed sample is higher, starting to increase from
360 nm to reach around 80% for longer wavelengths (see Figure 9.8a). As mentioned in Section
7.1., the bandgap of CuBi>O4 photocatalyst varies between 1.6 and 1.9 eV [226].As with BiVO4
earlier, several studies show both types of behaviour the band gap of CuBi204 (direct [244],
245] or indirect [246, 247]). Figure 9.8b shows the Tauc plot obtained for both indirect and
direct band gaps, with a value of 1.71 for an indirect band gap and a value of 1.93 for a direct
band gap. Both methods appear to be close in values, and are both below 2 eV, meaning the
samples are theoretically able to harvest a large portion of photons from visible light. For the
rest of the work, the BiCu samples produced are considered as direct band gap semiconductors.

The different band gap values found for the BiCu samples are listed in Table 9.4.

a) b)

Figure 9.7: Examples of BiCu samples deposited onto FTO a) Before annealing, b) After annealing

144



250 3.50E+09
100 {(8)  —As deposited ) —BiCu150 (indirect band gap)
—Annealed I 3.00E+09
200 {—BiCul50 (direct band gap)
80 + L 2.50E+09
q |
< 60 - g 150 L 2.00E+09 5
g g 2
2 g F 1.50E+09 5
E 40 | z 100 _E
2  |a==== —
g = I 1.00E+09
= 20 50
L 5.00E+08
0 . , . : r 0 e A 0.00E+00
300 400 500 600 700 800 900 15 1.6 17 1.8 19 2 21 22 23
Wavelength (nm) hv (eV)

Figure 9.8: (a) Example of BiCul50 transmittance measurement before (blue line) and after (green line)

annealing and (b) Tauc plots associated for direct and indirect band gap

Table 9-4: Band gap calculated for BiCu samples produced

Sample ID Band gap (eV)
BiCu25 1.84 £0.01
BiCu50 1.85+0.01
BiCu75 1.83 +0.04
BiCul00 1.86 +£0.03

BiCul25 1.87 £0.05
BiCul50 1.93 £0.02
BiCul75 1.91 +£0.08
BiCu200 1.79 £0.07

9.6. First assessment of photoelectrochemical properties

A first evaluation of the photocatalytic activity of the coatings was done by performing
MB degradation tests under UV light. Contrary to the BiV samples, BiCu samples did not
exhibit a significant photocatalytic activity, with 3.2% of methylene blue removed after 1h of
UV irradiation as the highest degradation rate (see annexes). Usually, CuBi,0s4 is reported to be
a promising photocatalyst for dye degradation when it is combined with several semiconductors
to form heterojunctions to ensure a higher activity [248, 250]. The photoelectrochemical
activity of the samples produced was assessed by the measurement of photocurrent production
under visible light in a three-electrode configuration PEC water splitting cell. The electrolyte
used was a 0.5M Na>SOs neutral solution (pH = 7), the working electrode used was the
BiCu/FTO photoelectrode, the counter-electrode was a Pt mesh, and the reference electrode
was an Ag/AgCl. The linear sweep voltammetry (LSV) technique was used, with a range of

voltage between 1.4 and 0.2 Vrue. Figure 9.9 (a-c) presents the LSV curves recorded for each
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sample. Figure 9.9a presents the LSV curves for the “Bismuth-rich” samples (Cu25, Cu50 and
Cu75). All samples produce a cathodic photocurrent, indicating the p-type nature of the
photocatalysts produced. However, the photocurrents remain very low, with -0.175 mA.cm™
produced as the highest photocurrent. This poor activity of the “Bismuth-rich” samples can be
explained by the presence of a-Bi2O3 , known to be not an efficient photocathode. When the
amount of Cu in the coating is increased to form a stoichiometric compound (BiCul00,
BiCul25 and BiCul50), the photocurrent production is improved, reaching a value of -1.13
mA.cm? for BiCul50. The “Copper-rich” (BiCul75 and BiCu200) samples present a good
photocurrent production ,which, however, is still lower than the one of stoichiometric
samples.The photocurrent measurements were used to evaluate two additional characteristics
of the photoelectrodes produced. The half-cell solar-to-hydrogen (HC-STH) efficiencies are
presented in Figure 9.9d. Due to their high photocurrent production, the stoichiometric samples
present the highest HC-STH efficiencies, reaching a value of 0.42 % at 0.5 V vs RHE for
BiCul50 sample, whereas the maximum HC-STH for the “Rich-Bi” and “Rich-Cu” samples
are 0.05% at 0.3 V vs RHE and 0.17% at 0.45 V vs RHE, respectively. All photocurrent values

and maximum HC-STH efficiencies are reported in Table 9.5.

Table 9-5: Photoelectrochemical data recorded from LSV and HC-STH measurements for each BiCu samples

Sample ID Photocurrent production Max HC-STH (%)
(mA.cm? at 0.3 V vs RHE)

BiCu25 -0.08 0.02

BiCu50 -0.11 0.03

BiCu75 -0.18 0.05
BiCul00 -0.88 0.32
BiCul25 -1.02 0.38
BiCul50 -1.13 0.42
BiCul75 -0.53 0.18
BiCu200 -0.38 0.14

CuBi,04 photocathodes are usually not produced by PVD techniques, which makes the
comparison with the CuBi samples produced by reactive magnetron co-sputtering difficult.
Cooper et al. produced CuBi20O4 photocathodes in 2021 by reactive sputtering and obtained
similar results in terms of photocurrent production, with a photocurrent density of -1.18 mA.cm?
produced at 0.3 V vs RHE [36]. It must be noticed that to date, it appears to be the best
performances of CuBi2O4 produced by a PVD technique. Examples of CuBi2O4 photocathode
produced by pulsed laser deposition (PLD) are listed in Table 9.6, showing a photocurrent

produced approximately half as much as the photocathode produced by sputtering. Similarly to
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BiV photoanodes, the lack of consistency between the different configurations used (electrolyte,
counter-electrode, reference electrode ...) makes difficult a proper comparison. However, the
results obtained with sputtering remains quite encouraging, as the photocurrent produced

appears high compared to the literature.
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Figure 9.9: Chopped LSV of CuBiO samples: (a) samples (BiCu25, BiCu50, BiCu75), (b) samples (BiCul00,
BiCul25, BiCul50), (¢) samples (BiCul75, BiCu200) and (d) HC-STH for the corresponding samples, (e)

Correlation between composition and photocurrent produced for each sample
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Table 9-6: Examples of CuBi,O4 photocathode produced by PVD techniques and their respective photocurrent

densities values

CuBi,04 Counter- | Reference- Photocurrent Onset potential Ref
production Electrolyte electrode electrode density at 0.3 V (Vvs RHE)
method vs RHE
Reactive 0.5 M NayS,04 Ptwire | Ag/AgCl3M -1.1 mA.cm? 1.1 Vvs RHE [226]
magnetron KCl
sputtering
PLD 0.1 Potassium Ptwire | Ag/AgCl IM -0.5 mA.cm™ 1.0VvsRHE | [239]
phosphate KCL
PLD 0.3M K»S04/0.2 | Ptwire Ag/AgCl -0.06 mA.cm™ 1.1 Vvs RHE [251]
Phosphate buffer
TSA 0.3M K,SO4/ Pt Ag/AgCl -0.4 mA.cm™ 1.08 Vvs RHE | [242]
0.2M phosphate
buffer

9.7. Charge separation and charge transport efficiencies

Based on the previous findings, three BiCu samples (CuBi100, CuBil25, CuBil50)

were selected to estimate their respective charge transport and charge transfer efficiencies.

Similarly to the measurements done with the BiV samples, 0.1M H20O> solution was added to

the electrolyte as it can act as an electron scavenger with fast kinetics [253]. The same equations

used in Chapter 8 can be used to calculate Nuanster and Meransport, With an example of LHE

measurement for BiCul50 presented in Figure 9.10a, impacted by the transparency of the

samples produced. As depicted in Figure 9.10b, no significant differences can be observed with

the charge transfer efficiency between the samples, with a Neanster ranging from 10 to 11.8% at

0.3 V vs RHE. All samples present relatively 1ow Neanster, as CuBi20y4 is also subject to poor

kinetics for the proton reduction reaction [254].
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Figure 9.10: (a) LHE efficiency for BiCul50, (b) Charge transfer efficiencies of the selected samples, (c) Charge

transport efficiencies of the selected samples

As depicted in Figure 9.10c, BiCul50 presents the best efticiency with 35% at 0.3 V vs
RHE, whereas the BiCul25 and BiCul00 exhibit lower mMansport , With 18% and 10.3%,
respectively. This charge transfer efficiency appears to be lower than the on measured for the
BiV samples, which can be a limiting factor when running a PEC tandem cell. All efficiencies
are listed in Table 9.7. Also, the efficiencies shown here are significantly slower than BiV
samples. This might be due to the use of H20> as an electron scavenger, often referred as good
electron scavenger but some other scavengers can be used [284]. This can be discussed in
further studies. XPS analysis was used to investigate the chemical and electronic states of the
CuBi samples produced. The survey spectra for the three selected samples are presented are
shown in Figure 9.11. The residual carbon C Is peak, located at 284.9 eV, was used as a
reference to identify the binding energies of other peaks. Figure 9.12 shows the high resolution
XPS spectra of Bi 4f, Cu 2p and O 1s states. Contrary to the BiV samples, the Bi 4f states (see
Figure 86¢) are not shifted to lower binding energies, with peaks located at 159.6 and 165.3,
attributed to the binding energies of Bi 4f72 and Bi 4fs), respectively [255]. No other peaks can
be observed for Bi 4f state. For the Cu 2p states (see Figure 9.13b), several peaks can be
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observed. Two satellite peaks can be observed (between 941 — 944 eV and at 962.3 eV) can be
attributed to the presence of Cu®" corresponding to the valence of Cu in CuBiO4 [256].
Moreover, two peaks are located at 933.2 and 953.8 eV, corresponding to the Cu 2p3,2 and Cu
2p12 states, respectively. Similarly to BiVOs, a difference in the high-resolution O 1s XPS
spectra can be observed before and after annealing. As seen in Figure 9.13c, O 1s peak can be
deconvoluted into three peaks, located at 529.6 eV, 531.2 eV and 532.5 eV. These peaks can be
attributed to the presence of lattice oxygen (O 1s L), oxygen vacancies (O 1s V) and
adsorbed/chemisorbed oxygen (O 1s Ads), respectively [93]. After annealing, the area of the O
Is V peak drastically increases, indicating an increasing number of oxygen vacancies within
the sample. When comparing the atomic percentage ratio between the O 1s L to O 1s V
(calculated from the relative areas of the XPS peaks) after annealing, BiCul50 appears to have
the highest amount of oxygen vacancies, which could explain its improved charge transport
efficiency. This behaviour has already been reported in this work for BiVO4 produced by
reactive magnetron sputtering, but also previously by Grao et al. who produced a
Bi12TiO20/Bi4Ti3012 composite by reactive magnetron sputtering, which contained a high
number of oxygen vacancies and lead to an increasing photocatalytic activity [257]. Similarly
to BiVOy, the presence of oxygen vacancies at the surface or within the bulk of CuBi20O4 was
shown to be an effective way to improve the photocatalytic activity of the material [271].
Further investigation about the production of oxygen vacancies in bismuth ternary compounds

produced by reactive magnetron sputtering could lead to the production of highly efficient

photoelectrodes.
Bi 4f
O2p
Cl1
Cu2p y
=
< 02
z P Cls
2 Cu 2p
2
=
O02p Cls
Cu?2p
0 200 400 600 800 1000
Binding energy (eV)

Figure 9.11: Wide spectrum of BiCul00, BiCul25 and BiCul50 samples
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Figure 9.12: High resolution XPS analysis of BiCul50 sample: a) O s before annealing , b) after annealing, c)
Bi 4f state, d) Cu 2p state

Finally, the transient time of the produced samples was estimated using the same method
than BiVO4, confirming a longer lifetime for the charge carriers produced by BiCul50,
correlated with the high amount of oxygen vacancies. It must be noted that the measured

transient times are shorter than the transient times measured for BiVOas.
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Figure 9.13: Transient time photocurrent measured for CuBi samples, Associated calculation process for

obtaining the transient time
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Such as BiVOs, Abdi et al. studied the charge carriers’ lifetime and diffusion length
associated within CuBi2O4 using TRMC [228]. Several values were found for the charge
carriers’ lifetime, ranging from 32 ns to 819 ns. It means the photogenerated charge carriers
produced within CuBi,04 can either recombine quickly or have a significant longer lifetime

[287]. Table 9.7 summarises the different data presented in this section.

Table 9-7: Data recorded for BiCul00, BiCul25, BiCul50

Oxygen vacancy | Transient time T (S) | Mansfer at 0.3 V vs Ntransport at 0.3

amount (area %) RHE (%) V vs RHE (%)
BiCul00 31.49 0.22 10 10.5
BiCul25 39.76 0.43 11.6 19
BiCul50 42.21 0.5 11.8 35

9.8 Thickness dependence of the CuBi,O4 films

Due its better performances, BiCul50 samples was replicated with different thicknesses
by changing the deposition times during the sputtering process, to identify the optimal thickness
for the best photocathode performances. Table 9.8 presents the different deposition times with
the thicknesses measured for each sample. Several sources of errors can influence the thickness
measurement from the cross-section images, such as the resolution of the SEM, errors of
calibration or errors associated with the angle of the camera. Here, the measure was repeated 5
times and standard deviation was calculated. Cross-section SEM micrographs are presented in
Figure 9.15, where all the different layers can be observed. Such as BiVOj4 coatings, the layers
present a dense morphology made of large grains. The PEC measurements done with the
produced samples are presented in Figure 9.14, with the impact on photocurrent production can
be seen in Figure 9.14a: the thinnest coatings produce the highest cathodic photocurrent,
reaching a value of -1.6 mA.cm™ at 0.3 V vs RHE. The corresponding HC-STH efficiencies are
presented in Figure 88b, showing a maximum HC-STH efficiency of 0.58%. As expected, the
performances decrease with the thickness of the coatings, with the BiCul50 sample deposited

for 2h being the lass active sample. All PEC data are listed in Table 9.8.

152



Table 9-8: Data recorded for the CuBi fims deposited at different thicknesses

Deposition time Thickness measured Photocurrent Maximum HC-STH
production at 0.3 V vs efficiency (%)
RHE (in mA.cm?)

15 min 110 £ 10 nm 1.38 0.49

30 min 205+ 11 nm 1.62 0.58

1h 388 £ 16 nm 1.16 0.39

1h 30min 549 £ 25 nm 0.61 0.19

2h 735 £ 20 nm 0.22 0.07
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Figure 9.14: a) LSV scans for the CuBi150 samples produced with different thicknesses, b) Associated HC-STH
efficiencies, ¢) Stability measurement for CuBil50 sample deposited for 30 min, d) H2 and O2 evolution rate

associated with the stability measurement

Such as BiVOg, the investigation of charge carriers’ lifetime by Abdi et al. resulted in
the determination of a short diffusion length for the charge carriers, measured at around 52 nm
[228]. These behaviours appear to be relatively similar among metal oxides semiconductors and
can explain the poor conductivity reported for BiVO4 or CuBi,04. By optimizing the thickness
obtained, the charge carriers produced in the bulk are closer to the surface reactions sites and
then can migrate to the surface with less chances to recombine. Here, a thickness of 200 nm

appears to give the most efficient photocathode. The stability measurement of the CuBil50
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sample tested (see Figure 9.14c) exhibits a lot of tiny photocurrent peaks during the

measurement and might a sign of a possible degradation of the material during the

measurement. CuBi204 is known to be sensitive to photo-corrosion, which could impact the

performances if the photocathode is used in a PEC tandem cell.
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Figure 9.15: Cross-section SEM images of BiCul50 sample deposited for; (a) 15 min; (b) 30 min; (c) 1h; (d) 1h

30min; (e) 2h
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9.9. Summary

In this work, CuBi>O4 photocatalysts were successfully synthetized by pDC reactive
magnetron co-sputtering from two Cu and Bi metallic targets, to be used as photocathodes for
the study of the hydrogen evolution reaction. Similarly to the BiV samples produced, the first
parameter studied was the power ratio applied between the Cu and Bi targets. This resulted in
the production of different impurity crystal phases (Bi2Osin “bismuth-rich” samples, CuO in
“copper-rich” samples) when the Bi/Cu ratio obtained for the samples differs from 2. The
samples that presented the tetragonal CuBi>O4 phase exhibited the best photoelectrochemical
performances, with the BiCul50 sample presenting the highest photocurrent production, with
a photocurrent produced of -1.13 mA.cm™ at 0.3 Vrug, resulting in a HC-STH efficiency of x%
at 0.3 Vrue. The charge transfer efficiency of the BiCu samples studied were all measured
around the same value (around 11% at 0.3 Vrug). On the other hand, the BiCul50 sample
exhibited the highest charge transport efficiency compared to the other samples (35% at 0.3
VrHuE), explained by the large amount of oxygen vacancies measured by XPS analysis. Those
findings present similarities with the BiV samples, and future studies could be done on the
understanding of the presence of oxygen vacancies is Bismuth based photocatalysts produced

by reactive magnetron co-sputtering.

Finally, the influence of the film thicknesses was studied by varying the deposition time,
producing samples with thicknesses from 100 to 750 nm. The optimum thickness was found
around 200 nm, producing a photocurrent of -1.62 mA.cm™ at 0.3 Vrue. If the photocurrent
decay was less important for the BiCul50 photocathode compared to the BiV800 photoanode,
the photocurrent produced during stability measurement was drastically lower, with a possible
degradation of the coating during the measurement. Further study needs to be done to improve
the stability of the photocathode. Improvements can be done regarding the scavenger used, here
both for photoanode and photocathode. However, precedent studies showed the difficulty to
replace H202 as an electron scavenger, due to the unintended side reactions that can occur with
the photocatalysts. For example, Berglund et al. tested several compounds as electron

scavengers (K3[Fe(CN)g], /K1 and FeCls), without the obtention of satisfying results [228].
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10. PEC tandem cell with BiVO, photoanode and
CuBi,04 photocathode: first PEC measurements,
limitations and solutions

This chapter presents the first results obtained for the study of a tandem PEC cell based on a
bismuth vanadate photoanode and a copper bismuth oxide photocathode. This tandem PEC cell was
based on the findings from Chapter 6 and Chapter 7. This chapter discusses such aspects as description
of the proposed PEC tandem cell (Section 1), a characterization of the photoelectrodes with the
determination of their respective electronic structure (Section Il), firsts PEC measurements for the

tandem PEC cell (Section IlI) and then a discussion of the results in Section 1V.

10.1. PEC water splitting cell design

As presented in chapter 2, there are several configurations possible to achieve
PEC water splitting: p-n tandem PEC cell, PEC-PV cell and buried junction device. On the
previous chapters, the photoelectrodes were tested in a single-photoelectrode configuration. The
main drawback of a single-photoelectrode cell is the necessity of applying a potential to start
the overall water splitting reaction. The addition of another photoelectrode can help to achieve
an unbiased PEC tandem cell, as explained in Chapter 2. In the following parts, the only
configuration considered would be the p-n PEC cell, as it was the configuration of interest for
this work. Several characteristics can be measured to assess the performance of p-n PEC tandem
cell. Firstly, both materials exhibit intrinsic properties, such as the onset potential Eonset
corresponding to the applied potential where the reaction of interest occurs, or the
photogenerated current J,n, corresponding to the difference between the current produced in the
dark Jgark and the current produced with illumination Jignt [285]. When two photoelectrodes are
used in a PEC tandem cell, other efficiencies can be measured, such as the Faradaic Efficiency
(FE), defined as the ratio of the amount of gas produced by the theoretical amount of gas
produced according to the photocurrent measured, and that can be expressed with equation (x):

FE = axn (mol)xF(C.mol™1)
- Jphoto (MA.cm—2)xt (s)

(49)

with a the electron transfer number (with the production of H», a = 2; with the

production of Oz, a = 4), n the number of moles of the gas product, F the Faraday constant
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(96485 C.mol™), Jonoto the generated photocurrent and t the reaction time. The FE can then be

used to estimate the solar-to-hydrogen efficiency mentioned in chapter 7 (equation 36):

STH (%) — Jop (MA.cm—2)Xx1.23 (VRug) XFE (%) (36)

Plight (mw.cm=2)

with Jop is the photocurrent at which the PEC cell is operating, 1.23 Vrug corresponds
to the theoretical standard potential of the overall water splitting reaction, FE the faradaic
efficiency and Piighe the power of the incident light (usually 100 mW.cm?). However, to
determine the FE, it is necessary to determine the number of mol produced during a
measurement. This measurement can be theoretically calculated thanks to equation (43) seen in
chapter 7, or experimentally by GCMS. It is then necessary for the PEC tandem cell to fit into
the GCMS device, which is not always the case. When it is not possible to use GCMS, the FE
is usually approximated to 100% [43, 92]. In practical, the FE is always less than 100%, due to
side reactions occurring at the photoelectrodes and inhibiting the OER and the HER [286 —
288]. Other efficiencies can be measured, such as the APCE efficiency, which is the
photocurrent generated per photon absorbed (equation 50). Finally, when an applied bias is
required to run the PEC tandem cell, due to limitations of the materials or the cell itself, the
STH can not be measured and is replaced by the Applied bias photon-to-current conversion

efficiency (ABPE), calculated with equation (51):

IPCE (%) __ IPCE (%) _  Jmono(mA.cm™2)x1239.8 (eV.nm)
A 1-R-T  Pmono(mW.cm=2)xA(nm) X (1—R-T)

APCE (%) =

(50)

Jphono(mA.cm™2)x(1.23=Vpias)(VRHE)
Plight(mW.cm‘z)

ABPE (%) =

(1)

with Vpias the bias applied to measure Jphoto. All those efficiencies and their parameters
are mainly influenced by the geometry and design of the PEC tandem cell. The design of a PEC
cell must take into account three main points: efficiency, cost and stability [285]. In this part,
only the possible photocell design for a p-n PEC tandem cell would be discussed. A PEC
consists of a vessel containing an electrolyte where photoelectrodes are immerged. The simplest
configuration for a vessel is a transparent open vessel to allow the illumination of the
photoelectrodes (see Figure 10.1a). This vessel would contain the electrolyte where the
photoelectrodes are be immerged. However, to ensure that the visible light from a solar
simulator is completely transmitted to the photoelectrodes, quartz vessels should be required.
As quartz vessels are expensive devices, the body of a PEC is usually made of more robust

material (Perspex or Teflon) and are equipped with an optical quartz window, which allows a
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good illumination of the photoelectrodes without being too expensive (as shown in Figure
10.1b). The body of the cell can also be equipped with separate ports to ensure a consistency in
the distance between the electrodes, avoiding a change of electrical parameters in the electrical
circuit of the cell and then the efficiency of the PEC tandem cell [289]. It must be noticed that,
in a single vessel PEC cell, the photoanode and the photocathode are positioned in the same
compartment and are immerged in the same electrolyte. The separation of the reactive sites
prevents the recombination surface reaction of Hz and O; to form H>O. However, for potential
upscaled applications, it is important to separate the production of H> and O, to avoid the
mixture of the two gases that can be potentially dangerous [285, 289]. Then, the photoelectrodes
need to be separated in two different compartments. This can be done with the use of H-type
vessels, where two vertical glass tubes are connected by a smaller horizontal tube. As the gases
produced flow upward, they are naturally separated, avoiding the risk of mixing them. Finally,
different electrolytes can be used to perform the OER or the HER, but not all photocatalysts
can be immerged in every electrolyte. For example, BiVO4 can be degraded within acidic
environments [290]. The use of physical separators, such as glass frit or proton exchange
membranes can be added to a two vessels configuration to allow the use of two different
electrolytes. Proton exchange membranes such as Nafion are commonly used in fuel cells and
does not allow H or O gas to pass through but only H* ions to ensure the conductivity between
the two vessels. It must be noticed that Nafion membrane can not be used with electrolytes
containing cations (such as Na"), as they will take the place of H" ions and reduce the production

of H> at the photocathode side.

nafion membrane window glass frit

Figure 10.1: Examples of photocell designs: (a) single vessel, (b) single vessel equipped with optical windows,

(c) Two compartments vessel with physical separator, (d) H-type vessel (adapted and reproduced from [289])
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Table 10-1: Examples of BiVO4/CuBi,O4 PEC tandem cell proposed in the literature

Photoanode | Photocathode Electrolyte Max Max STH (if | Ref
photocurrent measured)
Mo-doped MgO- 0.2 M KOH; 0.33 mA.cm™ 0.41% [294]
BiVO4 passivated 0.4 M H3BO3 at 0.4 Vrue (measured for
CuBi;04 the tandem
PEC cell)
BiVO, CuBi,04 0.1 M NaxSOq4 0.81 mA.cm™? | 0.61% (only | [250]
at 0.45 Vrue | measured for
the
photocathode)
Nano-BiVO, Micro- 0.5 M NaSOg4 0.036 mA.cm’ 0.04 % [259]
CuBi,04 2at 0 Vrug (measured for
the tandem
PEC cell)
W:BiVO, Ti02:CuBi;04 | 0.3 M K804 0.2 | 0.05mA 0.6 / [295]
M phosphate VRHE
buffer
Znln,S4 CuBi;04 0.1 Na,SO4 0.03 mA.cm™ / [258]
at 0 Vrug
BiVO, CuBi;04 0.5 M NaSO4 2 mA.cm™ at / [296]
0.45 Vrag

As the geometry and the design are important parameters regarding the efficiency of the
PEC tandem cell, the p-n photoelectrodes used remain the limiting factor regarding the
photoelectrochemical properties. Table 10.1 presents several examples of p-n PEC tandem cell
composed of a BiVO4 photoanode and a CuBi204 photocathode. An example of a tandem PEC
cell can be presented with the work of Lai et al. In their work, they presented a p-n tandem cell
composed of a BiVO4 photoanode produced from a single Bi4Osl> nanosheet template, and of
a CuB1204 photocathode [260] . The cell was made of 2 separate chamber (H-type vessel) and
was equipped with quartz windows and a 117 Nafion proton exchange membrane. The tandem
exhibited a high photovoltage (2.0 V), technically enough to perform water splitting without
external bias. The bias-free photocurrent produced by the cell was around 36 pA.cm™
corresponding to a 0.04% STH efficiency. The main limitations reported were the low charge
transport and charge transfer efficiencies reported for both photoelectrodes. It is usually
considered to be economically viable that a PEC tandem cell should exhibit a STH efficiency
above 10% [47]. As reported in 10.1, the STH efficiency reported for BiVO4/CuBi2O4 PEC
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tandem cells does not exceed 1%. Several limitations have been reported by the different
studies. As the PEC tandem cell are still not extremely efficient compared to electrolysers, the
main efficiency (STH efficiency) is not systematically measured in the studies, as shown in

Table 10.1.

10.2 Methods for the proposed BiV/BiCu PEC tandem cell

As explained in Chapter 2, several strategies can be employed to build an unbiased water
splitting cell for hydrogen production. The use of photocatalysts to build a n-type/p-type tandem
device offers several advantages, such as a low-cost of the material used, especially with metal
oxides photocatalysts [257]. In this configuration, a photoanode and a photocathode are
connected to each other and immersed in an aqueous electrolyte containing the reactive species
to perform the overall water splitting reaction. However, several requirements should be met to
reach a hydrogen production efficiency commercially viable. In particular, it is estimated that a
PEC/PEC tandem cell should reach a solar-to-hydrogen efficiency larger than 10 % [46]. In
practical, this STH efficiency is never reached and can be limited by several factors, such as the
low reaction kinetics at the surface of the photoelectrodes or the complex interactions involving
sunlight, semiconductors and liquid solutions. Among the different photocatalysts combination
possible, BiVO4 photoanode and CuBi,04 photocathode has been tested into PEC tandem cells
with various types of photocatalysts, but only to achieve very poor conversion efficiencies. As
an example, Xu et al. produced an unassisted water splitting cell using BiVO4 photoanode and

Si photocathode, only to reach a STH efficiency of 0.57% [278].

It must be noted that several studies demonstrated the feasibility of coupling BiVO4
photoanode and CuBi>04 photocathode to obtain an unassisted PEC water splitting cell [251,
258, 259]. The efficiencies associated with these cells are respectively. Both materials meet the
requirements to perform both half-reactions associated with water splitting, as demonstrated in
the previous chapters. It must be noticed that no PEC tandem cells with photoelectrodes

produced by reactive magnetron co-sputtering have been reported yet.

In this work, the PEC tandem cell proposed was based on the PEC cell developed by
Tania Lopes et al. and was supplied by an external company [160]. It is composed of several
parts: an acrylic body with a capacity of a 100 mL. two quartz windows equipped with metallic
and black acrylic frames, to allow the illumination of the photoelectrodes (with a maximum
illumination area of 5 x 5 cm?), as shown in Figure 10.2. The light source used was a Uniform

Arc light source system LSU308 from Quantum Design, powered by a 150 — 300 W arc lamp
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system LSN354. The lamp used is a 300W Xe lamp, equipped with filters from Newport to
better reproduce the AM 1.5G spectra (an Air Mass Filter 81094 and a 325 nm UV filter).

The BiVO4 photoanode and CuBi>O4 photocathode were chosen based on the findings
from Chapter 8 and Chapter 9, respectively. The two materials were produced by reactive
magnetron co-sputtering, by applying 50 and 800 W of power to the bismuth and vanadium
targets for BiVOs, and 100 and 150 W of power to the bismuth and copper targets for CuBi20s4,
respectively. The materials were deposited onto fluorine-doped tin oxide coated glass from
Pilkington® for 30 minutes, to get the optimum thicknesses. After deposition, the samples were
annealed in air at 500°C for 1h, to obtain crystalline coatings. Those parameters correspond to
the parameters used for the production of BiV800 sample and CuBi150 sample in Chapters 8
and 9, respectively. The samples were then characterized to ensure the formation of the desired
materials (SEM, Raman, XRD, EDX), based on the previous methods described. In addition,
the electronic band diagrams of each photocatalysts were investigated, to determine the overall
band diagram of the proposed PEC tandem cell. Different extrapolation techniques (Valence
band XPS, Tauc plot method, Cyclic voltammetry) were used. Cyclic voltammetry was
performed for both materials to determine their electrochemical electronic structure. Cyclic
voltammetry was performed in dark conditions, to make sure that the electrons were driven out
of the conduction and valence band. The cyclic voltammetry was performed from -0.5 to 2.3
Vrue for the BiV photoanode and was performed from -1.5 to 1.5 Vrug for the BiCu
photocathode. The photoelectrodes were analysed for 10 cycles at a scan rate of 10 mV.!. The
electrolyte used was a 0.5M NaxSOQq, as it was used for the previous chapter for both materials.
A schematic of the theoretical BiVO4/CuB1,04 PEC tandem cell is presented in Figure 10.2.
The first assessment of the photoelectrochemical activity of the proposed PEC cell was done
by measuring the photocurrent production and the associated hydrogen production rate under
illumination with AM 1.5G simulated visible light source. The valence band measurement was
performed by XPS analysis performed by a SUPRA photoelectron spectrometer from Kratos
Analytical Ltd, by performing a region scan at very low binding energy, with a pass energy of

40 eV.
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Figure 10.2: (top) Photograph of the PEC water splitting used with the visible light source; (bottom left)
Schematic of the PEC tandem cell formed by the BiVO4 photoanode and the CuBi,0O4 photocathode; (bottom

right) Comparison of transmittance spectra for both photoelectrode
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10.3 Characterisation of BiVO4 photoanode and CuBi;O4
photocathode

To ensure the formation of the desired materials (m-s BiVOs and tetragonal CuBi204),
Raman spectroscopy and XRD were used. Figure 10.3a exhibits the Raman spectra and XRD
patterns for both materials. In addition to the FTO peaks (ICDD card 041-1445), the different
peaks attributed to the presence of m-s BiVOs and tetragonal CuBi,04 can be observed on the

XRD patterns (Figure 10.3b):

- JCPDS card 14-0688 (m-s BiVO4): 18.9° (1 1 0), 28.8° (1 2 1), 30.5° (04 0), 34.6° (2 0
0),35.2°(002),40°(211),42.4°(150),459°(132),46.8°(240),47.2°(042)
50.2°(202),53.5°(161),58.3°(1 70)and 59.4° (32 1).

- JCPDS card 48-1886 (tetragonal CuBiO4): 20.84° (200), 28° (211), 29.68° (220),
30.76° (002), 33.26° (310), 34.26° (112), 37.42° (202), 45.16° (330), 45.92° (312),
46.68° (411) and 47.82° (420).

Moreover, the Raman spectra exhibit the bands associated with m-s BiVO4 and tetragonal
CuBi04. It is interesting to note the similarities between the morphologies obtained on SEM
micrographs (Figure 10.4) for those two bismuth-based photocatalysts produced by reactive
magnetron co-sputtering, and that corresponds to the recrystallization process predicted by the
Thornton model [146]. Both samples depict the appropriate stoichiometry found earlier in

Chapter 8 and Chapter 9.

(a) * (b) BiV800 * m-s BiVO,
BiVS0030 min  * m-s BiVO, . —CuBil50 i;strr(z;gonal CuBi,0,
—CuBil50 30 min T tetragonal CuBi,0, —FTO
*
+
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Figure 10.3: (a) Raman spectra of BiV800 and CuBi150; (b) XRD patterns of BiV800 and CuBi150
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Figure 10.4: SEM micrographs of (a) BiVO, photoanode; (b) CuBi»O4 photocathode

As mentioned in Chapter 2, the electronic band structure of a photoelectrode should
meet the energetic requirements to perform the reaction of interest. In the case of a photoanode,
the valence band should be more positive than the standard potential for oxidation reaction,
whereas the conduction band should be more negative than the standard potential for proton
reduction for a photocathode. To determine the values of the CB and VB of the photocatalysts,
different extrapolation techniques can be used [107]. In this work, the band diagrams of the
produced photoelectrodes were determined using valence band XPS analysis coupled with the
optical band gap determined by the Tauc plot method [159] and using cyclic voltammetry.

The valence band maximum can be determined by performing XPS analysis at very low
binding energies. By extrapolating the straight tangent line of the plot, the intersection with the
x-axis is defined as the VB maximum. This method has been used several times with different
photocatalysts [262, 263]. The VB XPS analysis of the samples can be observed in Figure 10.6a.
Based on the extrapolation, both valence band maximum can be estimated at 2.17 and 1.26 eV
for BiVO4 and CuBi,04, respectively. Those values are in accordance with the data found in
literature [10, 265]. The value of the conduction band CB can be then calculated according to
equation (47):

Ecg = Eyg — Eg (47)
where E; is the optical band obtained with the Tauc plot method, Ecg is the value of the
conduction band (in eV) and Evs is the value of the valence band (in eV). As seen in Chapter
and Chapter 9, the Tauc plot method is usually used to estimate the value of the optical band
gap. Figure 10.6b shows the Tauc plot method used for the determination of optical band gap
for BiVO4 and CuBi204. The type of band gap chosen for BiVO4 was indirect (as seen in chapter

6) and direct for CuBi204 (as seen in chapter 7). Band gap energy values were estimated at 2.42
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and 1.91 eV for BiVO4 and CuBi204, respectively. The respective conduction band values can
be then evaluated at -0.25 and -0.65 eV, respectively.

Another technique used to assess the electronic band structure of a semiconductor is
cyclic voltammetry in dark conditions. During cyclic voltammetry, both samples exhibit an
oxidation peak and a reduction peak. Those peaks are attributed to the electron transfer mediated
through the VB and CB edges, respectively. This technique has been reported several times to
estimate the value of the band edges of a semiconductor [266, 267]. The voltammograms of
BiVO4 and CuBi20s4, performed in a three-electrode configuration with a 0.5M Na>SO4 aqueous
electrolyte are presented in Figure 10.6¢ and 10.6d. Both exhibit oxidation and reduction peaks
at different potentials. The measured band edges are presented in Table 10.2. It must be noticed
that the values slightly differ from the previous technique, due to the presence of overpotentials
at the photoelectrodes. The energy band diagram deduced from those two techniques are
presented in Figure 10.5. Thanks to these findings, it confirms that BiVO4 and CuBi2O4 are
both suitable to be used as photoanode and photocathode, respectively. Moreover, the n-type
nature of BiVOs4 favours the production of anodic photocurrent used for oxygen evolution
reaction, whereas the p-type nature of CuBi2,04 favours the production of cathodic photocurrent

used for proton reduction reaction.

Table 10-2. Values of CB edge, Eg and VB edge (in eV) determined by Valence band XPS, Tauc plot method and

Cyclic voltammetry

Sample XPS EVB Optical Eg ECB = (EVB — Eg) CV ECB CV E\/B CV Eg
BiV photoanode 2.17 2.42 -0.25 -0.21 2.12 2.33
CBO photocathode 1.26 1.91 -0.65 -0.7 1.24 1.94
(a) (b)
10— Ey=-0.65 eV 10— Egy=-0.7 ¢V
— Ecy=-0,25 eV — Ecy=-0,21 eV
L e R H'/H, 0.0 | e MW H'/H,
N E,=191¢V | E,=194 eV
1.0 E=242¢V 1.0 E=233¢V
--------------------------------------- _—t - H,0/0, e ———- === H,0/0,
— Eyy=+ 1,26 ¢V — Eyp=+124 eV
20 20 ———————
B Eyy=+2,17 eV | Eyy=+2,12eV
o XPS Valence band + Optical band gap o Cyclic voltammetry

Figure 10.5: Schematic illustration of the band structure of CuBi,O4 and BiVO4 samples a) Using XPS +
Bandgap and b) Cyclic Voltammetry
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Figure 10.6: (a) Valence band XPS spectra of BiVO4 photoanode and CuBi>O4 photocathode; b) Tauc plots for
BiVO4 photoanode and CuBi»Os4 photocathode; ¢) Cyclic voltammogram of BiVO4 photoanode; d) Cyclic

voltammogram of CuBi,O4 photocathode

10.4 First PEC measurements

Prior to the overall performance of the PEC tandem water splitting cell, the
performances of the BiVO4 photoanode and the CuBi2O4 photocathode were assessed in a three-
electrode configuration, with a Pt mesh as a counter-electrode and an Ag/AgCl reference
electrode, all immerged in a 0.5M Na>SOs solution. As displayed in Figure 10.7a, the LSV scans
for confirm the good photoactivity under visible light illumination for both photoelectrodes
when used in a single-photoelectrode configuration. The photocurrent recorded for the BiV
photoanode was 3.22 mA.cm™ at 1.23 Vrug, whereas the photocurrent produced by the BiCu
photocathode was around -1.57 mA.cm™ at 0.4 Vrug. Due to the configuration of the PEC cell,
both photoelectrodes are illuminated in the same axis, meaning that one photoelectrode acts as

a top absorber for the other one. The impact of the BiV photoanode as top absorber on the
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photocurrent produced by the BiCu photocathode can be observed in Figure 10.7a, where the
photocurrent drops from -1.57 to -0.16 mA.cm™ at 0.4 Vgrue. This represents an intrinsic

limitation of the cell design, as the photocathode losses 90% of the photocurrent produced.
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Figure 10.7: (a) LSV scans for BiVO4 photoanode, CuBi,04 photocathode and CuBi»O4 photocathode used with
BiVOs as top absorber in a three-electrode configuration, (b) Photocurrent produced by the proposed PEC

tandem cell in a two-photoelectrode configuration at 1.12 Vrue

This intrinsic limitation was also observed when the p-n PEC tandem cell was tested
without applying any bias and connecting both photoelectrodes in a two-electrodes
configuration. No photocurrent production was detected, meaning that no water splitting
reaction was occurring. It means that an applied bias is still necessary to run the proposed PEC
tandem cell. Both photoelectrodes were then used at the same time in a three-electrode
configuration, with the BiV photoanode used as the working electrode. The applied bias was
0.73 VRuE, as it appears, from the single-photoelectrode measurements, that we can obtain the
optimum photocurrent production for both photoelectrodes. In practical, the photocurrent
produced under this bias was recorded for 90 min and is shown in Figure 10.7b. The observation
is the poor photocurrent produced by the working electrode, where around 1 mA.cm-2 was
expected. The peak of photocurrent produced does not exceed 0.17 mA.cm-2 and drops after
several minutes, with an observed photocurrent decay of 62% after 90 min. The associated
ABPE conversion efficiency is shown in Figure 10.7b, exhibiting very low efficiency (< 0.1%

after 1h). This value is far from the 10 % recommended for a PEC tandem cell.
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10.5 Discussions

Figures 10.9a and 10.9b presents the LSV scans of BiVO4 and CuBi2O4 photoelectrodes
when illuminated from the back and the front, respectively. It can be observed, for both
photoelectrodes, that the photocurrent produced with a front illumination is drastically lower
than the one produced with a back illumination. One of the reasons for this behaviour was
proposed by Lin et al., who studied the effect of the porosity of a BiVO4 photoanode onto its
photocurrent production under back and front illumination [267]. A dense coating presented
better results with a back illumination, whereas a porous structure exhibits a drastically higher
photocurrent under front illumination. This was attributed in a change of charge transfer
efficiency, with a higher surface area in contact with the electrolyte in the case of a porous
photoanode. As the photoelectrodes proposed in this work are made of dense coatings and did
not exhibit good charge transfer efficiencies, one of the photoelectrode will then automatically
produce a low photocurrent when used in tandem. Moreover, the top absorber photoanode
inevitably absorbs a part of the incident photons from the visible light, limiting the illumination
of the photocathode and then reducing again the photocurrent produced. A schematic of the two

photoelectrodes used in tandem is shown in Figure 10.8.

Potentiostat

FTO
[e]E]

Figure 10.8: Schematic of the absorption of light by the tandem PEC cell
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Figure 10.9: (a) Back and front illumination for BiVO4 photoanode, b) Back and front illumination for CuBi,O4
photocathode, ¢) OCPs associated

The photovoltages produced from the photoelectrodes, determined by open-circuit
potential measurements, as shown in Figure 10.9¢c. The photovoltage produced by the different
photoelectrodes was measured by recording the open circuit potential of the electrochemical
cell (Pt mesh | 0.5M Na>SOg4 | photocatalyst/FTO), in dark condition and under visible light
illumination. It is confirmed that the photoanode and photocathode act as a n-type and a p-type
semiconductors, respectively. However, when the samples are illuminated from the front, the
photovoltages are drastically reduced, and is even divided by 4 in the case of the photocathode.
These back and front measurements explain the poor photocurrent produced by the PEC cell
and the low STH efficiency associated. Several changes could be done then to enhance the
overall efficiency of the PEC tandem cell proposed. One of the issues of the current
configuration is the position of the photoelectrodes regarding the light source, that prevents one
electrode to be directly illuminated. A first solution would be the use of an additional light
source, directly illuminating the back of the second photoelectrode. However, it would not be
possible to characterise the PEC tandem cell according to the AM 1.5G standard used. Lopes et

al. proposed the implementation of a mirror system to the PEC cell, as illustrated in Figure
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10.10 [159]. The use of reflective surfaces is often used in photocatalytic systems, to avoid the
loss of light intensity. For example, Grao et al. used interior reflective surfaces in a
photocatalytic water treatment reactor [267]. This would then allow the back illumination of

the photocathode, enhancing the overall efficiency of the tandem cell.

Figure 10.10: Photoelectrochemical cell with a mirror system to redirect the light beam (reproduced from [159])

The choice of Na;SOg also has an impact onto the tandem cell performances, as this
neutral electrolyte contains less reactive species than other electrolytes, H2SO4 for example. As
seen before, bismuth compounds tend to degrade in acidic or neutral electrolytes [160], and
even the CuBi>O4 produced is not completely stable in the proposed electrolyte. To solve this
issue, protective layers can be added on the top of the photoelectrodes. Several materials have
been tested as protective layers, with both BiVO4 and CuBi204 [269, 270]. Interestingly, TiO»,
known as one of the most studied photocatalyst, appears to be a more interesting materials to
be used as protective layers [271]. Other materials, such as A1>O3 or SnO; have also been tested
[272, 273]. Those materials can be produced by reactive magnetron sputtering, which would
then an interesting continuation of the work started in this thesis. Finally, additional elements
could be added to the PEC tandem cell to improve its overall efficiency. A porous membrane
(Nafion® or Teflon®) could be implemented to avoid the recombination of H, and O gases
produced, due to their tendency to recombine easily as mentioned in Chapter 2. The choice of
membrane depends also on the electrolyte used, to avoid any degradation during the
measurement [274]. As seen with the OCP measurements, the photovoltages produced by the
photoelectrodes remains poor, not exceeding 0.25 V for the BiVO4 photoanode. Then, the
addition of a PV cell, to build a PV-PEC tandem cell, would provide additional photocurrent
and photovoltage to enhance overall efficiency of the proposed PEC cell. PV-PEC tandem cell
are usually considered as the upgraded version of the PEC tandem cell and are more and more

investigated in the field of research [275-277].
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10.6 Summary

In this chapter, the findings from the previous result chapters were used to perform first
measurement of a PEC tandem cell composed of a BiVOs4 photoanode and a CuBi2O4
photocathode. Different techniques were used to determine the band gap and band edge
positions of the photoelectrodes produced. XPS valence band combined with Tauc plot method
exhibited similar results compared to Cyclic voltammetry, with valence band being more
positive than the OER standard potential for the BiV photoanode (between 2.17 and 2.12 eV),
whereas the conduction of the BiCu photocathode was found to be more negative than the HER
standard potential (between -0.65 and -0.7 eV). Both photoelectrodes exhibited good
photoelectrochemical properties in a single-photoelectrode configuration, with a photocurrent
production of 3.22 mA.cm? and -1.57 mA.cm? for the BiV photoanode and BiCu
photocathode, respectively. This association of BiVOs4 and CuBi2O4 has already been
demonstrated several times and appears to be a serious alternative as a PEC tandem cell [259,
260].

However, when tested in a two-photoelectrodes configuration, the activity of the
photoelectrodes decreases, with a low photocurrent and ABPE efficiency associated during
photoelectrochemical tests. This lack of activity can be explained by several reasons, either by
the photoelectrodes properties (poor charge transfer efficiencies measured in the previous
chapters) or the configuration of the cell. Especially, an alternative to the current illumination
system should be done to get an effective illumination of both photoelectrodes at the same time.
The first upgrade that can be done is the addition of a proton exchange membrane between the
photoanode and the photocathode. It would help to separate reactive species (especially the H+
ions that could migrate to the photocathode side) and would allow the use of two different
electrolytes, one to provide the reactive species for the OER and one to provide the H+ ions for
the HER. The separation in two different compartments would make the PEC tandem more
suitable for potential upscaling for industrial applications, as the gases would produce in
separated environments. The illumination of the photoelectrodes is also an issue, as with the
current configuration, one acts as a light absorber to the other. The addition of a supplementary
light or the implementation of reflective surfaces around the PEC cell would help a better
illumination for the second photoelectrode. Finally, the measurements of the OCP showed that
the photovoltage produced by the samples is too low to enable to run the PEC tandem cell

without bias. Th addition of a PV cell to form a PV-PEC tandem cell appears to be an interesting
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upgrade for the proposed cell, as it can reach STH efficiencies close to the target for the

commercial applications [277].
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IV. Synopsis
10. Conclusion and future work

This chapter provides a summary of the main results presented in this thesis and
discusses how the objectives laid out in the Introduction section (Chapter I) were achieved. In
light of the presented findings, unexplored areas of interest for future research projects are
suggested. The main findings and achievements of the project are summarized in Section 9.1.
The issues that require additional work and directions of further research in this area are

discussed in Section 9.2.

10.1. Overall Conclusion

The aim of this thesis was to produce novel and efficient photocatalytic materials by
magnetron sputtering used as photoelectrodes for the study of photoelectrochemical hydrogen
production via solar activated water splitting. The first objective of this work was to produce
an efficient BiVO4 photoanode by magnetron co-sputtering in a reactive atmosphere. The study
of the deposition parameters demonstrated the importance of the power applied on the Bi and
V targets to ensure the production of monoclinic scheelite BiVOg films. By tuning the power
ratio between Bi and V targets, it was possible to produce BiVO4 coatings with a stoichiometry
close to 1, resulting in the formation of m-s BiVO4 without the presence of additional phases,
such as BisV2011 or V20s. Especially, the samples with the stoichiometry close to 1
demonstrated the best photocatalytic properties and photoelectrochemical performances
regarding the oxygen evolution reaction, achieving a photocurrent of 1.95 mA.cm™ produced
at 1.23 Vrue for the BiV800 sample. The second objective of this work was to produce a novel
copper bismuth oxide (CuBi2O4) photocathode by reactive magnetron co-sputtering for the
study of the hydrogen evolution reaction. As for the BiVO4 photoanode, it was demonstrated
that the power applied to the magnetron (Bi and Cu targets) was crucial to produce the
tetragonal CuBi,04 material, with a less important difference between the powers, due to the
higher sputter yield of copper compared to vanadium. Stoichiometric samples, which did not
present impurities such as Bi2Os phase, exhibited the best photoelectrochemical performances,
with a cathodic photocurrent of -1.13 mA.cm-2 produced at 0.3 Vrug for the BiCul50 sample.

The understanding of the photoelectrodes performances was assessed by measuring different
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types of efficiencies related to the photocatalytic process. As no particular work was done to
improve the surface of the photoelectrodes produced, both BiV photoanodes and BiCu
photocathodes presented low charge transfer efficiencies, respectively 17.7% and 11.8% for the
maximum Neansfer Measured. On the other hand, higher charge transport efficiencies were
measured for the BiV800 photoanode and BiCul50 photocathode, with ngansport measured of
59% and 35%, respectively. These behaviours were explained by the higher amount of oxygen
vacancies measured in theses samples, favouring the separation of charge carriers within the
bulk of the material and then improving the transport within the coatings. This high amount of
oxygen vacancy was already reported for Bismuth based photocatalysts produced by reactive
magnetron co-sputtering and it might then represent an interesting area of study in order to
improve the efficiencies of Bismuth-based photoanodes deposited by sputtering []. Then, the
thicknesses of the photoelectrodes were optimised by adjusting the deposition time, in order to
improve the photoelectrochemical performances of the photocatalysts. It was shown that
optimum thicknesses of around 200 nm allowed to improve the photocurrent production for
both photoelectrodes, with maximum photocurrents recorded of -1.62 mA.cm-2 at 0.3 Vrue for
the BiCul50 sample and 2.61 mA.cm-2 at 1.23 Vryg for the BiV800 sample. Finally, both
photoanode and photocathode produced were tested for the in a PEC tandem cell for a first
assessment of the photoelectrochemical properties of the proposed tandem cell. The electronic
band diagrams were estimated for both materials, showing the good position of the valence
band for the BiV photoanode (between 2.17 and 2.42 eV) and the good position for the
conduction band of the BiCu photocathode (between -0.21 and -0.7 eV). Despite their efficient
photocurrent production in a single photoelectrode configuration, when used at the same time,
no photocurrent production was observed. The necessity of applied a potential and the lack of
stability during CA measurements demonstrated the limitations of the proposed PEC cell and
several upgrades were then proposed to enhance the PEC activity of the cell. This work
demonstrated the importance of sputtering parameters on the production of bismuth-based
photocatalyst by reactive magnetron sputtering. As bismuth possesses a high sputter yield
compared to many metals, the sputtering parameters are of importance to ensure the formation
of stoichiometric compounds and the production of efficient photocatalysts. This work shown
the feasibility of producing bismuth-based photocatalyst by reactive magnetron co-sputtering
to be used as photoelectrodes for hydrogen production via solar assisted water splitting. It was
shown that both materials are produced with oxygen vacancies, defects known to enhance the
photocatalytic power of semiconductors. Nonetheless, additional work is necessary to increase

get most efficient materials for hydrogen production via solar activated water splitting.
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10.2. Future work

Based on the findings of this thesis, the following suggestions are proposed for future

research work.
Additional characterisations for the proposed photoelectrodes

Additional in-depths characterisations would allow a better understanding of the
behaviour of the photoelectrodes produced. The roughness of the Bi-based coatings produced
by pDC magnetorn sputtering could be determined in a systematic AFM study. This could add
an additional explanation of the lack of efficiency, or the good efficiency of the samples studied.
For the lifetime of the charge carriers produced within the Bi-based photoelectrodes,
photoluminescence spectroscopy or time-resolved microwave conductivity measurements can
be performed, allowing a proper quantification of the charge carriers lifetime. Mott-Schottky
plots would be an additional method for the determination of electronic band diagram.
Moreover, it would give information of the doping density Np and then would give information
on the conductivity of the photoelectrodes. The different resistances involved in the PEC
tandem cell could be determined using electrochemical impedance spectroscopy (EIS), to
determine the Nyquist plots [280]. These measurements would provide information such as the
flat-band potential, the resistances at the different interfaces or the charge-carrier density within

the materials.
Optimisation of the photoelectrode deposition process

As reactive magnetron sputtering appears to be an appropriate process to produce
efficient photoelectrodes, an optimisation of the deposition parameters could be done for each
material to obtain the most efficient photocatalysts possible. Several parameters were not
studied in this work, such as the influence of gas flows or the influence of electrical parameters
(off-time, frequency of the power applied). Some parameters could directly influence the
morphology or the crystallinity of the coating, such as the use of a substrate heater or the use
of substrate bias, to provide more energy to the adatoms to form the crystalline films. As the
crystallinity appears to be a crucial parameter for the activity of the Bi-based photoelectrodes
produced, HiPIMS technique could be then employed in the continuation of the pDC magnetron
sputtering process. It would allow to produce highly crystalline coatings without the necessity
of an annealing step. Moreover, an understanding of the appearance of oxygen vacancies after

annealing could allow a better control of these defects, to optimise their effect as electron traps.
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Improvements of the photoelectrodes

The photoelectrodes produced could still be improved to enhance their charge transfer
efficiencies or their resistance to degradation in aqueous electrolyte. Protective layers could be
deposited on top of each photoelectrodes, such as TiO2, Al2O3 or ZnO. As shown in chapter 10,
examples of MgO-passivated CuBi204 exhibited better stability in aqueous electrolytes and a
better change transfer efficiency [294]. Heterojunctions could be produced by depositing an
additional photocatalyst semiconductors on top of the BiVO4 or CuBi2O4 layers. This could
lead to an improvement of charge separation, leading to higher photocurrent production.
Dopants can be implemented in the lattice to reduce the band gaps and enhance the
photocatalytic activity of the photoelectrodes. Finally, the addition of co-catalyst at the surface
of photoelectrodes could lead to higher charge transfer efficiencies such as Co-Pi, or noble
metal nanoparticles to take advantage of the plasmonic effect, for example with Au or Ag

nanoparticles [291 — 293].
Upgrade of the PEC tandem cell

As seen in Chapter 10, the configuration used was appropriate for a single-
photoelectrode cell, but the BiV/BiCu PEC tandem cell proposed was not the most optimal
configuration. One of the main improvements that could be done would be the implementation
of a Nafion proton exchange membrane. Several studies can be done, such as the influence of
the thickness of the membrane on the PEC performances of the cell. An additional light source
could be added to take advantage of the two quartz optical windows and to allow the
illumination of both photoelectrodes from the back. However, to be able to compare the PEC
measurements, the total illumination should correspond to the AM 1.5G standard. Then, a
system of mirror could be experienced to reflect the light to the back of the BiCu photocathode.
The physical separation of the photoelectrodes in two different vessels could help to enhance
the production of H> and O, and would allow to test different electrolytes that would correspond
better to the half-reactions of interest. Finally, the integration of a PV cell would enhance the
photocurrent and photovoltage produced to form an efficient PV-PEC tandem water splitting

cell.
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A. Dye degradation test
The photocatalytic degradation of a dye follows a pseudo-first order kinetic reaction, as

described by the following model:
Ce = coe Kat (48)

where c is the solution concentration at time t, c0 is the initial concentration and k, is the pseudo-

first order reaction constant. This constant can be determined by plotting lnz—t against the
0

time.The constant rate is usually expressed in s”'. The photocatalytic activity of the samples
produced was assessed using a testing bench described in Figure 98. The samples (2.5 cm x 2.5
cm) are placed in a quartz cuvette filled with 50 mL of a 2pumol.L"! MB solution. The samples
are left in the dark for 60 minutes under continuous stirring, to reach adsorption-desorption
equilibrium. After that, the samples are illuminated by a UV-A light source (2x15 W Sankyo
Denki BLB lamps) for 1h. The methylene blue main absorption peak is located at 664 nm and
its evolution with irradiation time was monitored with an Ocean Optics USB4000 UV-Vis

spectrometer.

USB4000 DH-2000-BAL
UV-visible UV-VIS-NIR
spectrometer m

Figure 11. Schematic representation of the photocatalytic activity test set-up []
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B. MB dye degradation results for CuBi samples
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Figure 12. MB dye degradation tests for CuBi samples b) associated linear regression ¢) Example of AFM image

for BiCul50

Table 3. Results of MB dye degradation tests for CuBi samples under UV-A

b)
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b R?=0,41
500 1000 1500 2000 2500 3000 3500 4000 4500
Time (s)

Sample No. MB degradation after 1h (%) Pseudo first order ko (100.s) R?

Photolysis 0.4 0.79 0.46
Cu25 0.2 0.913 0.4

Cu50 0.8 1.5 0.53
Cu75 1.7 4.36 0.95
Cul00 2.1 5.62 0.97
Cul25 2.1 5.92 0.97
Culs0 32 9.52 0.99
Cul75 2.8 7.82 0.98
Cu200 1.95 5.15 0.97
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