UNIVERSITY OF MESSINA

Department of Chemical, Biological, Pharmaceutical and Environmental
Sciences

Doctoral Course in
Advanced Catalytic Processes for using Renewable Energy Sources (ACCESS)

NEW CONCEPT 3D-HIERARCHICAL
NANOSTRUCTURED ELECTRODES FOR THE
CONVERSION OF SMALL MOLECULES

PhD thesis of:
LUANA DE PASQUALE

Supervisors:
Prof. Gabriele Centi

Prof. Chiara Genovese

The coordinator of the Doctoral Course:

Prof. Gabriele Centi

Academic Year 2022-2023- XXXV cycle
S.S.D. CHIM-04



To my father



Index

Abstract 1
1. Introduction 5
1.1.  Conversion of small molecules: a literature survey 5

1.2.  Unconventional catalytic processes for small molecules conversion _ 8

1.2.1.  Photocatalytic conversion processes 10
1.2.2.  Electro and photo-electrocatalytic conversion processes 12
1.2.2.1. Electrolyzers 14
1.2.2.2. Water splitting in PEC cells 17
1.2.2.3. Ethanol photo-conversion in PEC cells 20
1.2.3.  Plasma catalytic conversion processes 21

1.2.3.1. Dielectric barrier discharge (DBD) for plasma generation 22

1.2.3.2. Non-thermal plasma catalysis 25

1.3.  Photoactive materials 32
1.3.1 Materials modification 39
1.4.  References 42

2. Nanostructured photoactive materials for conversion of small molecules: 3D

vs. 2D structure 67
2.1.  Introduction and scope of the chapter 67
2.2.  Experimental: titanium dioxide nanotubes synthesis 75

2.2.1. Anodization parameters: potential, time, and bath composition 76
2.3.  Results: optimization of the anodization parameters 78

2.3.1.  Morphological and photo-electrochemical characterization____ 78



2.4. Results: 3D vs. 2D hierarchical structures 85

24.1. Structural and optical characterization 86
2.4.2.  Photo-electrochemical characterization 88
2.4.3.  Electrochemical Impedance Spectroscopy (EIS) measurements 92
2.4.4.  Water splitting in PEC cell 97
2.5.  Conclusions 100
2.6.  References 101
2.77.  Annex 110
2.7.1. Materials 110
2.7.2. Mathematical methods 111
2.7.3. Results 111
Plasmonic metal enhanced TiO> nanotubes for Hz production 114
3.1.  Introduction and scope of the chapter 114
3.2.  Experimental Section 118
3.2.1. Synthesis of Metal-doped TiO> based materials 118
3.2.1.1. Gold nanoparticles deposition 118
3.2.1.2. Silver nanoparticles deposition 120
3.2.1.3. Copper-Copper (I) oxide nanoparticles electrodeposition 121
3.2.1.4. Palladium photodeposition 121
3.2.2. Set-up for water photo-electrolysis 122
3.2.3.  Set-up for ethanol photo-dehydrogenation: gas vs. liquid cell 122
3.2.4.  Assembly of the electrode for photo-dehydrogenation experiments

125

3.3.  Results and discussion 126




3.3.1. Characterization 126

3.3.1.1. Structural and optical characterization 126
3.3.1.2. Photo-electrochemical characterization 131
3.3.2.  H; production in water photo-electrolysis 132
3.3.3.  Ethanol photo-dehydrogenation in gas/liquid phase 134
3.3.3.1. Photo-electrochemical characterization before the testing135
3.3.3.2. Productivity in gas and liquid phase configurations 143

3.4. Conclusions 146
3.5. References 147
3.6.  Annex 153
3.6.1. Materials 153
3.6.2. Mathematical methods 153
3.6.3. CV characterization 154
3.6.4. EIS characterization 154
3.6.5. Productivity 162

4. Plasma-assisted non-oxidative methane coupling (NOCM) in planar and

cylindric DBD reactors 163

4.1 Introduction and scope of the chapter 163

4.2 Plasma-assisted non-oxidative methane coupling in cylindric DBD

reactor 165

4.2.1 Reactor set-up 165

422 Catalyst preparation 168

4.2.2.1 Synthesis of TiO2 nanotubes array on Ti mesh (TiO2 NTs/Ti) 168

4.2.2.2 Preparation of TiO; pellets 168




4223 Au nanoparticles photodeposition 168

4224 Ag nanoparticles photodeposition 168
423 Results and discussion 169
4.2.3.1. Tests with empty reactor 169
4.2.3.2. The effect of catalysts 171
4.2.3.3. Carbon deposition 177
4.2.3.4. Plasma photocatalytic tests 179

4.3 Plasma-assisted non-oxidative methane coupling in planar DBD reactor

182

43.1 Reactor design 182

4.3.2 Catalyst preparation 185

43.2.1 Synthesis of TiO; nanotubes array on Ti mesh (TiO2NTs/Ti)

185
43.2.2 Au nanoparticles electrodeposition 185
433 Results and discussion 186
433.1 The effect of plasma power 186

4332 The effect of catalysts in plasma-photocatalytic tests ___ 188

44  Conclusions 190
4.5 References 192
4.6  Annex 197
4.6.1 Materials 197
4.6.2 Mathematical methods 197

5. General conclusions 200

List of the activities carried out 204




Acknowledgements 208







Abstract

To achieve net-zero emissions targets, a substantial shift away from fossil fuels to
renewable energy-based systems is necessary. The development of innovative
one-step catalytic routes for directly manufacturing chemicals and fuels, starting
from small molecules such as H»>O, N> and CHs, predominantly through
sustainable photo-, electro-, and plasma-catalysis, is a strategy to achieve this
goal. The challenge involves direct electrification to produce chemicals, fuels, and
energy vectors, laying the groundwork for future carbon-neutral chemical

production.

In this context, the primary objective of this work carried out in the framework of
the ERC SCOPE project (Surface-COnfined fast-modulated Plasma for process
and Energy intensification in small molecules conversion), was to design an
efficient (photo) electrode to be used in various unconventional catalytic
processes for the conversion of small molecules. Starting from one of the most
widely used photoactive materials, novel photocatalysts based on an ordered array
of TiO2 nanotubes on a Ti mesh as support (TiO2NTs/Ti mesh), eventually
modified with different metal nanoparticles, have been efficiently developed.
These materials, with novel 3D-type structural characteristics, combining a
mesoporous structure (due to the ordered arrays of TiO> nanotubes) with the
macro pores of a mesh, guarantee good light harvesting and fast charge transport
so improving the photoactivity in the photo (electro)catalytic processes (i.e. water
splitting and ethanol photo dehydrogenation). Additionally, the combination of
this macro/meso nanostructured catalyst (based on TiO>2NTs/Ti mesh) with non-
thermal plasma, has been evaluated to investigate the role of the potential synergy

between plasma and (photo)catalysis in enhancing overall process efficiency.



Most of the research activities were carried out at the laboratory CASPE/INSTM
(Laboratory of Catalysis for Sustainable Production and Energy) of the University
of Messina (Dept. Chibiofaram). During the second year, six months were spent
at the Department of Chemical Engineering and Chemistry at the Eindhoven
University of Technology (Netherlands), under the supervision of Prof. Fausto
Gallucci and Dr. Sirui Li, in the research group on Sustainable Process

Engineering,

The Ph.D. thesis is organized into four main chapters, plus the general

conclusions.

Chapter 1 explores the general implications and strategies employed to convert
small molecules, analysing the latest developments in electro-, photo--, and
plasma-catalysis routes, as innovative catalytic technologies implemented thus
far. Additionally, attention is given to the main photoactive materials and their

potential modifications.

Chapter 2 focuses on the experimental techniques employed to synthesize a
hierarchical 3D macro-mesoporous structure based on highly ordered arrays of
TiO2 nanotubes (NTs) on a Ti mesh, to overcome the main drawbacks of titanium
dioxide materials, i.e. the fast charge carriers recombination rate and the large
band gap. The chapter provides a comprehensive analysis of the morphological,
optical, and photo-electric characteristics of the catalysts. Using electrochemical
impedance spectroscopy (EIS), the photoactivity associated with 3D or 2D
geometries of the support, with both dark and illuminated conditions, is
determined. This study demonstrates the existing correlation between the
photoactivity and the specific charge transfer resistances which, in turn, led to a
better comprehension of the electronic properties of TiO2 nanotubes. The 3D
structure of the nanotubes in the mesh, enhancing light absorption and facilitating

faster electron transport along the nanotubes, significantly influences the catalytic



performance under illumination increasing the production of H» and current

density in water photo-electrolysis.

Chapter 3 deals with the functionalization of the titania nanotubes on Ti mesh
with metal nanoparticles with proven LSPR (localized surface plasmon

resonance) behaviour (Au, Ag, Cu, Pd).

The different deposition procedures are described, followed by an extensive
characterization. The effect of the metal on the performances in two different key
H, production reactions (water photo-electrolysis and ethanol photo-
dehydrogenation) is discussed. For the ethanol photo-conversion process, two
different configurations of the cell, gas-phase, and liquid-phase, are employed, to
investigate how gas-phase conditions can influence the performances in terms of
productivity and selectivity. The results obtained show a notable enhancement in
the performances of the metal-modified electrodes compared to the unmodified
titanium dioxide substrate in the water photo-electrolysis reaction. In the ethanol
photo-conversion process, the nature of the metal and the presence of an
electrolyte influence the type and quantity of products formed at the anode. No
acetic acid formation was observed in the gas phase by using an Au-modified TiO:
catalyst, compared to Pd and Ag catalysts, (as opposed to the liquid phase
configuration). The results obtained show that, a distinct reaction and,
consequently, different selectivity, can be obtained by only varying cell

configurations.

Finally, chapter 4 investigates the effect of the combination between TiO,NTs/Ti
mesh with non-thermal plasma in the reaction of non-oxidative coupling of
methane (NOCM). The TiO;NTs/Ti catalysts (also modified with metal
nanoparticles) were tested in two different reactors: a conventional tubular DBD
(dielectric barrier discharge) plasma reactor and a planar DBD reactor. In
addition, the effect of light irradiation was investigated. A photoactive material

TiOz, can, in general, be excited by external light radiation to generate localized



charges on the surface which, positively interacting with the radicals generated in
plasma, may increase the selectivity. A porous meso/macro 3D hierarchical
structure, as the titanium dioxide nanotubes on a titanium mesh, increases both
conversion and changes selectivity, and the integration of metal plasmonic NPs
further enhances the performances. In particular, the gold-modified sample
strongly improves the methane conversion in the DBD planar reactor, with a
modulation also in the selectivity pushing towards the ethylene production, and

this effect is more marked under light irradiation.



1. Introduction

1.1. Conversion of small molecules: a literature survey

The depletion of natural resources is driving up the need for efficient and
sustainable manufacturing of fine chemicals'. One way to address this demand is
through the development of new catalytic processes, which can facilitate the
targeted and efficient conversion of fossil and biorenewable feedstocks with
reduced energy consumption and environmental impact>®. Considering these
premises, the conversion of abundant small molecules, such as CO2, H>O, CHa,
and N, in value-added products is a fundamental aspect of contemporary
chemistry and a prerequisite for the creation of useful substances, fuels, and
materials*”’. Recent developments cover a wide spectrum of catalytic processes

and reactions, that will be shortly described.

Because of its direct relationship to energy and environmental implications,
catalytic conversion of one-carbon (C1) molecules such as CO, CO», and CHa,

into fuels and valuable compounds has recently received a lot of interest> 812,

Methane, for instance, is not just a popular source of renewable energy today, but
also a C1 building block to produce chemicals’. Because of its availability and its
relatively low cost, the production of compounds from methane has attracted a lot
of interest in both the academic and the industrial worlds® '*. Various processes,
such as oxidative and non-oxidative coupling, pyrolysis, steam reforming, and
biologically mediated processes, have been explored to convert methane into
higher-value products, including hydrogen, syngas, and liquid fuels'*!”. For
example, using oxidative coupling of methane (OCM) is possible for the direct
conversion of methane into ethylene and ethane, while with non-oxidative
coupling of methane (NOCM), higher-chain hydrocarbons can be obtained

without involving oxygen'# 182°_ Catalysts, generally based on transition metals,



have an important role in all these processes, favouring the breakage of methane's
C-H bonds, generating ethylene and other valuable hydrocarbons through
controlled carbon-carbon bond formation, offering a promising avenue for
efficient methane conversion?!. Steam reforming, a widely employed industrial
process, utilizes methane to produce hydrogen and carbon monoxide®’.
Additionally, biological methane conversion through microbial processes and
anaerobic digestion holds promise for sustainable and environmentally friendly
methane utilization?®. The industrial processes briefly described above, which
involve one-step methane conversion, require harsh operating conditions, such as
high temperatures and pressures, because of the stability of methane > 2%, Hence
the need to improve and develop new catalytic routes for the conversion of
methane, less expensive and less energy-intensive, involving for instance plasma

catalysis, electro-catalysis, and photo-catalysis .

Another important C1 molecule catalytic conversion process is the carbon dioxide
reduction reaction (CO2RR) to carbonaceous compounds®. As part of an
integrated CO; capture and utilization strategy, the reduction of carbon dioxide
into synthetic fuels using electricity, light, or a combination of both is an effective

and valuable method to decrease CO, emissions>’ 8.

Electroreduction emerges as an advantageous route to CO> conversion, due to its
operation at room temperature and atmospheric pressure, and the simplicity of
functionality and modularity distinguishes it from the chemical combustion
processes®S. The electrocatalytic reduction of CO; yields various products, such
as formic acid, carbon monoxide, methanol, ethanol, ethylene, methane, acetic
and oxalic acid®. However, challenges including low faradaic efficiencies, high
overpotentials, slow kinetics, and electrocatalyst instability persist, with product
distribution  contingent on reaction conditions and electrocatalyst
characteristics®®. CO» photoreduction uses solar radiation to convert CO> into
valuable compounds, mirroring the natural photosynthesis process in green

plants®!. Initial studies utilized Ru and Re-based complexes for homogenous

6



catalysis, primarily yielding formate and CO*? 33, Subsequent studies used oxide
semiconductors (e.g., TiO2, SrTiO3, WO3) and metal sulfides in the presence of

water as heterogeneous catalysts®*.

Photo-electroreduction  combines electroreduction and photoreduction
approaches, yielding several advantages: i) reduced electrical consumption
through lowered solar-powered voltage; ii) more effective charge separation
under external voltage compared to photocatalysis; iii) prevention of product
reoxidation via two separate reaction half-cells. Both photoreduction and photo-
electroreduction show promise in converting CO> into organic compounds and
artificial fuels using sunlight*>7. The products of this reaction might be used as
alternative fuel sources and/or raw materials in industrial operations that
previously relied on fossil fuels or photosynthetic products. Furthermore, since
COz> reduction is a thermodynamically uphill process, it is also a useful energy
storage technique’! 3%, However, catalytic performances are low due to the
difficulty in activating CO2, the competition with water reduction for H>
formation, and the complexity of products formed (requiring advanced detection

technologies).

The electrolysis of water, consisting of the decomposition of water (H20) into its
constituent gases, hydrogen (Hz) and oxygen (O:), has received a lot of interest as
an environmentally friendly source of hydrogen®” %°. This process is typically
carried out in a water electrolyzer in which an electrical current is applied to split
water molecules at the anode, producing oxygen, and at the cathode, yielding
hydrogen #!. Catalysts, often composed of precious metals like platinum or
alternative materials such as nickel-based alloys, play a crucial role in accelerating
the reaction rates, enhancing efficiency, and making the process economically
viable*?. The photo-electrochemical water splitting combines the electrochemical
system described above with a semiconductor that can absorb sunlight and

facilitate the reaction directly®>. This approach has the potential to harness solar



energy and convert it into storable chemical fuels, addressing the intermittency of

solar power.

Another route to produce hydrogen, using a relatively small molecule as a
precursor, is ethanol reforming. Wood, straw, and even domestic garbage may all
be profitably transformed into bioethanol**. Bioethanol reforming could be a way
to produce hydrogen from low-value biomass materials**#°. In particular, photo-
reforming of ethanol produces H> at ambient pressure and room temperature with
photoactive materials, thus it may be one of the most promising prospective
among the reforming methods*® *’. These two important reactions for H»
production (water splitting and ethanol photo-reforming) will be described in the

next paragraphs more in detail.

Ammonia is a crucial component of fertilizers made primarily through the Haber-
Bosch process, involving the reaction of nitrogen and hydrogen over an iron-
based catalyst at pressures of up to 300 bar and temperatures close to 500°C*.
Globally, there will likely be a significant rise in the demand for ammonia
production due to the wide range of goods and applications that use it, as well as
the growing interest in using it as an energy storage medium®’. This is pushing
the creation of less energy-intensive and more commercially feasible ammonia
manufacturing alternatives, such as electro-catalytic and plasma catalytic

routes 2,

1.2. Unconventional catalytic processes for small
molecules conversion

To produce global fuels and chemicals from small molecules, in a sustainable,
fossil-free way, four main sustainable catalytic approaches are emerging,
schematized in Figure 1.1: photocatalysis, electrocatalysis, photo-

electrocatalysis, and plasma catalysis>>. While in use for many years on laboratory



scale, the interest in the scale-up of these technologies has increased lately>. The
term "reactive" catalysis distinguishes photo-, electro-, and plasma-catalysis from
conventional heterogeneous catalysis, which is categorized as "thermal" due to
the role of heat in supplying the energy needed to overcome the activation energy
barrier™®. In contrast, "reactive" catalysis utilizes highly reactive species which

could be generated by using renewable energy sources.

Although photo- electro-, and plasma catalysis are conceptually different, they
share some mechanical similarities. The unifying factor of these catalytic
technologies is the generation of highly reactive charged species on the catalyst
surface®. In photocatalysis this process is accessible via charge separation
induced by light or in-situ photogenerated electrical currents’®>%; in
electrocatalysis, it is the application of an electric potential that generates the
reactive species, often with the integration of a photoactive element (e.g., photo-
electrocatalysis)’®®%; and in plasma catalysis these charged reactive species are
generated by the interaction of the plasma-generated excited electrons, molecules,
ions and radicals in the gas phase with the catalyst surface® . These in-situ
produced reactants are fundamental in the reaction process, controlling both
reactivity and selectivity and minimizing unfavourable side reactions.
Additionally, they might cause the surface characteristics of the catalyst to vary

dynamically®’.
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HEHE]
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Figure 1.1 Diagram of the different catalytic approaches for the conversion of small molecules

A brief overview of the principles on which these technologies are based will be

described in the next paragraphs.

1.2.1. Photocatalytic conversion processes

Photocatalysis is an important field in sustainable chemistry, with great potential
in various environmental, energy, and industrial applications and even in organic
synthesis®” 7% 7!, A photocatalytic process involves the acceleration of a chemical
reaction by the use of light energy and a photocatalyst, typically a semiconductor
material. This kind of material exhibits strong oxidative and reductive properties,
which play an important role in numerous chemical reactions’’. More details

about the photoactive materials will be reported in the par. 1.3.

The irradiation with light with an equal (or higher) energy than the band gap
energy of the semiconductor material, causes the excitation of the electrons from
the semiconductor valence band (VB) to the conduction band (CB), generating
holes in the VB’?. These electrons (¢7) and holes (h*) are the charge carriers that

take part in the oxidation and reduction reactions on the surface of the material,

10



generating highly reactive species, for example, hydroxyl radicals or superoxide

ions”? (see Figure 1.2).

Figure 1.2 Scheme of the mechanism of a general photocatalytic process. Reproduced with
permission from ref.

In environmental applications, photocatalysis is useful for the purification of
water, treatment of wastewater, and decomposition of pollutants in industrial
settings, contributing to cleaner water and air*’-7%’!. Furthermore, photocatalysis
plays a key role in the field of solar energy conversion of hydrocarbons (as already
briefly described in the previous paragraphs) contributing significantly to the
pursuit of renewable energy technologies *'* 7 7>, The conversion of CO> into
valuable chemicals and fuels through photocatalysis presents an environmentally
friendly and energy-efficient alternative. This application is particularly crucial
for addressing climate change and advancing a circular carbon economy.
Researchers explored diverse photocatalytic materials, from metal oxides like
titanium dioxide and zinc oxide to organic-inorganic hybrid perovskites, aiming
to enhance the efficiency and selectivity of CO; reduction reactions’®’8, This field
holds great potential to change chemical and fuel production, steering industries

toward more energy-efficient practices.

11



1.2.2. Electro and photo-electrocatalytic conversion processes

Electrocatalysis is the field of electrochemistry that deals with the catalysis of
redox reactions and involves the acceleration of electrochemical reactions by
using catalysts, known as electrocatalysts, to lower the energy barriers and
facilitate the conversion of electrical energy into chemical energy and vice versa.
These catalysts modify the kinetics of reactions by either enhancing the
adsorption of reactants or providing alternative reaction pathways, thereby

reducing the overpotential required for the reaction.

The interest in this topic has grown since the eighties, particularly in energy
conversion and storage applications>> ”°. The developed technologies based on
electrocatalysis, such as fuel cells, electrolyzers, and batteries, displayed in Figure
1.3, have contributed significantly to the development of sustainable energy

solutions %°

’4 Biomass  Upgrading biomass

Power plant :ﬁ: 4

A F
‘ ; l~!
/ Solar wmd hydro

. Electricity | 4 COand CQ2

\ (E ) ' hydrogenation

\ ‘ l

I\ Fuel cell” '

l H, storage J
v | > R
o= - k=

Battery-, fuel cell- or
combustion-powered transportation Fuel storage Chemicals, materials

Figure 1.3 Electrocatalysis-based sustainable energy landscape diagram, reproduced with
permission from ref->
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One of the prominent applications of electrocatalysis is in fuel cells, where it aids
in the conversion of chemical energy, typically hydrogen, into electricity.
Electrocatalysts, like platinum-based materials, play a vital role in promoting the
oxygen reduction reaction (ORR) and hydrogen oxidation reaction (HOR) within
the fuel cell electrodes, thus optimizing cell efficiency®®. Moreover,
electrocatalysis is fundamental in water electrolysis®!' for hydrogen production
and energy storage. Specifically, electrocatalysts in water electrolysis help reduce
the energy required for splitting water molecules, facilitating the production of
clean hydrogen fuel. In energy storage devices like batteries and supercapacitors,
electrocatalysis also contributes significantly®’. Efficient electrocatalysts enhance
the charge/discharge rates and overall performance of these devices, improving
their energy density and cycle life. Furthermore, the field of electrocatalysis is
evolving rapidly with the exploration of non-precious metal-based catalysts.
Research is being conducted to find alternative materials that can potentially
replace expensive and rare metals, such as platinum and iridium, while

maintaining or even enhancing catalytic performance®> .

Photo-electrocatalytic (PEC) conversion, which consists of the combination of
photocatalysis and electrocatalysis (see Figure 1.4), offers a promising pathway
to drive sustainable chemical reactions and fuel generation using solar energy*S.
This approach involves integrating photoactive materials with an electrochemical
system, (with two or three electrodes, depending on whether a reference electrode
1s used or not) to allow the simultaneous capture of photons and efficient electron
transfer and facilitate chemical transformations®® 4. The ability to separate the
photoanode and cathode by a selective membrane is a fundamental convenience
provided by a PEC cell. In fact, as a result of the separation, the oxidation and
reduction products may be collected separately and this reduces, if not eliminates,
product crossing, and significantly increases efficiency. The separation also

provides the opportunity to investigate the two half-reactions independently.

13
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Figure 1.4 Diagrams of electron sources and catalysts in electrocatalytic, photocatalytic, and
photo-electrocatalytic systems 3!

One prominent application of photo-electrocatalysis is the (photo)-
electrocatalytic water splitting. A brief description of the most used devices for

this reaction will be given below.

1.2.2.1. Electrolyzers

An electrolyzer is a device that uses electrical energy to split water or other
feedstocks in their constituent element through electrolysis. In the case of water-

splitting, the electrolyzer uses electricity to produce hydrogen and oxygen gases.

Electrolyzers could be classified as batch, semi-batch, and flow-type

electrolyzers.

H-type Electrolyzers

The H-type cell electrolyzer, schematized in Figure 1.5, is a batch or semi-batch
cell. The configuration consists of two half-cells divided by an ion exchange
membrane, indicated as PEM (proton exchange membrane), and three electrodes:

working, counter, and reference electrodes (Figure 1.5). The half-cells are

14



separated by the membrane to reduce the mixing of the anodic and cathodic
products, avoid short circuits, keep the local pH, and allow the transport of protons
or anions. The limitations include the large distance between the electrodes, which
causes low energetic efficiency and challenges in scalability for large-scale

industrial applications®’.

Gas

bubblel\ "

Reference
electrode

Gas
outlet

PEM
H
Counte
electrode l
. Potentiostat
Working
electrode

Figure 1.5 Schematics of an H-type cell. Reproduced with permission of ref.%

Flow-Cell Electrolyzers

This kind of electrolyzer utilizes a flow-through design where reactants
continuously flow through porous electrodes, improving mass transport and

efficiency compared to H-type cell®

. They can operate in both acidic and alkaline
environments, providing flexibility in electrolyte selection. Suited for grid-scale
energy storage applications due to continuous operation, modularity, and

adaptability to variable renewable energy inputs.

PEC electrolyzers

PEC electrolyzers integrate photoactive materials with traditional electrolysis
processes. In this way, they combine principles of photocatalysis and
electrochemistry to harness solar energy for water splitting and have the potential

for direct solar-to-chemical conversion but face challenges in material stability,

15



efficiency, and specialized component requirements. Practically, the
semiconductor materials act as photoanodes, absorbing sunlight and initiating the
water-splitting reaction. These setups mimic natural photosynthesis by utilizing
photoelectrons generated by the photocatalyst to drive redox reactions.
Essentially, they function as an extension of electrochemical devices with the
added feature of light as an energy source. A photo-electrochemical (PEC) system,
like the example illustrated in Figure 1.6, comprises a photoelectrode, an
electrolyte, a membrane, and an electrocatalyst (or another photoelectrode)®’.
PEC systems for water-splitting have evolved since their inception in 1968%,
considering factors like light source, reactor materials, mixing, heat exchange,
and operation mode for optimal performance. Various PEC configurations,
including photoanode-driven, photocathode-driven, and Z-scheme cells, are
employed. However, PEC systems can be more intricate, incorporating one or two
photoelectrodes, being biased or unbiased, and integrating an external

photovoltaic cell for additional voltage.

I
= X
)
-
\ Ox (02
(:-> —a HorCO2
Red (H20)
H2 or CxHy
5 Ref. electrode
Electrolyte
Working electrode Separator Counter electrode

Figure 1.6 An example of a photo-electrochemical cell. The working electrode is a photocathode.
Reproduced with permission from ref.%

Below will be given details about two fundamental light-assisted H> production

reactions performed in PEC cells: water splitting and ethanol photo-conversion.

16



1.2.2.2. Water splitting in PEC cells

Water splitting in photo-electrochemical (PEC) cells involves the use of sunlight
to drive the decomposition of water into hydrogen and oxygen through
electrochemical reactions. PEC cells emulate the principles of natural
photosynthesis, using semiconductor materials as photoelectrodes that absorb
solar energy and initiate water-splitting reactions. At the core of a PEC system is
the photoelectrode, typically composed of a semiconductor material that
possesses suitable bandgaps for light absorption and also has to match the
potentials of the redox couples involved in the reaction. In particular for water-
splitting, the level of the valence band has to be above the redox potential of the
02/H>0 couple, +1.2 eV vs. SHE, and the level of the conduction band has to be
below the redox potential of the couple H/Hz, 0 €V. In Figure 1.7 the band gap
energies of different materials compared to the redox potentials for water splitting
are reported. Titanium dioxide, given its wide band gap, appears to be an optimal

photocatalyst for this purpose®.
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Figure 1.7 Comparison between the band structure of different semiconductors and the redox
potential of water splitting. Reproduced with permission from ref.*°

The mechanism of the photo-electrocatalytic water splitting is shown in Figure
1.8. The process begins with the absorption of photons by the semiconductor,
causing the formation of electrons-holes pairs. After the diffusion of the charge
carriers to the surface of the catalyst, the excited electrons reduce water at the
cathode to produce hydrogen gas (H>), while the holes oxidize water at the anode

to release oxygen gas (O»).
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Figure 1.8 lllustration of the main steps of the photo-electrocatalytic water-splitting. On the left
the photogeneration of electron-hole pairs with the semi reactions which produce hydrogen by
electrons and oxygen by holes. Reproduced with permission from *°

One of the key advantages of PEC water-splitting is its potential for direct solar-

41,91

to-chemical conversion without the need for external electrical power.

This feature aligns with the broader goals of sustainable energy production and
provides a clean and renewable source of hydrogen a versatile fuel with
applications in fuel cells and various industrial processes **. However, several
challenges must be addressed to optimize the efficiency and practicality of PEC
water-splitting. One critical consideration is the choice of semiconductor material.
The material must be stable under prolonged exposure to light and the harsh
electrochemical conditions involved in water-splitting reactions®® 2.
Additionally, the design of efficient and durable catalysts for the cathodic and
anodic reactions is crucial to enhance the kinetics of water splitting. The
configuration of PEC cells also plays an important role*® 8. Typically, a two-
chamber system is employed, separating the reduction and oxidation reactions to
prevent unwanted side reactions and enhance overall efficiency. Proton
conductive membranes or anionic exchange membranes separate the two

chambers, allowing for efficient transport of protons or anions between the anode

and cathode.
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1.2.2.3. Ethanol photo-conversion in PEC cells

A different approach for H> photoproduction is the addition of a small amount of
an organic compound as a sacrificial agent for the hole sequestration that increases
considerably hydrogen yield®®. This single-step process that combines light-
induced water splitting and photo-oxidation of biomass-derived organic
compounds, is namely photo-reforming. Figure 1.9 shows the mechanism of
biomass oxidation under aerobic conditions, with the organic substance (CxHyO,)
acting as an electron donor, generating CO; and H>O through the reaction with the

photo-generated holes. The electrons reduce H' to Hy, with hydrogen evolution.

water splitting biomass oxidation

electron energy
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Figure 1.9 Scheme of the reaction pathways following the irradiation of the semiconductor and
the consequent excitation, on the left water-splitting reaction, on the right the biomass oxidation,
and in the red rectangular section the photo-reforming. Reproduced with permission from ref. **

In this context ethanol photoconversion in photo-electrochemical (PEC) cells
represents a promising process in renewable energy research, for the possibility

to use solar energy instead of thermo-catalytic conversion®.

The field of ethanol photoconversion in PEC cells has seen significant
advancements in recent years** 1% Researchers have explored different
semiconductor materials, novel catalysts, and improved system designs to
enhance the performance of these cells. exploring the co-production of hydrogen

and a valuable chemical through photoconversion, instead of carbon dioxide (as
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in the photo-reforming), presents an attractive prospect with the potential to
enhance process economics. A noteworthy reaction is the photocatalytic
dehydrogenation of ethanol, which yields both Hz and acetaldehyde, offering an
alternative approach to ethanol photo-reforming®®. This dual-product strategy not
only has implications for the efficient utilization of resources but also introduces
a valuable chemical product, such as acetaldehyde, thereby influencing the
economic viability of the overall process. The presence of water, the choice of the

catalysts, and the operative conditions, greatly influence the process”®.

By comparing ethanol photo-reforming and ethanol photo-dehydrogenation
reactions, in terms of product value at real costs (assuming 100% selectivity in
both reactions), it is possible to evidence that the ethanol photo-dehydrogenation
holds an economic value of approximately 3.0-3.5 times greater than the ethanol
photo-reforming, but selectivity and gas-phase operations are crucial factors to

enable efficient product recovery and purification’®.

1.2.3. Plasma catalytic conversion processes

The plasma catalytic conversion of small molecules represents a dynamic and
evolving field at the intersection of plasma science and catalysis, offering a

promising path for sustainable chemical transformation'®'~1%

. The unique
properties of plasma, such as the generation of reactive species and high energy,

enable the activation of small molecules under mild conditions'®*.

In general, exposing a gas to a significant potential difference between two
electrodes can split the electrons in the gas molecules into ions and create a
plasma. The plasma can be i) weakly ionized, resulting in a mixture of neutral
atoms, molecules, ions, electrons, and radicals, or i1) fully ionized, in which case
every species of neutral gas is entirely transformed into ions'®. Based on their
electron temperature, two types of weakly ionizing plasma can be distinguished:

thermal and non-thermal plasmas (NTP). In thermal plasma, the bulk gas

21



molecules and electrons are in thermal equilibrium between 11600 K and 23200
K in temperature. In non-thermal plasmas, the high energy electrons (in the range
of 1-10 eV) have a temperature significantly higher than that of bulk gas

molecules, ions, and radicals'*® 197,

The most direct method for generating a non-thermal plasma involves the
application of an external electric field between two electrodes situated within a
gas volume. The minimum voltage necessary to ionize a gas, causing it to form a
plasma discharge, is termed the breakdown voltage (Vp). Paschen's Law
(Equation 1) describes the breakdown voltage and is influenced by both the
distance between the electrodes (d) and the gas pressure (p)!%.
__a(pd)
>~ In(pd) + b
Equation |
Here, 'a' represents the saturation ionization in the gas at a specific electric
field/pressure (E/p) value, while 'b' is associated with the excitation and ionization
energies. Both 'a' and 'b' are constants specific to the type of gas employed in the

plasma generation process.

Non-thermal plasmas generally function at low pressures, ranging from 1 to 103
Pascal, or at atmospheric pressure. They consist of "cold" non-thermal discharges,
including avalanches, Townsend streamers, and glow discharges. Reactors
engineered for generating non-thermal plasmas are usually configured to prevent
the occurrence of arc and spark discharges, as these events can cause plasma
thermalization. The most commonly utilized NTPs are corona discharge, DBD
(dielectric barrier discharge) and surface discharge, gliding arc plasma,

microwave plasma, and electron beam irradiation plasma.

1.2.3.1. Dielectric barrier discharge (DBD) for plasma generation

Originally recognized as a silent discharge due to the absence of noisy spark

formation, the dielectric barrier discharge (DBD) represents a non-thermal plasma
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with versatile operation within a broad pressure range, from millibars up to
atmospheric pressure. The DBD configuration usually comprises two electrodes
and one or more dielectric layers, used to prevent flashover'®>. The materials
employed for this purpose are quartz, ceramics, and materials characterized by a
high breakdown strength and a low dielectric heating!®. Figure 1.10 illustrates
two common DBD configurations: on the left the planar configuration, in which
the dielectric layer could be in contact with one electrode, with both electrodes or
collocated in the middle between them; on the right the cylindrical configuration,
in which the parts, electrodes and dielectric, are coaxial. The discharge gap, which

is the distance between the electrodes, could be between 0.1 mm and several
109
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Figure 1.10 Common DBD configuration, on the left planar DBD and the right cylindrical DBD.
Reproduced with permission from ref. '%°

The electrode system functions as a capacitor with an air gap, wherein the
application of alternating current (AC) or pulsed voltages charges the capacitor.
When the electric field strength surpasses the breakdown strength of the gap, a
discharge occurs. The resulting plasma is non-uniform, comprising numerous
micro discharges or filaments extending across the discharge gap and covering

the insulating plate's entire surface. The charge accumulation on the plate's surface
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restricts current flow, extinguishing the filaments and leaving a significant charge
deposited on the surface in a few nanoseconds after breakdown. Reversing the
polarity of the applied voltage increases the electric field across the gap, initiating
discharge to equalize the voltage difference. Due to the rapidly changing electrode
polarity, the breakdown voltage is reached during consecutive voltage half-waves,
leading to microdischarges forming at a frequency twice that of the applied
frequency (ranging from 50 Hz to 1 MHz). The brief duration of these discharges
limits the transport of heavier charged particles, minimizing gas heating and
classifying it as a non-thermal plasma (NTP)!%. A substantial portion of the
electron energy is utilized to excite gas atoms or molecules, initiating chemical
reactions. Figure 1.11 illustrates an example of a DBD (dielectric barrier
discharge) reactor with parallel plate electrodes. An example of an atmospheric
plasma jet, or atmospheric pressure glow discharge, is depicted in Figure 1.11 b.
It utilizes a concentric cylinder electrode system with high-voltage inner and outer
electrodes. Either Ar or He serves as the feed gas and a DBD is generated in the
nozzle. Energetic electrons excite feed gas molecules, and the resulting excited
atoms are transported outside the electrode system through the nozzle, mixing

with ambient air to produce a plasma jet.

Figure 1.11 c illustrates the surface discharge, a DBD configuration with two
electrodes flanking an insulating plate. An AC voltage or pulse induces discharge
along the edges of each electrode in the gas space above the plate, propagating

along the surface.
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Figure 1.11 Schematics of electrode configurations in a) dielectric barrier discharge, b) plasma
Jjet, and c) surface discharge. Reproduced with permission from Ref:'%

1.2.3.2. Non-thermal plasma catalysis

The working mechanism of non-thermal plasma (NTP) in general allows the
system to initiate chemical reactions of small molecules at low temperatures and
pressures, making it energy-efficient and environmentally friendly, reducing
energy consumption and enabling the treatment of thermally sensitive materials.
Therefore, non-thermal plasma has emerged as a promising alternative to
traditional catalysis. Because of the formation of several different species in non-
thermal plasma, the desired product selectivity is rather low. For this reason, NTP
is often used in conjunction with heterogeneous catalysts, to facilitate chemical
reactions, and improve the selectivity and energetic efficiency ! ', Figure 1.12
illustrates, for example, the enhanced methane and carbon dioxide conversion as

the effect of the combination between plasma and catalysis'!!.
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Figure 1.12 Typical illustration of synergy in plasma catalysis: the conversion of CO, and CHy is
greater in plasma catalysis than the total conversion of plasma and catalysis independently.
Reproduced with permission from ref. !

Plasma catalysis can operate in two modes: in-plasma catalysis (single-stage),
where the catalyst is positioned inside the plasma, and post-plasma catalysis (two-

stage), where the catalyst is situated after the plasma''!.

Many investigations have focused on in-plasma catalysis, particularly utilizing
dielectric barrier discharge (DBD) plasmas. In this configuration, catalysts are
commonly coated on dielectric beads, or catalyst powders are pelletized, with
these beads or pellets, typically measuring 1-2 mm, filling the discharge gap. This
arrangement allows reactive, short-lived plasma species to directly interact with
the catalyst surface, maximizing the potential synergy between plasma and

catalysis.

In-plasma catalysis is not feasible in warm plasma types, like gliding arc (GA),
microwave (MW), atmospheric pressure glow discharge (APGD), and
nanosecond (ns) pulsed plasmas. They are characterized by high temperatures,
typically reaching several thousand Kelvin. Consequently, these warm plasmas
are unsuitable for in-plasma processes because they could damage the catalysts,
so the post-plasma configuration is more suitable in these cases!'?. For post-

plasma catalysis, thermal catalysts might be appropriate, whereas in-plasma
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catalysis requires materials different from typical thermal catalysts. Specifically,
these materials should be tailored to the plasma composition to achieve

synergistic effects.

Researchers are actively exploring the synergy between plasmas and catalytic
materials, including metal oxides, zeolites, and nanoparticles, to achieve high
selectivity and efficiency in various reactions. NTP offers a diverse range of
applications, including air and water purification''®, VOC removal''*, and the
conversion of small molecules, and it can often achieve high selectivity and

efficiency in these processes®.

The effect of the plasma on the catalysts and vice versa are summarized in Table

1.1.

Effects of catalysts on plasma

The presence of a catalyst in the discharge zone can modify the physical properties
of the discharge. For example, introducing titanium dioxide pellets can modify
the discharge from being a filamentary discharge to a combination of surface

discharge on the pellets’ surface and microdischarges between the pellets'!>.

Another effect caused by the presence of a material in the plasma reactor, and also
by the presence of porosity on the catalyst, is the electric field enhancement. This
enhancement has a place in the contact point between the pellets and causes the
modification of the electron energy distribution function, and so does the chemical

composition of the plasma!!>!17,

In a porous catalyst, the electric field inside the pores is very strong, which overall
changes the plasma chemistry and generates microdischarges directly inside the
pores, increasing the discharge per volume unit of the system and the discharge
energy density and increasing the formation rates of certain ion species'!’"'?!, The

dimensions of the pores also influence the stability of the microdischarges, with
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the creation of stable microdischarges with pores with a diameter greater than 15

microns'2°,

In the pollutants removal process, they must adsorb on the catalyst surface. In the
presence of catalysts, it is proven that plasma has an increase in the removal
efficiency, given by the increased retention time in the reactor and the increased

probability of collisions between pollutants and reactive species'?® 122,

Effects of plasma on catalysts

The physicochemical properties of the catalyst may be affected by the non-
thermal plasma discharge. The interaction with the discharge changes the electric
surface properties of the catalyst, with the consequence of changing the
adsorption-desorption equilibrium'?* >4, Many studies have also reported surface
changes after the plasma treatment, such as a decrease in the surface area of the
catalyst or an increase in the number of vacancies'?> 26, The oxidation state of

the catalyst can also be affected by the plasma exposure!?® 127,

During plasma experiments, the inelastic collisions between the electrons and the
molecules cause the gas temperature to rise, also raising the catalyst surface
temperatures'?> 12°. However, this temperature rise is mild and does not thermally
activate the catalysts but causes the formation of hot spots on the catalyst

surface'*’. These hot spots can change the species distribution in the plasma'?!.

The presence of vibrationally excited species in the plasma with a long lifetime

can lower the activation barrier of catalyst surface reactions.

In certain conditions, it is reported that non-thermal plasma coupled with a
titanium dioxide photocatalyst has higher oxidation efficiencies, stating that the
UV light produced by nitrogen plasma discharges activates the photocatalyst'3!~
133 Other studies demonstrated that the activation of the photocatalyst with

external UV lamps and plasma results in a higher photocatalytic activity!**. The
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reason behind this phenomenon may be the presence of the plasma produced

oxidizing species!*.

Catalysts on plasma effects Plasma on catalysts effects

Change in physicochemical properties of

Change in discharge mode the catalyst

Electric field enhancement Formation of hot spots

Formation of microdischarges inside

Lowering activation barriers
catalyst pores

Production of reactive species Changing the reaction pathways

Adsorption of pollutants Activation by photon irradiation

Table 1.1 Summary of the effects of the combination of plasma and catalysts. Adapted with
permission from ref!!7

Three examples of relevant plasma-assisted catalytic processes are described

below: CH4 conversion, NH3 synthesis and CO> conversion.

CH, conversion

Oxidative and non-oxidative coupling of methane through plasma catalysis
represent two distinct pathways for the conversion of methane into value-added
products. These processes are crucial for harnessing methane as a feedstock for
chemical synthesis and reducing its environmental impact®. In oxidative coupling
(OCM), methane reacts with oxygen or air in the presence of a catalyst, typically
metal oxides such as lithium, sodium, or potassium oxides supported on various
substrates '3°. The process results in the formation of higher hydrocarbons,
primarily ethylene and ethane. OCM is an exothermic reaction and can be
thermodynamically favourable, especially at higher temperatures. However,
challenges include controlling selectivity to desired products and managing
catalyst deactivation due to coke formation. Non-oxidative coupling (NOCM)
occurs without the direct use of oxygen or air. This method is considered more
environmentally friendly compared to OCM, as it minimizes carbon dioxide

emissions. Plasma catalysis provides the necessary energy to break the strong C-
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H bonds of methane and facilitates the activation of methane molecules at
relatively mild conditions, producing larger hydrocarbons, so it offers several
advantages in both OCM and NOCM'¥, Additionally, the non-equilibrium nature
of the plasma enables better control over reaction pathways and product
selectivity. Plasma catalysis offers advantages in avoiding coking and coke-
related deactivation, minimizing the sintering of the catalysts, and providing

alternative regeneration strategies where the plasma can remove coke deposits.

Another interesting process of methane conversion is the dry reforming of
methane (DRM). In this context, achieving a high selectivity for the targeted
products it’s challenging, due to the diversified species formed. For this reason,
the research is focused on the optimization of selectivity by the coupling of the

138

catalyst or dielectric support and the plasma'°°®. Generally, the primary products

are syngas components (CO/Hz), but there is potential for the direct production of

oxygenates or higher hydrocarbons'*- 4!

. Despite having a lower energy
efficiency compared to warm plasmas, DBD is a promising technology for plasma
catalysis as it allows the integration of catalysts directly inside the plasma region,
as explained previously. If catalysts can be designed to selectively produce
oxygenates (or higher hydrocarbons), the lower energy efficiency could become

more competitive with other non-plasma conversion technologies.

NH; synthesis

Research on ammonia synthesis has been predominantly conducted in DBD
systems, the simplest type of plasma catalysis reactors, even though not the most
energy efficient. Different catalysts are used, such as various metals and
bimetallic catalysts on supports like Al203, MgO, SiO2, BaTiO3, and carbon-based
materials, often in the form of powders, pellets, or spheres'*>'%. The best-
reported results include an NHj3 yield of up to 9% and an energy cost as low as
1.5 MJ per mole NHj3 produced, although these record values were not from the

same study or under identical conditions'** 1. Generally, energy costs below 20
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MJ/mol have only been reported for very low yields (<<1%). When compared
with typical values for the Haber—Bosch process, i.e., 15% NH; yield and 0.4
MJ/mol energy cost (for small-scale production compatible with renewable
energy sources: ~10 tons/day), the energy cost of plasma catalysis must
significantly decrease for industrial adoption, even factoring in the decreasing
cost of renewable energy'*?. Energy costs in plasma catalysis reports typically
neglect losses in the power supply, which can be as high as 50%. Accounting for
these losses is crucial for a fair comparison. Still, existing plasma catalysis
reports, are not yet competitive. Some research has been made to create an
alternative for small-scale ammonia synthesis!*’. Small-scale plants have several
advantages, such as easier installation and the local use of the produced ammonia,

which reduces transportation costs'*®,

CO; conversion

Considerable research has been conducted on the topic of CO; splitting, with
emphasis not on specific product targets but rather on understanding how the
catalyst influences the plasma and, consequently, CO> conversion and energy
efficiency in dielectric barrier discharge (DBD) plasma systems'®. For instance,
some studies on CO» dissociation suggest that dielectric beads (catalyst supports)
can significantly impact the plasma'*’. The dielectric constant plays a crucial role
by inducing polarization in the beads, leading to electric field enhancements at
contact points. This enhancement affects electron energy, influencing electron
impact ionization, excitation, and dissociation reactions within the plasma.
However, the dielectric constant is not the sole parameter influencing the plasma,
as the performance trends do not precisely align with the dielectric constant.

Therefore, the underlying mechanisms are more intricate!*’.

Another study has demonstrated that a metallic foam electrode in a DBD plasma
can notably improve CO, conversion and energy efficiency!®!. Consequently,

plasma-catalytic COz splitting serves as a valuable model reaction to gain a deeper
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understanding of the effects of introducing catalysts, supports, or different metal

electrodes into the plasma environment.

Plasma-catalytic CO; hydrogenation is also gaining increased attention due to the
advantage of using low temperatures and atmospheric pressure conditions.
Depending on the catalyst employed, this process can result in the formation of
CO (reverse water-gas-shift reaction), CH4 (methanation), or CH3OH (methanol).
Particularly, the formation of CH3OH is intriguing. A study by Wang et al.'>?
employed a DBD reactor packed with a Cu/Al>O3 catalyst, operating at 30 °C and
1 bar, reporting a CO; conversion of 21%, comparable to thermal catalysis. The

maintenance of low temperature was achieved through a liquid-water ground

electrode, promoting CH30H formation.

1.3. Photoactive materials

The definition provided by the International Union of Pure and Applied Chemistry
(IUPAC) indicates a photocatalyst as a catalyst that induces chemical
transformations between the reactants upon light absorption'*3. This light-driven
process triggers the movement of charges across the photocatalyst/electrolyte
interface, facilitating chemical reactions when the photocatalysts in a solution are
illuminated as described in paragraph 1.2.1. The subsequent movements of these
photogenerated charges involve the possibility of recombination, either within the
photocatalyst or on its surfaces. A typical photocatalytic material often features a
semiconductor (SC) surface, primarily composed of metal oxides such as titanium

dioxide (TiO), zinc oxide (ZnO), or similar compounds.

In the band theory of solids, when the atoms form a solid, the discrete energy
levels of the single atoms are perturbed by quantum effects and form two bands
of energetic levels'>*. The valence band is occupied by all the solids electrons,

and the conduction band is normally empty. Electrons may pass from the valence
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band to the conduction band, as they do in single atoms. The band structure of a
solid gives it particular electric characteristics. Generally, three distinct groups are
defined: metals, insulators, and semiconductors, depending on their band’s
structures. In metals and semimetals (Figure 1.13 a, b, c¢), the valence band and
conduction band overlap, causing the free movement of the electrons in the solids.
These materials have a high conductivity. The insulator (Figure 1.13 e) has a high
gap between the valence band and conduction band, and the electrons cannot be
easily promoted to the conduction band, with negligible conductivity. The
semiconductors (Figure 1.13 d and 1.14), instead, have a relatively low band gap
and in certain circumstances the electrons can be promoted to the conduction

band.

Energy

(@) (b) () (d) ()

Na Mg Graphite Si, CdS Diamond

Figure 1.13 Valence band and conduction band of different solids. In (a) and (b) metals, in (c)
semimetal, in (d) semiconductor, and (e) insulator. Reproduced with permission from ref.'>*

Band gap

o o O O
Valence band

Figure 1.14 Electronic configuration of a semiconductor. In blue is the valence band and in pink
conduction band. Reproduced with permission from ref. '>*
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The energy gap between the valence and the conduction band is a forbidden gap,

in which no electron energy levels are allowed.

When the semiconductor absorbs photons with an energy equal to or higher than
the band gap energy, electrons are excited to a higher energy level in the
conduction band (CB). The vacancy left by the electron is called a hole. Both

electrons and holes are generated at the same time.

Semiconductors can be classified into extrinsic and intrinsic semiconductors:
intrinsic semiconductors are pure semiconductors while extrinsic semiconductors

need to be prepared by adding an impurity or dopant material.

Semiconductors can also be classified into two main categories: n-type (negative-
type) and p-type (positive-type) semiconductors, each with distinct roles and

characteristics described below.

n-type semiconductors have an excess of electrons as their majority charge
carriers. Common examples include metal oxides like titanium dioxide (TiO>),
zinc oxide (ZnO), and tungsten trioxide (WO3)!*. n-type semiconductors are
formed also by introducing impurities into a semiconductor, that can donate
electrons to the conduction band (CB), bringing the Fermi level of the
semiconductor closer to the CB. When an n-type semiconductor is immersed in
an electrolyte, electrons flow from the semiconductor to the liquid if the redox
potential closely aligns with the semiconductor's energy levels. This electron
transfer continues until the Fermi levels reach equilibrium. Consequently, the
semiconductor's Fermi level decreases, leading to a downward band shift that
pushes holes towards the semiconductor/electrolyte interface (see Figure 1.15).
This phenomenon explains why n-type semiconductors are often chosen for

photo-oxidation reactions such as in water splitting.
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Figure 1.15 n-type semiconductor band bending after being in contact with the electrolyte.
Reproduced with permission from ref:13

p-type semiconductors have an excess of positive charge carriers or "holes."
Common examples include materials like copper(I) oxide (Cu20) and certain
organic semiconductors. Through the introduction of impurities into a
semiconductor is possible also to produce a p-type material which, by accepting
electrons from the valence band (VB), leaves an excess of holes within the lattice.
Essential characteristics of an ideal p-type semiconductor include chemical
corrosion resistance, suitable band energy, efficient absorption in the visible solar
spectrum, and a negatively positioned conduction band, crucial for overcoming

kinetic limitations'>’

. When a p-type semiconductor is immersed in an electrolyte,
if the redox potential of the electrolyte falls within the semiconductor's energy
band gap and differs from its Fermi level, electrons flow from the electrolyte to
the semiconductor (see Figure 1.16.). This process increases the Fermi level until
equilibrium is reached, creating a space-charge region near both sides of the
semiconductor/electrolyte interface, identified as depletion and Helmholtz layers
for the semiconductor and electrolyte sides, respectively. The Helmholtz layer
comprises charge ions adsorbed on the semiconductor surface and results in a
band bending effect, because the valence band (VB) and conduction band (CB)

near the interface, bend upward. Although a difference is created due to the

Helmbholtz layer, it does not equal the Fermi level/redox potential difference. Due
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to this phenomenon, p-type materials are typically employed as photocathodes

(i.e. in water-splitting).
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Figure 1.16 p-type semiconductor band bending after being in contact with the electrolyte.
Reproduced with permission from ref.!>

The combination of n-type and p-type materials in tandem configurations, known
as tandem photo-electrochemical cells, is a promising approach to enhance overall

efficiency’’.

Both n-type and p-type photo-electrocatalysts are integral components of photo-
electrochemical cells, contributing to sustainable energy conversion processes.
The challenge lies in finding and optimizing materials that exhibit desirable
electronic properties, stability, and efficient charge separation. Additionally,
integrating these materials into functional devices requires careful consideration

of interfaces, band alignments, and overall system engineering.

Based on their composition and functionality, the photocatalysts come in different
forms that may be used in a variety of applications such as environmental
remediation, energy production, and organic synthesis’> 7> 138, In the following
section, a brief description of the main types of materials used as photocatalysts

is reported.

Metal Oxide Photocatalysts:
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Metal oxide photocatalysts have emerged as a critical class of materials due to

their ability to initiate and accelerate chemical reactions when exposed to light.

Titanium dioxide (TiO») is probably one of the most extensively studied metal
oxide photocatalysts. Its wide bandgap energy enables it to be highly active in the
ultraviolet (UV) region, facilitating the generation of electron-hole pairs upon
light absorption. These charge carriers then engage in redox reactions, creating
reactive oxygen species capable of breaking down organic pollutants, disinfecting
water, and degrading volatile organic compounds present in the environment as
described in detail in paragraph 1.2. However, its limited activity under visible
light, because of its wide band gap energy, and the fast recombination rate of the
charge carriers, has prompted extensive research to modify and enhance its

performance®.

Zinc oxide (Zn0O), shares similarities with TiO; in terms of its photocatalytic
properties with a similar ability to generate electron-hole pairs upon exposure to
light, leading to its application in various fields, such as water treatment, air
purification, and solar cells. Its high surface area, availability in various
morphologies, and potential for visible light activity due to its narrower bandgap

make it an attractive alternative to TiO; in certain applications’®.

Bismuth vanadate (BiVOs) functions as an n-type semiconductor with a band gap
energy (Eve = 2.4 V) lower than that of titania, enabling the absorption of visible
light (wavelengths < 515 nm) when utilized as a photoanode!'>®. However, a
significant drawback of this material lies in electron transport, leading to a high
electron—hole pair recombination rate (between 60 and 80%) before reaching the
interface. Moreover, thin BiVO4 films lack the nanomorphology required for

effective use as photoanodes in compact design PEC cells.

Tungsten trioxide (WO3) is an optimal photocatalyst, due to its band gap energy
varying from 2.5 to 3.0 eV, its low cost, and its stability in acidic and oxidative

conditions'®?, Tts main drawbacks are the fast recombination rate and the lower
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conduction band edge with respect to the standard H'/H> redox level, which
modifies the material's fundamental'®. It is used in many applications, such as

sensors, photo-electrochemical water splitting, in dye-sensitized solar cells.

The nanomaterials derived from these semiconductors, such as nanoparticles,
nanorods, nanosheets or nanotubes, display exceptional properties due to their
nanoscale size that differ significantly from their bulk counterparts’® 8% 161 At the
nanoscale, these materials often showcase quantum confinement effects and an
increased surface-to-volume ratio, which enable them to absorb light and generate
charge carriers efficiently. This is especially crucial in the context of photovoltaic
devices and photocatalysis. These unique characteristics have sparked significant
research interest, driving advancements in synthesis methods, including sol-gel
processes, hydrothermal methods, anodic oxidation, and chemical vapour
deposition techniques to control the size, shape, and properties of these

nanomaterials*® 74,

Carbon-Based Photocatalysts:

Carbon-based materials, such as graphitic carbon nitride (g-C3N4) and graphene-
based materials, have garnered attention due to their capacity for visible light
absorption, excellent stability, and environmental friendliness making them
attractive candidates for diverse applications'®?. In graphitic carbon nitride (g-
CsNy), the abundance of nitrogen atoms in this catalyst enhances its visible light
absorption, contributing to its photocatalytic activity. Graphene, a single layer of
carbon atoms arranged in a hexagonal lattice, has also emerged as a noteworthy
carbon-based photoactive material, thanks to its high electrical conductivity, large

163 Functionalized graphene

surface area, and excellent electron mobility
derivatives, such as graphene oxide (GO) and reduced graphene oxide (rGO),
further expand the possibilities for tailoring their properties for enhanced
performance in solar energy conversion. Carbon dots (CDs), which are carbon

nanoparticles with sizes less than 10 nm, exhibit excellent photo-responsive
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properties, including broad-spectrum light absorption and efficient
photoluminescence!®*. These properties make CDs suitable for applications in
solar cells, sensors, and imaging devices. Carbon-based materials like carbon
nanotubes (CNTs) with their unique one-dimensional structure and excellent
electrical conductivity, have been explored for enhancing charge transport in
photovoltaic devices'®. Porous carbon materials, due to their high surface area
and tailored porosity, show promise in facilitating gas adsorption and catalytic

reactions.

Hybrid and Composite Photocatalysts:

Despite their efficiency, ongoing research focuses on improving the
photocatalytic performance of these materials by engineering their surface

properties, doping with other elements, or developing novel hybrid materials.

Hybrid photocatalysts involve combinations of different materials or the
integration of other elements, leading to synergistic effects that enhance catalytic

activity.

In the paragraph below, an overview of the different modification methods is

reported.

1.3.1 Materials modification

An effective photocatalyst should ideally possess three key characteristics
simultaneously: 1) efficient light absorption, particularly in the visible range, ii)
strong photocatalytic activity, and iii) robust photo-corrosion stability’.
Modification strategies aim to enhance the inherent limitations of these materials,

such as their light absorption, charge separation, and catalytic activity.
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Among the many strategies employed, the creation of heterojunctions,
nanostructuring and the incorporation of nanoparticles, stand out as useful

approaches.

Heterojunctions, formed by combining two different semiconductor materials, are
a powerful modification strategy. The interface between these materials enables
efficient charge separation and migration, critical processes for enhancing the
performance of solar cells and photocatalytic systems. For instance, the creation
of heterojunctions between titanium dioxide (TiO2) and other semiconductors,
such as zinc oxide (ZnO) or bismuth vanadate (BiVOa), can significantly improve
the efficiency of water splitting and pollutant degradation. The mismatch in
energy levels at the heterojunction interface promotes the separation of
photogenerated electron-hole pairs, preventing their recombination and

promoting more effective charge utilization.

Different types of heterojunctions can be distinguished, depending on what kind

of semiconductors, n-type or p-type, are coupled.

The isotype heterojunctions (n-n or p-p) are formed by coupling two different
semiconductors of the same type. An example of n-n heterojunctions is TiO2/ZnO,

both n-fype semiconductors.

The anisotype (n-p or p-n) is formed by the junction of two different types of
semiconductor materials. An example could be the heterojunctions between TiO>

and p-type silicon.

The alignment of the energy bands at the interface between the two materials

affects the electric behaviour of the hybrid semiconductor.

Nanostructuration involves the deliberate design of materials at the nanoscale to
exploit quantum effects and optimize their photoactive properties. This approach
includes the creation of nanowire arrays, nanoporous structures, and hierarchical

architectures. Nanostructured materials provide a large surface area for light
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absorption and facilitate rapid charge transport. For instance, nanostructured
photoanodes in dye-sensitized solar cells, enhance the light-harvesting capacity,
resulting in improved photogenerated electron extraction and conversion
efficiency. Similarly, nanoporous structures in photocatalysts, increase the
exposure of active sites, promoting enhanced catalytic activity i.e. for water
splitting and pollutant degradation. This approach to materials modification will

be discussed further in Chapter 2.

Another prevalent strategy involves incorporating metal nanoparticles onto

semiconductor surfaces.

Nanoparticles, with their unique size-dependent properties, favour efficient light
absorption and charge separation, thereby pushing the overall performance of
solar cells and photocatalytic materials. Additionally, the high surface area-to-
volume ratio of nanoparticles provides more active sites for catalytic reactions,

amplifying their effectiveness in photocatalysis.

Transition metals, such as Fe, Cr, N1, V, Mn, and Cu are used for the modification
of the photoactive material. A study on titanium dioxide doped with different
transition metals proved the extension of the photoactivity of titania in the visible
spectrum. Some of these metals can help to prevent the recombination of charge
carriers’?. In particular, Fe, Cu, and Ni can trap both electrons and holes, while Cr
and Ni can trap just single charge carriers®*. The decoration techniques commonly

used are wet impregnation, sol-gel, and hydrothermal deposition.

Another possibility to increase absorption properties in the visible region and
prevent undesirable charge recombination is the decoration with plasmonic
nanoparticles like Au, Ag, Cu and Pd. The surface plasmonic resonance (SPR)
effect can increase the energy intensity of the electrons resulting in an overall
enhancement of the photocatalytic activity'®®. This particular and well-known
effect will be described in detail in Chapter 3. The synergy achieved by combining

these modifications, i.e. the incorporation of nanoparticles onto the surface of
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nanostructured materials, often leads to remarkable improvements in photoactive

material performance.
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2. Nanostructured photoactive materials
for conversion of small molecules: 3D
vs. 2D structure

2.1. Introduction and scope of the chapter

Titanium dioxide is a n-type semiconductor material with a long history of use in
various applications, (illustrated in Figure 2.1), which include pigments, plastics,
paper, textiles, photocatalytic applications, such as purification of water and air,
decomposition of organic compounds, photovoltaic applications, energy storage
applications, gas sensor and catalyst!™. Its qualities, like chemical stability,
durability, non-toxicity, and economic viability have made it one of the most used

photoactive materials®.

There can be different polymorph structures of TiO», illustrated in Figure 2.2:
anatase (2.2 c¢), rutile (2.2 a), which are tetragonal, brookite (2.2 b), which is
orthorhombic, and TiO, (B) (2.2 d) 7> 8. Anatase and rutile can be easily prepared
in the laboratory, on the contrary brookite is difficult to synthesize. Usually,
anatase and rutile have been used in photocatalytic applications. In particular,
anatase is the most active, probably because of the presence of surface hydroxyl
groups in the low-temperature anatase structure and also because of the difference

in the Fermi level, which is 0.1 eV higher in the anatase phase than in rutile®.
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Figure 2.1 Application of Titanium dioxide in photocatalysis. Reproduced with permission from
ref.

Figure 2.2 Crystal structure of TiO2 polymorphs: (a) rutile; (b) brookite; (c) anatase; (d) TiO2(B).
Reproduced with permission from ref.*?

[lustrated in Figure 2.3 (a) is the general mechanism of the electrons excitation
from the valence band to the conduction band, forming positive holes in the
valence band of TiO», caused by the absorption of ultraviolet (UV) light with an
energy equal or higher than the band gap energy’. After this excitation, electrons

and holes can radiatively or non-radiatively recombine or be trapped and
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subsequently react with the species adsorbed on the surface of TiO,'". These two

processes are competitive.

The photocatalytic water-splitting process, in Figure 2.3 (b), involves the
photogenerated electrons and holes of TiO2, in the reactions of oxygen and
hydrogen formations. For spontaneous water-splitting, these reactions must be
between the valence band maximum and the conduction band minimum, and the

bands of TiO; satisfy this requirement!!.

a) b) Vacuum level
Conduction @l 3~0.4¢V il
band Diffusion T
Reduction -

hv Excitation [ ; zn;mu4h‘~>o_<g)+4n‘|

®5orh. Oxidation

Valence
band (Ey

Figure 2.3 In (a) the scheme of the mechanism of the photogeneration of the charge carriers after
the ultraviolet light absorption. Reproduced with permission from ref. ©. In (b) the scheme of TiO»
bands relative to the standard levels of water oxidation and hydrogen production reactions.
Reproduced with permission from ref. *

Nevertheless, titanium dioxide has some disadvantages: a wide band gap energy,

8,13,14

3.0-3.2 eV, which limits the application to UV light absorption reducing the

energy conversion efficiency, and a fast recombination of the photogenerated

electron-hole & 1> 16,

For these reasons, the research has been focused on the modification and

functionalization of titanium dioxide structure to®:

1) reduce the band gap and thus enhance the light absorption

2) maximize the catalyst adsorption capacity for the reactant molecules
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3) boost the charge transfer rate with consequent reduced recombination
rates

One strategy is the creation of TiO; nano- or micro-structures with modified

morphologies and characteristics®. For example, lithium-ion batteries,

electrochromic displays, dye-sensitized solar cells (DSSCs), and photocatalysis

are only a few applications of nanostructured TiO, materials!’!°. Figure 2.4

shows a schematic classification of the different nanostructured materials with the

corresponding dimensional characteristics and the expected properties®.

0D materials, such as TiO2 nano-spheres, are characterized by high specific
surface area, which enhances their photocatalytic performances and light

harvesting properties® 22,

1D TiO2 materials, such as tubes and fibres, have high surface-to-volume ratios,
which allow a high interfacial charge carrier transfer rate and a decrease in the
hole-electron recombination rate, both of which, as it was discussed, are
advantageous for photocatalytic processes. TiO2 nanotube arrays can be also
tailored in terms of length, inner diameter and spacing between them, using the
controlled anodic oxidation technique on a titanium substrate (foil, mesh), which
makes them versatile and easily synthetized®*2®. Also, the nanotubes grown on a
Ti wire were shown to absorb incoming, reflected, and refracted light in all
directions, reducing the scattering effects of the liquid and boosting

photoactivity®-3°,

2D TiO2 nanosheets are characterized by having a small thickness (1-100 nm) and
a flat surface. This conformation combined with high adhesion, gives these

materials excellent performances for example in self-cleaning coating 3'.

3D complex hierarchical structures generated by the interconnection of a
macroscopic shape and a porous structure can influence greatly the physical
properties and the performances of the titanium dioxide material*>. The

modification of the empty and solid spaces of the material could generate, among
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other properties, specific interactions with light, scattering and photonic effects,
leading to the enhancement of visible light harvesting and overall photoactivity®.
Specifically, combining the already tuneable nanotube array with a macropore
structure, as a mesh, could not only improve the light-harvesting and thus the

photoactivity but also reduce the diffusion limitations %,
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Figure 2.4 Schematics of the different structural dimensions with the expected properties.
Reproduced with permission from ref.®

Nanostructured titanium dioxide through anodic oxidation

Titanium dioxide nanotubes, synthesized through anodic oxidation (AO) of
titanium foils in an electrolyte containing fluoride ions, were first reported by
Grimes’ group in 200133, This kind of technique allows the precise control of their
dimensions, but the morphology and specific structure of the titania layers grown
on the titanium metallic support, are highly influenced by the experimental
conditions, so the length, pore size and wall thickness of the tubes can be tailored
properly adjusting the electrochemical parameters 2’ 3. In Figure 2.5 the key

processes of the nanotubes formation are reported.
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Figure 2.5 Scheme of titanium dioxide nanotube formation mechanism, reproduced with
permission from. In (I) the early formation of the oxide layer; in (II) the formation of the pits; in
(III) the void formation between the pores, in (IV) the titanium dioxide nanotube formation. On
the left are the detailed reactions which take place in the nanotube formation. Reproduced with
permission from ref. ¥

a. Initial oxidation step

At the anode, the reaction which takes place is the metal oxidation
(Equation 1).
Ti — Ti** +4e”
Equation 1

The Ti*" ions react with OH and O, supplied by water. The dissociation
of water is promoted by the electric field present in the system. This leads
to the formation of hydrated oxides (Equation 2) and oxides (Equation 3).
Then, the hydroxide is further oxidized into the hydrated anode layer
(Equation 4) and at the cathode the hydrogen is formed (Equation 5).

Ti** + 40H™ - Ti(OH),
Equation 2
Ti** +20% - Tio,

Equation 3
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Ti(OH), - Ti0, + 2H,0
Equation 4
AH* + 4e™ - 2H,
Equation 5

The reactions 1-5 can be summarized with the following equation, which

describe the initial formation of the oxide film on the anode surface:
Ti+ 2H,0 - TiO, + 2H,

Equation 6

Porous oxide film formation

The fluoride ions weaken the Ti-O bonds and react to form a fluorine
stable complex [TiF]*" (Equation 7, Equation 8, Equation 9).
TiO, + 6F~ + 4H* > [TiFs]*~ + 2H,0
Equation 7
Ti(OH), + 6F~ - [TiFg)*” + 40H~
Equation 8
Ti** + 6F~ — [TiF¢]*~
Equation 9

The fluoride ions are not evenly distributed in the solution but are
accumulated along the surface of the oxide film, and due to a strong
electric field, locally dissolve the oxide creating porous cores that expand

into micropores then forming a porous structure oxide film.

Oxidation film growth

As the micropores grow, the not-oxidized titanium between the holes
forms a peak shape, enhancing the electric field. In this way the upper part

of the oxide film increases the rate of dissolution, resulting in small
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cavities (Figure 2. III). These become gradually deeper, and the
continuous pores are separated to form an independent nanotube structure
(Figure 2. IV). As the equilibrium between the oxide formation reaction
and the chemical dissolution reaction is reached, the length of the

nanotubes stays constant.

The side reaction of oxygen formation (Equation 10) during the titanium
anodic oxidation process affects the morphology of the anode layer and
the growth efficiency of nanotubes. The oxygen production is generally
more pronounced in aqueous solutions but can also be observed in organic

media containing a small amount of water (up to 5 vol%).

2H,0 - 0, +4e ™~ + 4H*

Equation 10

Many parameters, such as the applied voltage, the pH, and the concentration of
fluorite and water, strongly affect this process favouring the dissolution and/or the
oxidation steps changing the nanotube growth rate and the morphology of the
titania porous nanostructured film. For this reason, this chapter outlines the
process of synthesizing electrodes based on titanium dioxide nanotubes grown
over a titanium mesh or foil, by controlled anodic oxidation, where various
parameters have been manipulated to achieve diverse morphological, electrical,
and optical characteristics of the materials. Specifically, adjustments were made
to the electrolyte solution, anodization time and voltage, to create the most
suitable nanotube substrate in terms of morphology and photoactivity. The results
are given in detail in the first part of the chapter (section 2.3). In the second part
of the chapter (section 2.4) is reported an extensive study performed to analyse
the impact of the substrate geometry (titanium mesh or foil) on the photocatalytic
behaviour of the material. The TiO> nanotubes grown on a Ti mesh, have a

mesostructure (nanotubes arrays) on a three-dimensional macroporous structure
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(the mesh), which may improve the light harvesting and diffusion properties and
the overall photoconversion efficiencies. Specifically, electrochemical impedance
spectroscopy (EIS) was employed (with cyclic voltammetry, CV and
chronoamperometry, CA) in both dark and illuminated conditions to establish
correlations between photoactivity and charge transfer resistances due to the
specific geometry of the support: 2D (foil) vs 3D (mesh). The different substrates,
mesh and foil, were then tested in the reaction of photo-electrolysis of the water,

to correlate the effect of a specific structure on its photoactivity.

2.2. Experimental: titanium dioxide nanotubes synthesis

Titanium dioxide nanotubes (TiO2NTs) were synthesized on a titanium gauze
substrate consisting of 80 mesh woven from a 0.13 mm diameter wire, provided
by Alfa Aesar. This synthesis was achieved through a controlled anodic oxidation
process. Before anodization, the samples were subjected to a 30-minute
sonication in isopropyl alcohol to eliminate any organic impurities and then
allowed to air-dry. Subsequently, the clean substrate was positioned within a two-
electrode electrochemical cell made in Teflon, serving as the working electrode,
while a platinum (Pt) electrode was employed as the counter electrode. A
potentiostat (Agilent E3612A) and a multimeter (Keithley 2000) were employed
to maintain a constant potential between the two electrodes, in the range of 10-70
V (see Table 2.) for a variable time from 0.5 to 5 hours (see Table 2.), while
recording the current density. A picture of the setup is shown in Figure 2.6. The
electrolyte bath was prepared with 2.0 wt% distilled H,O and 0.3 wt% ammonium
fluoride in ethylene glycol. Other electrolyte bath compositions were employed
varying the organic solvent, therefore replacing the ethylene glycol with
diethylene glycol and glycerol (see Table 2.). After the anodization, the samples
were annealed at 450°C for 3 hours, with a heating and cooling rate of 2°C/min,

to induce crystallization of the amorphous oxide nanotube arrays.
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The same anodization procedure (at S0V for 1h) was employed using as support
a titanium (T1) disc (Ti 99.96%, thickness of 0.025 mm, diameter of 35 mm, Alfa

Aesar), instead of the mesh.

Figure 2.6 Anodic oxidation experimental set-up

2.2.1. Anodization parameters: potential, time, and bath
composition

For a better understanding of the anodization voltage and time effects on the
growth and pattern of nanotubes, many samples were prepared i) increasing the
anodization potential from 10 to 70 volts and maintaining constant the time of the
process (1h) or ii) changing the anodization time, from 0.5 h to 5 h at a fixed

voltage (50V), using the ethylene glycol-based electrolyte bath.

The experimental parameters for each synthesis are summarized in Table 2.1.

Sample Potential Time Electrolyte
TG_1 10V lh Ethylene glycol - 0.3 wt% NH4F - 2 wt% H,O
TG_2 30V 1h Ethylene glycol - 0.3 wt% NH4F - 2 wt% H>O
TG 3 50V l1h Ethylene glycol - 0.3 wt% NH4F - 2 wt% H>O
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TG 4 70V l1h Ethylene glycol - 0.3 wt% NH4F - 2 wt% H,O
TG 5 50V 0.5h Ethylene glycol - 0.3 wt% NH4F - 2 wt% H,O
TG_6 50V lh Ethylene glycol - 0.3 wt% NH4F - 2 wt% H>O
TG 7 50V 3h Ethylene glycol - 0.3 wt% NH4F - 2 wt% H>O
TG_8 50V 5h Ethylene glycol - 0.3 wt% NH4F - 2 wt% H>O

Table 2.1 Experimental parameters of titanium mesh anodization, indicating the potential, time,
and electrolyte bath

The effect of changing the electrolyte bath's composition was also investigated.

Many studies reported in the literature suggested that a different bath composition

34, 36, 37.

could promote the formation of spaced nanotubes ; for this reason,

diethylene glycol and glycerol were employed instead of ethylene glycol, also

changing the anodization potentials; all the details about the experimental

conditions are reported in Table 2.2.

Sample Potential Time Electrolyte
TG 9 10V 1h Diethylene glycol - 0.3 wt% NH4F - 2 wt% H,0
TG_10 30V 1h Diethylene glycol - 0.3 wt% NH4F - 2 wt% H,O
TG 11 50V 1h Diethylene glycol - 0.3 wt% NH4F - 2 wt% H,0
TG 12 70V 1h Diethylene glycol - 0.3 wt% NH4F - 2 wt% H,O
TG_13 50V 1h Glycerol - 0.3 wt% NH4F - 2 wt% H>O
Ethylene glycol : Diethylene glycol 1:1 (vol.) - 0.3 wt% NH4F
TG 14 50V 1h yiene gy yienegy (vol) e
- 2 wt% H,0
Ethylene glycol : Diethylene glycol 1:1 (vol.) - 0.3 wt% NH4F
TG.15 70V 1h yieneey yieneey (vol) ’

-2 wt% H,O

Table 2.2 Experimental parameters of titanium mesh anodization, indicating the potential, time,
and electrolyte bath.
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2.3. Results: optimization of the anodization parameters

2.3.1. Morphological and photo-electrochemical characterization

The morphology of the TiO;NTs-based photocatalysts was studied using a
Phenom ProX Scanning Electron Microscope (SEM) equipped with EDS.

The SEM images of TG 3 synthesized at 50 V for one hour of anodization, are
displayed in Figure 2.7. Additionally, a picture of the Ti mesh is presented (refer
to Figure 2.7 a), which illustrates how the substrate after oxidation changed
colour. Due to the development of titania nanotubes on the rounded surface of the
woven Ti wires, the surface resulted unsmooth. The TiO2NTs cross-section SEM
images, displayed at varying magnifications in Figure 2.7 ¢ and d, demonstrated
their vertical alignment and average length of 1.4 um. Based on a direct
measurement from the top-view picture, the inner diameter of the TiO:NTs was
between 60 and 70 nm (see the inset in Figure 2.7 d). The resultant TiO>NTs on
the Ti mesh had an open area of approximately 33% because of the macro holes
in the meshed structure. In Figure 2.8 is reported the elemental analysis of TG 3

obtained by EDX, which confirmed the presence of the titanium dioxide.

Figure 2.7 (a) TG 3 before (upper part) and after (bottom part) the anodization; (b) SEM image
of TG 3 after the anodization at 50 V for 1 h ; (¢) SEM image of the cross-section of TG 3 at low
magnification and (d) high magnification, with the top view in the upper right part. Reproduced
with permission from ref-%
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Figure 2.8 Elemental analysis by EDX of TG_3. Reproduced with permission from ref, 3

The effect of the applied voltage (affecting the electric field during the
anodization process), was well evidenced from the SEM images of the samples
anodized at 10V, 30V and 70V reported in Figures 2.9 and 2.10. The images
illustrate the varying degrees of nanotube development, with noticeable

differences in surface characteristics and degree of nanotube formation.

Figure 2.9 presents the top view image of the sample subjected to anodization at
10 V for 1 hour (TG _1). A comparison with Figure 2.7 (d) distinctly revealed that
the nanotubes were not fully developed, resulting in an uneven and rough surface.
For the sample anodized at 30 V for the same time, some nanotubes were visible
(Figure 2.10). However, at the top of the array, the surface maintained its rough
texture despite the beginning of certain nanotube formations. In general, the
formation of nanotubes seemed to be linearly dependent on the applied voltage as
reported in literature 3. The cross-section of the sample anodized at 70V (TG _4),
(Figure 2.11) showed instead nanotubes completely formed, but not perfectly

homogeneous due to the higher anodization potential. As already reported'* 1628,
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a relatively high anodization potential could lead to a diminishing nanotube
diameter, probably due to the higher electromagnetic fields in the first stage of the

pits formation, and to a detachment of the nanotube array.

Figure 2.9 SEM image of the top view of the sample TG 1, anodized at 10V for 1 h

Figure 2.10 SEM image of the top view of the sample TG 2, anodized at 30 V for 1 h
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Figure 2.11 SEM image of the cross-section of TG 4, anodized at 70 V for 1 h, at low
magnification.

The photocurrent behaviour was evaluated by chronoamperometry using a three-
electrode photo-electrochemical cell, illustrated in Figure 2.12, consisting of a
Pyrex flask modified with a quartz window for illumination. The reference
electrode was a saturated Ag/AgCl (KCl = 3 M) electrode, and the counter-
electrode consisted of a Pt wire, while the TiO2NTs-based catalyst (with square
dimensions 1 x 1 cm) acted as the working electrode. Using a 2049 AMEL
potentiostat-galvanostat, all experiments were run at room temperature ina 1 M
KOH solution at +1.136 V vs RHE (+0.1 V vs. Ag/AgCl). The potential values
referred to the Ag/AgCl electrode were translated to RHE using the formula

specified in the Annex section.

A solar simulator (Lot-Oriel 300 W Xe-arc lamp) equipped with various filters to
cut out different ranges of wavelengths, was used for the irradiation of the
samples. The filters used in this study were: the AM 1.5 G filter, which simulates
the standard solar irradiation on Earth (with the UV part only about 4 % of the
entire spectrum), the UV-C blocking filter, and the UV B/C blocking filter. The
samples were exposed to 30-second ON and OFF cycles of irradiation, during
which the current density increased and then quickly returned to its initial value

when the light was turned off showing high reproducibility. If not specified, in all
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experiments three cycles at open spectrum (and the last) were performed at the

beginning.

Potentiostat/
Galvanostat

&

Xe-arc lamp

Quartz window

Counter-electrode

Working electrode

Reference electrode

Figure 2.12 Schematics of the set-up used for the chronoamperometric measurements.

Figure 2.13 shows the photocurrent behaviour of the samples anodized at various
potentials from 10 V to 70 V respectively (see table 2.1 for details). Notably, there
is an upward trend in photocurrent values from samples anodized from 10 (TG_1)
to 50 V (TG_3), indicating a direct correlation between the anodization potential
and the resulting photocurrent density. This trend aligns with the evolving state of
nanotube development, as evidenced by the SEM images, wherein the growth of
a homogenous layer of nanotubes corresponds to the increasing anodization
potentials. In the presence of an AM1.5G filter (with visible light), all the TiIO2NTs
electrodes showed partial activity, confirming the importance of nanostructures in
this process, and in this case, the sample anodized at 50V showed the best
photocurrent. An inversion in the trend was observed with the sample TG 4
anodized at the highest voltage (70V) that displayed the lowest photocurrent
density (at full spectrum irradiation and with the UV-C cut-off filter) confirming
the not perfect homogeneity of the nanotubes layer that probably did not allow a

fast charge mobility favouring charge recombination phenomena.
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Figure 2.13 Chronoamperometric measurements (1.136 V vs. RHE, 1 M KOH) for TiO,NTs/Ti
mesh anodized at different potentials using open UV-visible lamp spectrum (no light filter) and
with light filter (AM1.5G, UVC, and UVB/C blocking filter)

Figure 2.14 exhibits the photocurrent density of the samples prepared with
varying anodization times (see Table 2.1 for details). Generally, as already shown
in a previous study?’, a direct correlation between anodization time and thickness
of the nanotube layer was observed, while the diameter and crystallinity were
similar. From the data reported in Figure 2.13, it was evidenced that by increasing
the anodization time (from 1h to 5 h) the photocurrent value decreased (at open
spectrum and with filters), and this could be potentially attributed to increased

probabilities of charge recombination.
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Figure 2.14 Chronoamperometric measurements (1.136 V vs. RHE, 1 M KOH) for TiO:NTs/Ti
mesh anodized for different times using open UV-visible lamp spectrum (no light filter) and with
light filter (AM1.5G, UVC, and UVB/C blocking filter)

Figure 2.15 shows the effect of the electrolyte bath composition (see Table 2.2)
on the photocurrent response of each sample. Notably, TG 11, anodized in
diethylene glycol, exhibited a better photocurrent response when exposed to the
full spectrum of the lamp and with the UV-C cut-off filter. Whereas, when the
AM1.5G filter was applied to the lamp, the photocurrent response of TG_11 and
TG _14 was the same. The sample TG 14, anodized in glycerol, showed instead
the lowest photocurrent values when irradiated with the full spectrum of the lamp
and the filtered light. The overall photocurrent responses of the samples were
inferior to TG_3 photocurrent density, probably due to the different nanotubes
conformations and superficial densities given by the electrolytes: hexagonal
close-packed nanotubes conformation when using ethylene glycol based-
electrolytes and spaced nanotubes when using glycerol and diethylene glycol as

electrolytes®*.
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Figure 2.15 Chronoamperometric measurements for TiO:NTs/Ti mesh anodized with different
electrolytes (1.136 V vs. RHE, 1 M KOH) using open UV-visible lamp spectrum (no light filter)
and with light filter (AM1.5G, UVC, and UVB/C blocking filter)

Table A2.4 in the annex section summarizes the average photocurrent density of

the samples analysed.

Based on these results, it was possible to modulate the experimental parameters
to create the best nanoarchitecture in terms of morphology and photoactivity. If
not differently specified, from now all the reported TiO:NTs samples were
prepared using the following optimized conditions: 50 V, 1 h and ethylene glycol
- 0.3 wt% NH4F - 2 wt% H>O as electrolyte bath.

2.4. Results: 3D vs. 2D hierarchical structures

As commented in the introduction, a catalyst with a well-defined hierarchical 3D
structure, like the material studied in this thesis, can significantly boost the
catalytic activity, using enhanced light harvesting properties and charge
transportation and diminishing the scattering effect of liquid ****. In this section,

the TiO2 nanotube arrays on Ti foil and Ti mesh electrodes, prepared in the
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optimized conditions described previously, will be called respectively TiO>NTs/Ti
foil and TiO>NTs/Ti mesh.

2.4.1. Structural and optical characterization

The phase composition of the catalysts was analysed using a Bruker D2 Phaser
diffractometer equipped with a Ni B-filtered Cu-Ka radiation source in a 20 range
of 20° to 60°, using a scanning rate of 0.025° s~!. Diffraction peaks were identified
using the JCPDS database of reference compounds. The XRD analysis
investigated the phase composition of the TiO>NTs-based photocatalysts. The
reported diffraction patterns in Figure 2.16 indicated that all diffraction peaks
corresponded to the crystal structure of anatase TiO» (JCPDS 00-021-1272).
These results suggested a high degree of crystallinity for TiO2NTs on both Ti foil
and mesh. No rutile or other titania phases were detected in either sample. The X-
ray diffraction (XRD) patterns revealed the presence of metallic titanium, as a
conductive metallic layer remained non-oxidized after the anodization process

acting as an electron collector and maintaining the robustness of the electrode.
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Figure 2.16 XRD patterns of TiO:NTs/Ti mesh and Ti foil electrodes.
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UV-Vis diffuse reflectance spectroscopy was used to characterize the optical
absorption properties of the TiO,NTs/Ti mesh and foil electrodes. A Thermo
Fisher Evolution (220) spectrometer with an integrating sphere for solid samples
was used to record ultraviolet—visible diffuse reflectance spectra, displayed in
Figure 2.17. The TiO2 P25 spectrum, a widely used reference, was also recorded.
Both the mesh and foil profiles showed an absorption peak below 400 nm due to
the typical UV response of TiO, correlated with the lowest energy charge transfer
O*/Ti*". In addition, due to light diffraction and scattering caused by nanotube
arrays and defects, it was visible an intense, broad light absorption in the visible
region (between 500 and 1200 nm). Compared to the planar type TiO2NTs/Ti film,
this absorption band is broader for the TiO>NTs deposited on Ti mesh because of

a more complex nanoarchitecture in a 3D structure?®,
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Figure 2.17 UV-visible diffuse reflectance spectra of the TiO:NTs/Ti mesh and TiO,NTs/Ti foil
electrodes. The spectrum of TiO; P25 (Evonik, former Degussa) is shown for comparison.
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2.4.2. Photo-electrochemical characterization

The photo-electrochemical characterization (CA, CV, EIS), was performed in a
three-electrode cell, shown in Figure 2.18 made of two compartments, anodic and
cathodic, separated by a Nafion N 324 membrane (supplied by Ion Power EU,
Munich, Germany). A quartz window allowed the irradiation of the catalyst with
a solar simulator (Lot-Oriel, 300W Xe lamp, Quantum Design Europe, Darmstadt,
Germany). The TiO;NTs-based catalyst (a square of dimensions 1 x 1 cm) acted
as the working electrode, with a Pt foil (1 x 1 cm) as the counter electrode and an
Ag/AgCl (KCI 3M) electrode (supplied by Amel S.r.1., Milano, Italy) as reference.
A potentiostat/galvanostat (Autolab pgstat 204, Metrohm Italia S.r.1., Origgio,
Varese, Italy) was used to apply the voltage.

The voltage values were converted to RHE using the formula in the annex section.
All the experimental results were normalized, considering the difference in the
geometrical area of the mesh with respect to the foil. The same cell was used for

water photo-electrolysis experiments (see the scheme in Figure 2.19).

Figure 2.18 Front-view of the photo-electrochemical cell used for photo-electrochemical
characterization, in the centre the 1 cm’ sample can be seen.
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Figure 2.19 Schematic side view of the reactor for water photo-electrolysis reaction

Chronoamperometric (CA) experiments were performed in a 1 M KOH aqueous
solution at the anode, and an aqueous solution of 0.5 M H2SO4 at +1.136 V vs.
RHE to evaluate the photocurrent performance of TiO>NTs/Ti mesh compared to
TiO:NTs/Ti foil. The tests included the application of ON/OFF illumination
cycles under different cut-off light filters (specifically, AM1.5G, UV C blocking
filter, and UV B/C blocking filter), as explained in 2.3.1. The results are shown in
Figure 2.20.
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Figure 2.20 Chronoamperometric profiles of TiO:NTs/Ti mesh and TiO:NTs/Ti foil (1.136 V vs.
RHE, 1 M KOH) using open UV-visible lamp irradiation (no light filter) and with light filter
(AM1.5G, UVC, and UVB/C blocking filter)

The photocurrent density response of the TiO>NTs/Ti mesh was 1.7 times higher
than the TiO,NTs/Ti foil response, under open spectrum conditions. This could be
linked to reduced charge recombination. Both photo-electrodes remained active
after filtering out parts B and C of the UV spectrum and simulating the standard
terrestrial solar irradiation with the AMI1.5G filter. On the contrary, the
unstructured TiO; anatase films, made from TiO> powder, exhibited almost
negligible photocurrent when subjected to the AM 1.5 G filter irradiation, in
which the UV component is 4% 4> 46, Thus, it can be stated that the TiO.NTs
nanostructure enabled a substantial reaction under visible light, as the reduction
in photocurrent is not as significant as if charge separation only happened via the
4% UV component, as in the case of TiO2 powder. In addition, it could be noticed
that the baseline (i.e. dark values) was marginally lower for the mesh (less than
0.01 points) compared to the planar foil, due to the greater resistance of the woven

wires of the gauze.

Cyclic Voltammetry (CV) measurements were performed at a scan rate of 10 mV

s~ with a continuous flow of N2 (5 mL min!) and an aqueous solution of KOH 1
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M and an aqueous solution of H>SOs 0.5 M, as the anolyte and catholyte,

respectively.

Figure 2.21 illustrates the results of the cyclic voltammetry (CV) analysis carried
out on TiO;NTs/Ti mesh and foil. The peak intensities confirmed the higher
photocurrent generated by the TiO>NTs/Ti mesh compared to the foil as observed
in the CA investigation. The water oxidation onset was observed at approximately
1.5 V vs. RHE for both electrodes. Additionally, there was an increase in the
negative peak intensity with maximum values of about 0.6 V, not present in pure
titania*’, and linked to the reaction of TiO> with the electron/proton that formed
TiOOH on defective sites. Additionally, it should be noted that within the
TiO2NTs/Ti mesh, there was a decrease in the voltage gap between the onset of
hydrogen and oxygen evolution reactions, when compared to TiO>NTs/Ti foil.
This gap fell from around 1.8 V to 1.2 V, indicating a significant reduction in the

overpotential for water electrolysis.
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Figure 2.21 Cyclic voltammetry profiles of TiO:NTs/Ti mesh and TiO;NTs/Ti foil in 1 M KOH.
Data were normalized with respect to the surface area of the catalysts.
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2.4.3. Electrochemical Impedance Spectroscopy (EIS)

measurements

Electrochemical Impedance Spectroscopy (EIS) is a powerful analytical
technique used in electrochemistry to study the behaviour of electrochemical
systems*. It involves the application of a small amplitude alternating current to a
system over a range of frequencies. The response of the system in terms of
impedance, a measure of opposition to the flow of an alternating current, is then
analysed as a function of frequency®. This technique provides valuable insights
into the electrochemical properties of materials, interfaces, and processes. EIS
data are usually fitted, using a dedicated software, with an equivalent electrical
circuit, which simulates the electrical behaviour of the studied system, constituted
by electrical components (resistances, capacitances, etc.). Each of them gives
quantitative information about the processes involved in the reaction, such as
charge transfer resistance, double-layer capacitance, diffusion coefficients, and

other characteristics of the system under investigation™.

The measurements were conducted with Na>xSO4 0.1 M as the electrolyte in both
compartments, with a constant gas flow of Nz (5 mL-min™"). The EIS experimental
parameters used consisted of a frequency range of 1-10° Hz to 0.01 Hz, an
amplitude of 0.01 Vrms, and an applied potential varying from 0.9 to 1.5 V vs.
RHE.

The data were obtained with and without light irradiation to better understand the
influence of light on the electrochemical system and the subsequent charge
transfer resistances. Zview® software (Scribner Associates, Southern Pines, NC,
USA) was used to fit impedance data, using a two-constant fitting circuit shown
in Figure 2.22. This circuit included a resistor, Rs, mostly related to the electrical
connections of the cell and the distance between the system's working and
reference electrodes. Rs was put in series with two parallel circuits, which consist

of the resistors, Rct and Ret’, and the constant phase elements, CPE and CPE’.

92



The CPE elements were related to the double layer. The resistors Rct and Rct’ as
two alternative charge transfer resistances were evaluated, whose existences were
visible in the Bode graphs in Figure 2.23, in which two distinct peaks were present
in all the experimental conditions employed. The high-frequency Rct' was
attributed to charge transfer phenomena in the liquid phase (such as ionic
migration at the electrode interface®®), whereas the Ret (at low frequency) referred
to the entire electrochemical process, including both half-reactions on working
and counter electrodes. Figure 2.24 and Figure 2.25 display the Nyquist plots in
dark conditions and under light irradiation at different applied potentials for
TiO:NTs/Ti foil, in (a), and for TiO2NTs/Ti mesh, in (b). In the plots, the
experimental data are represented by points, while the lines indicate the fitting

curves processed through the software.

From these results, it can be noticed that the applied potential had a significant

impact on the Rct at low frequency.
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Figure 2.22 Two-constant circuit model used to fit all the EIS data.
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Figure 2.23 Bode plots for TiO,NTs/Ti foil and TiO,NTs/Ti mesh in dark conditions (a) (b) and
under light irradiation (c) (d) at different applied potentials
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irradiation applying different potential values. Filled circles are the experimental data, whereas
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Figure 2.25 Nyquist plots for TiO>NTs/Ti foil (a) and TiO:NTs/Ti mesh (b) measured in dark
conditions applying different potential values. Filled circles are the experimental data, whereas
the lines represent the fitting using the equivalent circuit model of Figure 2.21

Figure 2.26 (a, b) reports the charge transfer resistances vs. applied voltage
measured in the dark, for TiO2NTs/Ti foil and TiO>NTs/Ti mesh, whereas Figure
2.27 (a, b) reports the charge transfer resistances vs. applied potential under light
irradiation. When exposed to light, TiO-NTs/Ti mesh exhibited a significant
decrease in resistance in comparison with TiO2NTs/Ti foil. When switching from

dark to light, the Rct value for the mesh decreased by one order of magnitude at
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1.1 V vs. RHE. However, the effect was considerably less noticeable for the
TiO2NTs/Ti foil sample under the same conditions (Rct from 2.77 - 10° Q in the
dark to 1.02 - 10° Q with light). The resistances linked to ionic migration were not
significant in both cases, as seen by the high-frequency Rct’ profiles vs the applied
potential that did not reveal any noticeable variations in charge transfer resistance
under light irradiation. The EIS results also pointed to quicker electron
transportation along the nanotubes towards the metallic non-anodized component
of the TiO>NTs/Ti mesh (the internal metallic wires of the mesh). This was likely
connected to the stresses due to the transition from a rounded to a planar state,

which speeded up electron transfer at the interface.
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Figure 2.26 Charge transfer resistances, Rct’ (a) and Rct (b) obtained by fitting EIS data, vs.
applied potential for TiO:NTs/Ti foil and mesh electrodes in dark conditions
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Under light irradiation
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Figure 2.27 Charge transfer resistances, Rct' (a) and Rct (b) obtained by fitting EIS data, vs.
applied potential for TiO>NTs/Ti foil and mesh electrodes under light irradiation

All the values resulting from the EIS fitting are reported in Table A2.5 and Table

A2.6 in the annex section.

2.4.4. Water splitting in PEC cell

Using the same system used for electrochemical characterization (described in
section 2.4.2), photo-electrochemical water splitting experiments have been
carried out to study the effect of the specific support on the catalytic
performances. The reactor consisted of two compartments, which allowed the
production of Hz and O: in isolation. A Gas Chromatographer (7890A, Agilent
Technologies Italia Spa) with a thermal conductivity detector (TCD) connected to
the cathodic reservoir to determine the quantity of Hz produced in the water photo
electrolysis reaction. The experiments were conducted for 90 minutes with two
different electrolytes: (i) Na2SO4 0.1 M in both compartments and (ii) H2SO4 0.5
M in the cathodic compartment and KOH 1 M in the anodic compartment.

In Table 2.3 is reported the hydrogen production rate and current density,

(normalized taking into account the different geometrical areas of the mesh and
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foil) for TiO2NTs/Ti mesh and TiO>NTs/Ti foil at three applied voltages (+2.036,
+2.536 and +2.623 V vs. RHE). The formula for the calculation of H> production

is reported in the annex.

H: Average
Applied
production Current
Catalyst Electrolyte * Potential
(umol h! em- Density
(V vs. RHE)
2 (mA cm)
Na;SO4 +2.623 V 244 5.08
TiO:NTs/Ti
H>SO4-KOH +2.036 V 94 3.03
mesh
H>SO4-KOH +2.536 V 182.3 18.69
Na;SO4 +2.623 V 10.5 1.88
TiO:NTs/Ti foil H>SO4-KOH +2.036 V 55 1.16
H>SO4-KOH +2.536 V 46.5 5.24

Table 2.3 Hydrogen production, in umol h™! cm™2, and average current density, in mA cm ™, for

TiO:NTs/Ti foil and TiO.NTs/Ti mesh samples at different applied voltages and different
electrolytes.

The structural properties of Ti meshes had a significant impact on performances
at all pH values investigated. For TiO>NTs/Ti mesh under neutral pH conditions
(with 0.1 M NayS0Os), the rate of Hz production and current density have more
than doubled. In the presence of an acidic/basic electrolyte (in the cathode and
anode compartments, respectively), this trend was reinforced, with the H»
production and current density being more than three times higher for the
TiO:NTs/Ti mesh as compared to the foil under similar conditions. When the
TiO2NTs/Ti mesh was exposed to light, excited electrons in the valence band (VB)
of TiO, moved to the conduction band (CB), generating electron-hole pairs. The
defects, associated with the 3D geometry of the mesh, facilitated the transfer of
photogenerated holes, thus promoting oxygen evolution. Meanwhile, protons and
electrons migrated to the cathode side for hydrogen evolution. Additionally, the

hierarchical porous and circular TiO2 structure in the mesh provided a substantial
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contact area and accelerated charge carrier transport when compared to the planar
structure in the foil, which ultimately enhanced the performance of photo-

electrocatalytic reactions®!> 2,

The synthesis conditions were individually tuned for TiO2NTs film and mesh to
obtain similar nanotubes with equivalent morphological structures (in terms of
length and tube diameter), to be directly compared. Consequently, the significant
increase in performance, concerning both photocurrent and photocatalytic water
splitting, seen on the TiO2NTs mesh when irradiated, could not be related to
aspects such as a relevant change in the thickness or nanomorphology of the
TiO2NTs layer. Additionally, there were no variations in the composition or purity
of the Ti substrate utilized for the growth of the TiONTs layer. Besides,
considering only the illumination of the geometrical area, the foil configuration
should be more favourable. Thus, it might be assumed that the TiO2NTs layer's
characteristics were influenced by the curvature of the mesh wires. The CV data
demonstrated that the performance of TiO2NTs diverged from that of pure TiO:
and that the overpotential of TiO>NTs/Ti mesh in water electrolysis was lower
than that of TiO2NTs/Ti foil. This is likely due to the presence of more defective
Ti sites, as suggested by CV and supported by diffuse reflectance spectra.
Generally, defects lead to charge recombination, even if CA results showed an

improved photocurrent.

The nanostructure of NTs facilitated the formation of defects that improved the
efficiency of photocatalytic water splitting, without significantly affecting the
charge separation enhancing the activity also in visible light, as demonstrated by

CA tests.

Additionally, several studies can be found in the literature that primarily examined
the impact of increased roughness or structural complexity on EIS plots.
Significant variations in the low-frequency region of the EIS plot were noted for

samples with disorder on a microscopic scale or which were mesoporous, as
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evident from these experiments. Furthermore, a general deviation from ideal
capacitive behaviour, directly linked to the degree of nanoscale
irregularity/roughness of the electrode, was observed®*¢. Although the direct
correlation of a three-dimensional geometry on EIS has been scarcely
investigated, this hypothesis has received strong support from a study of
Dyatkin’s research group®’ . They studied the impact of structural disorder on
electric conductivity and capacitance for porous electrodes based on carbide-
derived carbons and reported that annealing, and removing surface defects,
reduced the capacitance and the ion movement into the pores, thus corroborating
our observations. Other studies indicated that the intricate 3D porous structures
had the potential to significantly enhance the capacitance, increasing the electric
field present at the electrode's curvature and surface edges, as evidenced in
conductive carbon nanotube electrodes®® *. Another recent study evidenced,
using CV and EIS analysis, the direct correlation between the surface defects in
MnO:> nanosheets, and the improved capacitance and decreased charge transfer
resistances®®. This confirmed the initial hypothesis. In addition, it could be
possible that the charge transfer resistance, Rct', was linked to a higher rate of
oxygen bubbles detaching from a round-shaped surface during water photo-

electrolysis, compared to a planar surface.

2.5. Conclusions

This chapter was focused on synthesizing titanium dioxide nanotubes using
titanium mesh as support, optimizing the controlled anodic oxidation synthesis.
This technique allowed the adjustment of various parameters (electrolyte solution
composition, anodization time, and anodization voltage) to obtain materials with
different morphological, electrical, and optical properties, crucial factors in

enhancing photoactivity.

Among the many parameters modified during anodic oxidation, specific

combinations emerged as particularly promising in achieving a homogeneous
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nanotube array with favourable optical properties. Specifically, an anodization
potential of 50 V maintained for 1 hour in an ethylene glycol-based electrolyte,
exhibited superior optical and photo-electrical properties. This combination of
parameters not only contributed to enhancing the morphological and optical
attributes of the nanotubes but also underlined the importance of this synthesis
method in tailoring the material for a diverse range of applications. The EIS
technique was employed to understand how different geometric substrates, in this
case, mesh and foil, on which the TiO; nanotube arrays were grown, could
influence the electronic properties and the photocatalytic behaviour of the
material. The 3D structure of the nanotubes in the mesh, which enhances light
absorption and facilitates faster electron transport along the nanotubes,
significantly influenced the catalytic performance under illumination. In fact, in
the same conditions, the production of H> and current density in water photo-
electrolysis were over three times higher with the TiO>NTs/Ti mesh compared to
the foil. A good correspondence between EIS data and catalytic results was also
noticed. In conclusion, the results of this study could give new insight into the
process of designing an optimized photocatalytic material, correlating the peculiar
substrate geometry with the electrical behaviour of the material and its

photocatalytic activity.
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2.7. Annex

2.7.1. Materials

Ti gauze 80mesh was purchased from Alfa Aesar.

All the chemicals used in the synthesis routes were purchased from Sigma-

Aldrich and used without any further purification.
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Nafion membrane was obtained from Ion power and was pre-treated before use.

2.7.2. Mathematical methods

e The potential values referred to the Ag/AgCl electrode are converted to

RHE using the following formula:
Erugy = Eagagen +0.059 pH +0.21

e The hydrogen production in the water-splitting tests is the following:

[Hy]1(%vol.) - Q (L/min) 1
H, production (umol - h™tcm™2) = . 106
2P ( ) V. (L/mol) 60 - A(cm?)
[Hz2] = % of hydrogen detected by the GC
Q = flow rate
Vin = molar volume of a gas at room temperature and pressure
A = active area of the catalyst
2.7.3. Results
Average photocurrent density (mA cm2)
Sample UV-C cut-off UV-B/C cut-off
Full spectrum AM1.5G filter
filter filter
TG_1 0.543 0.123 0.426 0.166
TG_2 1.014 0.234 0.828 0.350
TG 3 1.190 0.293 0.940 0.407
TG 4 0.492 0.145 0.366 0.176
TG_5 0.146 0.045 0.118 0.055
TG_6 1.190 0.293 0.940 0.407
TG_7 0.595 0.147 0.470 0.204
TG_8 0.397 0.098 0.313 0.136
TG_11 0.186 0.032 0.143 0.049
TG_13 0.090 0.009 0.062 0.017
TG_14 0.119 0.033 0.104 0.046

Table A2.4 Average photocurrent density in mA cm™ of all samples with irradiation of the full
spectrum of the lamp (300 W Xe-arc lamp) and with different filters applied on the lamp (AM1.5G,
UV-C cut-off filter, UV-B/C cut off filter)
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DARK CONDITIONS

0.9 Vvs. RHE 1.1 Vvs. RHE 1.3 Vvs. RHE 1.5V vs. RHE
TiO2N  TiO:NTs  TiO2NTs  TiO2NTs  TiOoNTs  TiOoNTs  TiO:NTs — TiO2NTs
Ts/Ti /Ti /Ti /Ti /Ti /Ti /Ti /Ti
foil mesh foil mesh foil mesh foil mesh
Rs
3.83 3.47 3.57 3.34 3.47 3.28 3.34 3.23
()
Ret’
521.0 98.0 376 84.5 98.1 853 84.5 84.9
()
CPE’ 2.57E-
3.40E-05 2.11E-05 3.28E-05 3.41E-05 2.93E-05 3.27E-05 2.80E-05
F) 05
Ret 1.46E+ 535E+0 2.77E+0  6.27E+0  535E+0 3.16E+0 6.27E+0  1.28E+0
Q) 05 5 5 5 5 5 5 5
CPE 9.46E-
6.74E-05 6.79E-05 6.08E-05 6.76E-05 6.43E-05 6.11E-05 6.29E-05

(F) 05

Table A2.5 EIS fitting circuit values of experimental data for TiO2NTs/Ti foil and mesh without illumination
at different applied potentials

UNDER LIGHT ILLUMINATION

0.9 V vs. RHE 1.1 Vvs. RHE 1.3 Vvs. RHE 1.5V vs. RHE
TiOoNTs  TiO2NTs  TiO:NTs  TiO2NTs  TiO2NTs  TiOoNTs  TiO2NTs  TiO2NTs

/Ti /Ti /Ti /Ti /Ti /Ti /Ti /Ti

foil mesh foil mesh foil mesh foil mesh
Rs

3.87 3.53 3.57 3.52 3.58 3.44 3.57 3.35
)
Rcet’

436.8 91.6 271.7 70.9 251.3 81.0 236.6 94.8
@)
CpP

E’ 1.74E-04  8.44E-05 5.71E-05 7.42E-05 5.76E-05 6.10E-05 4.36E-05 5.73E-05

(F)
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Rct 448E+0  2.53E+0  1.02E+0 6.22E+0  1.47E+0  6.66E+0  1.94E+0  6.53E+0

Q@) 4 4 5 4 5 4 5 4
cp

3.73E-  3.04E-
E o4 o4 3.38E-04 3.43E-04 3.79E-04 2.87E-04 4.15B-04 2.84E-04
(F)

Table A2.6 EIS fitting circuit values of experimental data for TiO>NTs/Ti foil and mesh with
illumination at different applied potential

113



3.Plasmonic metal enhanced TiO;

nanotubes for H; production

3.1. Introduction and scope of the chapter

Titanium dioxide is a very versatile semiconductor material, but the fast charge
carriers' recombination rate and the high band gap energy (3.18 eV for anatase,
3.03 eV for rutile), cause the absorption of only a small fraction of the solar
spectrum in the ultraviolet (UV) light (3-4%), resulting in a poor overall catalytic

efficiency !+2

As mentioned in Chapter 1, the functionalization with noble metals (Au, Ag, Ru,
Pd and Pt) and some transition metals (Ni, Fe, and Cu) is an effective method to
extend the photoactivity to the visible range and decrease the charge carrier
recombination® . When a particular metal is coupled to a semiconductor,
Schottky junctions form at the interface between them®. This phenomenon is
defined as an electron flow from the semiconductor to the metal, causing the
semiconductor's energy bands to bend. Due to the Schottky barrier formation, the
metals could trap electrons, reducing the electron-hole pair recombination and as

a consequence improve the photoactivity of metal-loaded TiO».

Some metals used as co-catalysts show significant absorption in the visible
region, as well as scattering and local plasmon resonance phenomena (LSPR)
strongly influenced by the size and nanostructure of the particles themselves®.
LSPR is a well-known effect that consists in the coordinated and coherent
oscillations of delocalized electrons within a spherical metal particle, induced by
the electromagnetic field of incident light at the interface when the metal
nanostructure is considerably smaller than both the electron mean free path and

the wavelength of the incident light ©!!
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Figure 3.1 (a) Localized surface plasmon resonance on spherical NPs, (b) depending on the
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The decay of these plasmonic oscillations gives rise to several effects and
pathways associated with both non-radiative and radiative routes, evidenced in

Figure 3.27.

Two primary decay mechanisms are evident: (a) photothermal localized heating
and (b) activation of molecules at the (photo)catalyst surface via resonant-
generated charge carriers, facilitated by both direct and indirect pathways. After
the generation of local electric fields around a nanoparticle, energetic charge
carriers, often referred to as "hot" carriers, are produced?®. These carriers undergo
evolution through processes like electron-electron scattering and electron-phonon
scattering, with the latter contributing to the heating of the catalyst nanoparticles
(NPs). Indirect transfer can occur if the excited electrons possess sufficient energy
to reach the unoccupied energy levels of the adsorbate. An alternative mechanism
involves the excitation of charge carriers from the metal NPs to the vacant orbitals
of the adsorbate. Non-radiative damping, also known as Landau damping, results
in a non-thermal distribution of hot carriers. This distribution can scatter charge
carriers with appropriate energy along the indirect pathway through adsorbate

states, leading to the generation of non-thermal vibrational excitation in a bond
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within the adsorbate. In the direct transfer pathway instead, a localized surface
plasmon resonance (LSPR)-induced electron excitation occurs, moving from
occupied to unoccupied orbitals within the metal-molecule or metal-adsorbate
complex’. Charge carriers excited by LSPR can actively participate in the
activation of adsorbed molecules at the surface through either vibrational or

electronic means.

Q : :> enhanced electrical field > hotspot

Local SPR excitation radiative decay via re-emission direct activation
of photons (scattering)

e - e scattering 100fs
e - phonon scattgring 100-1000fs

non-radiative decay hot carriers generation carrier : thermal
4 dissipation

t=1-100fs relaxation
indirect electron transfer ﬂ
t=100-1000fs

direct electron transfer local

t=5-1001s heating
Figure 3.2 Pathways of decay post-local SPR activation, indicating the significant factors related
to (photo)catalytic activation and their corresponding time scale. Reproduced with permission

from ref.”

Figure 3.3 summarizes the different effects caused by the deposition of plasmonic
metal NPs on titanium dioxide®. This method of material modification is a
versatile strategy to significantly enhance the performances and expand the range

of applications.
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Figure 3.3 Different effects given by the introduction of nanoparticles in the titanium dioxide
substrate. Reproduced with permission from ref.°

The aim of this chapter is thus the modification of the nanostructured titania
through the incorporation of metal NPs with proven LSPR behaviour (Au, Ag,
Cu, Pd) to understand how plasmonic metals may affect the performances in
photocatalytic applications ® ', The chapter investigates the integration of these
NPs in the 3D hierarchical nanostructure of TiO> mesh (prepared by optimized
conditions) to study the synergy between the local SPR phenomenon with the
structure of nanotubes in the mesh (that enhances both light harvesting and
photogeneration of charge carriers, as widely discussed in cap.2). The
photoelectrodes were prepared by using different methodologies and fully
characterized. Then, the effect of the metal on the performances in two different
key H: production reactions (water photo-electrolysis and ethanol photo-
dehydrogenation) was studied. The ethanol photo-conversion is usually
performed in a system based on slurry or batch liquid phase. So, to investigate
how gas-phase conditions can influence the performances in terms of productivity
and selectivity, two different configurations of the cell, gas-phase and liquid-

phase, were employed in the tests and discussed.
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3.2. Experimental Section

3.2.1. Synthesis of Metal-doped TiO: based materials

For the deposition of all metal NPs, if not expressly specified, TiO> nanotubes on
Ti meshes (TiO>NTs/Ti) prepared in optimized conditions, were used as
substrates. All details about the synthesis procedure are described in Chapter 2.
3.2.1.1. Gold nanoparticles deposition

Photodeposition

In this method, the meshes were immersed in an aqueous precursor solution
(HAuCls - 3H20) for 30 minutes, and subsequently subjected to light irradiation
of a UV-visible lamp (Lot-Oriel 300 W Xe-Arc lamp) for variable times (1, 5, or
15 minutes) under N> gas flow !!. The samples were then annealed for two hours
at 200°C, with a heating rate of 2°C/min. The concentration of the HAuCls - 3H>O
solution was calculated to obtain 0,5 wt% of Au NPs deposited on the titania

substrate.

Table 3.1 summarizes the experimental conditions and the names of the as-

prepared samples.

Calculated wt% of
Sample Irradiation time (min) Annealing

Au NPs
Aul 1 200°C for2 h 0.5
Au?2 5 200°C for 2 h 0.5
Au3 15 200°C for 2 h 0.5

Table 3.1 Photodeposition experimental conditions for Au-based samples

Electrodeposition

Au NPs were electrodeposited on the TiO2NTs/Ti mesh using two distinct

methods.
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In the first electrodeposition technique!? the TiO,NTs/Ti mesh, acting as working
electrode, was placed in a two-electrode cell made in Teflon with a standard Pt
electrode as the counter. Using an aqueous solution of HAuCls - 3H>0, 0.1 mM
in deionized (DI) water, at room temperature, the electrodeposition was carried
out by applying a potential of -70 V with an Agilent potentiostat (Agilent
E3612A), at different electrodeposition times.

Four different samples were prepared: Au4, Au 5, Au 6, and Au 7, with deposition

times of 30, 15, 30 and 45 minutes, respectively.

Only the Au 4 sample was annealed in air at 450°C for 1 h (2°C/min), sonicated
in acetone for 10 minutes and annealed again in air at 450 °C for 1 h (2°C/min),
to determine the effect of an annealing treatment post electrodeposition. Table 3.2

provides a summary of the operating conditions.

Sample Applied Voltage (V) Time (min) Annealing
Au 4 -70 30 Yes
Aus -70 15 No
Au 6 -70 30 No
Au7 -70 45 No

Table 3.2 Electro-deposition experimental conditions for Au-based samples

The second electrodeposition method'® has been performed in HAuCls - 3H,0, 1
mM in deionized (DI) water, in a three-electrodes set-up, with the sample as the
working electrode, a standard Ag/AgCl (KCl 3M) electrode as reference
electrode, a Pt wire as the counter electrode, using a 2049 AMEL potentiostat-
galvanostat. The Au NPs were deposited onto the TiO,NTs/Ti mesh using a pulsed
potential approach, with cathodic pulses of 50 ms and a short-circuit pulse of 100
ms at room temperature. These conditions have been used over three samples: Au
8, Au 9, and Au 10 with the respective cathodic bias of -1.613, -2.613, -3.613 V
vs. RHE (-2 V, =3 V and -4 V vs. Ag/AgCl). The same number of on/off cycles
have been applied to each sample (500). In Table 3.3 are reported the experimental

conditions.
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Applied Voltage Time ON Time OFF

Sample N. cycles
(V vs. RHE) (s) (s)
Au 8 -1.613 0.050 0.100 500
Au9 -2.613 0.050 0.100 500
Au 10 -3.613 0.050 0.100 500

Table 3.3 Electro-deposition experimental conditions for Au-based samples

3.2.1.2. Silver nanoparticles deposition

Photodeposition

The photodeposition technique? has been conducted by dipping the sample for 30
minutes at room temperature, in a I M HCI solution, in distilled water, ina 0.1 M
AgNO; solution and finally in distilled water. This cycle was performed three
times. Afterwards, the sample was irradiated with a 300 W lamp for 10 minutes,

to reduce Ag" ions to metallic Ag species. The details are reported in Table 3.4.

Time 1 Time 2 Time 4
Time 3 Irradiation
Sample (HCl (Distilled (Distilled Nr. Cycles
(AgNO3) time
1M) water) water)
Ag2 30 min 30 min 30 min 30 min 3 10 min

Table 3.4 Photodeposition experimental conditions for Ag-based samples

Electrodeposition

The pulsed electrodeposition'* has been performed using an AgNO3 1 mM and
NaNOs 10 mM aqueous electrolyte, at room temperature, with a three-electrode
cell configuration, using the sample as the working electrode, a Pt wire as counter
electrode and a standard Ag/AgCl (KCIl 3M) electrode as reference, and a 2049
AMEL as potentiostat-galvanostat. Two samples were synthesized using different
current densities while the charge deposited on both samples was fixed at 600

mC-cm™. Ag-deposition experimental conditions are summarized in Table 3.5.
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Current Time On  Time off Total charge

Sample Cycles
(mA-cm2-pulse™) (s) (s) (mC-cm?)
Agl -15 0.1 0.3 400 600
Ag3 -5 0.1 0.3 1200 600

Table 3.5 Electro-deposition experimental conditions for Ag-based samples

3.2.1.3. Copper-Copper (I) oxide nanoparticles electrodeposition
The Cu/Cu0O NPs were deposited on the TiO>NTs/Ti mesh substrate by

electrodeposition'® with the same three-electrode cell configuration used for the
Ag electro-deposition. The electrolyte used was a solution of Cu(Il) acetate 0.02
M and Na acetate 0.08 M, the pH was fixed at 5 by the addition of acetic acid.
The deposition time was set at 30 minutes. Operating potential and temperature

conditions are summarized in Table 3.6.

Applied Voltage
Sample Time (min) Temperature (°C)
(V vs RHE)
Cul +0.255 30 25
Cu?2 +0.38 30 60

Table 3.6 Electrodeposition experimental conditions for Cu-based samples

3.2.1.4. Palladium photodeposition

The deposition of Pd was carried out on the TiO,NTs/Ti mesh not annealed
(sample called Pd1) . In detail, 0.5 mL of an aqueous solution of H,PdCls 5 mM
was added to 10 mL of distilled water. This solution was stirred using a magnetic
stirrer. The sample was placed in the solution for 10 minutes with stirring and then
irradiated for 10 minutes with a lamp (Lot Oriel, 300 W Xe arc lamp) using two
filters, VIS-IR blocking filter and UVB/C blocking filter (LSZ177 and LSZ179),
to obtain a total irradiance of the lamp of 0.9 mW-cm™. After irradiation, the
sample was washed with water and annealed at 450°C for 3 hours at a heating rate

of 2°C/min.
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3.2.2. Set-up for water photo-electrolysis

The PEC reactor used for water photo-electrolysis tests is the same described in
detail in section 2.4, as well as the analytical system used for the H, production

quantification.

The experiments were conducted for 90 minutes, under light irradiation, applying
a potential of +2.623 V vs. RHE (+2 V vs. Ag/AgCl) and using as electrolyte
NazS04 0.1 M in both anodic and cathodic compartments.

3.2.3. Set-up for ethanol photo-dehydrogenation: gas vs. liquid

cell

The photo-electrochemical cell used for the catalytic tests was designed to be used
in different configurations, nominally in gas-phase configuration (GP) and liquid-
phase configuration (LP). It was made in plexiglass, with two separate
compartments, anodic and cathodic, and incorporated a quartz window and
several inlets and outlets for gases and/or liquids that could be easily replaced to
work with the desired configuration (LP or GP) (see Figure 3.4). The main
advantage of this design consisted in the possibility of using the cell in a two or
three-electrode configuration, by simply operating on the different inlets/outlets.
A picture of the cell during a gas phase test is shown in Figure 3.5: during these
tests the cell was used in a two-electrode configuration, using a squared Pt foil
with an area of 1 cm? as the counter-electrode, and the TiO>NTs/Ti mesh — based

photoanode in contact with a Pt wire as the working electrode.
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Figure 3.4 View of the two compartments of the cell, the anodic compartment on the left, with the
Pt wire to ensure the contact with the electrode, and the cathodic compartment on the right.

Figure 3.5 Side view of the cell, irradiated by the lamp, during a gas-phase test.

A schematic picture of the entire GP setup is shown in Figure 3.6: a hot plate was
used for heating a solution of ethanol in D.I. water (20% vol) at the constant
temperature of 60°C. The temperature was monitored with a thermocouple. A
nitrogen flow of 20 mL min™! was used to push the headspace of the flask to the
anode compartment of the cell. A solar simulator, (300 W Xe-Arc lamp Lot Oriel,
Quantum design) irradiated the cell, and it was placed at 5 cm from the quartz
window of the cell. A peristaltic pump and an external tank containing 40 mL of
an aqueous solution of 0.050 M H2SO4 were used to circulate the electrolyte in

the cathode chamber. An additional flow of 20 mL min™' was used to send the H»
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produced in the cathode to a micro-GC for determination (Pollution micro-GC).
The reacted vapours of the anodic compartment were then later collected in an
absorber, containing 1 mL of an aqueous solution of 0.005 M H>SOgs, placed inside
an ice bath. The collected products were analysed with GC-MS (Thermo-Fisher
Trace 1310) and with Ionic Chromatography (Metrohm 940 Vario).

vapour out to the absorber

gas outto
the GC

cathode
H, SO,
50mM

Xe-arc
Lamp

\ EtOH 20%
\ in water

< 60°C _~Wwaterbath

vapourin ‘

titaniummesh catalyst Nafion reinforced membrane

Figure 3.6 Scheme of the gas-phase set-up

In liquid-phase configuration (Figure 3.7) the solution of ethanol 20%, vol. in D.I.
water, stored in a tank, was sent directly in liquid phase to the anode chamber
through a peristaltic pump, without the use of the external hot plate to form the
gas phase. The same peristaltic pump was also used for the circulation of the
electrolyte (0.050 M H2SOs) in the cathode chamber. The cathode gas products
were analysed using the micro-GC, whilst the anode products were sampled every
30 minutes, diluted 1:1 with ultrapure water and analysed using Ionic

Chromatography and GC-MS.
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Figure 3.7 Scheme of the liquid-phase set-up

3.2.4. Assembly of the electrode for photo-dehydrogenation

experiments

The assembly of the electrode materials was a critical step for the effective
functioning of the electrocatalytic cell: it was important to ensure an optimal
adherence of the distinct layers to facilitate mass transport and reduce electrical
loss. The assembly procedure of the electrode was the same for both gas-phase

and liquid-phase configurations.

Specifically, the photoanode and a Nafion® N324 membrane were cut into
circular shapes with a diameter of 36 mm and subsequently brought into contact,
positioning the "anodic" section of the membrane facing the photoanode. To apply
additional pressure, a silicon disk of the same diameter was included in the
assembly. The assembly, consisting of 1) the photoanode, 2) the membrane, and
3) the silicon disk, was enveloped in waxed paper and subjected to hot pressing

at 130°C for 90 seconds. Subsequently, the silicon disk was easily removed, and
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the resulting electrode (consisting of the photoanode and the membrane) was

integrated into the electrocatalytic cell for subsequent testing.

3.3. Results and discussion

The following section will report the characterization and productivity results for
the TiO2 NTs/Ti mesh samples functionalized with Au, Ag and Cu, Pd using the
methodologies summarized in Table 3.7. Henceforth these samples (Ag3, Au7,
Cu2 and Pdl) will be named Ag/TiO>, Au/TiO2, Cu/TiO> and Pd/TiO»

respectively.
Sample Preparation method
Ag3 Pulsed electrodeposition
Au7 Electrodeposition
Cu2 Electrodeposition
Pd1 Photodeposition

Table 3.7 List of the metal-modified catalysts, with the preparation method

3.3.1. Characterization

The catalysts were characterized using different techniques to determine the
optical, morphological, and structural properties by using the equipment already

described in Chapter 2.

3.3.1.1. Structural and optical characterization

The optical properties were evaluated by UV-visible Diffuse Reflectance
Spectroscopy and the spectra obtained for Ag/TiO;, Au/TiO,, Pd/TiO2 and
Cu/TiO; are reported in Figures 3.8 and 3.9. The spectrum of TiO,NTs/Ti mesh
(in black) is also reported as a reference showing the typical peak in the UV range
(below 400 nm), associated with the lowest energy charge transfer of O*/Ti*" and
a broad absorption peak in the visible region, attributed to the structure of the

nanotube TiO» arrays. The incorporation of silver (green line) and gold (orange
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line) nanoparticles was correlated with peaks in the visible region (see Figure 3.9)
specifically centred at around 450 nm and linked to the LSPR
phenomena'®.Copper modified sample spectrum (red line) was characterized by
two bands in the visible region, between 400 nm and 600 nm, attributed to SPR
with a series of small resonance bands present in the ultraviolet region. It is
noteworthy that for Cu/TiO», the first observed peak was blue-shifted compared
to Ag NPs (435 nm vs. 453 nm)!”, probably due to a different particle size of
copper oxide with respect to silver. It is generally recognized that the position and
the intensity of the SPR peak strongly depend on the size and concentration of
metal nanoparticles'® 2. For Pd/TiO,, as well as Au/TiO, and Cu/TiOs, there was
a reduction in the band in the UV region, possibly due to the coverture of the
surface. Metals on the surface can produce a shielding effect, causing a decrease

in the UV band?'.

12
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Figure 3.8 UV-visible reflectance spectra of Cu/TiO», Ag/TiO:, Au/TiO;, and Pd/TiO> compared
to bare TiO; (NTs on Ti mesh). The different samples are represented by the different line colours.
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Figure 3.9 Magnification of the UV-visible diffuse reflectance spectra, focusing on the peak at
around 450 nm. The different samples are represented by the different line colours.

The phase composition of the catalysts was analysed by XRD to exclude the
presence of impurities and the diffractograms are reported in Figure 3.10. The
peaks observed at 20 values of 24.8 (101), 37.3 (103), 47.6 (200), 53.5 (105) and
55.1 (211) were assigned to the TiO; anatase phase (JCPDS Card no. 21-1272)
and the peaks at 20 values of 35(100), 38(002), 40.3(101) and 53.1(102) to
metallic Ti (JCPDS Card no. 44-1294).

For the Ag/TiO; sample, the peaks at 20 values of 38.1 (111) and 44.3 (200) were
assigned to metallic Ag (JCPDS Card No. 04-0783) while the peak relative to Ag
(111) was superimposed on the (002) plane of Ti and couldn’t be distinguished.

For the Au/TiO2 sample, the peaks at 20 values of 38.3 and 44.5 could be assigned
to the (111) and (200) plane of gold (JCPDS Card no. 04-0784), even if it was
barely distinguishable from the background, probably related to the low

concentration of gold.

In the case of the Cu/TiO> sample the presence of Cu (I) was confirmed, it was

observed the presence of peaks at 20 angles 36.4° and 42.3° assigned to Cu2O
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(JCPDS card No. 78-2076). No peaks ascribed to metallic Cu are observed (26
angles of 43.9°, 51.0° JCPDS Card No. 003—-1018). In the case of the Pd/TiO2
XRD pattern, there are no peaks detected related to Pd nanoparticles (20 = 40.1°
(111) and 46.6° (200), JCPDS card no. 46-1043), consistent with the work from

Liu et al.' that evidenced no Pd peaks in their catalysts, because of the small

percentage of the metal.
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Figure 3.10 XRD patterns of the metal-modified TiO: catalysts

The morphology of the TiO2-based catalysts was analysed by SEM-EDX, and the

results are reported in Figures 3.11, 3.12 and 3.13 for Ag, Au, and Cu TiO:
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samples. Only titanium and oxygen atoms were detected together with the metal

in all cases. EDX analysis showed a percentage of Ag and Au atoms of 1.8% and

3.8% respectively. The EDX analysis for the Cu/TiOz sample, revealed instead a

high percentage of copper, 37.5%, probably due to the preparation method.

Element Number  Element Symbol  Element Name

22 Ti Titanium
8 o Oxygen
47 Ag Silver

®

Weight

Concentration

60.1
38.1
1.8

Error

15
23

Element Number Element Symbol Element Name
22 Ti Titanium
. 8 o Oxygen
79 Au Gold
®
®

Weight Concentration  Error

42.2
53.4
3.8

0.3
0.8
13

3 3 3
0750w 38 st

Figure 3.12 SEM-EDX analysis of Au/TiO; sample.
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Symbol Element Name Atomic Concentration Error
Cu Copper 54.8 0.5
Ti Titanium 7.7 0.3
(o] Oxygen 37.5 0.5

5@
p— o
&

Figure 3.13 SEM-EDX analysis of Cu/TiO; sample.

3.3.1.2. Photo-electrochemical characterization

In Figure 3.14 are reported the chronoamperometric profiles, for Au, Ag and Cu
TiO2-based samples compared with bare titania nanotube arrays (TiO> NTs/Ti
mesh) obtained at a potential of +1.136 V vs RHE (+0.1 V vs Ag/AgCl) in a
solution of KOH 1 M. The tests were carried out by applying ON/OFF
illumination cycles in the presence of cut-off light filters (i.e., AM1.5 G, UVC
blocking filter, UVB/C blocking filter) in the cell described in paragraph 2.3.1.

The photocurrent was stable under several ON/OFF light cycles for all samples.
In full spectrum, apart from the gold-modified catalyst that showed a photocurrent
similar to TiO2, a lowering of the signal was observed for copper and silver-
modified samples probably due to the formation of larger particles. With the
application of the AM1.5G filter, the photocurrent for Cu/TiO; and Ag/TiO2 was
still high in percentage with respect to the raw photocurrent (e.g. the photocurrent

generated under the full spectrum irradiation). as evidenced by Table 3.8.

Sample olar s?mMuhSt(()}r filter UVC blocking filter UVC/B blocking filter
TiO: 24.8% 76.6% 33.9%

AWTiO; 16.7% 71.9% 22.8%

Cu/TiO: 64.5% 77.2% 17.6%
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Ag/ TiO2 33.6% 64.5% 41.3%

Pd/TiO: 23.1% 81.2% 31.7%

Table 3.8 Photocurrent density percentage with respect to the raw photocurrent generated under
full spectrum irradiation for all tested photoelectrodes.
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Figure 3.14 Chronoamperometric measurements (+1.136 V vs RHE, KOH IM electrolyte) for
TiO,, and Au, Cu, Ag and Pd on TiO>NTs /Ti mesh samples.

3.3.2. H; production in water photo-electrolysis

The results obtained for the TiO:>-modified electrodes in the water photo-
electrolysis reaction are presented in Table 3.9 and compared with the TiO>NTs/Ti

mesh results.

Average Current Faradaic
H: production
Catalyst Density Efficiency
(umol h'! cm?)
(mA c¢cm?) (%)
TiO2 244 5.08 33
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Au/TiO2 42.0 4.82 47

Ag/TiO2 87.6 7.92 59

Cu/TiO2 45.1 4.16 58

Table 3.9 Hydrogen production and average current density for the samples tested in water photo-
electrolysis

The results showed strong improvements in the Hz productivity values for all the
catalysts modified with metal nanoparticles, confirming the role of NPs in the
enhancement of the photoactivity of titania. By using Cu/TiO; sample, an increase
in Hz production of 85% but a 20% decrease in the photocurrent was observed,
evidencing an indirect correlation between current and catalytic performances. A
similar behaviour was noticed with the Au/TiO; catalyst, even if much less
pronounced (the decrease in photocurrent is about 5%). This particular response
has already been observed by Tavella et al.??, who reported that the presence of
Cu20/Cu NPs on titania nanotubes thin films did not promote the photocurrent
generation, but enhanced the H» production, likely due to Cu NPs acting as
electron trapping centres, thus no direct relationship could be observed between

these two behaviours.

The H: production of the Ag/TiO> sample was more than three times higher (87.6
umol h™' ¢cm™® compared to the bare TiO», showing also the highest current
density, probably as a consequence of the presence of small particles in lower
amounts as evidenced from the SEM-EDX analysis. A general correlation
between the amount of a co-catalyst and H> production has been observed,
depending on the cocatalyst used. Normally, the activity increases as the loading
of the cocatalyst increases, up to a certain point, beyond which increasing the
cocatalyst amount will result in a decrease in photocatalytic activity due to the
coverage of the active sites on the surface?>. Some studies with Ag/TiO; catalysts
reported the best PEC performance in Hz generation with lower Ag concentration

thus corroborating our hypothesis?*.
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3.3.3. Ethanol photo-dehydrogenation in gas/liquid phase

In a light-assisted process such as water splitting, at the anode compartment, the
parallel oxygen evolution reaction (OER) occurs. This process, due to the slow

kinetics, reduces the efficiency of the whole process?.

The possibility of obtaining, (together with H» at the cathode side) high-added-
value products (such as aldehydes or organic acid) instead of oxygen is very
appealing from an industrial point of view. Moreover, as already described in
Chapter 1, the presence of an organic compound, even in a small amount, allows
at the same time, a greater production of hydrogen, since the oxidation reaction
of the organic compound has a greater efficiency than the oxidation reaction of
water and this may represent an opportunity for the utilization of waste from
biomass treatment. Thus, in this section, we studied the reaction of photo-
dehydrogenation of ethanol, a process which is conventionally performed in the
liquid phase. Operating in the gas phase could offer instead several potential

advantages compared to traditional slurry photochemical reactors?®.
These advantages include:

(1) minimization of scattering phenomena, enhancing the efficiency of light

absorption and utilization in the catalytic process.

(11) good pattern of irradiation: gas-phase operation provides a more
controlled and favourable pattern of irradiation. This controlled environment
contributes to better precision in directing light onto the catalytic system,

optimizing the photochemical reactions.

(i11)  efficient transfer of power from sunlight to a conductive substrate: this is
crucial for harnessing solar energy in electro-catalytic processes, leading to

enhanced overall performance.
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(iv)  easier scale-up: this scalability is essential for transitioning laboratory-
scale processes to industrial applications, ensuring practical viability and broader

implementation.

(V) elimination of problems associated with metal-leaching, a common
concern in slurry-based reactors: this contributes to the stability and longevity of

the catalytic system, reducing potential environmental and operational challenges.

(vi)  easier product recovery: the distinct phase separation allows for more
straightforward isolation and collection of the desired products, streamlining

downstream processing.

All these advantages contribute to enhancing the effectiveness and practicality of

photochemical operations.

For this reason, Ag, Au and Pd deposited on TiO> NTs meshes electrodes,
prepared as indicated in Table 3.7, were tested using the photo-electrochemical
cell described in the experimental section, in both gas and liquid phase operations,
to study the impact of the cell configuration in the photo dehydrogenation of
ethanol. These metals are typically used in the reactions of organic alcohols
oxidation?”- 28, So, rather than on the cathodic production of Ha, we focused this
study on understanding the effect of the nature of the cocatalyst deposited on the
TiO2 support on the anodic product selectivity, and their action mechanism in the

oxidation reaction, an aspect scarcely investigated.

3.3.3.1. Photo-electrochemical characterization before the testing

The electrochemical behaviour of the electrodes was evaluated by cyclic
voltammetry (CV) measurements and electrochemical impedance spectroscopy

(EIS) analysis.

The CV curves were recorded in the exact conditions of the photo-electrocatalytic
tests in a two electrodes cell, utilizing electrolyte 0.050 M H>SOys at the cathode,
under both gas and liquid phase configurations (see paragraph 3.2.3.). The
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measurements were conducted with and without irradiation, at applied voltage

from -0.25 V to +1.5 V, with a potential scan rate of 0.05 V - s\,

From the result reported in Figures from 3.15 to 3.17 (for Pd/TiO2, Ag/TiO2 and
Au/TiO, samples), it was evident that the presence of light reduced the onset
potential for the oxygen evolution reaction (OER), increasing at the same time the
current, as expected from a photoactive material. In all CV profiles, the effect of
the illumination was evident, with an enhancement in the oxidation reaction, both
in the liquid and gas phases. In general terms, the metal oxidation peaks were
more evident in the liquid phase, due to the presence of the electrolyte in the
anodic compartment in direct contact with the photoelectrode. Analysing in detail
the behaviour of the different metals in gas and liquid configurations, it was
possible to notice that the process in the liquid phase was more efficient, in terms
of current density, for the Pd/TiO., opposite for the Ag/TiO, sample. No

substantial differences were instead shown with Auw/TiO>%.
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Figure 3.15 Cyclic voltammetry profiles of Pd/TiO; sample performed in a) liquid-phase
configuration and b) gas-phase configuration in dark and under light irradiation conditions. The
arrow indicates the direction of the measurement.
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Figure 3.16 Cyclic voltammetry profiles of Ag/TiO; sample performed in a) liquid-phase
configuration and b) gas-phase configuration in dark and under light irradiation conditions. The
arrow indicates the direction of the measurement.
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Figure 3.17 Cyclic voltammetry profiles of Au/TiO; sample performed in a) liquid-phase
configuration and b) gas-phase configuration in dark and under light irradiation conditions. The
arrow indicates the direction of the measurement.

To evaluate charge transfer phenomena, which can strongly influence the
electrochemical behaviour of metal-modified TiO2 samples, electrochemical
impedance spectroscopy (EIS) analysis was performed, in both gas and liquid
phase configurations, using the same cell (at two electrodes) and the same

experimental conditions described for CV measurements®®°,
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EIS measurements were conducted at the fixed applied potential of +0.4 V, +0.8
V,+1.0V, and +1.4 V, and the frequencies scanned from 10000 Hz to 0.1 Hz. The
data were fitted with Zview® software, by using the one-constant and two-
constant circuit models shown in Figure 3.18. More in detail, for gas-phase
configuration the simple one-constant circuit model was used to fit the data, in
both dark and under light irradiation, whereas for liquid-phase configuration was
used the two-constant circuit model*!. While Rs is correlated to electrical
connections of the cell, Rct is the resistance associated with the electrochemical
process, thus with the phenomena occurring at the electrode surface. Note that for
a liquid-phase process, two charge transfer resistances are evaluated, Rct at low
frequency and Rct’ at high frequency, the latter is specifically related to the charge

transfer in a liquid electrolyte.
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11 | | |1
11 11 11
CPE CPE’ CPE
one-constant circuit two-constant circuit

Figure 3.18 One constant circuit and two constant circuit models used to fit EIS data

Figures from 3.19 to 3.21 reported the Nyquist plots obtained for Pd, Au and Ag
on TiO;NTs/Ti mesh in dark and under light irradiation, in gas-phase
configurations (i.e. with the electrode in contact with the gaseous stream of

ethanol coming from the external task, see experimental part).

Figures from 3.22 to 3.24 show instead the Nyquist plots obtained in the
conventional liquid-phase configuration with the electrode immersed in the
electrolyte. All the bode plots in dark and under light irradiation at different
applied potentials for all the tested photoelectrodes together with the tables with
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the resulting equivalent electric circuit parameters from EIS fitting, are reported

in the Annex at the end of the chapter.

In the plots, the experimental data are represented by points, while the lines

indicate the fitting curves processed with the software.
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Figure 3.19 Nyquist plots of Pd/TiO; in gas phase configuration in the dark (a) and under light
irradiation (b) Filled symbols, experimental impedance data; lines, fitting by using the one-
constant equivalent circuit model.

a) b)
Gas phase configuration - Dark conditions Gas phase configuration - Under light irradiation
8000
25000 - .
AgITiO, . @ 04V AgITiO, a 04V
@ 08V 7000 @ 08V
. @ 1.0V @ 1.0V
20000 - 2 1.4V 6000 14V
PO
- 5000 -
C 15000 4 P
- : ;4000
N 2 @ s )
°
10000 - 82 0 2000 ] R
- R R 29
s e a9 -9 E
3.° 2000 - 2 898 2o @
§ o #.-3 & .5 %9
50004 %3 j‘ﬁ 2 a
“d U\) @
f 1000 { & .9 °
/ > @
0 T T T T T 0 T T T T T T T
0 5000 10000 15000 20000 25000 0 1000 2000 3000 4000 5000 6000 7000 8000
0 0

Figure 3.20 Nyquist plots of Ag/TiO: in gas phase configuration in dark (a) and under light
irradiation (b) Filled symbols, experimental impedance data; lines, fitting by using the one-
constant equivalent circuit model.
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Figure 3.21 Nyquist plots of Au/TiO; in gas phase configuration in dark (a) and under light
irradiation (b) Filled symbols, experimental impedance data; lines, fitting by using the one-

constant equivalent circuit model.
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Figure 3.22 Nyquist plots of Pd/TiO; in liquid phase configuration in dark (a) and under light
irradiation (b) Filled symbols, experimental impedance data; lines, fitting by using the two-

constant equivalent circuit model.
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Figure 3.23 Nyquist plots of Au/TiO; in liquid phase configuration in dark (a) and under light
irradiation (b) Filled symbols, experimental impedance data; lines, fitting by using the two-
constant equivalent circuit model.
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Figure 3.24 Nyquist plots of Ag/TiO; in liquid phase configuration in dark (a) and under light
irradiation (b) Filled symbols, experimental impedance data; lines, fitting by using the two-
constant equivalent circuit model.

Observing the Nyquist plots is possible to note that in both configurations (gas
phase and liquid phase), Rct values (i.e. the diameter of the semicircle) with light
irradiation were lower at all the applied potentials, as it was expected for a
photoactive material, and in agreement with the results shown in chapter 2 for

TiO2NTs.

To make an easier comparison between the gas and liquid phases, we reported all

the obtained values of the charge transfer resistance (Rct) under light in Table
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3.10. The resistance values are in good agreement with the CV profiles, as
Pd/TiO; showed a minor resistance in the liquid phase, (2395 Q vs 9525 Q at 1.0
V) opposite to Ag/TiO2 (8100 Q vs 5069 Q at 1.0V), while for Au/TiO2 no
relevant differences were noticed passing from gas to liquid configuration. In
general terms, the charge transfer resistance associated with an electrochemical
process tends to be lower during gas-phase analysis, particularly at lower
potentials 3!. In this case, instead, the role of the electrolyte was not so
fundamental and the resistances in the gas phase were higher, probably due to the

absorption phenomena on the surface of the electrode’!.

Liquid phase Gas-phase
Sample Applied potential
Ret () Ret ()
04V 2604 6456
08V 2684 7692
TiO2

1.0V 2875 8314

14V 2460 10869

04V 1567 7564

0.8V 6721 6255
Ag/TiO2

10V 8100 5069

14V 3486 4990

04V 2441 10773

0.8V 2883 9485
Pd/TiO:

1.0V 2395 9525

14V 1800 9392

04V 5297 3030

0.8V 3556 3346
Au/TiO:

1.0V 3366 3446

14V 6495 3479

Table 3.10 Rct values acquired from EIS fitting under light irradiation in gas and liquid phase at
different applied potentials
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3.3.3.2. Productivity in gas and liquid phase configurations

The results of the photo-electrocatalytic tests for Ag and Pd on TiO2 NTs/Ti mesh
are reported in Figure 3.25 and Figure 3.26 for gas and liquid phase configurations
respectively, while for Au/TiO2 samples the results are shown in Figure 3.27 and
3.28. It should be emphasized again that this study aims to evaluate the influence
of a particular configuration of the cell on the performances in terms of the
formation of valuable oxidation products, and not of hydrogen production which
occurs parallel in the cathode side. All the productivity values (including
hydrogen obtained at the cathode side) are reported in the annex at the end of the
chapter. The adoption of liquid or gas phase conditions had a strong impact on the
catalytic behaviour, particularly in terms of selectivity. In gas-phase operations,
while the amount of acetaldehyde due to the reaction of photo-dehydrogenation
of ethanol, was similar for all the samples tested, the presence of metal NPs (Pd
and Ag) on TiO; catalysed the subsequent reaction of oxidation of acetaldehyde
to acetic acid (the opposite of what happens with the liquid phase configuration,
see Figure 3.26). No CO2, CO or methane were detected during the tests. The
absence of CO> may suggest that the reactions of ethanol (or acetaldehyde) photo-
reforming was negligible. So, the presence of metal NPs on the TiO> surface
influenced the distribution of the ethanol oxidation products, specifically in the

gas phase.

The mechanism of formation of acetaldehyde on TiO-based material under UV
light, has been widely studied** ** and can be explained as follows: i) after UV
irradiation, adsorbed ethanol molecules undergo O—H bond dissociation on Ti—O
centres of TiO» to yield ethoxy species and hydroxyl groups, ii) hydroxyls by
reacting with h* form OH radicals. iii) the OH radicals react with adsorbed ethoxy
species to produce adsorbed acetaldehyde radicals iv) The acetaldehyde radicals
desorb after the loss of one electron. Acetic acid may then be formed for further

oxidation of acetaldehyde, but it is not generally detected?!.

143



The possibility to selectively oxidise acetaldehyde to acetic acid in gas-phase has
recently been reported for Pd-Au-based catalysts®>. A similar mechanism is
possible also in our case, due specifically to the light and related to the presence

of nanoparticles on the photoactive material®*.
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Figure 3.25 Anode products and average current density for the tests in gas-phase configuration
with TiO,, Ag/TiO; and Pd/TiO;
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Figure 3.26 Anode products and average current density for the tests in liquid-phase
configuration with TiO,, Ag/TiO: and Pd/TiO;

Also, for Au/TiOz-based catalysts, it is quite well known that ethanol can be

partially oxidized to acetaldehyde by photocatalysis and many studies, also
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theoretical or kinetics were performed to elucidate the mechanism of this reaction

on these catalysts*>>7. No studies are reported on the contrary on the different

configurations of the photo-electrochemical cell for ethanol dehydrogenation.

The behaviour of gold catalysts was the opposite of Pd and Ag catalysts, as in the

gas phase configuration no acetic acid formation was observed (see Figure 3.27).

In the liquid phase, the Au/TiO; sample exhibited in general superior productivity

(compared to bare TiO2 and Pd and Ag catalysts) and a change in the selectivity

was also observed, although this may not be straightly related to the charge

transfer resistances, as observed from EIS data.
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3.4. Conclusions

TiO> and metal loaded (Ag, Au, Cu, Pd)/TiO, samples were compared to study
the effect of a co-catalyst on the optical and photo-electrical characteristics as well
as on the catalytic performances in two different reactions: water photo-
electrolysis and ethanol photo-dehydrogenation. Au, Pd, Cu and Ag were
successfully deposited on the hierarchical 3D structure formed by the mesoporous

array of nanotubes grown over a microporous Ti mesh.

Morphological, optical, and photo-electrical characterization were performed
(including CV, CA, and EIS). The results obtained in the water photo-electrolysis
in a PEC cell, were very promising as the metal-modified electrodes showed a
notable enhancement in the performances compared to unmodified titanium
dioxide substrate. The same materials were tested in the reaction of ethanol photo-
conversion in two different cell configurations (liquid and gas phase) to
investigate simultaneously two key factors: 1) the role of metal nanoparticles and
i1) the impact of the presence of an electrolyte on the oxidation products

selectivity and photoactivity.

The choice of metal nanoparticles and the presence of an electrolyte influenced
the type and quantity of products formed at the anode during the ethanol photo-
conversion process in the gas phase. In fact, with Au, compared to Pd and Ag
catalysts, no acetic acid formation was observed contrary to the liquid phase

configuration. This behaviour is the opposite for Pd and Ag-modified catalysts.

The observation that by varying cell configurations, a distinct reaction pathway
in ethanol photo-dehydrogenation and, consequently, different selectivity, was
obtained adds an attractive dimension to this study. A further understanding of
these aspects would be in any case necessary, to further optimize the photo-

catalytic behaviour.
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3.6. Annex

3.6.1. Materials

Ti gauze 80mesh was purchased from Alfa Aesar.

The chemicals used in all synthesis routes were purchased from Sigma-Aldrich

and used without any further purification.
Nafion membrane was obtained from lon power and was pre-treated before use.

3.6.2. Mathematical methods

e The voltage values were converted to RHE using the following formula.

Erugy = Ecagjagery +0.059 pH +0.21

e The formula used to calculate the H> production was the following:

[H;](%vol.) - Q (L/min) . 1
V,, (L/mol) 60 - A(cm?)

H, production (umol - h™tcm™2) = °

[Hz2] = % of hydrogen detected by the GC
Q = flow rate
Vm = molar volume of a gas at room temperature and pressure

A = active area of the catalyst
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3.6.3.

CV characterization
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Figure A3.29 Cyclic voltammetry profiles of TiO; sample performed in a) liquid-phase
configuration and b) gas-phase configuration in dark and light irradiation conditions. The arrow
indicates the direction of the measurement.

3.64.

EIS characterization
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Figure A3.30 Nyquist plots of TiO; in liquid phase configuration in dark (a) and under light
irradiation (b) Filled symbols, experimental impedance data; lines, fitting by using the one- and
two-constant equivalent circuit model.
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Figure A3.31 Nyquist plots of TiO; in gas phase configuration in dark (a) and under light
irradiation (b) Filled symbols, experimental impedance data; lines, fitting by using the one- and
two-constant equivalent circuit model.
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light irradiation
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Gas phase configuration - Dark conditions
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Figure A3.33 Bode plot of Pd/TiO; in gas phase configuration, in (a) dark conditions, and (b)
under light irradiation
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Figure A3.34 Bode plot of Au/TiO; in gas phase

under light irradiation.
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Gas phase configuration - Dark conditions
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Figure A3.35 Bode plot of Ag/TiO; in gas phase configuration, in (a) dark conditions, and (b)

under light irradiation.
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Figure A3.36 Bode plots of TiO; in liquid phase configuration, in (a) dark conditions, and (b)

under light irradiation.
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Liquid phase configuration - Dark conditions
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Liquid phase configuration - Under light irradiation
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Figure A3.37 Bode plots of Ag/TiO: in liquid phase configuration, in (a) dark conditions, and (b)

under light irradiation.
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Figure A3.38 Bode plots of Au/TiO: in liquid phase configuration, in (a) dark conditions, and (b)

under light irradiation.
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a) b)

Liquid phase configuration - Dark conditions Liquid phase configuration - Under light irradiation
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Figure A3.39 Bode plots of Pd/TiO:; in liquid phase configuration, in (a) dark conditions, and (b)
under light irradiation.

DARK CONDITIONS
Sample Applied potential Rs (QY) Ret (Q) CPE (F)
04V 35.04 91312 4.03E-05
0.8V 349 97737 4.02E-05
TiO>
1oV 34.75 99937 3.98E-05
14V 34.69 105230 3.97E-05
04V 24.17 34268 7.74E-05
08V 22.89 59305 6.18E-05
Ag/TiO:
1OV 22.74 73241 5.73E-05
14V 22.66 82839 5.46E-05
04V 25.18 51704 2.92E-05
Pd/TiO: 08V 272 86788 3.07E-05
1Lov 28.07 109720 3.17E-05
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14V 28.79 123130 3.23E-05

04V 28.65 179330 3.77E-05

08V 28.18 157120 3.37E-05
Au/TiO2

1.0V 27.91 147590 3.17E-05

1.4V 27.66 151590 3.10E-05

Table A3.11 EIS fitting resulting parameters for gas phase configuration in dark conditions for
all samples.

UNDER LIGHT IRRADIATION

Sample Applied potential Rs () Rct (Q) CPE (F)
04V 35.9 6456 3.64E-05
0.8V 36.08 7692 3.72E-05

TiO2
IRIAY 36.28 8314 3.74E-05
14V 36.75 10869 3.92E-05
04V 20.31 7564 3.16E-05
0.8V 20.1 6255 2.89E-05

Ag/TiO:

IKIAY 19.78 5069 2.79E-05
14V 19.63 4990 2.75E-05
04V 32.03 10773 3E-05

0.8V 24.92 9485 2.49E-05

Pd/TiO2
1.0V 24.48 9525 2.38E-05
14V 24.29 9392 2.31E-05
04V 21.99 3030 2.58E-05
0.8V 24.08 3346 2.3E-05

Au/TiO>
1.0V 24.18 3446 2.22E-05
14V 24.03 3479 2.16E-05

Table A3.12 EIS fitting resulting parameters for gas phase configuration under light irradiation
for all samples.

DARK CONDITIONS
Sample Applied Rs(Q2) Rct’(Q) CPE’ (F) Rct(Q) CPE (F)
potential
04V 32.14 56547 2.25E-05 - -
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0.8V 31.37 22467 2.03E-05 - -
TiO: 1.0V 31.07 13812 1.97E-05 - -
14V 29.81 15090 6.86E-05 955.6 2.97E-05
04V 34.82 47958 5.79E-05 - -
08V 34.18 29399 5.39E-05 - -
Ag/TiO2
1.0V 3291 17141 5.42E-05 - -
14V 33.57 1326 5.45E-05 14911 0.000169
04V 31.99 22769 2.37E-05 - -
0.8V 29.34 7750 2.85E-05 - -
Pd/TiO:
1.0V 29.34 7907 3.23E-05 - -
1.4V 27.56 815.5 4.00E-05 3006 0.000144
04V 329 75163 2.46E-05 - -
0.8V 32.42 30290 2.09E-05 - -
Au/TiO2
1.0V 31.53 18508 2.00E-05 - -
1.4V 31.82 2094 2.13E-05 11811 8.29E-05
Table A3.13 EIS fitting resulting parameters for liquid phase configuration in dark conditions for
all samples.
UNDER LIGHT IRRADIATION
Applied
Sample . Rs(Q) Rct’ (Q) CPE’ (F) Ret (Q)  CPE (F)
potential
04V 26.89 140.8 1.9E-05 2604 1.95E-03
0.8V 28.5 119 1.12E-05 2684 1.72E-04
TiO:
LoV 29.98 96.39 9.56E-06 2875 1.44E-04
1.4V 30.28 80.79 8.75E-06 2460 1.25E-04
04V 28.18 739.7 4.8264E-05 1567  2.42E-04
08V 29.11 297.3 3.97407E-05 6721 6.15E-04
Ag/TiO2
lLov 28.32 161.7 5.04424E-05 8100  3.81E-04
1.4V 32.04 746.8 2.61812E-05 3486 1.51E-04
04V 25.99 274.1 3.41E-05 2441 4.55E-03
08V 26.1 136.5 1.68E-05 2883  2.57E-04
Pd/TiO2
lLov 26.13 108 1.39E-05 2395  2.19E-04
1.4V 26.59 92.63 1.12E-05 1800 1.67E-04
Au/TiO2 04V 27.38 236.6 1.87E-05 5297 1.01E-03
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0.8V 27.84 287.7 1.34E-05 3556 1.28E-04

28.51 236.6 1.16E-05
1.0V 3366 1.08E-04

14V 26.16 233.8 1.47E-05 6495 1.31E-04

Table A3.14 EIS fitting resulting parameters for liquid phase configuration under light irradiation
for all samples.

3.6.5. Productivity

Anode products Cathode products
(umol) (umol)
Acetaldehyde Acetic Acid Hydrogen
Sample Gas Liquid Liquid Gas phase Liquid
Gas phase
phase phase phase configurati phase
configurati
configura  configurati configurati on configurati
on
tion on on on
TiO, 8.41 26.61 0.0004 0.8127 22.21 12.91
Au/TiO, 4.11 41.97 0.0007 0.8153 15.35 11.57
Ag/TiO, 8.64 26.77 0.1593 0.0000 8.69 7.91
Pd/TiO, 8.53 23.01 0.1346 0.0000 6.63 19.75

Table A3.15 Anodic and cathodic products obtained in gas phase and liquid phase configurations
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4.Plasma-assisted non-oxidative methane
coupling (NOCM) in planar and
cylindric DBD reactors

4.1 Introduction and scope of the chapter

The conversion of methane to obtain H; and high value-added hydrocarbons, has
become, in recent years, more and more relevant, and many studies reported the
development of alternative technologies to overcome the issue due to the strong
bond energy of C—H in methane (434 kJ/mol) that requires high temperatures to
be activated' ™. One of the most promising technologies is plasma-assisted
methane conversion, as in the plasma zone, accelerated high-energy electrons may
activate the methane molecules at mild temperatures, through the creation of very
active species (radicals, ions, etc.)>®. The plasma-assisted reaction could lead to
a high methane conversion, depending on the experimental conditions, such as
plasma power, reactor design, and feed gas composition, but at the same time, the
selectivity is still not optimized, with a high formation of undesired carbonaceous
byproducts *°. Combining plasma and catalysis could be a good approach to
enhance the conversion, modulate the selectivity, and reduce the carbon
deposits!'?, even if the presence of a catalyst leads to the modification of many
reaction parameters (i.e. the local linear velocity and residence time, the local
electrical field, the discharge type, etc). Most studied in-plasma catalytic CH4
coupling used packed beds DBD reactors with catalytic materials in pellets acting

also as dielectric'™13.

The work reported in this chapter was instead focused on the study of the effect
of a macro/meso nanostructured catalyst in the form of a thin film (in synergy
with plasma) in the reaction of non-oxidative coupling of methane (NOCM).
Therefore, titanium oxide nanotubes array-based meshes (TiO2Nts/Ti mesh), were

tested in two different reactors: a conventional tubular DBD plasma reactor and
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in a planar DBD reactor. In addition, the effect of light irradiation was
investigated. The TiO> materials can be excited by external light radiation to
generate localized charges on the surface which, positively interacting with the
radicals generated in plasma, may increase the selectivity; a specific ordered
nanostructure favours the transport of the photo-generated charges and enhances
the performances in term of photoactivity. For this reason, this work was focused
on an in-plasma catalytic system, because it provided a direct synergistic effect

on the reaction.

The first part of the chapter deals with the tests carried out in the conventional
tubular DBD plasma reactor (with and without light irradiation), with different
morphological parameters of the catalysts, such as the presence of nanostructures
and the different sizes of macropores. These experiments were carried out during
an abroad period of six months at the Eindhoven University of Technology (TU/e)
under the supervision of Prof. F. Gallucci and Dr. S. Li, as part of the PhD
ACCESS exchange program. The second part of the chapter is focused on the
tests carried out at the CASPE laboratory of the University of Messina, in a new
concept of planar DBD reactor built to study the synergy between the confined
generation of plasma within the semiconductor and photocatalysis. In addition,
the metal nanoparticles (Au, Ag) modified TiO> meshes were tested in both DBD
reactors (tubular and planar), to understand the role of a co-catalyst deposited on
a photoactive material in combination with plasma in pushing the methane non-

oxidative coupling.
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4.2 Plasma-assisted non-oxidative methane coupling in

cylindric DBD reactor

4.2.1 Reactor set-up

Two cylindrical coaxial DBD reactors were used for NOCM tested with two
different shells: an alumina tube, with a length of 25 cm, a thickness of 0.265 cm,
and an external and internal diameter of respectively 1.23 cm and 0.70 cm (Figure
4.1 a) and a quartz tube with a thickness of 0.1 cm, a length of 25 cm, an external

and internal diameter of respectively 0.93 and 0.73 cm (Figure 4.1 b).

In the case of the alumina reactor, the outer electrode was an aluminium foil with
a length of 4 cm, and the inner electrode was made of stainless steel with a
diameter of 0.16 cm, and it was confined, with the aid of two ceramics rings, to
be 4 cm long. In the alumina reactor, the discharge gap was 0.19 cm and the actual

plasma volume generated was 1.22 cm?.

In the case of the quartz tube, the external electrode was a stainless-steel mesh,
with a length of 4 cm, and the inner electrode was made of stainless steel with a
diameter of 0.16 cm, confined, as in the case of the alumina reactor, using two
ceramics rings. In the quartz reactor, the discharge gap was 0.205 cm, and the
actual plasma volume was 1.36 cm®. The TiO> mesh catalysts were introduced
inside the reactor to cover the length of the external electrode, as shown in Figure
4.2, in which a scheme of side view of the reactor is reported. The TiO, pellets
were introduced in the same volume as the meshes, with the two ceramic rings at
both ends and the insertion of quartz wool in contact with rings, to ensure that the

pellets stayed in place.
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Figure 4.1 Cylindric DBD reactor used for the tests. In (a) alumina tube reactor and in (b) quartz
tube reactor

Ceramic ring
External electrode

Dielectric
TiIO2NTs/Ti mesh
Gap
Internal electrode

Ceramic ring

Figure 4.2 Schematic view of the cylindric DBD reactor

The outer electrode was connected to the ground via an external capacitor of 100
nF, while the inner electrode, made of stainless steel (0.32 cm diameter, 20 cm
length) was connected to the AC high-voltage generator, AFS G05S-150k. The
applied voltage was measured by a high-voltage probe and the electrical signals
were recorded with a digital oscilloscope (Picoscope 3000 series) (see Figure 4.3).
The gas products were analysed by a gas chromatographer (GC Thermo scientific,

trace 1310 gas chromatograph) equipped with a flame ionization detector (FID)
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and two thermal conductivity detectors (TCD). The reactor was placed inside a

Faraday cage to avoid electromagnetic interference.

HV probe

connection

Oscilloscope

ACHV

generator | | |

Capacitor

Ground
connection

Figure 4.3 Electrical scheme of the set-up

To study the effect of light, the plasma set-up was modified with the addition of
two 25 W UV B lamps for the illumination of the catalysts, through the stainless-

steel mesh (a picture of the experimental set-up is shown in Figure 4.4).

Figure 4.4 Plasma photocatalysis set-up
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4.2.2 Catalyst preparation

4.2.2.1 Synthesis of TiO2 nanotubes array on Ti mesh (TiO2 NTs/Ti)
The synthesis of TiO> nanotubes (NTs) on the metallic titanium mesh substrate,

was carried out through controlled anodic oxidation, (see Chapter 2 for details),

over a Ti gauze with different mesh sizes:

e 60 mesh woven from 0.2 mm diameter

e 80 mesh woven from 0.13 mm diameter

4.2.2.2 Preparation of TiO: pellets
Commercial TiO2 powder was used to produce pellets with 2 cm of diameter. The
pellets were smashed in a mortar and sieved with different stainless-steel sieves.

Pellets with a diameter between 425 and 630 um were separated and collected.

4.2.2.3 Au nanoparticles photodeposition

The photodeposition technique was performed to deposit gold on the TiO»
samples (mesh or pellets), it is a variation of the synthesis reported in chapter 3.
The TiO2NTs mesh samples were dipped in an aqueous solution of the precursor
(HauCly4 - 3H20) for 30 minutes and then exposed to the radiation of a UV-C lamp
for 1 minute. The concentration of the HAuCl4 - 3H>O solution was calculated to

obtain 0,5 wt% of Au NPs deposited on the substrate.

The TiO; pellets were instead dipped in the aqueous solution of the precursor
(HAuCly4 - 3H>0) for 1 minute, then dried and exposed to the radiation of a UV-C

lamp for 1 minute.

4.2.2.4 Ag nanoparticles photodeposition

The photodeposition of silver nanoparticles, specified in Chapter 3, has been
conducted by dipping the TiO>NTs mesh samples in a 0.5 M HCI solution, in
distilled water, in a 0.1 M AgNOj solution and finally again in distilled water for
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30min (in each solution) at room temperature. This cycle was performed three
times. Afterwards, the samples were irradiated with a UV-C lamp for 10 minutes,

to reduce Ag" ions to metallic Ag species.

The photodeposition of silver nanoparticles on TiO; pellets was performed by
dipping the pellets in a 0.1 M AgNOs solution for 1 minute, then the pellets were
dried and exposed to the UV-C light for 10 minutes.

All the catalysts were fully characterized before and after the tests, by XRD, and
SEM-EDX analysis, to study the effect of the plasma reaction on the

morphologies and the surfaces of used catalysts.

4.2.3 Results and discussion

The calculations of the plasma power were made with MATLAB (MATLAB
R2021b, The MathWorks, Inc. USA) and a specifically developed script, using
the Lissajous method, developed first by Manley'®. All the equations used for the
calculation of methane conversion, hydrogen and hydrocarbon selectivity,

specific energy input (SEI) and the carbon balance are reported in the annex.

4.2.3.1. Tests with empty reactor

To estimate the influence of gas mixture composition on the methane conversion
and selectivity of the reaction, some NOCM preliminary tests were carried out for
60 minutes, with the empty alumina reactor, using a gas mixture of methane and
argon with different volume percentages of methane, at a frequency of 42.4 kHz,
varying the peak-to-peak voltage in the range 6.7-7.5 kV to maintain the plasma
power at 18.5 = 1 W. In Table 4.1 the summary of the experimental conditions

used is reported.
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Test Flow rate Vol% Frequency Time

(mL/min) CHasin Ar (kHz) (min)
1 300 20 42.4 60
2 300 25 42.4 60
3 300 30 42.4 60

Table 4.1 Experimental conditions used for tests with the empty cylindric DBD reactor

The resulting methane conversion and hydrocarbon selectivity as a function of the
volumetric percentage of methane in argon, are displayed in Figure 4.5. It is
reported that in DBD plasma systems as the dilution of a gas mixture increases,
the conversion also increases, due to the Penning ionization and Penning
dissociation, which are energy transfer reactions from an excited atom or
molecule to an atom or molecule in ground state, resulting in the formation of ions
or radicals '>"!. In this specific case, co-feeding Argon with CH4 can modify the
activation mechanism of the reaction, creating excited Ar* species that act as
energy carriers, hence enhancing the conversion. The methane conversion
increase from 9.3% to 11.5%, as the percentage of Ar increases, thus confirming

this effect (Figure 4.5).

The product distribution also slightly changes depending on the amount of
methane present in the system'”, with the highest ethane selectivity obtained in
the test with 25 vol% of methane. Based on these results, the volume percentage
of methane in argon was set at 25%, as a good compromise between methane
conversion, ethane selectivity, and the SEI. In Table 4.2 a summary of the results
obtained in NOCM tests with empty reactor, including the calculated plasma

power and the SEI.
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I C,H, selectivity
I C,H, selectivity
[ C,H, selectivity
B C, selectivity

—m— CH, conversion

Selectivity, %
Conversion, %

20 25 30
Vol% CH, in Ar

Figure 4.5 Effect of vol% of CHy in Ar on hydrocarbons selectivity (%) and methane conversion
(%) in cylindric DBD reactor. The CH/Ar mixture flow rate was kept constant at 300mL/min

CH4 C:H: CHs C:Hs Cs3
H: sel. CB  power SEI

Test conv. o sel. sel. sel. sel.

(%) . (%) W) (/mL)

(%) (%) (%) (%) (%)
1 11.5 37.9 9.7 8.5 29.6 12.8 95.5 19.1 3.83
2 10.8 37.6 8.5 8.7 33.3 12.4 96 18.1 3.63
3 9.3 33.6 7.5 8.0 31.8 11.1 96.1 18.2 3.63

Table 4.2 Effect of vol % of CH4 on plasma-assisted NOCM reaction with empty reactor. Methane

conversion, hydrogen and hydrocarbons selectivity, carbon balance, power and SEI are specified
for each test.

4.2.3.2. The effect of catalysts

The tests of NOCM with different TiO»-based catalysts (pellets or meshes also
loaded with Au or Ag) were carried out using a mixture of 25% of methane in

Argon for 60 minutes at a frequency of 42.4 kHz, maintaining the plasma power
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at 18.5 £ 1 W. As the catalyst changes the local linear velocity and thus the

residence time, the flow rate was set to have the same residence time as the empty

reactor test (0.24 s). The input peak-to-peak voltage was varied (in the range of

7.4-8.1 kV) to operate at the same discharge power in all experiments to have

comparable results. The experimental parameters used in the tests are summarized

in the following table (Table 4.3).

Test Catalyst Catalyst Flow rate %vol Frequency Time
Amount (g) (mL/min) CHy in (kHz) (min)
Ar
2 None 0 300 25 42.4 60
4 TiO,NTs/Ti 60 0.6 270 25 42.4 60
mesh
5 TiO,NTs/Ti 80 0.6 280 25 42.4 60
mesh
6 TiO; pellets 1.5 187 25 42.4 60
(425-630 pm)

7 Au/ TiO;NTs/Ti 0.6 270 25 42.4 60
60 mesh

8 Ag/ TiO;NTs/Ti 0.6 270 25 42.4 60
60 mesh

9 Au/ TiO,NTs/Ti 0.6 280 25 42.4 60
80 mesh

10 Ag/ TiO;NTs/Ti 0.6 280 25 42.4 60
80 mesh

11 Au/TiO; pellets 1.5 187 25 42.4 60

(425-630 pm)
12 Ag/TiO; pellets 1.5 187 25 424 60

(425-630 pm)

Table 4.3 Experimental conditions used for the tests with the catalysts in cylindric DBD reactor

The introduction of the catalyst in the system produced different Lissajous figure

shapes (strictly related to the electrical circuit equivalent to the system??) since

the presence of a material in a DBD plasma influences the local electrical field

changing the electron energy distribution and the chemistry taking place in the

plasma'®,
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In particular, the shape change is attributed to the combination of surface
discharges, formed across the packed bed, and the filamentary discharges, which

are the only ones present when the reactor is empty '*22.

In our case, with the packed-bed reactor, the Lissajous figure had an oval shape
in good agreement with the literature 2°, due to the catalyst pellets presence (see
Figure 4.6 b) while the mesh generated a Lissajous figure shape, intermediate
between oval and rectangular (Figure 4.6 c), caused by the physical changes that

the catalyst made inside the system.

In Figure 4.6 (a) the typical parallelogram shape of the empty reactor is also
reported?’.

a) b) ©)

Figure 4.6 Lissajous figure produced with the empty reactor (a), the reactor packed with TiO;
pellets (b), and the reactor packed with the TiO> mesh (c)

The methane conversion and selectivity towards C2 and C3 hydrocarbons,
obtained using different kinds of TiO: catalysts, are reported in Figure 4.7. In
detail, figure 4.7 a reports the performances obtained with bare TiO>NTs on Ti
meshes (60 and 80 mesh) compared with TiO2 pellets, to have useful information
about the effect of a different catalyst geometry on the performances. The values
with the empty reactor are also reported as a comparison. Observing Figure 4.8 a,
it is possible to notice the beneficial role of the mesh that allowed to enhance the
conversion compared to TiO> pellets, probably due to the presence of the specific

nanostructure.
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There were no effects related to the presence of a catalyst on the conversion since
the highest conversion value (10.8%) was found with the empty reactor, but this
was probably due to hydrogenation reactions of the methyl ions on the catalyst
surface, as reported also by Garcia-Moncada et al. 2*. Moreover, was already
observed by fluid modelling studies that material with higher dielectric constants
in this kind of reactor, caused a reduction of electron density decreasing the

conversion rate®.

In addition, Au and Ag/TiO>NTs/Ti meshes were tested to study the influence of
a co-catalyst with specific plasmonic behaviour in NOCM reaction, and the
results are reported in Figure 4.7 b (60 mesh) and ¢ (80 mesh). The introduction
of the metals on TiO;NTs/Ti 60 and 80 mesh substrates had a negligible effect on
the conversion. Figure 4.8 d compares instead the performances of Au and
Ag/TiO; pellets with the bare TiO; support, to investigate the effect of a specific
metal without the presence of ordered nanostructured meso/macroporous TiO>
thin film. The deposition of the metal nanoparticles on the TiO; pellets increased
the methane conversion and the silver-modified catalysts allowed to double the

conversion value (4.6% vs.8.2%).

When the selectivity was investigated, several effects due to the introduction of
the catalysts in the reactor could be observed. As reported in many papers, ethane
is the main product in plasma-assisted NOCM, with a low energy input % %7, In
all the tests, the presence of a catalyst (pellets or meshes) inside the reactor
changed the distribution of products compared to the empty reactor, increasing
CoH» selectivity, as shown in Figure 4.7, even if ethane is always the most
abundant product®®. A different behaviour was noticed with bare TiO> pellets. In
this case, there was a slightly higher selectivity towards acetylene compared to
ethane (13.3% of CoH» selectivity vs. 12.2% of C2Hg selectivity). As regards the
effect of TiO>NTs/Ti mesh-based catalysts, it was possible to observe a higher

selectivity towards CoHeg and C3 hydrocarbons (see Figure 4.7 a) with respect to
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the reactor filled with the TiO» pellets. Probably the presence of TiO pellets
enhanced the probability of the collision between dehydrogenated species with
the subsequent formation of unsaturated C2 species, reducing the formation of
higher chain hydrocarbons?’. Regarding the presence of metal nanoparticles on
the catalysts, it was evident that metals changed the selectivity towards all the
products, compared to the bare TiO» samples and especially the silver-modified
catalysts (pellets or meshes) showed a higher ethane selectivity compared to gold-
modified samples. An explanation of this behaviour could be the SPR effect of
the metal nanoparticles, more significant with silver, that leads to the direct
coupling of methane through the collision of molecules with high energy

electrons’®.

A summary of all the results obtained in the NOCM tests with different catalysts,
including carbon balance, calculated plasma power and SEI, is reported in Table

4.4.
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[ ¢ H, selectivity

I C.H, selectivity
[T ¢ H, selectivity
B c. selectivity
—=— CH, conversion
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No catalyst  TiO,NTs/  TIONTs/ Tio, TIO,NTs/ AulTiONTs/ AgITIO,NTs/
Ti 60 mesh Ti 80 mesh pellets Ti 60 mesh Ti 60 mesh Ti 60 mesh
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254
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Selectivity, %
Conversion, %
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Conversion, %

TiO,NTs/ AUITIO;NTSs/ Ag/TIO,NTs/

Ti 80 mesh Ti 80 mesh i 80 mesh Tio, AuITIO, AgITiO,

pellets pellets pellets

Figure 4.7 Methane conversion % and hydrocarbons selectivity %. for tests with TiO»-based bare
supports (pellets and meshes) in a), and the comparison with Ag, Au metal supported catalysts in
b), ¢) and d) in the cylindric DBD reactor

H EI
Catalvat :m: Hysel. C:H:  C:Hs  CaHg Cs CB  Power 5 -
v ’ (%) sel. (%) sel. (%) sel. (%) sel. (%) (%) W)
(%) L)
None 10.8 379 8.5 8.7 333 12.4 96 18.1  3.63
TiO,NT 9.5 37.6 9.9 8.6 214 9.8 95.2 169 3.75
s/Ti 60
mesh
TiO,NT 7.5 393 114 9.3 21.1 9.9 96.4 185 3.96
s/Ti 80
mesh
TiO, 4.6 32.1 13.3 8.9 12.2 49 97.2 18.0 5.77
pellets
Au/ 7.7 40 11 8.9 22 10.5 96.3 185 4.11
TiO,NT
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s/Ti 60
mesh
Ag/ 8.2 40.9 11.5 9.5 22.7 10.5 96.2 18.5 4.11
TiO;NT
s/Ti 60
mesh
Au/ 6.9 44 13.5 10.4 22.8 104 97 162 347
TiO,NT
s/Ti 80
mesh
Ag/ 7.3 44.5 13.3 10 242 11.3 97 169  3.62
TiO;NT
s/Ti 80
mesh
Au/TiO, 6.4 383 13 9.4 17.2 8.1 96.7 182 5.83
pellets
Ag/TiO, 8.2 349 11.1 8.5 19 7.6 95.6 21 6.74
pellets
Table 4.4 Effect of the catalysts on the performances in plasma-assisted NOCM reaction in
cylindric DBD reactor. Methane conversion, hydrogen and hydrocarbons selectivity, carbon
balance, power and SEI are specified for each test.

4.2.3.3. Carbon deposition

During the plasma activation of methane, it is generally reported the formation of
carbonaceous deposits that mostly increases with the conversion 2*. In fact, after
the tests, it was noticed a carbon deposition on the reactor and on the stainless-
steel inner electrode. Figure 4.8 a shows the plasma formation zone of the
stainless-steel electrode completely covered with carbon after the reaction carried
out with the empty reactor. Furthermore, some carbon filaments can be seen in
the internal part of the alumina tube (Figure 4.9). Combining plasma and catalysis
seems to be a promising approach in which the catalyst can decrease the formation
of deposits ®. As expected, the introduction of the catalysts helped to prevent the
carbon deposition on the inner electrode and on the tube, but with a different
behaviour depending on the type of catalyst used. By using TiO2NTs mesh, just a
little part of the electrode was covered with carbon as can be seen in Figure 4.8 b
probably due to the particular way in which the mesh was located around the
electrode. The deposition of carbon on TiO2NTs mesh was confirmed by SEM-
EDX performed before and after the reaction (Figure 4.10 and Figure 4.11).
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Meanwhile, by using the TiO> pellets, there was no evidence of carbon deposition

on the stainless-steel electrode (Figure 4.8 c).

a) b)

Figure 4.8 Inner SS electrode after the reaction without catalysts (a), mesh-based catalysts (b),
with particles-based catalysts (c)

Figure 4.9 Internal part of the alumina tube after the reaction with an empty reactor

a) b

Figure 4.10 SEM images of the TiO,NTs/Ti 60 mesh before (a) and after the test (b)
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Element Atomic Weight

Symbol conc. conc.

C 75.76 62.19

o] 19.05 20.84

Ti 5.19 16.97
e

Figure 4.11 EDX point analysis (red circle) of the sample TiO:NTs/Ti 60 mesh after the test. On
the right is the table with the atomic and weight percentages of the elements.

4.2.3.4. Plasma photocatalytic tests

To study the effect of coupling plasma and photocatalysis, tests using external
lamps in combination with plasma were also performed. Some preliminary tests
using only light (without generating a plasma) were performed to understand
better the role of TiO2 photocatalytic materials in the NOCM reaction. All the tests
were carried out in the experimental conditions reported in the following table,
varying the peak-to-peak voltage (7-7.5 kV) to maintain the power in the range of
16-18.5 W throughout the tests (Table 4.5). Using only light, no hydrogen and
other products were detected with all the tested photocatalysts. This is probably
due to the low irradiance and power of the UV B lamps used (25 W each, with an
irradiance value of 218 pW cm™?) not sufficient to activate the TiO> photo

responsive materials.

Qm::il'tlty Flow rate Yovol Frequenc Time
Test Catalyst Condition . CH4 q y .
catalyst (mL/min) in Ar (kHz) (min)
(€]
1 no Plasma 0 300 25 42.4 60
2 Ti02/Ti 60 Plasma 06 270 25 424 60
mesh
TiOx/Ti
3 0/TI60 ) matlight 0.6 270 25 424 60
mesh
4 AWTIONTSTE  atlight 0.6 270 25 424 60
60 mesh
5 AUTIONTs/Ti Plasma 0.6 270 25 424 60
60 mesh
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Ag/TiOaNTs/Ti

+1i . .
6 60 mesh Plasma+light 0.6 270 25 42.4 60
Ag/TiONTS/Ti
7 gTONTS/TI ) ma 0.6 270 25 424 60
60 mesh

Table 4.5 Experimental conditions used for the tests with catalysts and light irradiation in
cylindric DBD reactor

The CH4 conversion and selectivity obtained in the plasma photocatalytic tests,
as well as the carbon balance, calculated plasma power and SEI, are reported in

Table 4.6.

Figure 4.13 shows the conversion and the selectivity (%) towards ethane for
TiO>NTs/Ti 60 mesh and Au and Ag modified TiO2NTs/Ti (60 mesh). The use of
light in combination with plasma allowed to increase in the conversion of methane
for the bare TiO>NTs/Ti 60 mesh and for Au/TiO>NTs/Ti 80 mesh. No differences

were observed for silver.

Light irradiation had instead a strong effect in changing the selectivity towards
ethane with all photocatalysts. The highest ethane selectivity was observed with
Au-modified photocatalyst, and this could be related to the presence of this

particular metal. Lang et al. 3!

working on photocatalytic NOCM found that
Au/TiO2 among other metal-modified TiO: catalysts, lead to the highest yield. In
their work, the mechanism of the formation of ethane was also evaluated, which
involves the adsorption of methane on the Au surface and the formation of methyl

anion and a subsequent methyl radical formation, shown in Figure 4.12.

2CH,

. h*
adsorption 2"CH, L 2CH;~ — 2'CH; — C,Hg
2H" — H,

Figure 4.12 Photocatalytic non-oxidative coupling of methane on gold, involving a methyl anion-
radical mechanism. Reproduced with permission from ref. 3!
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In DBD plasma the main reaction pathway that led to the formation of ethane also
involves two methyl radicals, which are generated by the electron impact
dissociation of methane®®. This mechanism could be enhanced by the electrons
provided by the photocatalyst excited through the light irradiation in a
photocatalytic system. The same effect was noticed also towards C3 products,
suggesting a similar effect of the plasma and photoactivation coupling (see Table
4.6).

I Plasma C,H, selectivity

[ Plasma-Photo C,H, selectivity

—=— Plasma conversion

—mu— Plasma-Photo conversion
40 10

C,Hg selectivity, %
Conversion, %

TiO,NTs/ AUITIONTS/  Ag/TiO,NTSs/
Ti 60 mesh  Ti 60 mesh Ti 60 mesh

Figure 4.13 Effect of light irradiation on ethane selectivity (%) and methane conversion for
TiO>NTs/Ti mesh, Au/TiO:Nts/Ti mesh, and Ag/TiO>Nts/Ti mesh in cylindric DBD reactor

Carb
o CH, H, . CZHZ. C2H4. CZH‘S. Gs . on Pow SEI
Conditio selecti selecti selecti selecti selecti
Catalyst convers . N N . N bala er (J/m
n fon (%) vity vity vity vity vity nce W L
@ o ) ) ks WD)
no Plasma 14.8 374 6.2 5.1 30.5 14.8 93.6 18.1 3.62
TiO,/Ti 60

mesh Plasma 7.6 39.6 11.6 9.3 213 9.9 96.3 16 3.19
TiO,/Ti 60  Plasma+l

8.4 43.6 10.9 7.9 26.1 13.9 96.6 166 3.68

mesh ight
Au/TiO,N
Ts/Ti 60 Plasma 7.7 40 11 8.9 22 10.5 96.3 17.1 3.8
mesh
AWTIO,N Plasma+l
Ts/Ti 60 . 7.9 47.4 12.2 8.6 28.3 14.9 97.1 18.5 4.11
mesh ight
Ag/TiO,N
Ts/Ti 60 Plasma 8.2 40.9 11.5 9.5 22.7 11.5 96.2 173 3.84
mesh
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Ag/TiO,N
Tomieo POl go 40 g 81 271 151 969 15 411
mesh ight 5
Table 4.6 Effect of the light irradiation on plasma-assisted NOCM reaction with different catalysts
in cylindric DBD reactor. Methane conversion, hydrogen and hydrocarbons selectivity, carbon

balance, power and SEI are specified for each test.

4.3 Plasma-assisted non-oxidative methane coupling in

planar DBD reactor

4.3.1 Reactor design

TiO>NTs on Ti meshes (also modified with metal), were then tested in NOCM
reaction using a home-made planar DBD reactor with no gap between the

dielectric material and the electrodes.

From the first prototype (scheme in Figure 4.14), the reactor was substantially
upgraded with many design adjustments to ensure system inertness and prevent
short circuits, assuring a good stabilization of plasma during the process. The first
prototype was made of Macor®, a machinable glass ceramic material. The core
of this reactor was a two-planar mesh-type electrode system through which the
gas flows, with one of the two electrodes reconstructed in the form of a thin
TiO:NTs array (connected to the ground) and an alumina porous, thin disk
between the two-mesh acting as a dielectric barrier. The other electrode, a
stainless steel (SS) mesh, was connected to the high voltage. The reactor
configuration allowed the illumination of the photoactive electrode (based on
TiO2 NTs array) by a quartz window to create the synergies between light
illumination and (micro)plasma to be investigated. During the first experiments,
some technical problems occurred and short-circuit currents were directly
observed, damaging the alumina membrane and Ti mesh due to the specific

geometrical configuration of the reactor.
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To address these issues, a new reactor with a very compact design and a more
homogeneous distribution of the gas was designed and constructed. A picture
during a test is reported in Figure 4.16. In this case within the plasma zone, it was
used alumina instead of Macor®, with a “cap-like” geometry to lengthen the
electron path and prevent short-circuits effectively. The dielectric strength of
alumina is more stable and less dependent on temperature variations with respect
to Macor®. Essentially, the current version of the reactor consists of two parts
(schematized in Figure 4.15): 1) a section made in Macor with the quartz window
for the illumination of the catalyst (consenting to study the interaction between
light and non-thermal plasma), the gas inlet and outlet, and a SS wire in contact
with the electrode as ground 2) an alumina section (plasma zone), where the
catalyst is placed, with a SS disc acting as High Voltage (HV), directly connected
to the AC power supply.

Gas
in

S.S. gauze (H.V.)
Al,O, membrane

Gas Pt

out wire
- Quartz window

Figure 4.14 Scheme of the first prototype of the DBD planar reactor
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Quartz window

Stainless steel

Figure 4.15 Scheme of the home-made DBD plasma-photocatalytic reactor

Figure 4.16 Side view of the plasma-photocatalytic reactor, during a plasma-photocatalytic test

The setup is illustrated in Figure 4.17. In detail, the TiO2NTs/Ti mesh electrode
was connected to the ground, while the stainless-steel electrode was connected to
the high-voltage generator (RedLine Technologies-G2000). The applied voltage
was measured by a high-voltage probe and the current with a Rogowski coil, and
all the electrical signals were recorded with a digital oscilloscope (Picoscope
6402D). The products were detected and quantified with a Gas Chromatographer
(Agilent 8890, Agilent Technologies Italia Spa) equipped with TCD and FID

detectors for the quantification of the hydrogen and hydrocarbons. The reactor
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was placed inside a Faraday cage to avoid electromagnetic interference. The light
irradiation was carried out through the reactor quartz window using a 300W Xe

arc lamp (Lot Oriel).

SET-UP

HIGH VOLTAGE
GENERATOR

MASSFLOW
METERS

&\
2\

4 REACTOR

ROGOWSKI COIL

HV PROBE

1
GAS OUT

[

OSCILLOSCOPE

GAS
CHROMATOGRAPH

Figure 4.17 Scheme of the experimental set-up

4.3.2 Catalyst preparation

4.3.2.1 Synthesis of TiO2 nanotubes array on Ti mesh (TiO2NTs/Ti)
The synthesis of TiO> nanotubes (NTs) on the metallic titanium mesh substrate,
was carried out through controlled anodic oxidation, over a Ti gauze 80 mesh

woven from 0.13 mm diameter.

4.3.2.2 Au nanoparticles electrodeposition

The gold nanoparticles electrodeposition, described in Chapter 3, was performed
in a two-electrode cell made in Teflon, using the sample as the working electrode
and a standard Pt electrode as the counter electrode. The potential applied was -
70V for 45 minutes, in an aqueous solution of gold precursor (HAuCls 3H20, 0.1
mM).
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4.3.3 Results and discussion

The power dissipated by the plasma, due to the high voltage generator, was
calculated using the high voltage and current measurements, with MATLAB
(MATLAB R2021b, The MathWorks, Inc. USA) and a specifically developed

script.

Methane conversion, hydrogen and hydrocarbon selectivity and the SEI (Specific

energy input) were calculated with the equations reported in the annex.

Non-oxidative coupling of methane (NOCM) has been performed using the TiO>
nanotubes on Ti mesh electrodes (also modified with gold) in dark conditions and
under light irradiation. The tests were carried out for 30 minutes with a mixture
of 10 vol% of methane in argon with a flow rate of 10 mL/min. The frequency

was set at 22.07 kHz for all the experiments.

4.3.3.1 The effect of plasma power

Initially, the bare TiO2NTs/Ti mesh in the absence of light has been tested, varying
the intermediate voltage of the generator to produce different calculated plasma
power values, ranging from 2.6 to 4.2 W. All the experimental parameters are

listed in Table 4.7.

Sample Intermediate Power Flowrate Vol% CH4 Frequency
voltage (V) W) (mL/min) in Ar (kHz)

TiO:NTs/Ti 75 2.6 10 10 22.07

mesh

TiO:NTs/Ti 100 33 10 10 22.07

mesh

TiO:NTs/Ti 125 3.8 10 10 22.07

mesh

TiO2NTs/Ti 150 42 10 10 22.07

mesh

Table 4.7 Experimental conditions used for tests with TiO:NTs/Ti mesh (80 mesh) at different
plasma power in DBD planar reactor

As the power increased, the conversion of methane also increased, as can be
noticed in Figure 4.18. The product ratio also shifted, notably a reduction in
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ethylene selectivity was observed thus plasma power has a specific influence on
the reactions which take place inside the plasma, and this can result in different
product selectivity 2°. In Table 4.8 a summary of all the results obtained at
different plasma power, in a planar DBB reactor, including the specific energy

input, is reported.

I C,H;, selectivity
[ c,H, selectivity
[ CH;, selectivity
B H, selectivity
—u—CH, conversion
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Figure 4.18 The effect of plasma power on the methane conversion % and selectivity% (to H> and
C2 C3 hydrocarbons) for TiO>NTs/Ti 80 mesh in DBD planar reactor

Power SEI Methane Ethane Ethylene Propane Hydrogen

Sample (W)  (I/mL) Conv.(%) sel.(%) sel.(%) sel.(%)  sel (%)

TiO:NTs/Ti 26 157 28.0 19.0 5.6 7.7 43.4
mesh

TiO:NTs/Ti - 19.7 36.8 17.7 4.2 7.9 49.0
mesh

TiO:NTs/Ti 38 22.8 42.7 16.8 34 7.8 48.9
mesh

TiO:NTs/Ti 49 254 46.8 16.5 2.9 8.2 48.7
mesh

Table 4.8 The effect of plasma power and SEI on the plasma-assisted NOCM reaction in the DBD
planar reactor for TiO-NTs/Ti 80 mesh
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4.3.3.2 The effect of catalysts in plasma-photocatalytic tests

To investigate the impact of gold nanoparticles on plasma-assisted NOCM
reaction, tests were conducted with the TiO>NTs/Ti mesh and the Au/TiO>NTs/Ti
mesh, in dark conditions, at the same plasma power. Finally, experiments in the
presence of light irradiation were carried out with Au/TiO2NTs/Ti mesh to study
the effect of the combination of plasmonic metal, plasma, and light. The

experimental conditions used are summarized in Table 4.9.

. Flow rate Frequency Vol% CHa4 in
Sample Light (L/min) (kHz) Ar
TiO:NTs/Ti mesh OFF 0.010 22.07 10
AwTiO:NTs/Ti OFF 0.010 22.07 10
mesh
AwTiO:NTs/Ti ON 0.010 22.07 10
mesh

Table 4.9 Experimental conditions used for tests with TiO:NTs/Ti mesh and Au/TiO2NTs/Ti mesh
in dark and under light irradiation in a DBD planar reactor

Observing the results obtained in dark conditions, (see Figure 4.18) it is evident
the beneficial role of gold in plasma-assisted NOCM reaction. The gold-modified
sample 1n fact, strongly enhanced the methane conversion that reached a value of
almost 43%, with a modulation also in the selectivity, pushing towards the
ethylene production. No carbon deposits were detected in all the experiments, so

confirming the importance of a microdischarge zone.

Figure 4.19 instead reported the influence of light irradiation in the methane
conversion and selectivity for the Au/TiO2Nts/Ti mesh photocatalyst. The
exposition of the Au-based catalyst to light, resulted in a further increase of the
conversion of methane, with modification in the selectivity towards ethane and
propane, which showed an increment as well. The combination of local surface
plasma resonance (SPR) effect localized on Au and ultraviolet-light-induced
effect on TiO2, (combined with non-thermal plasma) enhanced the photocatalytic

activity due to a combination of photogenerated holes (on the support) with the
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hot electrons (on Au), with higher capability to activate the CH4 molecules. This
behaviour is similar to that recently evidenced for Ag/TiO> photocatalyst in the

oxidative coupling of methane reaction, so corroborating this hypothesis>Z.

All the results obtained in the tests in dark and under light irradiation in DBD

planar reactor are summarized in Table 4.10.

I C,H, selectivity
[ C,H, selectivity
[ C,H, selectivity
I H, selectivity
—m—CH, conversion
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Figure 4.18 The effect of gold on the methane conversion % and selectivity% (to Hz and C2 C3
hydrocarbons) in DBD planar reactor in dark conditions
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Figure 4.19 Effect of the light irradiation on methane conversion % and selectivity % (to H; and
C2 C3 hydrocarbons) for the Au/TiO>NTs/Ti mesh in DBD planar reactor

Methane Ethane Ethylene Propane Hydrogen

Sample Light (;fi) P(o\v;;;r Conversion  Selectivity  Selectivity  Selectivity  Selectivity
(%) (%) (%) (%) (%)

TiONTS/ pp 136 227 24.4 16.6 4.9 6.7 37.9

Ti mesh

AWTIONTS,  pp 3¢ 227 4.8 13.9 6.2 6.1 49.0

Ti mesh

AWTIONTS 0 136 997 49.0 14.2 5.1 7.0 479

Ti mesh

Table 4.10 Effect of the light irradiation on plasma-assisted NOCM reaction with TiO>Nts/Ti mesh
and Au/ TiO:Nts/Ti mesh catalyst

4.4 Conclusions

Plasma-assisted non-oxidative coupling of methane (NOCM) with titanium
dioxide nanotube-based catalysts, was performed using two different plasma
reactor configurations, a cylindric DBD reactor and a planar DBD reactor. Both

these configurations allowed the irradiation of the sample, to further test the effect
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of a combination between photo and plasma catalysis. Generally, the observed
CH4 conversion was essentially initiated by the plasma discharge and not by a
specific catalytic effect of materials used as electrodes, differently from the

product distribution.

By using the conventional cylindric DBD plasma reactor, the presence of catalysts
reduced the deposition of carbon on the reactor and strongly changed the
selectivity. Among all the catalysts the TiO2Nts/Ti 60 mesh showed the highest
methane conversion, with a greater selectivity towards C2He and Cs products.
TiO> pellets, on the contrary, showed a higher CoH» selectivity compared to the
empty reactor and to the other catalysts. The presence of a metal, Ag in particular,

allowed to push further the selectivity for both meshes and pellets catalysts.

The effect of light was evident in observing the selectivity. Light irradiation
affected modulation of the selectivity, in particular towards ethane, with an
improvement with all the tested catalysts (TiO2NTs/Ti mesh and metal-modified
TiO2NTs catalysts).

Analysing the results obtained with the planar DBD reactor, it is evident the
beneficial role of gold in plasma-assisted NOCM reaction. The gold-modified
sample in fact, strongly enhanced the methane conversion that reached a value of
almost 43%, with a change also in the selectivity, pushing towards the ethylene
production and this effect was even more marked under light irradiation. The

influence of the light is thus very dependent on the geometry of the reactor.

The results obtained in this study demonstrated that the use of non-thermal plasma
(combined with catalysis) is an attractive possibility to convert methane at low
temperatures and obtain different products. This process is a rather complex
reaction, and many different parameters influence the mechanism, particularly if

photo and plasma catalytic effects are combined.

The use of a porous meso/macro 3D hierarchical structure, as the titanium dioxide

nanotubes on a titanium mesh, can be beneficial in terms of both conversion and
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selectivity, and the integration of metal plasmonic NPs can further enhance the

performances. The use of light in combination with plasma may further influence

the selectivity and the conversion in the NOCM reaction, due to the combination

of a local SPR effect on the metal and the photoelectric effect induced from

irradiation on TiO-based material, and this is strongly dependent on the specific

geometry of the plasma reactor.
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4.6 Annex

4.6.1 Materials

Ti gauzes 60 and 80 mesh, were purchased from Alfa Aesar. Commercial TiO2

powder, AgNOs3, HCI, HAuCls - 3H>0, were provided by Sigma-Aldrich.

4.6.2 Mathematical methods

The residence time was calculated with the following formula:

<t <

T =

V = volume (m3)

- , 3 -1
V = volumetric flow rate (m"s ")
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e The discharge power in the tubular DBD reactor (paragraph 4.2) was
calculated using the Q-V Lissajous method multiplying the area contained by
the Lissajous figure, with the frequency of the applied voltage using the

following formula:

P=f-E
E = area contained by the Lissajous figure

f = frequency of the applied voltage signal

e The discharge power in Planar DBD reactor (paragraph 4.3) was calculated

using the following formula:

P(W) =fpulf uxidt

Tpul

e Knowing the plasma power and the gas flow rate in the reactor, the Specific
Energy Input (SEI) was calculated, using the following formula:

SEI (Specific Energy Input) (J/mL) = Calculated Plasma Power / Gas flow rate

e The methane conversion and the selectivity towards the products are

calculated using the following equations:

{Input[CH,] — Output[CH,]}
{Input[CH,]}

CH, conversion = x 100 (%)

{Output [H,]}
{Input[CH,] — Output [CH,]} X 2

H, selectivity = %X 100 (%)

{Output [C,H,]} X 2
{Input[CH,] — Output [CH,]}

C,H, selectivity = x 100 (%)
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{Output [C,H,]} X 2
{Input[CH,] — Output [CH,]}

C,H, selectivity = x 100 (%)

{Output [C,Hg]} X 2
{Input[CH,] — Output [CH,]}

C,Hg selectivity = x 100 (%)

{Output [C5]} x 3
{Input[CH,] — Output [CH,]}

Cy selectivity = x 100 (%)

Carbon balance (%) =

{Output [C3] x 3} + {Output [C,H,] X 2} + {Output[C,H¢] X 2} + {Output[C,H,] x 2} + {Output [CH,]}

X
Input [CH,] 100

199



5. General conclusions

In this PhD thesis, novel photocatalysts based on a 3D hierarchical array of TiO2
nanotubes on a Ti mesh as support (TiO2NTs/Ti mesh), also modified with
different metal nanoparticles, have been efficiently developed and studied in
different catalytic processes for the activation of small molecules. This particular
choice brought about the coupling of a hierarchy of porous systems, the
mesoporous nanotubes and the macroporous mesh. These materials, serving as
both electrodes and catalysts, were tested in photo-electrocatalytic reactions to
produce hydrogen and valuable chemicals (water splitting and ethanol photo-
conversion), as well as in plasma-assisted non-oxidative methane coupling to
form hydrocarbons and hydrogen. The TiO2NTs on Ti meshes were prepared by
anodic oxidation procedure, a versatile method that allows the modulation of the
morphology of the titania nanostructured film, changing properly the
experimental conditions. The first part of this work was dedicated to the
optimization of the synthesis parameters to maximize the photoactivity of the
samples. The best results in terms of optical and photo-electrical properties were
obtained with an anodization potential of 50 V maintained for 1 hour in an

ethylene glycol-based electrolyte.

An extensive study was then performed to analyse the impact of the peculiar
substrate geometry of the catalyst (titanium mesh or foil) on the photocatalytic
performances in water photo-electrolysis reaction. For this purpose,
electrochemical impedance spectroscopy (EIS), combined with other
electrochemical techniques (CV and CA) under both dark and illuminated
conditions, was successfully used. EIS is a useful methodology to evaluate charge
transfer phenomena occurring at the interface of electrodes and electrolytes. It
was observed a good correspondence between EIS and photocatalytic results in
water splitting reaction, indicating that the structure of the support has a strong

impact on the behaviour of the TiO» nanotubes array. The more complex
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hierarchical macro/meso porous structure of the nanotubes in the mesh enhancing
light absorption and facilitating faster electron transport along the nanotubes,
significantly influenced the catalytic performance under illumination, increasing
over three times the production of H> and the current density in water photo-

electrolysis, in comparison with the foil substrate.

Then the effect of the modification of the TiO>NTs/Ti mesh with metal with
proven LSPR (localized surface plasmon resonance) behaviour was investigated.
Au, Ag, Cu, and Pd nanoparticles were deposited on the TiO>NTs/Ti mesh
substrate, using photodeposition and electro-deposition methods, and the as-
prepared samples, fully characterized, were tested in two different reactions:
water photo-electrolysis and ethanol photo-dehydrogenation. The results obtained
in water photo-electrolysis were very promising, as the metal-modified electrodes
showed strong improvements in the performances compared to unmodified
titanium dioxide substrate, thus confirming the role of NPs in the enhancement of
photoactivity of titania. Specifically, by using Cu/TiO2NTs/Ti sample, an increase
in Hz production of 85% but a 20% decrease in the photocurrent was observed,
evidencing an indirect correlation between current and catalytic performances. A
similar behaviour was noticed with Au/TiO,NTs/Ti catalyst, even if much less
pronounced. The Hz production of the Ag/TiO>2NTs/Ti sample was more than three
times higher compared to the bare TiO2NTs/Ti mesh, showing also the highest
current density, probably because of the presence of small particles in lower
amounts (as evidenced by the SEM-EDX analysis). A general correlation between
the amount of a co-catalyst and H> production has been observed, depending on

the cocatalyst used.

Subsequently, experimental tests were aimed at understanding the role of the
operating configuration of the photoreactor on the activity in the ethanol photo-
dehydrogenation reaction. This process is very appealing from an industrial point
of view, due to the possibility of obtaining, (together with H» at the cathode side)

high-added-value products (such as aldehydes or organic acid) at the anode
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instead of oxygen. This reaction is conventionally performed in the liquid phase
but operating in the gas phase could offer instead several potential advantages
(easy scale-up, minimization of scattering phenomena, no metal-leaching etc).
Thus, TiO:NTs/Ti mesh modified with metals were tested in the reaction of
ethanol photo-conversion in two different cell configurations (liquid and gas
phase) to investigate simultaneously two key factors: 1) the role of metal
nanoparticles on the anodic products selectivity and their action mechanism, and
i1) the impact of the presence of an electrolyte on the selectivity and photoactivity.
From the obtained results, it was possible to conclude that the adoption of liquid
or gas phase conditions and the choice of metal nanoparticles had a strong impact
on the catalytic behaviour, particularly in terms of selectivity, thus the presence
of an electrolyte influenced the type and quantity of products formed at the anode.
In fact, in the gas phase, by using Au modified sample, compared to Pd and Ag
catalysts, no acetic acid formation was observed, in contrast with the liquid phase
configuration. This behaviour was the opposite for Pd and Ag-modified samples
that catalysed the subsequent reaction of oxidation of acetaldehyde to acetic acid.
In conclusion, by varying the cell configuration, a distinct reaction pathway in
ethanol photo-dehydrogenation and, consequently, different selectivity, was

obtained and this adds an attractive dimension to this study for future applications.

The last part of the thesis investigated the effect of the 3D macro/meso
nanostructure present in the TiO:NTs on Ti mesh, in the reaction of plasma-
assisted non-oxidative coupling of methane (NOCM) using two different plasma
reactor configurations: a conventional cylindric DBD reactor and a novel planar
DBD reactor. Both these configurations allowed the irradiation of the sample, to
further test the effect of the combination between photo- and plasma catalysis. By
using the conventional cylindric DBD plasma reactor, the presence of catalysts
reduced the deposition of carbon on the reactor and strongly changed the
selectivity. Among all the catalysts the TiO>NTs/Ti 60 mesh showed the highest

methane conversion, with a greater selectivity towards CoHs and C3 products. The
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presence of a metal, Ag in particular, allowed to push further the selectivity.
Generally, the observed CH4 conversion was essentially initiated by the plasma
discharge and not by a specific catalytic effect of materials used as electrodes,
differently from the product distribution. The effect of light was evident in
observing the selectivity. Light irradiation affected modulation of the selectivity,
in particular towards ethane, with an improvement with all the tested catalysts
(TiO2NTs/Ti mesh and metal-modified TiO>NTs catalysts).

Then, the work was dedicated to the design of a new concept DBD planar reactor.
Many adjustments had been necessary to ensure system inertness and prevent
short circuits, assuring a good stabilization of plasma during the process. In the
end, a very compact reactor with no gap between the dielectric material and the
electrodes, equipped with a quartz window for illumination, was constructed to
study the synergies between photocatalysis and localized microplasma. The
TiO>NTs/Ti mesh and metal-modified catalysts were tested using this DBD planar
reactor in plasma-assisted NOCM reaction and, analysing the results obtained, it
was evident the beneficial role of gold. The gold-modified sample in fact, strongly
enhanced the methane conversion that reached a value of almost 43%, with a
modulation also in the selectivity, pushing towards the ethylene production and
this effect was even more marked under light irradiation. The influence of the
light is thus very dependent on the geometry of the reactor. This process is a rather
complex reaction, and many different parameters influence the mechanism,
particularly if photo- and plasma-catalytic effects are combined. In conclusion,
the use of a porous meso/macro 3D hierarchical structure, as the titanium dioxide
nanotubes on a titanium mesh, was beneficial in terms of both conversion and
selectivity, and the integration of metal plasmonic NPs could further enhance the

performances.
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