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Abstract

In the context of global challenges such as climate change and
environmental pollution, photocatalysis evolved as one of the promising
strategies for sustainable energy conversion and pollutant degradation. In this
thesis, photocatalysis using gas phase deposited bimetallic nanoclusters (BNCs)
on TiO, supports is studied in the context of self-cleaning surfaces and
photoelectrochemical (PEC) water splitting applications. Thanks to their
plasmonic properties, BNCs made of coinage metals can serve as efficient
cocatalysts for the degradation of organic pollutants and surface contaminants
under light irradiation. They also hold great promise for PEC water splitting, a
promising pathway for renewable hydrogen production, which can be used in
hydrogen fuel cells or for the environmentally friendly production of fuels in, for
example, CO; hydrogenation processes.

The small size and high surface-to-volume ratio of plasmonic BNCs play
pivotal roles in influencing the efficiency and selectivity of photocatalytic
processes. BNCs have unique optical, physical, chemical, and structural
properties distinctly different from their bulk and monometallic counterparts.
These properties can be fine-tuned at the single particle level by their size,
composition, and atomic arrangement, but also by interaction with other
particles through the coverage and through interaction with the support. To
design better photocatalysts it is crucial to carefully understand the BNCs’
characteristic properties, especially at the atomic level where synergies
between different elements are sought. To achieve this objective, BNCs with
well-defined sizes and compositions are deposited on TiO, supports and we
studied their structural properties and their influence on the photocatalytic
activity.

The general procedure followed in this thesis is the production and
deposition of BNCs on TiO; by the cluster beam deposition (CBD) technique,
followed by structural and optical characterization to understand their tailored
properties, and photocatalytic testing either for photodecomposition of organic
molecules or PEC water splitting.

In a first study, AuAg:« (x =1, 0.9, 0.7, 0.5, 0.3, and 0) alloy BNCs with
different compositions are synthesized in the gas phase and deposited from a
molecular beam on TiO, P25 supports. The photocatalytic self-cleaning activity
of as-prepared samples is tested under UV and visible light towards stearic acid
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(SA) degradation. SA is a widely accepted model contaminant, which represents
the group of organic fouling compounds that typically contaminates glass
surfaces. A composition-dependent activity is observed with the Aug3Ago.;
nanocluster modified TiO, exhibiting the highest photoactivity. Scanning
transmission electron microscopy (STEM) measurements reveal that, for a mass
loading corresponding to an equivalent of 4 atomic monolayers (MLs), the BNCs
are uniformly distributed over the surface. The clusters have an average size of
3.5 £ 0.5 nm and are crystalline in nature. The atomic structure is characterized
by X-ray absorption fine structure (XAFS) spectroscopy and their electronic
structure by X-ray photoelectron spectroscopy (XPS). These measurements
demonstrate a charge redistribution between the Ag and Au atoms when
alloyed at the nanoscale. The effect of this charge redistribution is likely the
stabilization of Ag against oxidation and directly affects the catalytic properties
of the clusters. It is suggested that the highest photoactivity of 4 ML loaded
Auo3Ago7 under solar light results from a combination of four main possible
contributing factors: (i) injection in TiO of excited carriers that are generated by
the localized surface plasmon resonance (LSPR) effect of the BNCs in the visible
light wavelength range which overlaps with the sun’s irradiance spectrum. (ii) a
strong near-field enhancement that increases the photoabsorption by the TiO,
for photons that have enough energy to overcome the high bandgap, (iii) the
optimized total metal loading of 4 ML leaves enough of the TiO, surface
accessible for light absorption, and finally (iv) an effective charge distribution
between Au and Ag. This study demonstrates that CBD is an efficient approach
for fabricating well-defined, tunable AuAg plasmon-based photocatalysts for
self-cleaning applications, outperforming their monometallic counterparts as
well as bimetallic alternatives obtained through colloidal methods.

In a second study, titania nanotubes (TNTs) are modified with a series of
Au,Cuix (x =1, 0.75, 0.5, 0.25, and 0) BNCs using the CBD technique. Based on
the results of the first study, we opted again for a loading of 4 ML. TNTs are
known for their high surface area, fast charge transfer, and corrosion resistance,
while keeping the inherent strengths of traditional TiO, materials. They prove to
be promising photoanodes, enhancing photocurrent in PEC applications for
water oxidation. In this work the TNTs are grown via anodic oxidation of a
titanium metal foil. The crystalline anatase phase of the grown TNTs is confirmed
by the X-ray diffraction technique (XRD), while transmission electron microscopy
(TEM) provides information about the size and composition of the deposited
BNCs. XAFS provides further structural information, while XPS measurements
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reveal charge redistribution between Au and Cu, which can aid in the
enhancement of the PEC activity. Oxidation of as-prepared electrodes over the
time results in structural changes with Cu,O at the outer shell functioning as a
protective layer, while the majority of the core is an alloy. The optical properties,
studied through UV-Vis spectroscopy confirm the extended absorption range of
the cluster-modified TNTs towards the visible region. The charge carrier
recombination rate is derived from photoluminescence (PL) measurements. The
as-prepared electrodes are tested photoelectrochemically for the generation of
an anodic photocurrent using simulated sunlight. It is found that the AusCui.
(x = 1, 0.75, 0.5, 0.25 and 0) BNC modified TNTs show a remarkable
enhancement in the anodic photocurrent relative to pristine TNTs, with
Auo.25Cuo 75 exhibiting the highest photocurrent. This is due to the combination
of many possible factors. Firstly, the charge redistribution between Au and Cu
and increase stability of the AugsCug.7s electrode as observed in XAFS, indicates
that the electronic effect in the cluster is also one of the governing factors for
PEC activity. Secondly, formation of a surface CuOy layer, protects against further
corrosion of the metallic AuCu BNCs cores. Third, reduced recombination of
charge carriers is indicated by lower photoluminescent (PL) intensity compared
to pristine TNTs and all other electrodes except pure gold, as observed in PL
spectra. This implies that the generated charge carriers are efficiently separated
by Auo2sCuozs NCs acting as electron sinks and easily available for redox
reactions. Fourth, the highest interfacial charge transfer efficiency is evidenced
by the electrochemical impedance spectroscopy (EIS), leading to more
efficacious charge migration and separation, facilitating the water oxidation
surface reaction. A final beneficial factor is the uniform deposition of well-
defined, size- and composition-controlled, ligand-free BNCs. Such BNCs provide
more effective surface sites to the reaction medium, in contrast to electrodes
synthesized by e.g. sol-gel methods, where (in)organic residues on metal
surfaces may decrease the efficiency.

The structure of thesis is as follows: Chapter 1 introduces the research
work and places it in a wider context, stressing the need to go beyond the state
of the art. Chapter 2 gives an overview of the experimental techniques used in
the thesis work, with examples from own experimental work. The main findings
of the research are presented in chapters 3 and 4 where chapter 3 contains the
results of SA degradation by AuxAgix BNCs on P25 TiO, nanoparticles, chapter 4
deals with PEC water splitting using AuxCui« BNCs on titania nanotubes. Finally,
chapter 5 provides a comprehensive summary of thesis and proposes novel

Vv
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experiments based on the insights gained throughout this study and their
potential implications.
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Samenvatting

In de context van wereldwijde uitdagingen zoals klimaatverandering en
milieuvervuiling, heeft fotokatalyse zich ontwikkeld tot één van de meest
veelbelovende strategieén voor duurzame energieomzetting en de afbraak van
vervuilende stoffen. In dit proefschrift werd fotokatalyse bestudeerd met
bimetallische nanoclusters (BNC’s), in gasfase afgezet op TiO,-dragers, met
name in toepassingen van zelfreinigende oppervlakken en foto-
elektrochemische  (PEC) watersplitsing. Dankzij hun  plasmonische
eigenschappen kunnen BNC’s gemaakt van edelmetalen dienen als efficiénte
co-katalysatoren voor de afbraak van oppervlakteverontreinigingen onder
belichting. Ze zijn ook veelbelovend voor de PEC-watersplitsing, een cruciaal
proces voor de productie van hernieuwbare waterstof die kan gebruikt worden
in waterstofbrandstofcellen of voor de milieuvriendelijk productie van
brandstoffen via bijvoorbeeld CO;, hydrogenatiereacties.

De kleine afmetingen en hoge oppervlakte-volumeverhouding van
plasmonische BNC's spelen een centrale rol voor de efficiéntie en selectiviteit
van fotokatalytische processen. BNC's hebben unieke optische, fysische,
chemische en structurele eigenschappen die duidelijk verschillen van hun bulk-
en monometallische tegenhangers. Deze eigenschappen kunnen worden
verfiind op het niveau van de afzonderlijke deeltjes door hun grootte,
samenstelling, en atomaire rangschikking, alsook door de interactie met andere
deeltjes door de bedekkingsgraad te variéren of door de interactie met de
drager. Om betere fotokatalysatoren te ontwerpen is het cruciaal om de
karakteristieke eigenschappen van de BNC's goed te begrijpen, vooral op
atomair niveau waar synergieén tussen verschillende elementen worden
gezocht. Om dit doel te bereiken zijn BNC’s met goed gedefinieerde afmetingen
en samenstellingen afgezet op TiO,-dragers en hebben we hun structurele
eigenschappen en hun invloed op de fotokatalytische activiteit bestudeerd.

De algemeen procedure die gevolgd werd in dit proefschrift is de
productie en afzetting van BNC's op TiO,  door de
clusterbundeldepositietechniek (CBD), structurele en optische karakterisering
om hun specifieke eigenschappen te begrijpen, gevolg door fotokatalytische
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testen voor ofwel fotodecompositie van organische molecules of PEC-
watersplitsing.

In de eerste studie worden AusAg:« (x=1,0,9, 0,7, 0,5, 0,3 en 0) BNC's
met verschillende samenstellingen gesynthetiseerd in de gasfase en afgezet op
TiO, P25-substraten. De fotokatalytische zelfreinigende activiteit van de
bereide stalen wordt getest onder ultraviolet (UV) en zichtbaar (Vis) licht voor
de afbraak van stearinezuur (SA). SA is algemeen aanvaard als modelmolecule
voor organische vervuiling op oppervlakken. Er werd een
samenstellingsafhankelijke activiteit waargenomen waarbij TiO, gemodificeerd
met AugsAgo7-nanoclusters de hoogste fotoactiviteit vertoont. Metingen met
behulp van scanning-transmissie-elektronenmicroscopie (STEM) tonen aan dat
de BNC's, bij een masslading die overeenkomt met een equivalent van 4
atomaire monolagen (MLs) uniform over het oppervlak verdeeld zijn. De
clusters hebben en gemiddelde grootte van 3,5 + 0,5 nm en zijn kristallijn van
aard. De atomaire structuur is gekarakteriseerd door X-ray absorption fine
structure (XAFS) spectroscopie en de elektronische structuur door en X-ray
photoelectron spectroscopy (XPS). Deze metingen tonen een herverdeling van
de lading aan tussen de Ag- en Au-atomen in deze nanolegeringen. Het effect
van deze ladingsherverdeling is waarschijnlijk de stabilisatie van Ag tegen
oxidatie en beinvloedt directe de katalytische eigenschappen van de clusters. Er
wordt gesuggereerd dat de hoogste fotoactiviteit van 4 ML geladen Auo3Ago7
onder zonlicht het resultaat is van een combinatie van vier mogelijke factoren:
(i) de injectie in TiO, van geéxciteerde ladingsdragers die resulteren van de
gelokaliseerde oppervlakteplasmonresonantie (LSPR) van de BNC's in het
golflengtegebied dat samenvalt met het zonnespectrum, (ii) een felle
versterking van het nabije elektrische veld die de foto-absorptie door TiO;
verhoogt voor fotonen die voldoende energie hebben om de bandkloof te
overwinnen, (iii) de geoptimaliseerde metaalhoeveelheid van 4 ML die
voldoende van het TiO; rechtstreeks toegankelijk laat voor lichtabsorptie, en
tenslotte (iv) een effectieve ladingsverdeling tussen Au en Ag. Deze studie
demonstreerde dat CBD een efficiénte methode is voor het vervaardigen van
goed gedefinieerde, afstembare AuAg plasmon-gebaseerde fotokatalysatoren
voor zelfreinigende oppervlakken, die beter presteren dan hun
monometallische tegenhangers en als bimetallische alternatieven verkregen via
colloidale methoden.
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In een tweede studie worden titaniananotubes (TNT's) gemodificeerd
met een reeks van AuxCui-« (x =1, 0,75, 0,5, 0,25 en 0) BNC’s met behulp van de
CBD-techniek. Op basis van de resultaten van de eerste studie wordt opnieuw
gekozen voor een belasting van 4 ML. TNT’s staan bekend om hun grote
oppervlakte, en hoge corrosiebestendigheid, terwijl ze de inherente voordelen
van traditionele TiO,-materialen behouden. Ze blijken veelbelovende
fotoanodes te zijn die de fotostroom in PEC-toepassingen voor wateroxidatie
verbeteren. De kristallijne anataasfase van de gegroeide TNT's werd bevestigd
door de rontgendiffractietechniek (XRD), terwijl transmissie-
elektronenmicroscopie (TEM) informatie geeft over de grootte en samenstelling
van de neergezette BNC's. XAFS geeft verdere structurele informatie, terwijl
XPS-metingen de ladingsherverdeling tussen Au en Cu laat zien, welke kan
helpen bij de verbetering van de PEC-activiteit. Oxidatie van de geprepareerde
elektroden in de loop van de tijd resulteert in structurele veranderingen waarbij
CuxO in de buitenste schil functioneert als een beschermende laag, terwijl het
grootste deel van de kern een legering is. De optische eigenschappen,
bestudeerd met UV-Vis-spectroscopie, bevestigen het uitgebreide
absorptiebereik van TNT's in het zichtbare gebied. De recombinatiesnelheid van
de ladingsdragers is afgeleid uit fotoluminescentie (PL)-metingen. De
geprepareerde elektroden zijn foto-elektrochemisch getest op het genereren
van een anodische fotostroom met behulp van gesimuleerd zonlicht. Het blijkt
dat de AuCuix (x= 1, 0,75, 0,5, 0,25 en 0) BNC-gemodificeerde TNT’s een
opmerkelijke verbetering vertonen in de anodische fotostroom ten opzichte van
TNT’s zonder clusters, waarbij Auo,2sCuo,7s de hoogste fotostroom laat zien. Dit
is het gevolg van een combinatie van factoren. Ten eerste geeft de
ladingherverdeling tussen Au en Cu en de toename van de stabiliteit van de
Auo.2s5Cuo.7s-elektrode, zoals waargenomen in XAFS, een indicatie voor het
belang van het elektronische effect in de cluster voor PEC-activiteit. Ten tweede
beschermt de vorming van een CuOy laag aan het oppervlak tegen verdere
corrosie van de metallische AuCu BNC-kernen. Ten derde is er een verminderde
recombinatie van ladingsdragers, aangegeven door de lage fotoluminescerende
(PL) intensiteit. Dit impliceert dat de gegenereerde ladingsdragers efficiént
werden gescheiden door Auo,2sCuo,7s NC's die fungeren als elektronenputten en
gemakkelijk beschikbaar zijn voor redoxreacties. Ten vierde is er een hoge
efficiéntie van ladingsoverdracht aan het grensvlak, bewezen door de
elektrochemische impedantiespectroscopie (EIS), wat leidt tot effectieve
ladingsmigratie en -scheiding, waardoor de wateroxidatie oppervlaktereactie
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wordt bevorderd. Een laatste gunstige factor is de uniforme neerzetting van
goed gedefinieerde, grootte- en samenstellingsgecontroleerde, ligandvrije
BNC's. Dergelijke BNC’s verschaffen een effectieve centra voor
oppervlaktereacties, in tegenstelling tot elektroden die zijn gesynthetiseerd
met bv. sol-gel-methoden, waarbij (an)organische residuen op het oppervlak
achterblijven.

De structuur van het proefschrift is als volgt: Hoofdstuk 1 introduceert
het onderzoekswerk en plaatst het in de bredere context, waarbij de noodzaak
wordt benadrukt om verder te gaan dan de huidige state of the art. Hoofdstuk
2 geeft een overzicht van de experimentele technieken die in dit proefschrift
zijn gebruikt, met voorbeelden uit eigen experimenteel werk. De belangrijkste
bevindingen van het onderzoek worden gepresenteerd in de hoofdstukken 3 en
4. Waar hoofdstuk 3 de resultaten van SA-afbraak door AusAgi.« BNC's op P25
TiO, nanodeeltjes bevat, behandelt hoofdstuk 4 de PEC-watersplitsing met
AusAuix BNC's op titaniananotubes. Tenslotte geeft hoofdstuk 5 een
samenvatting van het proefschrift en worden nieuwe experimenten
voorgesteld, gebaseerd op de inzichten die tijdens dit onderzoek zijn opgedaan,
en hun potentiéle implicaties.
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Chapter 1
Introduction

Today, 'sustainability’ or 'sustainable development' stands as a global
rallying cry. In 2015, all United Nations member states collectively came up with
"The 2030 Agenda for Sustainable Development," presenting a shared roadmap
for long term human life on the planet, both presently and in the future. Central
to this agenda are the 17 Sustainable Development Goals (SDGs),* representing
a pressing call to action for all nations, regardless of their development status,
to collaborate in addressing global challenges.

My PhD thesis is related to three of these SDGs: ensuring healthy lives
(SDG 3), promoting renewable and clean energy (SDG 7), and climate action to
preserve the earth’s resources (SDG 13). These goals emphasize some of the
contemporary challenges we face: the escalating threat of global warming, the
depletion of fossil fuel resources, and the pervasive issue of urban pollution.
Global and scientific communities are seeking solutions to address these
pressing issues. Photocatalysis and photoelectrocatalysis can contribute to
attainable and sustainable solutions for mitigating urban pollution and global
warming, and can provide renewable energy as alternative to fossil fuels.

The interest in photocatalysis began with the energy crisis of the 1970s
when people worldwide realized that the supply of fossil fuels (coal, oil and
natural gas) cannot last forever, and that humanity will face serious
consequences if continuing to use earth’s resources uncontrollably.
Furthermore, the consumption of fossil fuels leads to an increase in the
CO; content in the atmosphere. CO;is the main by-product in the usage of fossil
fuels that contribute up to 75% of the estimated greenhouse gases according to
United Nations.? Excess of CO, causes global warming and other undesirable
climate changes. Therefore, we are confronted with urgent need to identify and
use renewable energy resources. These are expected to have no destructive
impact on the environment and will enable energy security. Currently renewable
energy sources like hydropower (electrical energy generated via abundant water
resources),®> wind energy, geothermal energy (heat extracted from rocks
beneath water beds or undergrounds)* and solar energy are being used, but
geographical, technological, cost-effectiveness challenges remain. In an attempt
to explore new ways or to modify existing ways to maximally exploit renewable
energy resources, hydrogen has been looked upon as a good energy carrier.®
There are different paths for hydrogen production, namely steam methane
reforming, coal gasification, electrolysis, biomass gasification, thermochemical
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water splitting, biohydrogen production, and photoelectrochemical (PEC)
decomposition of water.® This last path has caught the attention of the world
after the study in 1972 by Fujishima and Honda® using titanium dioxide (TiO,)
and later in 1991 by O’Regan and Grétzel.” The study of Fujishima and Honda
demonstrated the possibility of generating hydrogen through photocatalysis
from water using solar energy, offering a beacon of hope in addressing the
global energy crisis. From then on, TiO has been investigated extensively by the
scientific community. Figure 1.1 gives an overview of various applications of TiO;
in industry, for a variety of reasons. In particular, it is an excellent photocatalyst
for a number of reactions, including solar fuel production, oxidation or
degradation of pollutants, anti-fogging or self-cleaning coatings for windows,

and hydrogen production.?
o Pharmaceuticals
L)

Cosmetic and

PS? hygienic products

(—

Photocatalytic
applications

Food additive
(E171)

Energy storage

Paints,
plastics

Figure 1.1. Various applications of titanium dioxide, adapted from ref. [9].

1.1. TiO; based photocatalysis

Despite the extensive research on various semiconductors over the
years, TiO, continues to stand out as an unmatched n-type semiconductor,
particularly in photocatalytic and PEC applications. This superiority is attributed
to its exceptional photocatalytic activity, chemical and thermal stability, ability
for large-scale production, cost-effectiveness, suitable positions of conduction
band (CB) and valence band (VB) and low toxicity.1>11121314 Before going into
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the detailed characteristics of TiO,, first a brief introduction to photocatalysis is
given.

Photocatalysis is a technology in which a semiconductor is irradiated by
(solar) light to drive a chemical reaction. When semiconductors, like TiO,, absorb
photons, electrons and holes are generated, which can then initiate the
reduction and/or oxidation reactions.’® To be more specific, when the
semiconductor is exposed to photons with an energy equal to or larger than its
bandgap, hv 2 Ecs— Evs with h the Planck’s constant, v the frequency of light,
and Ecs and Eys the conduction and the valence-band energy, respectively, the
photon energy can be transferred to an electron that is excited from the VB to
the CB. This process leaves a hole in the VB and places an excited electron in the
CB. The excited electrons and holes should be efficiently separated so that they
can be utilized for different chemical reactions, as applied in photocatalytic
wastewater treatment, air purification, water splitting, CO, reduction,
disinfection, and self-cleaning surfaces.'>'71® Therefore efficient charge
carrier separation and prevention of electron-hole recombination, which can
occur on the surface of semiconductor, is important. A large charge carrier
lifetime is essential for a good photocatalytic activity.

TiO, has dominated the field of photocatalysis in the last five decades,
i.e. since Honda and Fujishima discovered the photoelectrocatalytic water
splitting over TiO, electrodes under ultraviolet (UV) light illumination.® Titania
naturally exhibits four different polymorphs, i.e., anatase, rutile, brookite and
TiOy(B) of which anatase is the most photoactive phase and rutile is
thermodynamically the most stable one.'® Figure 1.2 shows the schematic
crystal structure of the four common TiO; phases using Ti—-O octahedrons as the
fundamental building block. These four phases have different symmetry, and
their corresponding nanostructures exhibit different growth behavior. Rutile
TiO; has a tetragonal structure,?® with {011} and {100} planes having the lowest
surface energy. The equilibrium morphology of rutile nanoparticles is a trunked
octahedron. The anatase phase also has a tetragonal structure and trunked
octahedral morphologies in the corresponding.?® Brookite is orthorhombic and
has a large unit cell consisting of 8 TiO; units. TiOz(B) also has a large unit cell
with a more open crystal structure compared to other polymorphs.?! Anatase
TiO,, being the most photoactive phase of Ti0,,2*% is the preferred polymorph
in this research and can be obtained by annealing treatments at relatively mild
temperatures and is very stable under irradiance conditions.
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Rutile

d) Anatase

Brookite TiO,-B

Figure 1.2. Schematic crystal structure of the four TiO, polymorphs (a) rutile, (b)
anatase, (c) brookite, and (d) TiO,(B), figure adapted from ref. [24].
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Figure 1.3. a) Schematic presentation of mechanism of TiO, based
photocatalysis and b) a set of radical chain of reactions involved in this process
(reactions 1.1 to 1.6).



Chapter 1 — Introduction

When the photons are absorbed inside the semiconductor
photocatalyst, the excited electrons and holes need to migrate to the surface
before they can initiate redox reactions. In a homogeneous semiconductor, the
migration is a random walk and thus the excited electrons and holes have plenty
of chance to recombine due to lattice defects, crystal imperfections, and
impurities,?® causing low photocatalytic efficiency. Furthermore, for large-
bandgap materials, such as TiO,, the use of UV light requires artificial light
sources and consumes more electricity, making it less attractive when energy
supply and cost are concerns. The need to use sunlight more efficiently has
sparked increasing research interest in photocatalysis.

Figure 1.3 gives the mechanism involved in photocatalysis as a set of
radical chain reactions with a series of reactive species. The large band gap of
anatase TiO; (3.2 eV) necessitates the use of UV light for electron-hole pair
formation (equation 1.1). This band gap ensures sufficient longevity for the
photogenerated electron pair to migrate to the photocatalyst surface, where
they become trapped and initiate oxidation and reduction reactions with
adsorbates.'®?% The hole's redox potential is notably high (+2.53 V vs SHE at pH
7)' making it an effective oxidizing agent, while the photoexcited electron
exhibits strong reducing capabilities due to its low redox potential (-0.52 V vs
SHE at pH 7).28 The positively charged holes can oxidize OH or H,0, to produce
hydroxyl radicals (*OH) (equation 1.2), whereas conduction band electrons
reduce molecular oxygen (O3) to produce superoxide anion (O;"°) (equation 1.3).
These anions may further react with H* to generate the hydroperoxyl radical
(*O0H) and hydrogen peroxide (H,0;) (equations 1.4 & 1.5). The photocatalytic
mechanism, such as pollutant degradation, operates through a radical chain
reaction, generating reactive oxygen species such as *“OH, O,™*, and *O0OH which
subsequently react with surface-adsorbed species, ultimately degrading them
to CO, and H,0.293%192831 Additionally, there's a possibility for electrons and
holes to directly react with molecules adsorbed on the surface.

Despite its popularity, TiO, has two serious limitations as photocatalyst.
It only is responsive to the UV part of solar light (wavelength < 400 nm) which
comprises only 4% of entire solar spectrum and there is a fast recombination of
photogenerated electrons and holes (h*/e”) which results in a low photocatalytic

! The standard hydrogen electrode or SHE, is a redox electrode that forms the basis of the
thermodynamic scale of oxidation-reduction potentials. It is a reference electrode against which
the electrode potentials of all electrodes are measured. When hydrogen gas at 1 atm-pressure is
adsorbed over a platinum electrode dipped in 1M HCl at 25 °C, the SHE potential is, E® = 0 V).27
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efficiency.’%32 For comparison, band gap energies of different popular

semiconductors are compared with anatase TiO; in Figure 1.4.

2 -
1 -
< n 0.2
%) +0.0 0.0
S D mm]- - ST L . ;0_ .3 _____________________
w . o
o Tio, w05 H/HO@H +2e3 Hy)
La = 3.2 BiVO,
g eV 2.4
T = ey +1.23
£ - Fe,0, | 0nfH;0 (2H+0,42e" - H,0)
9 BN O, 2.1
[e] 2.8 eV
o 42— eV
N 1.4 "y +2.8
43 OH/*OH (OH"+2h* 3*OH)
3.0
+3.1

Semiconductors

Figure 1.4. Energy states and band gap energies of a few popular oxide
semiconductor photocatalysts. All values are expressed vs SHE (corresponding
to pH 0). Figure is adapted from ref. [8].

To overcome these two limitations and to optimize the performance of
TiO, under visible light, researchers have explored various modifications of
titania such as, specific ordered nanostructures to transport the photo-
generated charge carriers to the other side of the PEC cell,3*3* band gap
engineering, and surface modification with metal nanoparticles.

1.2. Nanoparticles and plasmonic photocatalysis

The deposition of metal nanoparticles has been extensively studied as
a strategy to enhance the capabilities of TiO;-based photocatalysts.
Nanoparticles/nanoclusters (NPs/NCs) are small pieces of matter, typically
composed of a few to 10° atoms and have sizes < 100 nm in all directions. They
have received much attention in the scientific research for the last few decades
due to their unique and enhanced properties, which can be very different from
the corresponding bulk properties, and their numerous applications in many
fields, especially in medicine,® healthcare, electronics,*® and energy related
fields,*” as well as in environmental applications.33% At the nanoscale, quantum

6
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effects become dominant leading to altered physical, chemical, optical,
mechanical, electrical and thermal properties, which serve as a suitable
platform to create innovative materials that would open up infinite possibilities
for technological advancement.

For example, gold NPs smaller than 10 nm exhibit a strong plasmon
resonance, which is a collective oscillation of free conduction electrons in a
noble metal when irradiated by light, that is highly interesting for catalysis or
solar energy conversion.”® The gold plasmon resonance enhances the
absorption of light and increases the generation of electron-hole pairs in the
photocatalyst. Au NPs are chemically inert and resistant to corrosion under
various environmental conditions.** Silver NPs in the range of 1 to 100 nm are
promising nanomaterials with antibacterial properties that exhibit increased
chemical activity due to their large surface to volume ratios and crystallographic
surface structure.* The antibacterial properties of Ag NPs can be beneficial for
applications involving water purification and disinfection.®® Similar to gold, silver
NPs also exhibit strong surface plasmon resonance effects, enhancing light
absorption and increasing the photocatalytic activity. Copper is more abundant
and less expensive compared to gold and silver, making Cu NPs a cost-effective
alternative for large-scale applications.** Cu NPs are effective in redox reactions
and also can improve the overall catalytic performance of photocatalysts.
Copper nanoparticles can facilitate electron transfer processes, which are crucial
for photocatalytic applications such as pollutant degradation and hydrogen
production.®

NPs can also play a vital role as cocatalysts in addressing environmental
challenges. They can be employed for water purification, soil remediation, and
air purification. Their unique properties enable efficient removal of pollutants
and contaminants from various aqueous and solid environmental matrices such
as surface water, ground water, drinking water, soil solutions, soils, sedimentary
matter, etc. With the possibility of imaging and designing nanoparticles through
the invention of electron microscopes,*®*” researchers have started to produce
various types of NPs and manipulate their properties at the atomic level, driving
the rapid development of the nanotechnology field. These NPs are of particular
interest in photocatalysis and photoelectrocatalysis because they can act as
individual active sites, and minor changes in size and composition can have a
substantial influence on the activity and selectivity of a chemical reaction.

Most of the metal NPs nowadays are synthesized in solution by wet
chemistry methods that generally include inorganic acids, ligands, surfactants,
and functional groups that protect and stabilize the NPs.* The choice of ligands
is of utmost importance for the colloidal stability and function of the NPs.
Moreover, the selection of ligands employed in NPs synthesis can determine

7
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their final size and shape. Ligands added after NPs synthesis infer new properties
and provide enhanced colloidal stability. Therefore the use of acids and ligands
in wet chemistry synthesis methods can have significant influence on the
properties of the metal NPs,* in the context of catalysis this implies their
activity, selectivity and stability.>® Wet chemical methods dominated the
research due to their ability to provide suitable amounts of NPs for industrial
applications. Physical methods, though further from large production to scale
up to the industry, can produce NPs with unmatched control over size and
composition, and these NPs are ligand-free. This opens up new opportunities to
perform fundamental investigations on defined systems. These are important

assets in the design of high performance catalysts with enhanced reactivity,
selectivity and stability.

Electron cloud

Metallic nanostructure

Electric ficld

Figure 1.5. Schematic illustration of the LSPR phenomenon in a metallic
nanoparticle. The itinerant electron cloud in the metal oscillates along with the
electric field component of the incident light, against the restoring force of the
positive nuclei, figure adapted from ref. [51].
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Plasmonic photocatalysis, in which sunlight as an abundant and
renewable energy source is utilized efficiently to drive diverse chemical
reactions, has emerged as an expanding research field.>***%* Plasmonic
photocatalysis involves doping or deposition of plasmonic metal NPs, with sizes
of tens to hundreds of nanometers, into semiconductor photocatalysts to obtain
a drastic enhancement of their photoactivity under the visible light irradiation.
Au, Ag and Cu are the most popular materials used for plasmonic photocatalysis
because of their localized surface plasmon resonance (LSPR) phenomenon.
Compared with conventional TiO, semiconductor photocatalysis, plasmonic
photocatalysis possesses two distinctive features:>> a Schottky junction and
LSPR, each feature has its own advantages in the photocatalytic processes. The
Schottky junction arises from the contact between the noble metal and the n-
type semiconductor as the work function of the metal is greater than that of the
semiconductor. This results in an upward band bending at the metal-
semiconductor interface. This contact between metal and semiconductor
results in redistribution of charge carriers as electrons are transferred from
semiconductor to the metal nanoparticle until the entire system reaches
equilibrium. The metal component facilitates a rapid channel for charge
transfer,>® with its surface serving as a center for trapping charges (electron
sink), thus reduce the recombination with photogenerated holes that stay at the
semiconductor.>’*%%° Thus, the metal nanoparticle assists the photocatalytic
process by promoting interfacial charge transfer with the Schottky barrier
preventing the backflow of electrons from metal to semiconductor.'%>7/6°

Solar Simulator

Figure 1.6. a) Schematic representation of plasmonic photocatalysis using alloy
AuAg nanoparticles.
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LSPR is the coherent oscillation of free conduction band electrons with
concurrent light. 52616263 |t occurs when electromagnetic radiation of the right
wavelength irradiates a metal NP much smaller than the wavelength of incident
light, the electric field component of the incident light interacts with the NP’s
electrons, causing the collective electron density to oscillate at a frequency of
the incoming light as schematically shown in Figure 1.5.54%° The LSPR effect
enhances the light absorption and leads to strong field enhancement effects
around the NPs. The oscillatory electron movement induced by surface plasmon
resonance implies energy transfer from the incoming light to the electrons,
partially extinguishing it. When the wavelength of the incoming light approaches
the plasmonic wavelength, more energy can be transferred resulting in an
increased light absorption.

The plasmonic wavelength is defined by several key factors such as
dielectric function of the metal, the size and shape of NPs, and the surrounding
medium. The resonant wavelength is red-shifted if the surrounding medium has
a higher dielectric constant (g).*%’The resonant wavelength is also redshifted
when the nanoparticle size increases.%® Similarly, it depends on the particle’s
shape. For particles of a comparable size, but a shape variation from spherical
to pentagonal and then to triangular, the resonant wavelength was found to be
shifted from 445 to 520 nm and then to 670 nm.® In plasmonic photocatalysis,
the noble metal NPs (e.g. Au nanospheres) could have different contact states
with the photocatalyst (e.g. TiO3). They could contact only through the surfaces,
or the NPs could be fully (or partially) enclosed by the photocatalyst. For
example, the resonant wavelength was found to red-shift from 350 to 430 nm
with the increase of the contact area in the case of silver nanosphere (radius 10
nm) embedded into a mica shell (10 nm thick).”

The schematic representation of plasmonic photocatalysis is given in
Figure 1.6. The physical processes taking place in it are: 1) Efficient separation
of generated electrons and holes is achieved through Schottky barrier as
explained above. 2) Extension of the operational window of TiO, (wide band gap
semiconductor) from the UV to the visible range. 3) The resonance wavelength
of Au or Ag or Cu NPs or their alloys can be tuned depending on their size, shape,
composition, and surrounding environment.”® 4) LSPR generates a concentrated
local electric field, promoting photocatalytic reactions by facilitating the
excitation of more electrons and holes in the enhanced electric field,”* and
heating the surrounding environment to enhance redox reaction rates (heating
effect).5! 5) Intense absorption ensures that most incident light is absorbed in a
thin layer (~10 nm) beneath the surface, reducing the distance between
photoexcited electrons and/or holes and the surface, making it comparable to
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the minority carrier diffusion length (~ 10 nm).527273 This is advantageous for
materials with poor electron transport. 6) Excitation of electrons in metal
through LSPR (called hot electrons) and injection into semiconductor is done
(Figure 1.6). Such electrons are called ‘hot’ because when an electron is excited
due to LSPR, its energy becomes larger than in the classical Maxwell Boltzmann
distribution at ambient temperature. As a result the electron is not in
thermodynamic equilibrium anymore with the atoms in the material and so is
called ‘hot’.’* The energy of hot electrons in Au and Ag nanoparticles typically
ranges between 1 and 4 eV.5>7>7476 These highly energetic hot electrons can be
subsequently transferred into a semiconductor if their energy exceeds the
Schottky barrier height. The barrier height is relatively small (approximately 1
eV) for Au/TiO, and Ag/TiO,, facilitating the transfer of hot electrons across the
barrier.”” Research conducted by the group of Moskovits indicated that even
electrons with insufficient energy to overcome the Schottky junction can still
tunnel across the metal-semiconductor interface, although the possibility is
lower.”®73 Following electron injection into the semiconductor, the plasmonic
nanoparticle becomes positively charged, necessitating the presence of an
electron donor or a hole transporting species to restore charge balance.”

1.3. Photoelectrochemical reactions

The term "photoelectrochemical” indicates the coupling of light with
electrochemical reactions. This term encompasses the overall chemical
processes that occur when reactants are exposed to light and an applied
potential. It includes not only catalytic reactions but also the generation and
transport of photoexcited charge carriers, which can contribute to various
electrochemical processes such as water splitting or energy storage.
Photoelectrocatalysis is typically carried out in a photoelectrochemical cell
(PEC), which operates based on the interaction between a semiconductor and
an electrolyte at their interface. PEC cells were reported already in 1839 by
Edmond Becquerel.”” A detailed description of a PEC cell and operation
principles will be given in experimental section 2.9 of chapter 2.

In this thesis we will make use of PEC water splitting. This reaction was
first discovered by Fujishima and Honda using TiO; as a photoanode and Pt as
cathode.® It is electrolysis of water by the direct use of light in the presence of a
photocatalyst. Semiconductor oxide photoelectrodes TiO,, Fe,03,2%8! WQ3,8%83
BiVO3,%* and CdS and CdSe®>®® and other advanced nanomaterials such as
yttrium vanadate (YVO4)®’, CulnS;®® and g-CsN+% have been used for designing
PEC devices to oxidize water and generate molecular oxygen and hydrogen.

TiO; has been recognized to be an excellent electrode material for PEC
water splitting,*® due to its favorable band structure (Figure 1.4, the conduction
11
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band edge should be more negative than the reduction potential of the target
reaction and the valence band edge should be more positive than the oxidation
potential of the target reaction), good optical stability, chemical inertness,
photostability and cost efficiency.’® Various morphologies of TiO,, including
nanospheres, nanobelts, nanotubes, and nanoflowers, have been investigated
for diverse catalytic purposes. Among these, TiO, nanotubes (TNTs) fabricated
through anodization stand out due to their advantageous properties such as
high electron mobility, chemical stability, large surface area, and
photoconversion efficiency. However, their optical absorption primarily occurs
in the near UV region, and the significant recombination of excitons (electron-
hole pairs) hampers their practical use as mentioned earlier.9%°® The
modification of TNTs with other materials or dopants can address these
limitations. One promising approach involves the incorporation of noble metal
NPs such as silver, gold, or copper which can enhance optical absorption and
improve the efficiency of TNTs in PEC applications.’**2 TNTs are used as
photoanodes in PEC cells in this PhD thesis.

Figure 1.7. Scanning electron microscopy image of TNTs: a) cross-sectional view
b) top view, measured with FEG-ESEM-Thermo Fisher Scientific Quanta 250 at
an accelerating voltage of 20 kV, courtesy to Karthick Raj Ag (University of
Antwerp) for providing the image.

Highly ordered and vertically oriented TNTs have been studied
extensively in PEC devices for water splitting.>> They still represent an
important subject in the development of PEC devices nowadays, even though
further engineering® is needed to optimize their performances. They are
fabricated through the electrochemical anodization of Ti foil in a fluoride ion
containing electrolyte.® A scanning electron microscopy (SEM) image of TNTs is
given in Figure 1.7. The cross-sectional view of TNTs as shown in Figure 1.7a

12
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reveals that the nanotubes have a length of approximately 800 nm and are quite
regularly ordered. The top view, as depicted in Figure 1.7b, indicates that the
diameter of the nanotubes is around 80 nm. The application of TNTs for water
oxidation will be discussed in section 1.4.2.

Photoelectrocatalysis brings together the synergies between
photocatalysis and electrocatalysis, using light to initiate chemical reactions,
with potential applications in the development of sustainable energy
technologies.

1.4. Application of TiO, supported BNPs

After introducing the mechanisms and principles involved in
photocatalysis, plasmonic photocatalysis and photoelectrocatalysis, this section
focusses on the applications of NP/NC-modified TiO, as photocatalyst and
NP/NC-modified TNTs as photoanode.

1.4.1. NP/NC-modified TiO, as photocatalyst

TiO; is considered promising as a ‘photoresponsive’ wetting material
after the discovery of its photoinduced superhydrophilic behaviour reported by
Wang et al. in 1997.% Its ability to decompose and degrade organic pollutants
on its surface, makes TiO; a good self-cleaning photocatalyst in the midst of
contaminated, unhygienic, polluted, fouled, or infected surfaces. Due to the
photoinduced hydrophilicity of TiO;, organic dirt molecules are adsorbed onto
the TiO; surface. When excited with UV light, those molecules are decomposed
in a photocatalytic process. In self-cleaning applications outdoor, rain water
subsequently washes away the decomposed or degraded fragments, leaving the
surface clean and sterilized.1°%19%192 Since TiO, is only UV responsive, the
possibility to extend the photodegradation towards visible light has been
investigated by addition of metal NPs like Au or Ag. It was shown by Alvero et
al.,’®® that mesoporous titania containing Au NPs is an efficient photocatalyst
for visible light decontamination of Soman (IUPAC - 2,2-trimethylpropyl
methylphosphonofluoridate is an extremely toxic chemical substance and it is a
nerve agent, interfering with normal functioning of the mammalian nervous
system%), For this, light intensity of 4300 Lx (measured with an 840006 Speer
Scientific luxmeter) was used. When the degradation of Malathion (IUPAC -
diethyl 2-dimethoxyphosphinothioylsulfanylbutanedioate is a pesticide) is
monitored under visible and UV light for Au/TiO, nanocomposites, it was
observed that the presence of gold accelerates the photocatalytic degradation
and allows photodegradation under sun light for 67% which is higher than the
6% photodegradation under UV light compared to material without Au. This
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could be attributed to the Au induced prevention of electron-hole
recombination.® The optimal loading of Ag in crystalline TiO, was found to
strongly enhance the photocatalytic activity of TiO, in the degradation of
acetamiprid at 25°C. In their study, the photocatalytic degradation velocity
constant (k) was found to increase quickly with the increase of the Ag mole
percent from n = 0.02 to 0.06, while the rate decreased slowly when mole
percent was further increased from n = 0.08 to 0.12. The best degradation
efficiency is thus found for a mole percentage of Ag in TiO, between 4% and
8%.106

Compared to monometallic NPs, bimetallic nanoparticles (BNPs) on
TiO, potentially exhibit higher photocatalytic activity or a higher selectivity due
to synergy between two metals or a metal and metal oxide.'°”1% For instance,
in BNPs, one metal can act as an electron donor while the other acts as an
acceptor, improving the overall catalytic efficiency. %0 |t was recently shown
that the combination of ultra-low amounts of Au (< 0.1% wt) with FeO, NPs
supported on CeO; can provide the selective oxidation of glycerol to glyceric
acid with a high yield, while monometallic Au and Fe catalysts were almost not
active in the reaction.!! The electronic properties of BNPs can be fine-tuned by
adjusting the ratio of the two metals.1*2 BNPs often show improved thermal and
chemical stability compared to their monometallic counterparts. The presence
of a second metal can help stabilize the nanoparticle structure and prevent
degradation during catalytic reactions. For example, mixing of gold and silver
increase the stability and protects Ag from further oxidation.''®* The unique
properties of BNPs make them suitable for a wide range of applications. They
are, for example, used for chemical synthesis, environmental remediation, and
energy conversion processes.!*

The effect of depositing BNPs such as Au-Pt, Au-Cu and Au-Ag, on TiO;
has demonstrated to be promising for the removal of organic pollutants. Such
deposition increases the activity and selectivity in the oxidation—reduction
processes of inorganic pollutants in water, such as NHs and NOs. Formic acid as
a hole scavenger for inhibiting the mechanism of electron-hole recombination,
H, as a reducing agent, and CO; as buffer agent all influenced the photocatalytic
reduction of nitrate catalyzed by Pd-Cu BNPs/TiO, with high selectivity and
activity. The palladium noble metal by itself does not present activity for nitrate
reduction, but is effective for nitrite reduction. Therefore, nitrite migrates to
palladium sites, where it is further reduced to the end-products, N, and/or NH,4".
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Both metals are reduced by the action of hydrogen, completing the catalytic
cycle.

NH,*

NO,-

Cu

RCOOH, ROH

VB h* Q
CO,+H,

Figure 1.8. Schematic representation of nitrate photocatalytic reduction
reaction mechanism over the Pd—Cu NPs/TiO, catalyst in the presence of H, and
CO:3: (1) TiO; photo-excitation and charge separation; (2) electron transfer to Pd
nanoparticles; (3) electron transfer to oxidized Cu; (4) electron transfer to Cu
nanoparticles; (5) oxidation of organic compounds by photo-generated holes;
(6) nitrate reduction towards nitrite over Cu nanoparticles; (7) nitrite reduction
towards nitrogen over Pd nanoparticles; (8) nitrite reduction towards ammonia
over Pd nanoparticles. Figure is adapted from ref. [115].

A schematic presentation of mechanism involved in this photocatalytic
process is given in Figure 1.8.11>11¢ The modification by Au-Cu BNPs increases
the photocatalytic activity for phenol degradation under UV light (355 nm). A
faster degradation was obtained with Au-Cu 1:3 / TiO, P25 with highest rate
constant being (0.0125 + 0.0015) x 1073 s (TiO, P25 is a TiO, nanopowder
which contains higher anatase and rutile phases). 80% of phenol was degraded
after 3 minutes (the initial concentration of phenol is 2 x 10* M which is equal
to 18.82 ppm). It was observed that under UV radiation, Au-Cu 1:3 acts as more
efficient electron scavenger than the monometallic counterparts, hindering
charge recombination in the modified TiO, P25. Here, metal nanoparticles act
as a sink for electrons, decreasing the charge carrier recombination.** A
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considerable increase in the photocatalytic activity in the reaction of phenol
degradation under visible light was observed for 1 to 5 nm Pt-Pd BNPs deposited
on TiO, with specific surface area 91 m?/g. The average degradation rate of a
particular Pt-Pd BNP modified TiO, sample with 0.5 mol% of platinum and 0.5
mol% of palladium was 6.84 umol dm= min™ for phenol, which is about 19 times
greater than for pure TiO; (i.e., the degradation rate increased from 0.42 to
6.84 pmol dm™ min™). This increase was attributed to the synergistic effect of
the bimetallic noble metal photocatalysts.

The presence of noble metal particles on TiO; surface can lead to
efficient charge separation by trapping or removing electrons from TiO,. As a
consequence of the improved separation of electrons and holes, they are readily
available to participate in chemical reactions (transferring holes to create "OH
radicals, and electrons to dissolved oxygen), thus enhancing the photocatalytic
activity.'¥ Since every composition has a well-defined LSPR resonance
frequency, ‘rainbow’ photocatalysts (for example, TiO, modified with AuxAg;« of
various sizes and compositions) have been developed. They are ensembles of
particles that together cover a broad range of the entire light spectrum, i.e. the
rainbow. Gold-silver nanoparticle rainbow catalysts were found to have an
efficiency (formal quantum efficiency, FQE) that is approximately 50% better
than TiO; for stearic acid degradation, a prototypical test for the self-cleaning
nature. A catalyst containing specifically AuosAgo; alloy NPs induced an
efficiency increase of almost 70% under visible light illumination
(Amax =490 nm). This is due to the excellent match between the catalyst’s peak
plasmon wavelength and Amax of the light source used.!® Plasmonic ‘rainbow’
NPs (2 wt %) supported on TiO, P25 and coated by a protecting layer exhibited
a 56% increase in efficiency compared to pristine TiO,, combined with a good
stability under Air Mass 1.5G simulated sunlight due to the stabilizing effect of
an insulating polymer shell which intensifies the near field.?*® Air Mass 1.5G is
the standard spectrum at the earth's surface. It is the path length which light
takes through the atmosphere normalized to the shortest possible path length,
that is, when the sun is directly overhead.® An AM number represents the
spectrum at mid-latitudes. 1.5 is atmosphere thickness, corresponds to a solar
zenith angle of 48.2°. G stand for global which includes both direct and diffuse
radiation.

1.4.2. NP/NC-modified TNTs as photoanode
TNTs, a self-organized oxide, formed from a titanium metal film, is one
of the explored systems in photocatalysis!?' particularly in solar cells,

environmental purification, water photolysis, gas sensing and bio-medical
applications,’?>12* because it combines a unique morphology with the
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semiconductive nature of TiO,. It has a high porous structure which results in a
large surface area that allows for more interaction between the nanotubes and
incident light, leading to enhanced light absorption. TNTs are chemically stable
and have a highly ordered architecture.'* The tubular morphology of TiO, may
act as a light trapping system allowing the incident light to undergo multiple
reflections within the tubes, thus increasing the optical path length, which can
ultimately contribute to an enhanced photocurrent. The elongated and
interconnected TNTs also allow for facile diffusion and movement of charge
carriers along the tube walls, minimizing the recombination of photogenerated
charge carriers (electrons and holes). This efficient transport of charge carriers
to the electrodes in a PEC cell contributes to generation of higher
photocurrent.’” The morphology of TNTs can be altered through multi-step
anodization, significantly impacting the orderliness and uniformity of the tubes.
This, in turn, has a consequential effect on the photocurrent. For example, the
photocurrent density of TNTs synthesized through three-step anodization is
about 24 mA cm™2in 0.5 M KOH, which is 2.2 times higher than that of the TNTs
(~11 mA cm™) obtained by a single-step anodization.!?®

As for TiO; in general, decoration of TNTs with plasmonic NPs can
enhance light absorption at longer wavelengths, in particular in the visible
range, and increase the efficiency in PEC reactions.??”:128 Depositing of plasmonic
NPs on TNTs, decreases the charge transfer resistance, increases light absorption
due to their LSPR behaviour and leads to enhanced PEC activity.'?° Loaded metal
NPs can act as an electron trap, assisting in electron-hole separation, and thus
enhancing the quantum yield. 139131132

Pk 4H* .

)eNa,S/OH Pt Gold cluster
2H

\ 0, 2

Figure 1.9. Schematic illustration of PEC mechanism with TNTs with gold
clusters, adapted from ref. [133].

Several examples in literature demonstrated the positive effect of metal
NPs on the photocatalytic activity of TNTs. For example, copper and copper
oxide doped TNTs, obtained by adding Cu(NOs), to the electrolyte during the
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electrochemical anodization process exhibited a five times higher photocatalytic
H, evolution in comparison to pure TNTs.3* Au NPs synthesized using an
electrostatic self-assembly strategy and deposited on TNTs reinforced light
absorption within the visible region, significantly enhancing the PEC water
splitting performance.’®® A schematic representation of the corresponding PEC
mechanism is given in Figure 1.9. TNTs decorated with platinum NPs proved to
be highly active and non-poisoning catalysts for PEC oxidation of galactose.!®
Au modified TNTs exhibited a high stability and a high photocurrent of 5.23 mA
cm™ at an applied potential of 1 V, which is a 5.19 times higher compared to the
corresponding electrode measured in dark. Titanium oxynitride nanotube arrays
sensitized with Ag nanoparticles (Ag/TiON) when used to split water
photoelectrochemically under AM 1.5 G illumination (100 mW cm2, 0.1 M KOH),
showed a significant increase in the photocurrent (6 mA cm?) compared to
pristine TNTs (0.15 mA cm2). Moreover, decorating the TiON nanotubes with Ag
NPs (13 £ 2 nm) resulted in exceptionally high photocurrent reaching 14 mA cm’
Zat 1.0V Saturated Calomel Electrode.? This enhancement in the photocurrent
is related to the synergistic effects of Ag decoration, nitrogen doping, and the
unique structural properties of the fabricated nanotube arrays.'*® The Cu—WOs—
TNTs sample showed a photocurrent density at +0.6 V Ag/AgCl equal to 2.3 mA
cm?, which was ca. five times higher than that of the Cu=TNTs.?*” In the same
work, instead of Cu, Au NPs have been added as dopants for WO3-TNTs. The H;
evolution on the Au / WOsTNTs was three times higher than that on the WOs-
TNTs and even nine times higher than that on pure TNTs. Similarly, an enhanced
absorbance under visible light and a higher photocatalytic water splitting activity
is observed for the Au-CrTNTs and the Ag-CrTNTs fabricated via photodeposition
process of noble metals on TNTs.*® Ag-Cu nanoparticles co-deposited with a
molar ratio of 1 to 4 on TNTs via photodeposition exhibited the highest short-
circuit photocurrent (JSC) under both solar and visible irradiation.3°

The development and selection of effective materials for water splitting
through PEC cells is still a major challenge today. Much of the literature on PEC
water splitting used BNPs synthesized through wet chemistry colloidal
techniques, not always with good control over the particle size, composition and
coverage, and potential involvement of harsh reaction conditions and reducing
agents. In this PhD thesis, we use a unique approach involving physical synthesis
by laser ablation and deposition on TNTs in vacuum of small-sized (below 5 nm)
AuCu alloy NCs with low loading and precise control over composition and

2 The saturated calomel electrode, SCE, is a reference electrode based on the reaction between
elemental mercury and mercury(l) chloride. The aqueous phase in contact with the mercury and
the mercury(l) chloride (Hg,Cl,, "calomel") is a saturated solution of potassium chloride in water.
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coverage for boosting PEC water splitting performance. This approach opens up
new avenues for conducting more in-depth investigations on well-defined
systems, aiming to gain a clearer understanding of the underlying mechanisms
behind the photocatalytic properties of BNCs. Such investigations are essential
for designing novel and highly performing photocatalysts with improved
selectivity, reactivity, and stability.

1.5. Objective and outline of the thesis

In this first chapter we have introduced photocatalysis based on TiO; in
general and TNTs in specific and framed its relevance in a broader perspective
of searches for green energy and the mitigation of pollution. The modification
of TiO, and TNTs by BNPs, using photocatalysis, plasmonic photocatalysis and
photoelectrocatalysis, as ways to improve the performance was also discussed.
The applications of BNPs modified TiO, and TNTs towards degradation of
pollutants and water oxidation using light, show that BNPs are suitable
photocatalysts for self-cleaning applications and for boosting photocurrents.
TiO; thin films hold great potential in the development of self-cleaning glass
surfaces but suffer from a poor visible light response that hinders the application
under actual sunlight since they are only activated by the UV-component of solar
light.

The work presented in this thesis goes beyond the state-of-the-art of
self-cleaning surfaces that are currently commercially available. We have
modified TiO, with Au, Ag and Cu alloy nanostructures through the CBD
technique, which is presented as an highly controllable alternative to wet
chemistry fabrication methods. Soft landing of BNCs produced in the gas phase,
maintains their preformed structure with excellent control over size, coverage
and composition. This allows for the fabrication of model catalysts for
photocatalytic and PEC performances. In this thesis, we focus on the
enhancement of self-cleaning surface efficiency (photocatalytic activity) with
TiO; and higher photocurrent generation (PEC activity) with TNTs modified with
nanoalloys made of Au, Ag and Cu. The overall research objective of the PhD
thesis can be summarized as follows:

“To design and characterize a new and high-performance photocatalysts and
photoanodes for self-cleaning surfaces and for photocurrent generation by
getting insight into the influence of the size, elemental composition, shape,
atomic structure and oxidation/charge state of AuM (M = Ag, Cu) BNCs.”

Following on this introductory chapter, a brief overview of each of the
techniques used in the thesis research, with examples from own experimental
work is given in chapter 2. The article-based chapters 3 and 4, contain the main
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results of the thesis. Chapter 3 gives an elaborate and in-depth discussion on
how LSPR, composition-dependent atomic arrangement and geometric
structures of gas phase AuAg BNCs-modified TiO, P25, fabricated through CBD
technique contribute to the photocatalytic self-cleaning activity, assessed by
monitoring stearic acid degradation both under UV light and simulated sun light.
Chapter 4 will discuss the role of gas phase AuCu alloy BNCs synthesized through
CBD technique, deposited on highly porous, ordered TNTs fabricated through
one-step anodization, in boosting photocurrent in PEC water splitting reaction.
The general conclusions and future perspectives are presented in the final
chapter 5.
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Chapter 2

Experimental setups and characterization
techniques

This chapter describes the various experimental techniques and
methods that are employed in this doctoral thesis namely, the cluster beam
deposition technique, electron microscopy, spectroscopic characterization
methods, and the techniques used for photoelectrochemical characterization.

2.1. Cluster deposition apparatus

Deposition stage

YAG Lasers

Helium flow Reflectron

Source

Nozzle

Source chamber Extraction chamber Deposition chamber

Figure 2.1. Schematic drawing of the cluster deposition apparatus (CDA).

Among a variety of methods for the fabrication of nanoparticles, gas-
phase synthesis has drawn attention of the scientific community because of its
potential extraordinary control over the particles’ size, structure and
composition.!®In gas phase synthesis, nanoparticles are built up from individual
atoms or molecules to the desired size. Cluster embryos are formed either by
physical means such as condensation of a supersaturated vapor or by chemical
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reaction of gaseous precursors. Examples include inert gas condensation, #1142

plasma,*® and flame processes.'** Depending on the embryo concentration,
temperature and pressure, these clusters continue to grow to larger entities by
addition of atoms, coagulation, and coalescence. In the early 1980s, the
development of precise mass (or size)-selected nanocluster molecular beam
systems has enabled cluster formation with a well-defined size distribution,
which paved the way for new opportunities for understanding gas-phase
reaction dynamics and catalysts using atomic clusters,14>146:147

Cluster beam deposition (CBD) is a gas phase deposition technique
which is central to this PhD thesis, to synthesize well defined, composition- and
structure-controlled nanoclusters. In our work, we utilize a laser ablation cluster
source for cluster production. The physical aspects of cluster production with a
laser ablation source have been described in detail by Michael A. Duncan.'* Laser
ablation of a metal target involves generation of a hot metal plasma of any
material using focused light of pulsed lasers. By rapid cooling of the plasma,
clusters can be produced.**° The laser vaporization technique was originally
applied to the production of clusters in molecular beams by Smalley and co-
workers.14¢

Laser ablation offers several advantages.'®! Laser ablation produces high-
purity NPs because there is no need to use chemical precursors that can introduce
contaminants. This method can be applied to many materials, including metals,
semiconductors, and insulators, making it very versatile. The size and composition
of NPs can be fine-tuned by adjusting laser parameters such as wavelength, pulse
duration, and energy. This control is crucial for tailoring the properties of NPs for
specific applications. Laser ablation is environmentally friendly compared to
chemical synthesis methods that may use hazardous chemicals. The setup for
laser ablation can be easily modified for different materials and conditions,
offering significant flexibility. Additionally, NPs produced this way often do not
need extensive post-processing to remove by-products or residual chemicals,
simplifying the production process.*?

A detailed view of CDA used in the thesis is presented in Figure 2.1.
The CDA setup consists of four chambers: i) a source chamber for cluster
production using laser ablation and inert gas condensation; ii) an extraction
chamber for acceleration of charged clusters for mass spectrometry purposes.
Charged clusters that reach the extraction chamber are accelerated towards the

microchannel plate (MCP) detector by uniform electric fields. Those fields
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originate from voltages (in the order of a few kilovolts) that are applied on the
extraction grids; iii) a deposition chamber for soft-landing of the clusters on
different kind of substrates and with a quartz crystal microbalance (QCM) for
flux measurements and an in-situ reflectron time-of-flight mass spectrometer
(RToF-MS); and iv) a load-lock for sample transfer.1>315%155 All four vacuum
chambers have a base pressure in the order between 107- 10® mbar and a
working pressure between 10°and 107 mbar.

2.1.1. Cluster production by laser ablation and inert gas condensation

The clusters production starts in the source chamber by laser ablation.
Metal targets with dimensions 15 mm x 25 mm x Imm or 7 mm x 25 mm x 1mm
are ablated through focused green laser light of pulsed Nd: YAG lasers (Spectra
Physics Quanta - Ray INDI, A= 532 nm). The laser creates plasma of evaporated
material, which nucleates into small clusters through collisions with helium gas
(purity 99.9999%) that is introduced in the source at a stagnation pressure of
7.5 bar by a pulsed supersonic valve (Jordan C-211 PSV, repetition rate 10 Hz).
After nucleation the clusters further grow through collisions with target atoms
and other clusters, while collisions with the helium gas take care of heat
exchange with the source body. The source body is either at room temperature,
or cooled down to a temperature of around 200 K, through a continuous flow of
liquid nitrogen. A lower source temperature aids the cluster formation process.

The initial nucleation process, i.e. the formation of dimers, relies on a
three-body collision between two metal atoms and a helium atom. The helium is
essential to remove the heat of formation that is set free when a chemical bond
is formed between the metal atoms. The cluster formation process and the final
size distribution depends on various parameters like the laser energy density,
laser timings, pressure of the helium gas, target material properties, and
temperature of the source.'®® A careful optimization of these parameters can
result in clusters of desired size distribution. Because the pressure inside the
formation chamber of the source is much higher (of the order of 100 mbar) as
the pressure outside the source (10 - 10° mbar), the clusters and the helium
gas expand into the vacuum through a nozzle forming a beam of clusters. This
expansion terminates the cluster growth as there will no longer be collisions
between the particles. A skimmer selects the central part of the cluster beam,
which passes on towards the extraction and deposition chambers. Mono- and
bimetallic NCs can be produced using single or alloy targets with varying
compositions. Since the composition of the alloy target is fixed, produced NCs
usually reflect the composition of the used alloy target.’>”1>8 This was confirmed
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by our previous research.® Alternatively, the composition of the produced NCs
can be controlled with the dual target-dual laser approach, where the laser
energy density of the two lasers that ablate the two pure targets can be
controlled independently.’®®1° |n this thesis, all bimetallic clusters have been
made by ablation of alloy targets using a single Nd:YAG laser.

2.2. Reflectron time-of-flight mass spectrometry

The CDA is equipped with reflectron time-of-flight mass spectrometer
(RToF-MS) to probe the size distribution of the produced clusters. A cluster beam
made by any kind of source always possesses a distribution of clusters of varying
sizes and charge states. It is important to know the size distribution before
depositing the clusters on the substrate of interest.

The basic principles of time-of-flight mass spectrometry are the
following. lons are accelerated by an electrical field, pass a field free region and
impinge on a detector. If the particles have a common starting time, their mass-
to-charge ratio can be calculated from flight time. All singly charged particles get
essentially the same kinetic energy by traversing electric field. So clusters with
the same mass obtain the same velocity,'®® while clusters with different size or
mass, travel at different speeds. A detailed schematic representation of the
mass spectrometer is given in Figure. 2.2.

R,

Extraction Field free zone Reflectron
vV, <L—‘> R
Pulsed 2 Detector :
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Figure 2.2. Schematic representation of the time-of-flight mass spectrometer. In
red, velocities along the flight path are represented (the length of the arrows
does not represent the speed). The distance x represents the distance from the
first extraction electrode to the position of the clusters where extraction
voltages are switched on. Flight times through the different parts of the setup
are given in green. Figure is adapted from ref. [156].
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After the production, clusters enter the mass spectrometer with an
initial velocity vo. Clusters enter extraction via the first acceleration stage and fly
a distance x, measured from the first extraction grid, before the extraction grids
are pulsed from ground to high voltage. Positively charged clusters are
accelerated in the first extraction zone by an electric field with V1 and V,, the
voltages applied in a pulsed way on the first and second grid of the extraction.
This results in a velocity v; at the second extraction grid. The time elapsed from
the moment when the potential is switched on to the moment when the clusters
enter the second extraction stage is t;. Then the clusters are accelerated by
potential difference V. since the third extraction grid is grounded. The terminal
velocity of clusters is v and the corresponding flight time through the second
extraction zone is t,. The velocity is constant during the subsequent free flight
zone, where the clusters spend a time t. Inside the reflectron an opposite
potential is applied decreasing the clusters’ velocities. Over the first reflectron
stage, a potential difference of R, is applied, leading to a velocity v; at the second
grid of the reflectron and the corresponding flight time to travel the distance L3
is t3. In the second stage of the reflectron, clusters are further decelerated by an
electric field caused by permanent voltages R; and R;, applied to the second and
third grid of the reflectron, respectively. The clusters stop at a distance x’,
measured from the second reflectron grid and the time elapsed from the second
reflectron grid to the stopping point x”is t4. Finally, clusters return (are reflected)
the field free zone until they reach the detector, with a corresponding flight time
is given by ts.

The total time of the flight is thus calculated as
tota =1+ Lo+ Lt 2(3+ ly) + &5 (2.1)

The function of the reflectron is to enhance the time or mass resolution
of the mass spectrometer. After production, clusters of the same mass enter the
mass spectrometer with a distribution of initial velocities vo. This spread in
velocities introduces a spread in detection times, broadening the observed
peaks. Resolution in gained by a reflectron because clusters entering the
spectrometer with a higher initial velocity will arrive faster at the reflectron but
penetrate deeper into it (i.e. larger x’ distance), while slower clusters will arrive
at later times at the reflectron but penetrate it less. For an optimal set of
reflectron voltages, these effects on the flight times perfectly cancel out each
other, reducing the width of the mass spectral peaks. When the nanoclusters
impinge on the MCP detector, the charge of the nanoclusters is amplified and
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current signal is converted to a voltage signal. The voltage signal as a function of
time is recorded by the digital oscilloscope. ¢

From the time the clusters take to reach MCP detector, mass, number
of atoms and diameter of each cluster can be calculated using the formulae
given in the next section.

2.2.1. Mass spectra with excimer laser

While the majority of the clusters in the cluster beam are neutral, only
the size distribution of charged clusters can be probed by the time-of-flight mass
spectrometry described in the previous section as neutral clusters evidently are
not accelerated by an electric field. Determining the size distribution of the
neutral clusters as produced in the source, is possible by post ionization of the
clusters before they are extracted into the mass spectrometer. This post
ionization is done with an excimer laser. The excimer laser emits far-ultraviolet
light, with photon energies that are high enough for single photon ionization of
the clusters. In this thesis an ArF, excimer laser that produces light with a
wavelength of 193 nm or photon energies of 6.4 eV. If the 6.4 eV is higher than
the particles’ ionization energy, charged particle are created which then
experience the electric field. In general, clusters have a lower ionization energy
than single atom. The fraction of ionized particles will be a fraction of the total
energy in the excimer pulse, which implies that the intensity of the excimer laser
affects the end result. Consequently, when measuring neutral clusters, the
extraction time is no longer determined by the moment when voltages are
placed on the extraction grids. Instead, it is the firing of the excimer laser that
initiates the extraction of the clusters in the mass spectrometer. When studying
the size distribution of neutral clusters, the extraction voltages remain
continuously applied (so the Behlke switches are not used). This means that ions
from the source cannot enter the extraction zone as they are repelled by the
high voltage. The distribution observed on the oscilloscope reflects only the
neutral clusters that are produced in the source. An example of a mass spectrum
of neutral niobium nanoclusters, postionised with the excimer laser, is shown in
Figure 2.3. The time of flight of the clusters of different sizes is fitted with a

parabolic equation. From the time of flight, the mass of the clusters (Figure
2.3d) is calculated using:

M = a(tiprq — to)* + b (2.2)
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where ‘tiore/ is the time of flight. to, a and b are fitting parameters. t, is the
internal time delay, which is in the first place originating from electronic delays.
A typical value for tyis 1 us. For the data in Figure 2.3c the slope a equals -1.512
+0.025 u/us? and the intercept b is 0.4548 + 0.0003 u).

From the mass, the number of atoms n (Figure 2.3e) and the diameter of the
clusters d (Figure 2.3f) can be calculated using the formulae:

= 2.
n Yo (2.3)

where My, is the atomic mass of niobium, 92.9068 u.

Assuming a spherical cluster shape, the diameter of the clusters can be
calculated from the number of atoms. The volume V is equal to the
multiplication of the unit cell volume and number of unit cells contained by the
cluster, i.e.,

v=ad’ (2.4)

N3

where a = 0.33004 nm is the lattice constant of niobium body-centered cubic
structure, n/2 is due to the two atoms in one unit cell. A denser material will
have smaller lattice constant. Here the density of the clusters is assumed to be
the same as bulk density.

Consequently, the diameter d of the cluster with n atoms is:

1

d = 2(3"“3)3 (2.5)

8T

Figure 2.3 gives the mass spectrum of Nb nanoclusters. Mass, number of atoms
and diameter of the Nb clusters are calculated based on above formulae. The
average diameter of the Nb clusters is around 1.5 nm (Figure 2.3f). Detailed
applications of RToF-MS to determine the diameters of AusAgi« (x =0, 0.1, 0.3,
0.5,0.7,0.9 and 1) and AuxCui«(x =0, 0.25, 0.5, 0.75, and 1) BNCs produced by
various cluster formation conditions using CDA are given in chapters 3 and
chapter 4, respectively.
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Figure 2.3. (a) ToF spectrum of Nb nanoclusters. (b) Zoom in of the ToF
spectrum in (a) up to 100 ps. (c) Mass root as a function of flight time,
extracted from (b) and used for the calibration. (d, e, and f) Mass, number
of atoms and diameter of the Nb clusters as derived from the ToF spectrum
in (a) using equations (2.2), (2.3), and (2.5).
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2.3. (Scanning) Transmission electron microscopy

To visualize the structure, size and composition of nanoclusters at
nanometer to atomic length scales, (scanning) transmission electron microscopy
((S)TEM) has been employed.

The electron microscope has changed the way humanity sees the micro
and nanoscopic world. With today’s technology, the electron microscope can
zoom in millions of times to where it is able to capture images of individual
atoms, whereas traditional microscopes that use visible light cannot image
individual atoms due to diffraction limits. The ultimate resolution of light
microscopy is limited by the wavelength of visible light, 400 -700 nm. Diffraction
limits and lens imperfections limit magnifications of the best transitional
microscopes to about 2000 times. When the image is zoomed in further, it
becomes blurred without revealing more details. On the other hand, electron
microscopy is limited by the wavelength of electrons which depends on the
momentum of the electrons through the wave-particle duality:

A=h/p (2.6)

where h is Planck’s constant, and p is the momentum. If p is high
enough, this wavelength can be small enough to, in theoretically, obtain
subatomic resolution.

The STEM used in this thesis was a probe-lens aberration corrected
scanning transmission electron microscope (Jeol, ARM200F instrument)
available in the KU Leuven Nanocentre. It was operated at an accelerating
voltage of 200 kV, reaching a magnification of 200,000.

A schematic drawing of a typical TEM is shown in Figure 2.4. Imaging
with TEM starts with the generation of a beam of electrons by the field emission
source. It consists of a tungsten crystal needle, and a ring electrode, called
extractor, is placed below the tungsten needle. A positive voltage of 5 kV is
applied to this extraction ring. As a result, electrons, emitted from the tungsten
needle, are pulled towards the extractor. The electric field’s effect on the
electrons is amplified by the sharply pointed tungsten crystal, which is only a
few nanometers wide, and as a result the electrons are freed from the tungsten.
To accelerate them to 70% the speed of light, a series of metal rings which are
just below the extractor, with tens of thousands of volts apart from one another

are used.
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Figure 2.4. Schematic representation of transmission electron microscopy.

These positively charged rings accelerate the electrons further. Because
electrons exhibit wavelike properties, the faster they are, the shorter the
wavelength. One important detail is that when the microscope is running and
electrons are being accelerated to relativistic speeds, vacuum pumps are used
to remove all the atmospheric molecules. This is because incredibly fast -moving
electrons will scatter in random directions as they collide with air molecules and
thus ruin the images of sample. Then, a series of magnetic lenses focusses the
electron beam onto a small area and directs them to the sample of interest.
Depending on the different densities and materials inside the sample, the
transmitted electrons are scattered, thereby imprinting an image of what is
inside the sample onto the beam of electrons. The imprinted beam of electrons
is then magnified 40 times using an objective lens. It is further magnified
another 50,000 times using a set of projector lenses as shown in Figure 2.4.
Their optical aberrations define the final resolution. At this point, the imprinted
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image is large enough to be captured by a high-resolution camera sensor at the
bottom of the microscope.’®!

Spherical aberration

Focal length

Chromatic aberration

Figure 2.5. a) Spherical aberration: Parallel rays at different distance from the
optical axis do not meet after the lens in one focal point. Shorter the focal length,
the smaller the spherical aberration coefficient and hence smaller amount of
blur. b) Chromatic aberration: The different colors do not meet after the lens in
one focal point. The smaller the energy width of the electron source and/or the
better the stability of the high voltage (the lens), the smaller the chromatic
spread and hence smaller chromatic aberration. Figure is adapted from ref.
[162].

To comment on optical aberrations, TEM’s ability to resolve the smallest
features is not limited by the momentum of the electrons in the beam, but
rather by the lenses and the aberrations and distortions that they add to the
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image-imprinted electron beam. The most important types of aberration,
spherical and chromatic aberrations, are illustrated in Figure 2.5. Chromatic
aberration is the inability to focus all wavelengths (colors) on the same point.
Spherical aberration is the inability to bring all points of the image in focus on a
flat surface. These aberrations add blurriness and impede resolution after the
magnification. They can often be corrected by designing round lenses with
negative aberrations. The projector lenses magnify what has already been
magnified by the objective lens, including the added aberrations, and this
second magnification adds its own aberrations. Therefore, a considerable
amount of TEM engineering has been dedicated to reducing the aberrations
introduced by the objective lens, as that is what ultimately limits the sub-
nanometer scale resolution of the microscope.

STEM can be carried out on a wide range of materials, provided that
electrons are able to pass through them. The electron beam cannot readily
penetrate samples much thicker than 200 nm. Therefore, the samples must be
ultrathin, generally less than 100 nm. Thinning should be done with care to
reduce the risk of contamination or damage to the sample surface, as this can
affect the quality of the final image. In this study, no thinning process was
conducted on the samples since the deposited clusters, approximately 0.5 ML
on the TEM grid, are sufficiently thin for the electron beam to penetrate.

STEM vs. TEM

Fundamentally, TEM and STEM are the same technique, with the key
difference being that a TEM probe does not scan. Therefore, TEM provides the
same benefits of being able to image materials on a nanoscopic scale with a high
resolution. However, as the probe does not move across the surface, it is limited
to individual scanning areas and does not provide an overall image of the
material in the way that STEM does. Typical size of the scanned area in STEM is
1x1 um?2,

Figure 2.6. provides the TEM images of single TiO, nanotube (TNT),
showing its anatase crystalline structure on which Aug2sCuozs NCs have been
deposited. The TNTs with clusters were transferred onto a lacey carbon TEM grid
by gentle scratching of the surface. From Figure 2.6a, it is observed that the
single nanotube has a diameter of 120 nm and a length of 560 nm. Notably, the
surface of the nanotube appears rough, likely due to the presence of AuCu NCs.
Figure 2.6b gives the crystalline structure of TNT with lattice fringes of 0.35 nm,
which can be assigned to the d-spacing of the of TiO, anatase (101). The
transformation of TNTs into the anatase phase was achieved by heating the
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anodized titanium film (TNTs grown on titanium film) at 450°C for 2 hours. The
benefits of converting as-prepared TNTs to its anatase phase and its influence
on PEC activity are extensively discussed in chapter 4.

a) TiO2 nanotube

i

O T

Figure 2.6. TEM image of a) a single nanotube with a rough surface, and b)
crystalline structure of anatase TiO,.

2.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM), is part of the electron microscopy
family. In contrast to STEM, which illuminates and captures an entire sample
area simultaneously, a SEM generates a focused electron beam that scans across
the target object in a raster pattern.

For the work presented in this thesis ex situ SEM was done with the
Raith GmbH electron beam lithography and microscopy platform available in KU
Leuven Nanocentre. It uses an accelerating voltage of 15 kV and an aperture size
of 30 um. A thermal source is used for electron emission. The schematic
representation of SEM with its components is given in Figure 2.7.

The typical electron source used in SEM is a tungsten filament. When
current flows through it, the filament heats up, leading to thermionic emission
where some valence electrons gain enough energy to be set free. These
liberated electrons are then, accelerated away from the filament by an applied
voltage, typically reaching up to 30 kV. This highly accelerated electron beam is
focused into a spot using magnetic lenses and directed towards the sample
surface and the resulting image is formed from various signals emitted by the
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sample. These signals include secondary electrons (low energy), back-scattered
electrons (high energy), and X-rays that are generated when core electrons are
ejected out and valence electrons fill the created vacancies.!

Electron gun

Accelerating anode

Condenser lenses

Objective lens

Scanning coils

Sample stage

Figure 2.7. Schematic representation of a scanning electron microscopy.

While SEM cannot provide atomic resolution, typical SEM can achieve
resolutions of the order of 1 to 20 nm. The maximum SEM resolution depends
on multiple factors, including the size of the incident electron beam and the
interaction volume of the beam with the sample. Higher accelerating voltages
can also provide higher resolution, but the damage to the sample also increases.
Therefore, a low accelerating voltage of several kV is favorable for more delicate
samples. The choice of electron source also affects resolution. There are two
categories of electron sources: thermionic emission sources and field emission
sources. A thermionic source is capable of a resolution of 25 nm at 1 kV while a
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field emission source can achieve around three nanometers. When we move up
to 30 kV, a thermionic emission source is capable of around three nm and a field
emission source can achieve around one nanometer resolution. SEM samples
should be dry and conductive. Samples containing water cause problems when
vacuuming the SEM chamber, also energetic electrons incidence on the sample
may evaporate the residual water and reduce image quality. The conductivity of
the sample surface is vital to prevent charge build-up on its surface.'®*

Figure 2.8 a) & b) SEM images of g-CsN4 on alumina with thin Au layer with
length scales 1 um and 20 um.

SEM was used to characterize graphitic carbon nitride (g-CsN4) grown
on quartz tube with ceramic cap. This was a side project done in collaboration
with the research group of Dr. Tibor Héltzl (Furukawa Electric Institute of
Technology Ltd., FETI, Hungary). The objective was to examine the surface
morphology of g-CsN4 samples in preparation for subsequent testing for CO,
reduction. The limited conductivity of the samples (support is a ceramic
material) complicated SEM imaging since the electron beam is distorted by
charging effects. For this reason, it was impossible to measure bare g-CsNa
samples without any conducting layer on it. To make g-CsNssamples conductive,
a thin Au layer was sputtered on top. Even on the samples with gold cover layer,
the grounding contact had to be optimized. The use of a copper foil to connect
clamp and target holder was helpful in this respect. Still, the charging effects are
not fully solved limiting the time to acquire an image before the contrast was
lost and thus the ultimate resolution of the Raith system of less than 10 nm
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could not be reached. Figures 2.8a & b show the SEM images of g-CsN4 with
thin Au layer at different length scales. The right image with the length scale 20
um (Figure 2.8b) reveals that thickly populated flake like structures of g-CsNa,
while in the left figure with a length scale of 1 um (Figure 2.8a) cauliflower head
like formations are seen. The size of such cauliflower formations ranges from
500-700 nm.

2.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique,
which is widely used to identify elements on the surface of solid materials, their
chemical states and atomic percentages. It can measure both conducting and
insulating materials in variety of forms such as powders, pellets, and thin films.
It has been widely applied in industry for characterization of semiconductors,
plastics, adhesives, and catalysts.'®® The underlying principle in this technique
can be explained as follows. The electrons in any atom have distinct binding
energies. When an X-ray photon is absorbed by an atom, the photoelectric effect
may result in the emission of a core electron if the photon energy is larger than
the binding energy of that core electron. The photo-emitted electron has a
kinetic energy (KE) equal to the difference of the X-ray photon energy and the
electron’s binding energy (BE) to the nucleus:

EkE = hv — EBE (27)

where h is the Planck constant (6.62x10734J s) and v is the frequency (in
Hz) of the impinging radiation. The binding energy (BE) is dependent on the
chemical environment of the atom making XPS useful to identify the oxidation
state of an atom. Since the energy levels in solids are conventionally measured
with respect to the Fermi-level rather than the vacuum level, a correction should
be made to equation (2.7) in order to account for the work function (&) of the
s0lid.’®® The experimentally measured energies of the photoelectrons are thus
given by

EkE = hv - EBE, - Q) (28)

where Egg is the kinetic energy of the electron as measured by the
instrument, hv is the energy of the X-ray photons used, Ezz’is the binding
energy of the emitted photo electron with respect to the Fermi level and ¢ is
the work function. The work function term @ is an adjustable instrumental
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correction factor that accounts for the few eV of kinetic energy given up by the
photoelectron as it gets emitted from the bulk and absorbed by the detector.

)
1s 2s2p
Nucleus
° °
)
(]
Atom

Figure 2.9. Schematic illustration of the principle of X-ray photoelectron
spectroscopy, adapted from ref. [167].

X-rays are generated by bombarding a metallic anode with high-energy
electrons. The energy of the emitted X-rays depends on the anode material and
the beam intensity depends on the energy of the electron. XPS instrument used
in this thesis utilizes a twin X-ray anode source with energy 1253.6 eV. It is fitted
with two anodes, aluminum and magnesium. To generate X-rays, one of the two
thoria-coated iridium filaments is heated and emits electrons, which are
accelerated onto the anode. The impact of the electrons on the anode causes X-
ray emission. X-ray generation requires the dissipation of a large amount of
power by the anode, and the anode must therefore be water cooled.'®® A
schematic representation of X-ray source is given in Figure 2.10.

The XPS measurements were performed using a laboratory setup
equipped with a Mg Ka X-ray source with an energy of 1253.6 eV (XR4 Twin
Anode source) and an Alpha 110 hemispherical analyzer. The spectra were
acquired with an energy step of 0.1 eV and an energy resolution of 0.5 eV. The
sample is kept at room temperature in an UHV (base pressure ~ 1078 mbar)
chamber to ensure the absence of collisions of the photoelectron on its way to
the detector. The X-ray beam is 5 mm in diameter at the sample and the analyzer
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has an aperture of 0.6 mm. X-rays are generated by the electron bombardment
of source and focused onto a sample. Emitted photoelectrons escape from the
sample surface and travel to the hemispherical analyzer for the determination

of their kinetic energy.
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Figure 2.10. Schematic representation of X-ray source, adapted from ref. [168].
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Figure 2.11. Schematic drawing of a typical experimental arrangement of XPS.
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Figure 2.12. Schematic representation of a concentric hemispherical analyzer,
adapted from ref. [166].

The components of the XPS instrument used in this thesis, are shown in
Figure 2.11. It is composed of a photon source, an electron energy analyzer, and
an electron detector. The photon energies are within the soft X-ray range and
the travel distance of the electron is around 1 meter. X-rays illuminate an area
of a sample causing electrons to be ejected (from the upper 1-10 nm of the
material, i.e., XPS is surface sensitive) with a range of energies and directions.
The electron optics, which consists of a set of electrostatic or magnetic lens
units, collects a proportion of these emitted electrons that are transferred
through apertures and focused onto the analyzer entrance slit. Electrostatic
fields within the concentric hemispherical analyzer (HSA) are designed to only
allow electrons of a specific energy to pass through detector slits and reach the
detector.'® Concentric Hemispherical Analyzer uses an electric field between
two hemispherical surfaces to disperse the electrons according to their kinetic
energy. Schematic representation of a concentric hemispherical analyzer is
given in Figure 2.12.

Two hemispheres of radii R; (inner) and R: (outer) are positioned
concentrically and potentials -V; and -V, are applied to these spheres,
respectively, with V; > V1. The potential of the mean free path analyzer is'®®

_ ViR1+VR,

V
0 2R,

(2.9)
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An electron of kinetic energy will travel a circular orbit through
hemisphere at radius Ro. Since Ry, Rz, and R; are fixed, changing V; and V will
allow scanning of electron kinetic energy following free travel through the
hemispheres. The main reasons to use a HSA are; first, a good energy resolution,
and in the constant analyzer energy mode, the resolution is constant over the
entire energy range measured. Second, and even more important is the high
transmission, i.e. larger possible count rates enabled by the hemispherical
analyzer, since it is focusing in two directions, while a cylindrical mirror analyzer
that is a segment of a cylinder only focusses in one direction.

XPS spectra are generated by the count of electrons per second as a
function of kinetic energy. Chemical elements in the sample can be identified by
matching peak positions to their fingerprint binding energy values. In addition
to the identification of elements, XPS can probe the chemical state of each
element through the chemical shift effect. This is a unique advantage of XPS
compared to other elemental analysis techniques. The chemical shift is the
change in core electron binding energies with a change in the chemical bonding
of the corresponding atom. The binding energy peak position of a specific
element depends on the oxidation state and local chemical environment of that
element. In the case a sample is modified, for example by doping with other
more electronegative elements, the electron density around the base element
decreases and the binding energies of its core electrons increase. Therefore, the
binding energy peak shifts positively. Conversely, if the electronegativity of the
doping element is lower than the base element, the electron density around the
base element increases and the binding energy of its core electrons decrease,
leading to a red shift in BE peak position.

2.6. UV-Visible diffuse reflectance spectroscopy

UV-Visible diffuse reflectance spectroscopy (DRS) is a widely used, basic
spectrophotometric technique for the analysis of powders and surfaces. It is
based on the surface dispersion of incident UV—-Vis radiation. A UV-Vis
collimated light beam is directed with a certain angle onto the sample and, as a
result, an ensemble of optical processes leads to radiation reflection by the
sample surface. As a rule, the radiation reflected by a sample consists of
specular and diffuse reflection.’”® Specular reflectance occurs when incident
radiation hits an ideally smooth and planar surface (i.e. without roughness) of
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the sample, and it is then reflected at an angle equal to the angle of incidence
(Fresnel law). Instead, diffuse reflectance is diffusing incoming light into a wide
range of outgoing directions (at different angles).'’*2 A schematic
representation of reflected and diffused reflected light is given in Figure 2.13.

SAMPLE

Figure 2.13. Specular reflection is denoted by the shaded arrows and diffuse
reflection is denoted by hollow arrows, adapted from ref. [173].

In this thesis, the optical properties of the deposited metal nanoclusters
(AuAg and AuCu) on TiO; (TiO, P25 and TNTs) are investigated using UV-Vis
spectroscopy with the double beam UV 2600 spectrophotometer (Shimadzu,
Kyoto, Japan) that is available at the University of Antwerp. A schematic diagram
of this instrument is given in Figure 2.14.

The double beam UV-Vis spectrophotometer is equipped with film
holders attached to a BaSO, coated integrating sphere of 60 mm in diameter.
Optical diffuse reflectance spectra were recorded at room temperature and data
were collected in the 300 nm to 800 nm range. A pristine TiO, P25 sample is
used as a reference for the baseline correction. The most important component
of the spectrophotometer is the integrating sphere. In a standard direct
transmission configuration, light is focused on the light-sensitive surface of the
detector. When a sample is introduced, the difference in refractive indexes
between the air and the sample causes the focal point to shift, resulting in some
transmitted light going undetected. An integrating sphere addresses this by
capturing and detecting all transmitted light. The optical system has two light

41



Chapter 2 — Experimental set ups and characterization techniques

beams: the sample light beam entering the sphere perpendicular to the sample
reflectance window and the reference light beam entering at an incident angle
of 8 degrees. Both beams are detected by the centre-mounted detector in the
sphere. There are various ways light interacts with a sample. It can pass through
the sample in the same direction it travels towards it, resulting in direct
transmitted light. Alternatively, it can be refracted and scattered, leading to
diffuse transmitted light. The sum of both types is termed total transmitted light.
Light can also reflect from the surface of a sample, either through specular or
diffusive reflection as explained above using Figure 2.13.

1 Reference light

Ry
&
§

%

e

Sample light

Figure 2.14. Schematic illustration of the operation principle of the double
beam UV 2600 spectrophotometer of Shimadzu.

Before measurement, blank or reference samples are placed at both the
measurement sample and reference sample windows to run a baseline
correction. Then, the blank or reference sample at the sample window is
replaced with the sample under investigation. By doing this, all specular
reflected light can be removed from the measurement, leaving behind diffuse
reflected light in the sphere which is detected by the detector placed in the
middle of integrating sphere.?’*
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From the diffuse reflectance data, absorbance can be calculated based
on the Kubelka-Munk (KM) equation.'’®

_p2

kM =R (2.10)
2XR

A = -log(KM) (2.11)

where R and A represent the diffuse reflectance and the absorbance,
both are wavelength dependent.

2.7. X-ray absorption spectroscopy

Information about the electronic properties, oxidation states, and local
atomic environment of cluster samples can be obtained by X-ray absorption
spectroscopy (XAS). X-ray spectroscopy uses high-energy X-rays, ranging from a
100 to 50,000 eV, that are typically provided by synchrotrons. In contrast to
optical spectroscopy, where valence electrons are excited, XAS involves core
electrons occupying innermost shell and which are tightly bound to the nucleus.
This distinction leads to various applications and implications. One significant
advantage of XAS is that it is element selective, because every element has
absorption edges at unique energies. Additionally, high energy X-rays penetrate
deep into materials, making them suitable for studying samples with complex
structures. X-rays are absorbed by an atom at energies near and above a specific
absorption edgel’>176177 and their absorption spectrum can be collected either
in transmission mode by measuring the sample X-ray absorbance or in
fluorescence mode by collecting the X-ray fluorescent photons. X-ray absorption
spectroscopy specifically focuses on exciting core electrons into unoccupied
orbitals, creating a spectrum with three distinct regions namely pre-edge, near-
edge (X-ray absorption near edge structure - XANES) and extended regions
(Extended X-ray absorption fine structure - EXAFS). A schematic representation
of the three regions is given in Figure 2.15b.

The pre-edge region corresponds to the excitation of core electrons into
low-energy empty orbitals. For 3d transition metals, the pre-edge results from
1s to 3d transitions, with the quadrupole transitions (A2 = +2) which are about
100 times weaker than dipole transitions (A€ = +1). These are weak transitions
that occur before the main absorption edge. XAFS spectra are governed by the
dipole selection rule. A photon has angular momentum (£€) of 1, so the electron
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on the absorbing atom must undergo A€ = £ 1 (dipole transitions) in order to
conserve momentum. Figure 2.16 schematically illustrates permitted and
prohibited transitions. The intensity of pre-edge can indicate the oxidation state
of the atom, with higher oxidation states requiring more energy for the
transition. Rising and near-edge, together called XANES, include transitions from
core electronic states of the atom to the empty electronic states. The electronic
and oxidation states can be obtained from XANES and this information can be
derived from shift of the white line, a large, prominent peak just above the edge.
EXAFS include transitions from core electronic states to continuum states. The
local atomic structure of the element of interest, such as the type, coordination
number and distance to neighboring atoms, can be revealed by EXAFS.

CONTINUUM )
.
= Unoccupied orbitals Rising edge
E— Conduction band
— S
-
= 3
X-ray
a— Occupied orbitals Q absorption
e Valence band '§ near edge Constructive Destructive
= | structure interference interference
o g (XANES)
% =
®,
Of"* \
“ Pre-edge
N
Core orbital

Incident Energy (eV)

Figure 2.15. a) lllustration of the excitation processes that take place when an X-
ray photon hits an atom, and b) example of XAFS spectra.

The XAFS measurements carried out in this thesis were performed in
fluorescent reflection mode XAFS (Refl-XAFS) at the BMOS8 LISA beamline at the
European Synchrotron (ESRF). A schematic drawing of a typical experimental
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arrangement of Refl-XAFS is shown in Figure 2.17. Experimental details are
provided in the PhD thesis of Ting-Wei Liao.'”®

s—p = allowed

p—> s, d = allowed I | -

d— p, f = allowed 1 l d(é=2)
4 P(&=1)

P=——=> p, f = forbidden ! s(2=0)

s— d, f = forbidden
Figure 2.16. Schematic drawing of allowed and forbidden transitions.

X-rays are generated when the direction of a high-energy electron beam
circulating in a storage ring of synchrotron is altered. Therefore, the light
emission from the energetic electron beam perturbed by the magnetic field is
called synchrotron radiation. The electrons are initially generated and
accelerated to a few giga electron volts (GeV), such as 6 GeV at facilities like
ESRF, through a linear accelerator and a booster ring. Subsequently, the
accelerated electron beam is transferred to the storage ring, where the energy
of the electron beam is maintained, and provide synchrotron radiation to the
beamlines.”® The change of the direction of electron beam within the storage
ring to emit synchrotron radiation is achieved using bending magnets,
undulators, and/or wigglers. Undulators are positioned in straight sections of
the storage ring, while bending magnets guide the electron beam between
these sections. Once synchrotron radiation is produced, it is monochromatized
and focused by a series of optical elements. In XAFS measurements, an ion
chamber filled with N3, Ar, or Kr gas is utilized to measure the incident X-ray's
intensity Io. This chamber absorbs approximately 10% of the incident X-ray
photons, converting them into a current signal. Different detectors are
employed, depending on the sample's nature, to measure the intensity. In
transmission mode, an additional ion chamber directly gauges X-ray intensity.
Alternatively, in fluorescence mode, a high-purity Ge multi-detector array
captures the fluorescence radiation peaks produced by the atoms of interest in
the sample. These fluorescence spectra can be transformed into the X-ray
absorption signal. With a fixed incident X-ray intensity Io, stronger X-ray
absorption of the sample results in a stronger X-ray fluorescence signal. It can
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also be obtained by collecting the photoelectrons generated from the sample
by electron detector in total-electron-yield (TEY) mode. The fluorescence and
electron-yield signals are correlated to the X-ray absorption and therefore can
be converted to absorption signal.

The basic mechanism involved in X-ray absorption measurements is given by
Beer-Lambert law which states that the intensity of an X-ray beam passing
through a material depends on the thickness t and the material’s absorption
coefficient u(E):

I = [je HBEX, (2.12)

where [, is the incident X-ray intensity and / is the intensity of the transmitted
BEAM. p(E) is a function of incident X-ray photon energy E, or wavelength 4 =
hC/F, the sample density p, the atomic number Z, and the atomic mass 4 of the
material.

Z4- 2413
283 Pames

WE) ~ p (2.13)
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Fluorescence- |,
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Figure 2.17. Schematic drawing of a typical experimental arrangement of Refl-
XAFS.

As the energy of the incident X-ray equals the binding energy of a core-
level electron, a sharp rise of the X-ray absorption will occur which is called an
absorption edge, and corresponds to an excitation of the core level electrons to
the continuum. The kinetic energy of that excited electron is following Einstein’s
photoelectron equation which is described in equation (2.8).

EkE = hv - EBE - @. (2.14)
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The decay of the excited atoms can follow two mechanisms: X-ray
fluorescence and Auger electron emission. The probability of X-ray fluorescence
and Auger electron emission is directly proportional to the X-ray absorption
probability.

The binding energy of an electron is determined by the combined
effects of the attraction from the positive nucleus and the repulsion from the
negatively charged electrons. Therefore, in general, with a higher oxidation state
of the metal, the excitation energy required is higher which will result in a blue
shift of the absorption edge in the XANES spectrum. The excited photoelectron
will propagate away from the absorbing atom with wave number k:

k= YEEEEE = 0,512 (B — Egg) /7, (2.15)

where m is the mass of an electron and E is the photon energy of the
incident X-ray photon. This wave number of emitted photoelectron depends on
the photon energy of the incident X-ray photon. The outgoing photoelectron
wave can be scattered by the neighboring scattering atoms and interact with the
backscattered photoelectron wave. This leads to constructive or destructive
interference, which depends on the type, the number, and the distance of the
scattering atoms, resulting above an absorption edge in EXAFS spectra as shown
in Figure 2.15b™° A schematic drawing of the scattering process is shown in
Figure 2.18.

EXAFS can be modelled using the following equation.®!

—20%k2
Njfjk)e ~"J

x(k) =3 — sin[2kR; + 6; (k)] (2.16)
J
wherefj(k) and §;(k) are photo-electron scattering properties of the

neighboring atom.

The EXAFS oscillation amplitude is proportional to the number of
neighboring scattering atoms. The frequency of the EXAFS oscillation is inversely
proportional to the distance between absorbing atom to the scattering atom,
and type of the scattering atom is revealed by the shape of the EXAFS oscillation.
Therefore, from EXAFS, the distance from the scattering atom to the absorber
(R), the number of scattering atoms or the coordination number (N), the root

47


https://dictionary.iucr.org/Absorption_edge

Chapter 2 — Experimental set ups and characterization techniques

mean-square of disorder of neighbor distance (62) and the identities of
scattering atoms can be obtained. The EXAFS data analysis can be done with
EXAFS program packages to obtain the structural parameters. In this PhD thesis
the EXCURVE77 software was utilized.
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Figure 2.18. a) Schematic drawing of a scattering between absorbing atom
and scattering atoms b) types of scattering

2.8. Photocatalytic degradation of stearic acid (C1sH3603)

The photocatalytic degradation of stearic acid (SA) in which the
decomposition of a thin layer of SA, deposited onto a film and exposed to light,
is monitored as a function of time. 182183184185 |t js 3 popular and widely accepted
approach to evaluate the self-cleaning activity of photocatalytic films. SA is
preferred molecule for this test because it is representative for a group of
organic fouling compounds that contaminate glass surfaces.'®%18187 Thijs
approach has gained preference over the years for a number of other reasons,
including: (a) SA is a reasonable model compound for solid films deposited on
exterior and interior surfaces, (b) SA is very stable under UV illumination in the
absence of a photocatalyst film, and (c) the kinetics of SA removal on dense thin
films are usually simple and of zero-order, and so the SA film thickness is not a
critical factor when assessing the photocatalytic activity, making the test much
easier. A zero-order reaction is a type of chemical reaction where the rate of
reaction is independent of the concentration of the reactant(s). This means that
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the rate of reaction remains constant over time, as long as there is some
reactant present.'®® The typical reaction involved in this SA test is described by
the following reaction with TiO, as a semiconductor:184186:189

CH5(CH,),,CO,H + 26 0,—> 18 CO, + 18 H,0 (2.17)

ho = Ebg

This reaction can proceed only in the presence of both oxygen and light
with a photon energy that is larger than the TiO, anatase band gap, i.e. >3.2 eV.
The degradation of SA can be the result of a direct reaction with
photogenerated electrons/holes and/or photooxidation via the formation of
highly reactive oxidant species (equations 1.1 to 1.6 of chapter 1). These latter
are products of a reaction involving the adsorption of species (H,O and O3) on
the TiO, surface.’®” The most commonly employed method to follow the SA
photodegradation (reaction 2.17) uses infrared absorption spectroscopy. SA
absorbs strongly in the 2700-3000 cm™ region, particularly at 2958 cm™,
2923 cm™, and 2853 cm™?, frequencies that are corresponding to asymmetric in-
plane C-H stretching in the CHsgroup and asymmetric and symmetric C—H
stretching in the CH,groups, respectively.’® The absorption at those
frequencies decreases together with the photocatalytic degradation of SA.

Irradiation with UV and
Solar simulator

Preparation of stearic acid

Sample

—)
Sample/ ”

Spin coating of stearic acid

Figure 2.19. Schematic illustration of procedure of SA degradation test.

The experimental procedure is schematically provided in Figure 2.19.
100 pL of a 0.13 wt % SA (Sigma-Aldrich, = 99.5%) in chloroform solution was
spin-coated (1000 rpm, 1 min) at the samples and subsequently dried in an oven
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at 80°C for 15 min. The photocatalytic activity tests were performed at ambient
conditions under UV and AM (Air Mass) 1.5G simulated sunlight irradiation. The
used UV light source is a fluorescent S 25 W UVA lamp (Philips) with a spectral
range from 300 nm to 450 nm and a fluence of 2.6 mW cm™. The solar simulator
(SciSun-300, Sciencetech) has the intensity of 100 MW c¢cm™ between 300 nm
and 1100 nm as measured with a calibrated spectroradiometer (Avantes
Avaspec-3648-USB2). The SA degradation upon illumination was measured by
recording the absorbance with a Fourier transform infrared (FTIR) spectrometer
(Nicolet™ 380, Thermo Fisher Scientific), while the sample was placed under a
fixed angle of 9° with the infrared beam to avoid internal reflection. The quantity
of SA remaining on the sample surface was determined by integrating the
spectral range from 2800 to 3000 cm™ and plotting versus illumination time.
Examples are shown in Figures 2.20a and b.
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Figure 2.20 a) Evolution of integrated FTIR absorbance of stearic acid between
2800 to 3000 cm™ as a function of illumination time on the AuCu clusters modified
TiO2 under UV and solar simulator illumination.

The self-cleaning nature of as-prepared samples, AuxCui« (x = 1, 0.75,
0.50, 0.25 and 0) is examined by monitoring the degradation of SA from their
surface. The linear decrease in the concentration of reactant with time indicates
that SA degradation is a zero-order reaction whose rate is independent of the
initial concentration of SA.1%°
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2.9. Photoelectrochemical work station

Photoelectrochemical (PEC) processes were already introduced in
section 1.3. Here the components of the PEC cell used in this thesis are
discussed.

A schematic diagram of PEC cell is given in Figure 2.21. The PEC cell
consists of three electrodes: photoanode (working electrode (WE) - TNTs),
cathode (counter electrode (CE) - Pt) and reference electrode (RE - Ag/AgCl).
Both photoanode and cathode electrodes are crucial for initiating PEC reactions.
In this three-electrode electrochemical setup,’! the WE is the sample of interest
where the first half-reaction, such as water oxidation, occurs (as illustrated in
Figure 2.21). The CE provides the site for the second half-reaction of water
splitting. This electrode should have a large surface area and exhibit fast kinetics
to avoid limiting the circuit current. The RE ensures that the potential of the
working electrode is applied and measured relative to a well-defined
electrochemical potential scale. Commonly used REs include saturated calomel
electrodes (SCEs) and Ag/AgCl electrodes.® Another important component is the
electrolyte which is in contact with both photoanode and cathode and which
works as a medium for the ions to flow between photoanode and cathode,
thereby closing the electric circuit.

When the photoanode absorbs UV light, it generates electron-hole
pairs; electrons in the conduction band and holes in the valence band. The
generated electrons are utilized in the electrocatalytic half-reaction of water
reduction to produce hydrogen gas (H,), while the generated holes are utilized
in the electrocatalytic half-reaction of water oxidation to produce oxygen gas
(02).X3 There is an external circuit that connects the photoanode and cathode
allowing the flow of generated electrons from the photoanode to the cathode
where the reduction reactions take place and photogenerated holes are
consumed by the oxidation reactions at the photoanode.?

3 In publications on PEC water splitting, the applied potential, initially measured with respect to
an SCE or Ag/AgCl reference electrode, is often converted to the reversible hydrogen electrode
(RHE) scale using equation (4.1).192
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Evaluating the performance of a PEC cell involves various analytical
techniques to measure its efficiency, stability, and other key parameters. Some
commonly used techniques are linear Sweep Voltammetry (LSV),
Chronoamperometry (CA), and Electrochemical Impedance Spectroscopy (EIS).

Potentiostat

O, Photo anode - Working electrode (TiO,)
1
® ® H,0 + 2h* + [hv] * 2H'+- 0,
— |— — Reference electrode (Ag/AgCl)
S
0, H, Cathode - Counter electrode (Pt)
{I 2H* + 2 > H,
- Electrolyte
Solar simulator Photoelectrochemical cell

Figure 2.21. Schematic representation of a photoelectrochemical cell that is
used for the water-splitting: evolution of oxygen at the photoanode and
evolution of hydrogen at the cathode.

2.9.1. Linear Sweep Voltammetry

LSV is an electrochemical technique where the current at a working
electrode is measured, while the potential between the working electrode and
a reference electrode is linearly swept from an initial to a final value.’® The
resulting current response is recorded and plotted against the applied potential,
producing a voltammogram. This technique is particularly useful in
photochemistry for several reasons: 1%°

e LSV can measure the photocurrent generated by a photoelectrode
when illuminated by light. Comparing a curve of current density vs.
applied potential with and without light illumination provides valuable
insights about the photoactivity of the material.

e |Important parameters such as the onset potential and maximum
photocurrent can be derived from LSV curves. The onset potential is the
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potential at which the photocurrent begins to rise significantly,
indicating the energy level at which the photoelectrode starts driving
redox reactions effectively. A low onset potential is desirable as it means
the material can operate efficiently at low applied voltages.

e The shape and slope of the LSV curve provides information about the
kinetics of charge transfer at the photoelectrode-electrolyte interface.
A steep rise in the current indicates efficient charge separation and fast
kinetics,'% essential for high-performance PEC systems.

e LSV is an effective method for comparing different photoelectrode
materials under identical conditions. By examining the photocurrent
response and onset potentials of various materials, researchers can
identify which materials offer the best performance for applications
such as water splitting or CO; reduction.

e In PEC cells, catalysts are often used to enhance the efficiency of redox
reactions. LSV curves help evaluate catalytic activity by comparing
photocurrent responses with and without the catalyst. An increase in
photocurrent in the presence of a catalyst indicates its effectiveness in
promoting the desired reactions. Examples of LSV curves are given in

Figure 2.22.
1.5 —— (Ds/Bi;WOg@mac-FTO
NE Pris? —— BiWOg@mac-FTO
g —— BiWOg@p-FTO
1.04 2
E Dark
Z
e
S 054
©
e
c
Q
=
E 0.0 —
O . .
0.0 0.5 1.0

Potential (Vys, Ag/AgCl)

Figure 2.22. Linear sweep voltammetry (LSV) curves of the Bi2WO6@p-FTO
photoelectrode, Bi2WO6@mac-FTO photoelectrode and CDs/Bi2WO6@mac-
FTO photoelectrode, adapted from ref. [197]
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2.9.2. Chronoamperometry

CA is an electrochemical technique that measures the current as a
function of (an extended) time at a fixed potential. A constant potential is
applied to the working electrode and the current is recorded as a function of
time, which provides information about the kinetics of electrochemical
processes. 9819 An example of CA is given in Figure 2.23.
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Figure 2.23. Chronoamperometry curves recorded at 0.5 V vs. Ag/AgCl (0.1 M
KCl) under intermittent illumination (100 mW-cm™, AM1.5) in 0.5 M K,SO, for
different electrodes: a) Ti/BiVOs, b) Ti/TiOy, c¢) Ti/TiOy/BiVOs, d)
Ti/TiO./BiVO4/Au, €) Ti/TiO./Au/BiVOs and f) Ti/TiOo/Au/BiVO4/Au. Figure is
adapted from ref. [200].

e CAis essential for evaluating the long-term stability and durability of
photoelectrodes. By applying a constant potential and measuring the
photocurrent over time, degradation of photoelectrode can be
monitored, which is critical for practical PEC water splitting devices.
Specifically, CA can identify photocorrosion, indicated by a decline in
photocurrent over time, showing material degradation under
operational conditions.!
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e CA captures the transient behavior of the photocurrent, allowing
analysis of the charge carrier dynamics. The initial spike in current
followed by a decay can reveal details about recombination processes
and the efficiency of charge separation within the photoelectrode.

e CA offers a quantitative measure of the photocurrent under controlled
conditions, crucial for comparing the performance of different
photoelectrodes. This data aids in optimizing the design and fabrication
processes of PEC systems.

2.9.3. Electrochemical impedance spectroscopy

EIS is a frequency sweep technique used to measure the impedance of
an electrochemical cell over a broad frequency range usually between 0.1 Hz to
100 kHz.®' There are two ways to visualize electrochemical impedance
spectroscopy measurements. One is a Bode plot, which will show the
impedance at different frequencies. The other is a Nyquist plot, which compares
the real and imaginary parts of electrochemical impedance.?®? They provide
complementary information about the performance and efficiency of the PEC
cell.

e Bode plot: It displays the frequency response of a system via the phase
shift between the input and output signals as a function of frequency.
Peaks in the plot help to identify different time constants of the system,
which are related to processes such as charge transfer, recombination
and diffusion. The maximum phase shift can be associated with the
frequency range where the interplay between double-layer capacitance
and charge transfer resistance is most pronounced. This typically occurs
in the mid-frequency range.

e Nyquist plot: It is constructed by plotting the negative imaginary part of
the impedance versus the real part of the impedance, either for
individual electrodes or for the electrochemical cell as a whole. The real
part of the impedance contains information about the resistances, while
the imaginary part tells us about the capacitance of the electrode. The
plot typically shows a semicircular arc, with each point on the arc
representing the impedance at different frequencies. The diameter of
the semicircle is related to the charge transfer resistance (R.) at the
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electrode/electrolyte interface, indicating how efficiently charge is
transferred.?®® Examples of bode plot and Nyquist plots are given in

Figures 2.24.
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Figure 2.24. (a) Nyquist plot and (b) Bode plot of ferro-based and glass-based
cells, adapted from ref. [204].
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3.1 Introduction

Titanium dioxide (TiO;) has been intensely investigated as a
photocatalyst for the decomposition of many organic compounds>*%?¢ due to
its very good photocatalytic self-cleaning activity, chemical and thermal
stability, large scale production, and low cost.1%1%12205 Redox reactions are
initiated at the TiO, surface with photogenerated electron-hole pairs. One of its
important applications is in self-cleaning surfaces widely adopted on tiles, tent
fabric,'8 or glasses?®® where the surfaces covered by a thin film of TiO,
decompose the pollutants under UV light irradiation. The residues are photo-
mineralized and/or subsequently washed off by rainwater.?9”2%® TiO, self-
cleaning activity is conveniently assessed by monitoring the photocatalytic
destruction of stearic acid (SA), a model compound for the class of organic
contaminants typically found on fouled glass surfaces.'®1%87 The main
limitations of the current self-cleaning materials lie in their modest solar-light
response due to the large band gap of TiO (3.2 eV for anatase) that requires UV
irradiation making up only ca. 4% of the solar spectrum,?®” and their low
guantum vyield (fast recombination of charge carriers). Modifying TiO, surface
with NPs of plasmonic metals such as Au, Ag and their bimetallic combinations
that are capable of absorbing visible light accounting for ca. 42% of the solar
irradiation via their (localized) surface plasmon resonance (L)SPR7+219211 s heing
investigated extensively.?!? The plasmonic collective oscillation of the metal
nanoparticle conduction electrons generates energetic hot electrons and
holes?13214.215 that can potentially induce and/or accelerate chemical reactions
at the surface of the nanoparticle,?3216:217.218 bt with strong limitations due to
their rapid recombination. These hot charge carriers can more efficiently
directly generate an electron in the strongly coupled TiO, semiconductor
acceptor through a plasmon-induced metal to semiconductor interfacial
charge-transfer transition with a quantum yield for electron injection exceeding
24% independently of the incident photon energy.?*®2! Recent work also points
out the major role played by plasmonic hot holes mainly concentrated near the
gold-semiconductor interface, which is further identified as the reaction site for
plasmonic water oxidation.?!® Finally, beside direct charge transfers, the near-
field effect originating from SPR induces strong electric fields of orders of
magnitude higher than the incident field, close to the plasmonic nanoparticle’s
surface.52%0

The (L)SPR absorption band of the NPs deposited on TiO; can be further
tuned and extended over the entire visible light range to maximize the overlap
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with the incident light spectrum by mixing two plasmonic metals with tailored
compositions. This generally results in significant improvements in the
photocatalytic performance,??22 particularly with respect to the activity and
selectivity as compared to their monometallic counterparts.'®” Additionally,
BNPs deposited on TiO; are expected to display not only the combination of the
chemical properties associated with two individual metals, but also new
properties due to synergy between two metals. The effects of the structure of
plasmonic hybrids in different photocatalytic applications are detailed in a
recent review by Ninakanti et al.??

Colloidal Au-Ag alloy NPs display highly tunable, composition-
dependent LSPR maxima over a broad visible light range (ca. 420-520
nm).224225226 |n that context, plasmonic ‘rainbow’ nanoparticles (gold-silver
composite nanoparticles of various sizes and compositions) supported on TiO;
P25* and coated by a protecting layer exhibited a 56% increase in efficiency
compared to pristine P25 combined with a good stability under simulated solar
light.2?” This corroborates numerous studies highlighting the higher visible light
photoactivity of bimetallic Au-Ag/TiO> nanocomposites compared to their
monometallic Ag/TiO, and Au/TiO, counterparts.??®#?2° This demonstrates that
Au-Ag NPs are appropriate candidates for harvesting a large portion of the solar
spectrum, in view of outdoor photocatalytic applications.?®® Although wet-
chemical synthesis of Au, Ag or bimetallic plasmonic nanostructures is at the
origin of significant enhancements in visible light photoactivity of self-cleaning
TiOx-based surfaces,?*! these colloidal techniques that generally involve large
volumes of solvents (waste) as well as hazardous chemical agents, do not allow
a strict control over the particle size and composition. The resulting
polydispersed nature of these alloy nanomaterials hampers further
investigation of their detailed structural and electronic properties as well as of
bimetallic synergistic effects, mainly due to the lack of reliable information at
the atomic scale.

Well-defined plasmonic nanostructures can be fabricated in an efficient
and sustainable way by using the gas-phase cluster beam deposition (CBD)
technique that allows for a precise control over cluster size and composition,
and does not require the use of solvents.??? The physical aspects of size

4 P25 is a frequently used commercial titania material containing crystalline phases of higher
anatase and lower rutile ratio.
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controlled cluster production with laser ablation sources developed almost four
decades ago?** have been described in detail in the literature.??#'* Qur laser
ablation cluster setup is equipped with a reflectron time of flight mass
spectrometer (RToF-MS) that analyses in line the mass distribution of the
produced clusters in the gas phase allowing an excellent control of their size
distribution by fine-tuning the cluster formation conditions including the helium
gas pressure, the temperature of the source block and the nozzle, as well as the
ablation laser power and timing (careful timing of the laser pulse relative to the
carrier gas pulses is instrumental for cluster production).’®® It was already
demonstrated that TiO, P25 modified by Au clusters deposited by CBD has a
remarkable four-fold increase in its photocatalytic efficiency under 515 nm
green light compared to its pristine counterpart.?®

We have fully exploited the possibilities of the CBD method to prepare
high performance solar light photocatalysts by decorating TiO, with soft-landed
Au-Ag clusters of uniform size and compositions precisely tuned over their
miscibility range. These photocatalysts show a remarkable increase in their
photocatalytic efficiency along with a clear experimental correlation between
the cluster composition and the spectral output of the light source.
Electromagnetic light-matter simulations in combination with detailed
characterization of these well-defined photocatalysts bring more insight into
the main mechanisms responsible for the composition-dependent
enhancement of their activity. This demonstrates not only the added value of
controlling the composition of metal clusters to tune and enhance plasmonic
photocatalytic effects, but also the excellent potential of the CBD technology to
fabricate efficient noble metal modified photocatalytic surfaces.

3.2. Sample preparation and methods

This section describes the preparation of titania substrates (TiO, P25
powder coated SiO; surfaces) and their surface modification with AuAg NCs.
Additionally, the experimental methods employed in this study are presented
within this section.

3.2.1. Preparation of AuAg nanoclusters modified samples

Precleaned Si wafers (3 x 1.5 cm?) were spin-coated for 1 min at 1500
rpm with 150 pL of a 1 wt.% TiO, P25 (ACROS Organics, = 99.5%, ~ 80% anatase,
~ 20% rutile) in ethanol suspension to get a thin layer of titania. The P25
suspension was made in a sealed glass vial and ultrasonicated for 30 min to
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homogenize the suspension. Afterwards, the samples were dried at 105° C
overnight. Next, the prepared TiO; P25 samples were modified with AuAg NCs
with equivalent atomic coverages of 2 ML, 4 ML, 6ML, and 8 ML using laser
ablation cluster course (Cluster Deposition Apparatus - CDA). Chapter 2, section
2.1 offers a detailed account of the laser ablation setup and its operation, as
well as the process of cluster production.

3.2.2. Sample characterization

The size and shape of the deposited clusters on TEM grid (ultrathin
carbon film on lacey carbon support film, 400 mesh, copper, purchased from
TED Pella, INC) was determined using a probe-lens aberration corrected
scanning transmission electron microscope (STEM) (Jeol, ARM200F instrument)
for two samples (pure gold clusters and Aug7Ago 5 alloy clusters) measured at an
accelerating voltage of 200 kV and a magnification of 200,000. The cluster size
distribution was obtained using image analysis software. Ex situ Scanning
Electron Microscopy (SEM) was used to acquire the sample images at an
accelerating voltage of 10 kV, and an aperture size of 30 um using an electron
beam lithography and microscopy platform (Raith GmbH). Ultraviolet-Visible
light absorbance spectra (UV-Vis) of cluster decorated P25 samples were
obtained in the 300-700 nm wavelength range using a double beam UV 2600
spectrophotometer (Shimadzu, Kyoto, Japan) equipped with film holders
attached to a BaSO, coated integrating sphere of 60 mm in diameter. A pristine
TiO, sample was used as the background. X-Ray Photoelectron Spectroscopy
(XPS) measurements were performed at room temperature using a laboratory
setup equipped with a Mg Ka X-ray (XR4 Twin Anode X-ray source, non-
monochromatic) and an Alpha 110 hemispherical analyzer and the spectra were
acquired in Ultra High Vacuum (UHV) (base pressure ~107% mbar) with an
energy step of 0.2 eV and energy resolution of = 1 eV, and a beam diameter of
5mm.

XAFS data were collected at the Au Ls-edge (E = 11919 eV) in grazing
incidence (incidence angle ~ 2° with the beam polarization perpendicular to the
surface) in fluorescence detection mode at the LISA beamline (BM08)%® at The
European Synchrotron (ESRF, Grenoble, France) operating in a 7/8 multi bunch
mode with a current of 200 mA. The monochromator was equipped with a pair
of flat Si (111) crystals and was cooled at liquid nitrogen temperature. The
harmonic rejection was carried out by using a pair of Si mirrors. The samples
were measured in ambient conditions up to a k = 12 A wave number with
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typical acquisition times of 40 min (i.e. 6—12 s per data point). The incoming
beam was measured via a nitrogen filled ion chamber, the fluorescence signal
from the Au L, line was collected by a 12 elements High Purity Germanium
detector. Two spectra were generally averaged to improve the signal to noise
ratio. Data reduction of the experimental X-ray absorption spectra was
performed with the program EXBROOK. Background subtraction and
normalization were carried out by fitting (i) a linear polynomial to the pre-edge
region in order to remove any instrumental background and (ii) cubic splines
simulating the absorption coefficient from an isolated atom to the post-edge
region. EXAFS refinements were performed with the EXCURVE package. Phase
shifts and backscattering factors were calculated ab initio using Hedin-Lundqvist
potentials. The data were fitted both in k? and k® spaces. Possible asymmetric
oscillation effects in the interatomic radial distribution were fully accounted for
in the refinements.

3.2.3. Photocatalysis towards stearic acid degradation

100 pL of @ 0.13 wt% SA (Sigma-Aldrich, = 99.5%) in chloroform solution
was spin-coated on the wafers (1000 rpm, 1 min) and subsequently dried in an
oven at 80 °C for 15 min. The photocatalytic activity tests were performed at
ambient conditions under UV and AM (Air Mass) 1.5G simulated sunlight
irradiation. In Chapter 2, section 2.8 provides an elaborate explanation of the
procedure involved in measuring the samples.

3.3 Results
3.3.1. Structural characterization of Au-Ag clusters

The gas-phase size distribution of AusAgi« clusters with x =0, 0.1, 0.3,
0.5,0.7,0.9and 1, produced by ablating alloy targets and inert gas condensation
in a dual target laser ablation source, is recorded using in situ time of flight mass
spectrometry (ToF-MS). Prior to cluster deposition, the gas phase size
distribution of charged clusters of all the compositions peaks around 2 nm
assuming a spherical shape (Figure 3.1) and the cluster flux is measured prior
and after cluster deposition using a quartz crystal microbalance (QCM). Based
on the cluster flux, the deposition time is set to correspond to the required
amount of clusters, which are expressed in an equivalent number of atomic
monolayers (ML, i.e. a thickness equivalent to a film of 0.25 nm). Most
depositions had an amount equal to 4 ML equivalents, but also 2 ML, 6 ML, and
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8 ML were prepared. Taking into consideration the average cluster diameter
and random deposition, the 4 ML loading corresponds to a ca. 59% coverage of
the surface with clusters.
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Figure 3.1. Size distribution of AusAgix (x = 1, 0.9, 0.7, 0.5, 0.3, 0.1 and 0)
bimetallic clusters as measured by time-of-flight mass spectrometry prior to
cluster deposition. The cluster diameter is deduced from the measured mass
assuming a spherical shape and bulk density.

STEM images of AuosAgo.s and Au clusters, deposited on lacey carbon
TEM grids at a loading of 0.26 ML and 0.63 ML, respectively, and their
corresponding size distributions were obtained by image analysis, leading to
mean diameters of the spherical clusters of 3 nm and 3.5 nm for the Auo7Agos
and Au clusters, respectively (Figure 3.2). The slightly larger size distribution
observed with STEM compared to the mean diameters obtained in the gas
phase may be attributed to a less efficient detection of the larger mass clusters
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by the microchannel plate (MCP) of the ToF-MS particularly under the
conditions of relatively low acceleration voltages 2”23 (in our case it is < 3 kV).
Additional flattening of the clusters due to cluster-support interaction after
deposition combined with a limited cluster agglomeration on the support may
also contribute to this effect. The clusters are uniformly distributed over the
surface and are crystalline, forming the common icosahedral structure as
illustrated by the insets in Figure 3.2a and 3.2b which is consistent with the
literature for gold clusters with sizes below 5 nm.?*® Computational methods
predict the shape and structure of face-centered cubic gold nanocrystals

Count
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Figure 3.2. STEM images of (a) AuosAgos and (b) Au clusters on lacey carbon
supports. The insets show a high-resolution images of a single cluster. Size
distributions resulting from image analysis of the (c) AuosAg0s and (d) Au
cluster samples.

smaller than 3 nm %%° and provided a clear picture of the nanoparticles’ size-
structure relationship.?** A detailed study of size-structure relationship is
beyond the scope of this thesis.
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Figure 3.3 (a) SEM image of Augs3Agos cluster-modified TiO, P25 (small white
spots are clusters). (b) Size distribution of AugsAgo; clusters for different
loadings as obtained from analysis of SEM images. About 200 clusters are
analyzed per image. The average sizesare 4.1+0.2,5.7+0.2,6.1+£0.1, and 6.4
1+ 0.1 nmforthe 2, 4, 6, and 8 ML samples, respectively.

A SEM image of a 4 ML Auo3Ago7 cluster-modified titania surface (Figure
3.3a) shows that the TiO, covers the silicon substrate uniformly, though on a
larger scale there are regions with more or less spin-coated material, which is

typical for a powder coating. The bimetallic Aug3Agos clusters are clearly
present and show up as small white spots.
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Corresponding cluster size distributions were obtained for different
cluster loadings using image analysis software (Figure 3.3b). Although SEM
provides information about the supported catalyst and explores cluster
agglomeration with increasing coverage (Figure 3.4), its lower resolution (1.5
nm @ 10 keV) as compared to that of TEM results in a lower accuracy in the
determination of the clusters diameters.

l;,' &3 '” ",

L,
¢ :{ 4 100 nm

x

Figure 3.4. SEM images of Auo3Agos clusters for different loading of 2 ML
(a), 6 ML (b), and 8 ML (c). The apparent cluster sizes become larger with
the increased loading, which indicates cluster coalescence.

At the highest coverage (8 ML) the AuosAgo clusters display a larger
average size of 6.4 nm and more irregular shapes, suggesting a significant level
of cluster coalescence. At a coverage of 6 ML the particles have an average
diameter of 6.1 nm. A gradual increase in the size of the particles with an
increase in loading from 2 ML to 8 ML is evident (Figure 3.3b). This indicates
that the extent of cluster coalescence increases with the cluster coverage,
resulting in larger and less regularly shaped particles. An additional drawback of
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loadings above 4 ML is the reduced accessibility of active sites on the TiO;
surface by the clusters, which may in turn result in a lower photocatalytic
efficiency.?®

FT Magnitude k’y (k)

3 4 & 6 3 4 5 6 7 8 9 10 11 12
R(A) k (A")

Figure 3.5. a) Phase-corrected Fourier-transformed Au Ls-edge XAFS spectra
from gold rich to silver rich clusters along with pure Au clusters (x=1). b) k?
weighted XAFS spectra of the AusAg:«x bimetallic clusters on TiO; and carbon
supports from x =1 to 0.1, along with a spectrum from pure Au clusters, colour
full line is the data and dashed black line is the fit.
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The detailed atomic structure of the AusAgix bimetallic clusters
deposited on TiO; and carbon supports with a 4 ML loading was further
characterized by X-ray absorption spectroscopy carried out at the Au Ls-edge.
Extended X-ray Absorption Fine Structure (EXAFS) is element specific and does
not need long-range order in the material. This allows for a precise detection of
the alloyed structure in nanostructured Au-Ag bimetallic systems.2#2243

As representative investigation of the entire surface of the materials, it
offers complementary information to electron microscopy. Phase corrected
Fourier Transforms (Figure 3.5a) of the k,-weighted EXAFS spectra (Figure 3.5b)
at the Au-Ls edge show a doublet between 2 and 3 A associated with a beat at
6 Ain the EXAFS spectra that is characteristic of Au-Ag alloys.?*® Detailed fitting
of the data was carried out with a 2-shell structure model based on Au-Au, and
Au-Ag as no significant additional shells were present at higher distances. No
Au-0 interactions could be detected, indicating the fully metallic state of Au in
the clusters. The fitting results of AuxAg:« bimetallic clusters deposited on TiO;
and carbon supports with a 4 ML loading are presented in Table 3.1. The
amplitude reduction due to many-electron processes (AFAC) was set to 0.8. In
each cluster, the relative Nay-aw and Nauag coordination numbers showed an
excellent agreement with the expected composition while the sum of the two
Nauw-au and Nau-ag contributions was almost identical and equal to ca. 11 for each
bimetallic cluster sample. Assuming that Au-Ag bimetallic clusters adopt a
cubooctahedral structure, this reduced coordination value N (due to the high
fraction of atoms on the surface) is in agreement with the average size of 5.7
nm obtained by analysis of SEM images when using the tabulated values of N vs
particle size.?** The matching compositions (Table 3.1) indicate that silver and
gold atoms are mostly forming metallic alloys with very limited amount of pure
phases or oxides as previously reported.?*?

Although Au-Au atomic bond distances remain mostly constant over all
compositions at 2.87 A, (Table 3.1) which is only slightly shorter than the bulk
value (2.88 A), Au-Ag distances are sharply decreasing with increasing Au
content from 2.86 A in silver rich Aug1Agos to 2.82 A in gold rich AuooAgo1. In
AuosAgos relatively short and identical Au-Au and Au-Ag distances of 2.85 A are
observed. These distance differences reflect the variety of local structures and
electronic configurations in each composition and may also explain the
composition-dependent structural arrangements observed in the same clusters
deposited on Si02.%*? In AuosAgos the identical distances may favor the
formation of an homogenous alloy over the whole bimetallic clusters while in
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the other compositions different Au-Au and Au-Ag distances may be at the
origin of the core-shell arrangements consisting of a gold rich and silver rich
alloy with the minority element always at the core as previously reported.?*
This combined structural characterization is pointing out the remarkable
homogeneity in terms of surface density, mean size and composition of the Au-
Ag cluster samples obtained by the CBD technology. This will pave the way for
the design of photocatalysts with tuneable properties.

Table 3.1. Summary of structural results of Au Ls-edge EXAFS
refinements of the AusAgi.«clusters.

Sample Aug1Agos | AupsAgos | AupsABos | AupsABos | AuosAgoa
Support TiO, Carbon Carbon Carbon TiOs

E: (eV) -8.6(9) 7.7 (6) 7.7 (8) -7.9(8) -8.2(8)
AFAC 0.8 0.8 0.8 0.8 0.8
k-range (A™) 2.8-11 2.8-11.5 2.8-11.5 2.8-11.5 2.8-10
Nag 10.0(9) 8.3 (6) 5.6(8) 3.0(5) 1.0(2)
Rag (A7) 2.86 (3) 2.85(1) 2.85(2) 2.84(3) 2.82(5)
Axe (A2) 0.027(3) |0021(2) |0021(4) |0017(4) |o0.03(4) |
Nag 1.0(3) 2.9(4) 5.5(8) 8.0(9) 10.0(9)
Rau (A7) 2.87 (9) 2.86 (1) 2.85(2) 2.87 (1) 2.87 (1)
An (A2) 0.02 (1) 0.015(2) | 0.016(4) | 0.018(3) | 0.019(3)
Nag+ Naw 11 11.2 111 11 11
Diameter (nm) ~5 ~5 ~5 ~5 ~5

Nau/ Nag+ Nay 0.09 0.26 0.50 0.72 0.91

R (%) 42% 34% 45% 46% 41%

Es = contribution of the wave vector of the zero photoelectron relative to origin of k
AFAC (amplitude reduction due to many-electron processes) was set to 0.8.

k= photoelectron wavenumber

N = number of atoms in each shell

R = distance between neighboring atoms in each shell

A= Debye-Waller term of each shell (A=2c? with ¢ = Debye-Waller factor)

R(%) = percentage fit- Agreement fraction.
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3.3.2. Electronic characterization

Insight in the electronic properties of the Au-Ag clusters was obtained
by combining X-ray photoemission (XPS) and absorption spectroscopies
(XANES). XPS was used to study the Au-Ag clusters interaction with the TiO;
support, as well as the charge transfer occurring between Au, Ag and the
support by monitoring the core level binding energy (BE) shifts of the different
elements. The survey spectra (Figure 3.6) confirm the exclusive presence of Si,
0, C, Ti, Au and Ag in all samples. The presence of gold and silver on the surface
is verified by the dominant peaks of Au 4f and Ag 3d. Bulk Ag 3d (Ag 3ds; at
368 eV and Ag 3ds/; at 374 eV)?* and Au 4f states (Au 4f7; at 84 eV and Au 4fs);
at 87.7 eV) are split due to spin-orbit coupling. The observed energy shifts in
the AusAgix (X =0.9, 0.7, 0.5, 0.3 and 0.1) clusters on TiO; are consistent with
those reported for Au-Ag alloyed nanoparticles.?4
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Figure 3.6. XPS survey spectra obtained for AusAgix (x = 1, 0.9, 0.7, 0.5, 0.3,
0.1, and 0) clusters on TiO,.

Analysis of the BE peak positions of Au 4fs;,, Au 4f7/;, Ag 3ds2 and Ag
3ds/; as a function of composition shows that the Ag 3d BE in all AuxAga« clusters
is smaller than that of pure Ag clusters, but slightly higher than that of bulk silver
3d (368 eV and 374 eV). This is again in very good agreement with the values
reported in the literature.?*”2*® Figure 3.7 presents the variation of the O 1s, Ag
3d and Au 4f core level XPS spectra of the AusAgi« bimetallic clusters on TiO,
supported silicon wafers as a function of the Au fraction x. The deconvolution
peaks of oxygen species O 1s located at a BE around 530 eV come from O% ions
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in the TiO, and O and O% ions in the oxygen vacancies induced defect regions,
which mainly contribute to the photocatalytic reaction.?*>2* Peaks appearing at
a BE value of 533 eV correspond to SiO,, while the ones at 531 eV are associated
with C-O bonds.
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Figure 3.7. (a) O 1s, (b) Ag 3d and (c) Au 4f XPS spectra of the
Au,Ag1x bimetallic clusters on TiO, fromx =1 to 0.
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Upon increasing Ag concentration in the alloy (or decreasing the Au
concentration), an increase of the Au 4f level is observed (Figure 3.8). This
points towards a limited oxidation of Au by electron transfer from Au to Ag. A
similar trend was previously observed for gas phase Au-Ag clusters deposited
by CBD technique on a more inert SiO, support.2*? Detailed comparison of the
BE peak positions of Au 4fs/; and Ag 3ds/, of AuxAgix bimetallic clusters on TiO;
and SiO; supports (Figure 3.9) shows a relatively similar electronic state for Au
in AuxAgi« bimetallic clusters on both supports, whereas Ag is slightly more
oxidized on TiOz than on SiO; support. This suggests an higher electron transfer
from Ag to the TiO, support.
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Figure 3.9. Binding energies of Ag 3d 3,2 and Au 4f 5/, states in AusAgi1« bimetallic
clusters deposited on TiO; and SiO,. The values forthe clusters on SiO; are taken
from ref. [146].

To complement the XPS analysis, X-ray absorption near edge structure
(XANES) spectra at Au Ls-edge spectra of the series of Au-Ag bimetallic clusters
deposited on TiO; (Auo.1Ag0.9 and AuosAgo.1) and on carbon (Auo.7Ago0.3, AUosAgos
and AuosAgo ) along with that of the Au foil reference are presented in Figure
3.10. When two transition metals form an alloy, the overlap of their d orbitals
occurs, causing the energy levels to split and shift. This interaction can lead to
the formation of new electronic states, including some that are unoccupied.
These new states appear near the Fermi level because the mixing of d orbitals
from different metals can push some states closer to or above the Fermi level.??
In XANES, these new unoccupied d states can be identified. As X-rays are
absorbed, core electrons can be excited to these unoccupied states (typical
photon energy range of 0.1 to 100 keV). The resulting absorption spectrum
reveals the electronic structure of the material, highlighting any new states
created by the d orbital overlap. In Figure 3.10, although all spectra feature a
metallic profile, a gradual blue shift of the edge position accompanied by a
marked increase in the white line area (0-20 eV above the onset of absorption
reaching a maximum for the AugsAgos composition) are observed upon alloying
Au with Ag. Since the Au Ls-edge white line corresponds to the 2ps/;-5ds/2 and
5ds/; dipole-allowed transitions, this indicates an increase in the number of
unoccupied states of d character in the vicinity of the Fermi level in the

73



Chapter 3 — AuAg on TiO; as an efficient self-cleaning photocatalyst

bimetallic clusters, similar to what was reported in Au-Ag bulk alloys.252253254

This results from a complex charge-compensation mechanism where Au loses d
and gains s-p electrons, while Ag loses s-p and gains d electrons.?*?

Electron depletion on Au atoms supports the increase of the Au 4f BE
with decreasing x in the XPS spectra. Although the net charge flow between Au
and Ag atoms is expected to be extremely small,?° this composition-dependent
charge redistribution may impart chemical stability to the bimetallic cluster and
protect the Ag atoms against oxidation.?*> Moreover, as the d-band centre of
the metal surface is related to the adsorbate binding energy, this electron
transfer may directly affect the catalytic properties of the clusters,2® 257, 258
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Figure 3.10. XANES spectra of gold rich to silver rich clusters on TiO, and
carbon and of a gold foil reference.
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3.3.3. Optical characterization

The optical properties of the cluster-modified films were characterized
by UV-Vis (diffuse reflectance) spectroscopy. The spectra with clusters were
normalized to a pristine P25 spin-coated substrate (i.e. P25 was taken as
background). The subtraction of the P25 sample from the measurements is
required to get a glimpse of the clusters’ plasmon bands, since small few-nm
clusters are known to exhibit a rather weak and broad plasmon response in the
absorbance spectrum.>®?%2%0 Qptical characterization of Au-Ag bimetallic
clusters deposited on TiO; highlights the modification of the surface plasmon
resonance absorbance of Au-Ag clusters on TiO; upon changing the
composition.

Absorbance (a. u.)

400 S(')O 600
Wavelength (nm)

Figure 3.11. UV-Vis absorption spectra of TiO, modified samples with AuxAgix (x
=0.9, 0.7, 0.5, 0.3 and 0.1) after subtraction of pristine TiO, as background. The
overall shape of the curves is dominated by the background subtraction, but the
plasmonic features in the 400-550 nm range are apparent (shaded areas).
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The UV-Vis spectra in Figure 3.11 show two characteristic absorption
bands for all compositions except for pure Ag and Aug.1Ago.s: one below 400 nm
and the other between 400 nm to 550 nm. The band below 400 nm can be
attributed to the band gap of TiO; substrate, which dominates the absorbance
of most samples. Its varying intensity among the different samples is related to
the inherent inhomogeneity of the powder coating. Therefore, the P25
background subtraction cannot perfectly remove this contribution. Actually, for
the x = 0.5 and x = 0.3 compositions it is overcompensated, resulting in an
effective dip in the absorbance. A low intensity but clearly discernible broad
absorbance bands can be observed in the visible region between 400 nm and
550 nm for all samples, except for the two most silver-rich samples. This is the
LSPR band, which for the most silver-rich samples overlaps with the absorption
edge of TiO; and can therefore not be distinguished. Furthermore, there is a
distinct red-shift of the plasmon band maximum with increasing gold content in
the clusters, as is known for Au-Ag alloys.?6%2%2 As size-dependent plasmon shifts
are only expected in case of large particle size differences (i.e. tens of
nm),210:226:263,264,265,266 tha yery minor variations in the mean cluster diameter
detected with EXAFS between the samples (Table 3.1) indicate that the tuning
of the LSPR wavelength of Au-Ag clusters in this work mainly originates from
changes in the AuxAgi« alloy composition.

3.3.4. Photocatalytic self-cleaning activity

The photocatalytic self-cleaning activity of films consisting of clusters
on TiO, was tested for all compositions by monitoring the degradation of stearic
acid from their surface. The quantity of stearic acid remaining on the sample
surface was determined by integrating the area of the IR band between 2800
and 3000 cm™. The values for each composition are plotted versus illumination
time under both UV and simulated solar light in Figure 3.12. The small
differences in the initial values of the integrated absorbance of the different
samples are attributed to slight variations in the SA loading. However, the linear
decrease in the concentration of reactant with time indicates that SA
degradation is a zero-order reaction whose rate is independent of the initial
concentration of SA, which is typical for non-porous self-cleaning surfaces. 9% 262
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The photocatalytic performance is expressed by means of the formal
quantum efficiency (FQE):

(the rate of stearic acid degradation in molecules/cm? /s )

FQE = (the rate of incident light in photons/cm?/s)

FQEs of the degradation experiments under both UV light and the solar
simulator are given in Figure 3.13 as a function of the cluster composition and
loading. Upon UV excitation, the photoactivity of the Au-Ag clusters-modified
TiO, films towards stearic acid degradation remains basically unchanged
compared to pristine TiO, (the measured FQE of P25 is 2.89 x 103
molecules/photon) (Figure 3.13a). Only for pure silver clusters (x = 0), a 20%
enhancement for the cluster samples is observed, which may be explained by
the fact that LSPR of silver is in the UV range. On the other hand, a significant
activity enhancement is observed under the solar simulator with a very clear
composition-dependent volcano-type trend peaking at the AuosAgos
composition (Figure 3.13b). The FQE of the AuosAgo; sample (39 x 10°
molecules/photon) is twice as high as that of pristine TiO, (19 x 10°
molecules/photon). The non-zero FQE of the pristine TiO, can be attributed to
the small fraction of UV light present in the broad spectrum of the solar
simulator that becomes the baseline level for all samples. Under green light
illumination the pristine sample was found to have a FQE of only 0.45 x 10°®
molecules/photon.?®

77



Chapter 3 — AuAg on TiO; as an efficient self-cleaning photocatalyst

1.2
- l1a) uv n x=1
3 104 e x=0.9
E’ ' _%5:\ : A x=07
o LTSS IN. o v x=0.5
c 0.8 i’ \\:::; _
m \\ >~ ‘Q :\ * X_0.3
e 15"~~~ s >3 —_
S SN TN TEISS R <« x=0.1
@ 0.6- R SR SN » x=0
S TN sl iss 0Ny
R \:\\\g\\\
8 04' i\ e = S\ ~ -
- S \\ ‘:’:\‘g
© » Mo -y ~I @
S ~$ - %
) 02_ \\\
e
=
00 1 1 1 1 1 1 1
0 2 4 6 8 10 12
Time (min)
1.2 5
— . | | X=1
> -;) Solar simulator . x=00
S109. :
® Tz~ A x=0.7
o ] Ti x=0.5
- v =V.
S08{%- ~Iso _
8 SI~- SSIsol + x=0.3
o I\‘\}““\i\::\ « x=0.1
2064k _T~o vl ~~21Z31-5 x=0
© ] \\\:s\_\ R \‘xi\ §~\:1:~2
D 0.4- AT T Tl
-'(E - >~ =~
s ~ - ~ 4 ‘-\
A ~ - ~® ~ o
0.2 ~< s v
it
=
00 1 ) ) 1 1 1 1
0 2 4 6 8 10 12
Time (min)

Figure 3.12. Evolution of integrated FTIR absorbance of stearic acid between
2800 to 3000 cm™ as a function of illumination time on the Au,Agi« clusters
modified TiO, under a) UV and b) Solar Simulator illumination.
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AuxAg:« cluster composition on TiO; for 4 ML coverages. FQE under (c) UV and
(d) solar simulator as a function of the bimetallic Aup3Ago 7 cluster coverage.

The dependence of the photoactivity on the cluster loading was
investigated for the best performing composition, Aug3Ago7. Clusters of this
composition were deposited on TiO; with 2, 4, 6 and 8 ML loadings. Under UV
illumination, the performance of all samples is similar, except for a 20%
decrease in degradation efficiency at the highest loadings of 6 ML and 8 ML
(Figure 3.13c) due to the blocking of catalyst active sites by large amount of
material. Under solar light, the 4 ML loading of Aug3Ago7 clusters shows the
highest photoactivity in comparison to other loadings (Figure 3.13d). It proves
that the 2 ML loading is not optimal for the nanoclusters to exhibit higher
efficiency while higher loadings, 6 ML and 8 ML, prevented light from reaching
the TiO; catalyst resulting in lower efficiency.
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3.3.5. Electromagnetic Simulations

Among the different enhancement mechanisms of the photocatalytic
activity driven by plasmonic nanoparticles in contact with TiO, semiconductor,
hot electron injection from the plasmonic metal to the TiO, conduction band,
and near-field enhancement in close proximity of the plasmonic structures, are
the two most widely adopted mechanisms in literature, 21267268269
Electromagnetic simulations were performed to investigate the dependence of
the LSPR position and the degree of near-field enhancement on the cluster
composition. Although quantum size effects grow stronger for sizes below 5
nm,?’? that is the mean size of our clusters, the relative plasmonic response
remains similar to larger nanoparticles 2° as proven by several literature
studies.?” Ag nanoparticles exhibit a plasmonic response even at sizes down to
ca. 2 nm which is not over-shadowed by the quantum effects in the optical
response.?’?2 However, for Au of the same diameter the quantum size effects
dominate hiding the plasmon band in the optical spectra.?’® Similar trends are
assumed for bimetallic clusters. Thus, although the quantum effects can be
quite significant in small clusters, the classical plasmonic response can still be
evaluated for a comparative analysis. Details of the computational procedures
can be found elsewhere.?”* The main assumptions are that (i) the bulk alloy
optical parameters are representative and (ii) the effect of the TiO; substrate is
the same for all samples and can be ignored in the comparison. Consequently,
the simulations were performed with air as surrounding medium for
computational simplicity. In Figure 3.14, Mie extinction spectra and near-field
enhancement spectra of clusters of different Au-Ag compositions are compared
with the solar spectrum.?’ Silver is a superior plasmonic material with a higher
optical cross section and near-field enhancement than gold, whose plasmonic
response is damped by direct interband transitions. However, the high affinity
of silver towards oxygen can lead to a drastic reduction of the plasmonic
excitation while Au is more chemically stable.

Our results suggest that the bimetallic Au-Ag may thus combine a high
plasmonic response (due to Ag) with chemical stability (due to Au). The electron
transfer from Au to Ag identified by XANES and XPS and the absence of
detectable trace of oxide in the EXAFS analysis point toward a significant
synergetic effect upon alloying Ag with Au, that could significantly increase the
stability of the bimetallic Au-Ag clusters. The simulated near-field enhancement
spectra of the different Au-Ag clusters presented in Figure 3.14b. (Es/Einc)? is
the near-field enhancement averaged over the surface of the clusters up to a
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radial distance of 10% of the cluster. Es is the scattered electric field resulting
from the interaction of the incident light with the nanoparticle, and Ei. is the
incident electric field that interact with the nanoparticle. The near-field
enhancement map of Auo3Agos at 420 nm presented in the inset clearly shows
the dipolar response of the cluster. Although silver-rich AugiAgos clusters
feature the strongest near-field enhancement (Figure 3.15), their maximum
resonance wavelength occurs at 380 nm where the intensity of the solar
simulator is low. Thus, in spite of the high extinction cross section and near-field
enhancement, Auo1Ago.s clusters cannot effectively enhance the photocatalytic
process under solar light. Despite featuring the best overlap of the plasmon
resonance with the spectrum of the light source, the band maximum of pure
gold clusters that is positioned at 500 nm is far below the TiO, band-gap energy
(3.2 eV or 387 nm). In contrast, the alloy Aug3Ago; that has an intermediately
strong resonance, centered on the high energy wavelengths of the solar
simulator (UV blue-teal), with thus sufficiently high energetic photons, presents
the best compromise between available photons, energy of the photons and
strong field enhancement (Figure 3.14b).

The fact that AuopsAgo7 features the best activity strongly suggests that
near-field enhancement is one of the dominating mechanisms for improving the
photocatalytic degradation of stearic acid under solar simulator. This is
consistent with the poor activity measured for pure Au clusters, whose modest
near-field enhancement due to interband transition is limiting its plasmonic
enhancement and associated hot electron mediated processes.?’® Mixing Au
with silver is both reducing gold interband transition and stabilizing silver in a
metallic form.?””:?78 This is also in agreement with earlier work suggesting the
dominant role played by the near field enhancement as well as hot electron
injection in plasmonic photocatalytic self-cleaning reactions.??>2¢ To further
explain the superior activity of the AuosAgos clusters under solar light, one
should also take note of the well-known blue-shift of the LSPR for small
clusters.?”® 28 The electron spill-over effect in small clusters that leads to such
blue-shifts requires atomic scale investigations that are out of the scope of this
thesis.?8!
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Figure 3.14: a) Mie extinction spectra (normalized by the projection area of the
nanoparticles) of nanoparticles of different compositions compared with the
solar spectrum used. b) Near-field enhancement spectra of nanoparticles
(averaged over the surface of the nanoparticles up to a radial distance of 10% of
the diameter) of different compositions compared with the solar spectra. Solar
spectrum refers to right axis.
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Figure 3.15. Near-field enhancement maps of isolated nanoparticles of three
different compositions namely (a) Auo.1Ago.s, (b) Auo3Ago7and (c) Au with the
solar light intensity at their LSPR wavelengths 380 nm, 420 nm and 520 nm,
respectively. E and k vectors in (a) represent direction of electric field and the
light wave, respectively.
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3.4. Discussion

The well-defined nature and uniformity of the Au.Agix bimetallic
deposited clusters has allowed their precise characterization highlighting strong
structural (atomic arrangement), electronic (electron transfer from Au to Ag)
and plasmonic (Mie extinction and near-field) synergetic effects tailored by the
cluster composition. The 20% enhancement for samples containing silver-rich
clusters under UV light can be explained by the LSPR of silver nanostructures
being in the UV range of the spectrum. This leads to efficient near-field
enhancement, and is consistent with earlier work.28%28 The UV light source has
a broad spectral width and there is a good overlap of the light source emission
spectrum and the band gap absorption band of the semiconductor, resulting in
the observed enhancement in silver-modified (FQE of 3.5 x 103
molecules/photon) compared to pristine TiO; (2.9 x 10 molecules/photon).
These values are of the same order of magnitude as for TiO; films of Mills et al.,
(1.5-4.8 x 103 molecules/photon),189284285286 \y hich is similar to the range found
by Kenanakis et al.?®” and Queseda-Cabrera et al.?® for ZnO films on N-doped
TiO, with FQE’s reaching up to 2.77 x 10" molecules/photon. A FQE of 1.09 x
102 molecules/photon was found for TiO, (10 nm) modified by Ag (2 nm)
nanoparticles generated by a liquid flame spray technique.?°1t should however
be noted that true comparisons remain difficult, due to the lack of standardized
measuring conditions. Even though all the mentioned studies use the same UVA
light source and model reaction, different photocatalyst amounts still hamper
the comparison. Under simulated solar light, plasmonic samples are more active
than P25 and therefore this photoactivity cannot be attributed only to the UV
part of the simulated solar light, but also to the presence of clusters on the
surface of P25 that interact with visible light. These results support the
hypothesis that an additional synergistic effect occurs between the plasmonic
clusters and the TiO, support excited under solar irradiation (i.e. by
simultaneously exciting the semiconductor with UV light and the plasmonic
clusters with visible light).29%-29

Nonetheless, the FQE under solar light remains much smaller than that
under UV. Interestingly, some studies have observed traces of activity of P25
even under pure visible light (which is unexpected due to large band gap of
TiOy). This activity is generally attributed to the presence of intrinsic surface
defect levels in P25 as demonstrated by means of EPR and photoluminescence
studies.?®>?% The FQE obtained for 4 ML Auo3Ago- under solar light is two orders
of magnitude higher (39x10°® molecules/photon) than the value found in the
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literature under pure visible light (490 nm) illumination (0.39x10°
molecules/photon) where colloidal Au,Agi-« nanoparticles were synthesized
using a modified Turkevich procedure.?®! This likely is not only due to the usage
of solar illumination with some part of UV but also to the smaller sizes of the
ligand-free clusters (< 5 nm) synthesized through the CBD technique in
comparison with the sizes of nanoparticles prepared through colloidal methods
in literature (20-40 nm).%! Smaller particles deposited on semiconductors, have
been reported to lead to enhanced photocatalytic efficiencies, as compared to
larger ones.?*2% This has been attributed to the ability of smaller nanoparticles,
more effectively channeling photoelectrons between the semiconductor and
the metal nanostructure, which may in turn contribute to higher FQE.

In our experiments, the observed decrease in efficiency of ca. 20% for
the higher loadings of 6 ML and 8 ML can be attributed to the blocking of the
catalyst active sites by the clusters that prevents a large fraction of the incoming
light from reaching the catalyst in contrast with less loaded samples. This is
supported by the SEM images of 6 ML and 8 ML in Figure 3.4 Under solar light,
4 ML loaded AuosAgo7 clusters shows the highest photoactivity. This results
from the combination of the following four contributing factors: (i) the LSPR
effect of the bimetallic nanoparticles in the visible light wavelength range that
can give rise to either hot electron injection or strong enhancement of the near
electric field or both; (ii) a quantitative overlap of LSPR wavelength of Aug3Ago.7
composition with the sun’s irradiance spectrum and a strong near-field
enhancement in this wavelength range that has significant intensity as well as
sufficient individual photon energy; (iii) the low and optimal total metal loading
(4 ML) which still leaves enough TiO, surface available for UV light absorption;
(iv) electron transfer (from Au to Ag).

3.5. Conclusions

We have demonstrated that CBD is an efficient approach for fabricating
well-defined tunable AusAgix plasmon-based photocatalysts, outperforming
their counterparts obtained through a colloidal method in photocatalytic self-
cleaning applications. The photocatalytic performance of TiO, P25 under both
UV and simulated solar light was tested by modifying its surface with AusAgi«
plasmonic clusters of different compositions. Their detailed investigation
facilitated by their low polydispersity highlighted clear beneficial synergetic
effects, including an excellent stability due to alloying as well as a large specific
surface area due to their small sizes. The surface plasmon resonance induced
by AuxAgi clusters helps the TiO, to absorb light over a broad wavelength range
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by tuning the composition of the clusters. The photoactivity of all the
compositions (x= 0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1) towards SA degradation is
basically unchanged compared to pristine TiO, under UV, while a significant
enhancement is observed under simulated sunlight with a very clear
composition-dependent volcano-type trend peaking at the AuosAgos
composition, for an optimal loading of 4 MLs. We have devised that this cluster
composition combines a good overlap of its plasmon band with the irradiance
spectrum, and the availability of sufficiently high energy photons in that
wavelength range. These results do not only support the tuning of the LSPR
wavelength with changing composition to design highly efficient tailored
photocatalysts, but also showcases the prospects of CBD technology in
synthesizing gas-phase Au-Ag bimetallic clusters with controllable small sizes
and compositions, without the use of solvents or organic ligands, which is a clear
benefit over wet chemistry or colloidal methods.
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Composition-dependence of PEC water splitting
by atomically restructured AuCu nanocluster
modified titania nanotubes

This chapter is based on the following manuscript (under preparation):

Composition-dependence of PEC water splitting by atomically
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4.1. Introduction

The n-type semiconductor TiO; is known for its good stability, high
resistance to corrosion, non-toxicity, bio-compatibility and low cost production.
TiO, nanostructures, including nanoparticles,?®® nanowires,?®” nanorods,?®
nanotubes,® and nanopores®® are intensively studied, particularly for
photocatalysis. Anodic oxidation of a metallic titanium foil allows for the simple
and efficient synthesis of highly ordered titania nanotubes (TNTs), whose length
and diameter can be conveniently tuned by the applied voltage, anodizing time,
annealing temperature, and the composition of the electrolyte, 301302303304 Gjnce
the pioneering work of Zwilling et. al.,3%® about the anodic oxidation of titanium
into highly ordered titania nanotubes, the morphology of TNTs has extensively
been studied as well as their potential applications in catalysis. Self-assembled
TNT arrays possess exceptional structural, electrical, thermal and optical
properties that render them suitable for a lot of
applications.%0:91,306,307,308,309,310,311,312 TNTs have important applications in
photocatalysis'?! in solar cells, environmental purification, water photolysis, gas
sensing, and bio-medical applications'?*'2 due to their highly ordered structure,
mechanical and chemical stability, corrosion resistance, high specific surface
area,’1331% enhanced charge transfer, and large number of active sites.3'>31¢ By
diminishing dimensions to the nanoscale, the specific surface area increases,
while the modified electronic structure of TNTs diminishes the electron-hole
recombination rate. The large effective surface area in direct contact with the
electrolyte enables diffusive transport of photogenerated holes to the oxidizable
species in the electrolyte of photoelectrochemical (PEC) cells. The effects of
parameters like annealing temperature, crystallinity, wall thickness, tube length
and diameter of the TNTs on the PEC activity has been discussed in several
reVieWS.125'317'318

Although TiO; has suitable band-edge positions for electrochemical
water splitting because bottom of the conduction band is more negative than
the H,/H,0 redox potential (0 V) and the top of the valence band is more positive
than the H,0/0; redox potential (-1.23 V),319320.321.322 jt handgap (about 3.2 eV
for anatase) allows only UV light to be efficiently used. Various modifications,
particularly the incorporation of metal NPs, have been employed to enable
visible light driven processes. The NPs such as Ag, Au and Cu possess strong
ability to absorb solar photons due to their LSPR effect3?® and transfer the
energetic electron formed in the process of SPR excitation to the nearby
semiconductor.”? SPR induced near field enhancement at surface of the metallic
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nanostructures can contribute to the generation of electron-hole pairs during
photocatalysis. It has been well established that metal NPs on the surface of
TiOz can act as traps for photo-induced electrons, preventing fast charge carriers
recombination**3?43%> and thus enhancing the PEC activity of TNTs. Several
examples of improved photocurrents in TNTs decorated with monometallic Au,
Cu or Ag NPs can be found in the literature,326:327:328329,330331332 E o instance, the
photocurrent densities of about 90 pA/cm?and 80 pA/cm? were recorded under
350 nm irradiation and 1V vs. SCE for TNTs modified with Cu and Ag NPs,
respectively.3? The modification of TNTs with plasmonic BNPs combines LSPR
effect with synergistic properties arising from the combination of two metals,
113,334, 335,336 and provide highly active metal-support interfaces suitable for PEC
reactions.33”335338 For example, TNTs modified with atomically precise AuCu
alloy BNPs exhibit improved photocurrent (150 pA/cm?at 0.61 V) in comparison
with blank TNTs substrate under visible light (A > 420 nm) irradiation.?3® TNTs
modified with AuCu nanoparticles thermally treated in argon exhibited higher
photocurrent (64 pA/cm?at -0.2 V) under UV-Vis light range as pristine TNTs
electrode (32 pA/cm?).3%

To the best of our understanding and knowledge, there is limited
information available on modifying TNTs for PEC water splitting with AuCu NCs.
We have synthesized and deposited small-sized (< 5 nm) AuCu nanoalloys at a
low metal loading (4 atomic monolayers, equivalent to a 0.25 nm film or about
0.5 pg/cm?) on TNTs with a precise control over the composition and coverage
and tested their PEC water splitting performance. The AuCu NCs-modified TNT
photoanodes exhibit an excellent photostability, high composition-dependent
photoactivity in the visible range of the solar spectrum. The nanoclusters with
different compositions were synthesized through the CBD process'®® that
produces ligand-free, size- and composition-tuneable NCs with high degree of
purity and uniform coverage. We demonstrate the exceptional enhancement in
PEC performance of the as-prepared AuCu NCs modified TNTs as photoanodes
for photocurrent generation as compared to pristine TNTs.

4.2. Sample preparation and methods
Figure 4.1 schematically summarizes the synthesis of TNTs from a

titanium foil and the subsequent deposition of AuxCuix (x =1, 0.75, 0.5, 0.25 and
0) BNCs using the CBD technique.
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Figure 4.1. Schematic illustration of synthesis of AuCu nanocluster modified
titania nanotubes.

4.2.1. Preparation of AuCu NCs modified samples

Anodization of 1 mm thick titanium foil (1 x 1 cm?) was carried in an
electrolyte mixture containing 40 ml of ethylene glycol, 0.5 wt% of ammonium
fluoride, and 2 vol% water. A platinum foil (1 x 1 cm?) was used as the cathode
and a DC voltage was applied using a Voltcraft PPS DC power supply. Before
anodization, the Ti foil was ultrasonically cleaned and rinsed with acetone,
ethanol, distilled water, and then dried under N, gas flow for a few seconds. A
one-step anodization was used to form a porous titanium oxide film with
controllable pore size and good uniformity.3#! The initial stage of the anodization
process was carried out at 30 V for 2 h. The grown TNTs were then cleaned with
distilled water and dried under a N, stream. Subsequently, the samples were
subjected to a 2 h heat treatment at 450 °C, aiming to transform the amorphous
titania into the anatase phase.34*3% This step is crucial because decreasing the
amorphous regions in the nanotube walls diminishes the presence of charge
carrier recombination centers. Next, the prepared TNTs substrates were
modified with AuCu BNCs with equivalent atomic coverages of 4 ML using laser
ablation cluster course.

The NCs are produced by pulsed laser (10 Hz, Nd:YAG laser, INDI, Spectra
Physics) ablation of mono and bimetallic AuxCui (x = 1, 0.75, 0.5, 0.25 and 0)
plate targets (ACI Alloy, purity 99.995%) and condensation in a helium
atmosphere (introduced though a pulsed valve with a backing pressure of 7.5
bar). Following expansion into vacuum a beam of clusters is formed. The cluster
size distribution can be tuned by adjusting the laser energy density, the helium
pressure, and the time lag between the target ablation and the introduction of
the He carrier gas.’>® Prior to cluster deposition, the gas phase size distribution
of cationic clusters is characterized by time-of-flight mass spectrometry.
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Assuming a spherical shape and bulk density for all NC compositions, the
diameter distribution has a maximum around 2 nm as shown in Figure 4.2.

The size distribution obtained here reflects the distribution of cationic
clusters accelerated by extraction in the in situ ToF-MS. However, all charge
states, including neutral and anionic clusters, are deposited on the substrate.
The cluster beam predominantly contains neutral clusters. The slight variation
in the average cluster size of different compositions (difference of around 0.5
nm) is due to the adjustment of parameters, specially laser energy and laser and
extraction timings, to maximize the mass flux measured by the QCM. This size
variation is not expected to have a significant impact on the activity because
plasmonic effects are expected to change only slightly with size, particularly
when size changes are small (here between 1.8 and 2.5 nm).2%¢ But the final size
of the particles on the substrate is different because of some mobility and
aggregation (as discussed in section 4.3.1) On the other hand, increasing the
loading results in larger particle sizes on the support and this does affect the
activity of the photocatalysts, as will be discussed in section 4.3.1.

Intensity (a. u.)

T ¥ T T T ¥ T
1 2 3 4 5
Diameter (nm)

Figure 4.2. Size distributions of AusCuix(x =1, 0.75, 0.5, 0.25, and 0) NCs as
measured by time-of-flight mass spectrometry prior to cluster deposition
(Normalized). The cluster diameter is deduced from the measured mass
assuming a spherical shape and bulk density.
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The AuCu NCs are deposited on the TNTs supports by simply placing the
supports perpendicular to the molecular beam in an ultra-high vacuum
deposition chamber (6.8 x 10® h Pa). The depositions occur under soft-landing
conditions, given a speed of the cluster beam of about 700 m s* (corresponding
to a kinetic energy of 0.3 eV per atom). The loading of the NCs is determined by
the deposition time and the mass flux measured before and after cluster
deposition using a quartz crystal microbalance (QCM). Typical fluxes are 0.062
ug /cm?/minute. The mass loading can also be expressed in an equivalent
number of atomic monolayers (ML, i.e. a thickness equivalent to a film of 0.25
nm).

4.2.2. Sample characterization

Different characterization techniques were applied to investigate the
structural (X-ray diffraction, electron microscopy), optical (UV-Vis and
photoluminescence), and photoelectrochemical properties of the BNC-modified
TNTs.

X-Ray Diffraction (XRD) was performed on all AuxCu;x BNC modified
TNTs samples using a Bruker D8 advance diffractometer equipped with a
LYNXEYE XE-T detector and Cu Ko source emitting radiation of 1.54 A.
Measurements spanned a 26 range from 10° to 90°, with a scan rate of 0.5 s
step. The diffractograms were analyzed using Bruker’s DIFFRAC.EVA software,
with phase identification achieved by comparison with the ICDD database.

The surface morphology of the as-prepared samples was characterized
with Scanning Electron Microscopy (SEM) using a FEI Helios Nanolab G3 CX
system (acceleration voltage of 10 kV). The cluster size distributions and
compositions were analyzed with Transmission Electron Microscopy (TEM) using
an aberration corrected Thermo Fischer Scientific Titan instrument. For the TEM
studies, the AuCu NCs were deposited on molybdenum grids. The TEM was used
at an accelerating voltage of 120 kV. Particle size distributions were obtained
via the ‘Image)’ image analysis software.

Ultraviolet-Visible light absorbance spectra (UV-Vis) of cluster
decorated TNTs samples were obtained in the 300-700 nm wavelength range
using a double beam UV 2600 spectrophotometer (Shimadzu, Kyoto, Japan)
equipped with film holders attached to a BaSO, coated integrating sphere of 60
mm in diameter. Steady state photoluminescence (PL) spectra were measured
at room temperature using Shimadzu RF-6000 fluorescence spectrophotometer
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equipped with a 150 W xenon lamp and a resolution of the measured emission
spectra is 1 nm. All PL measurements were performed at an excitation
wavelength of 310 nm.

Extended X-ray Absorption Fine Structure (EXAFS) and X-Ray
Absorption Near Edge structure (XANES) experiments were performed at the
LISA beamline (BMO08)%¢ of the European Synchrotron Radiation Facility (ESRF,
Grenoble, France), operating in a 7/8 multi bunch mode with a current of 200
mA. Data was collected at the Au Ls-edge (E = 11919 eV) and the Cu K-edge (E =
8979 eV) in grazing incidence (incidence angle ~ 2° with the beam polarization
perpendicular to the surface) and using fluorescence detection mode.

4.2.3. Photoelectrochemical applications

The photoelectrochemical performance of the pristine and AuxCui (x =
1,0.75, 0.5, 0.25 and 0) NCs-modified TNTs was studied using a three-electrode
configuration in 0.5 M Na,SO, at pH = 7.21. The pristine and NC modified
electrodes (1 cm?), platinum foil (1 cm?) and aqueous silver/silver chloride
(Ag/AgCl) electrodes® were used as a working, counter and reference
electrodes, respectively. The performance of each working electrode was
evaluated using linear sweep voltammetry (LSV), chronoamperometry (CA), and
electrochemical impedance spectroscopy (EIS). EIS of the prepared
photoanodes was measured under both illumination and dark conditions by
applying an AC voltage amplitude of 10 mV at open circuit potentials (OCV) with
a frequency ranging from 0.1 Hz to 100 kHz. The frequencies between 0.1 Hz to
1 Hz probe processes such as diffusion and mass transport. They can reveal
information about the Warburg impedance, which is associated with ion
diffusion through the electrolyte or porous electrodes. The frequencies
between 1 Hz to 10 kHz correspond to charge transfer processes and double-
layer capacitance at the electrode/electrolyte interface. They provide insights
into the kinetics of electrochemical reactions and the capacitance of the double
layer. High Frequencies from 10 kHz to 100 kHz are sensitive to the resistive
components of the system, including solution resistance and contact

5 Ag/AgCl reference electrode is a widely used reference electrode. It consists of a silver wire
coated with silver chloride, which is immersed in a solution containing chloride ions.344

93



Chapter 4 — AuCu on TNTs as an efficient photoanode

resistances. They can help in identifying the ohmic resistance of the electrolyte
and the intrinsic resistance of the electrode materials.3*

All measured potentials were converted to reversible hydrogen
electrode (RHE) scale using the Nernst equation (4.1).

Erug = Epgjagei +(0.059 = pH) + Efg /4ci (4.1)

where EXg/AgCl = 0.098 V at 25° C, Egyg is the potential versus RHE, and
Eag/agc1 is the measured potential with Ag/AgCl reference electrode.

The Scisun-300 solar simulator from Sciencetech, equipped with a xenon arc
lamp and AM 1.5G filter, was used as a light source. The intensity of the light
source was adjusted to 100 mW cm by changing the working distance, and the
intensity is measured using an Avantes photo spectrometer. To check and
screen the PEC performance, the prepared electrodes were tested in a single
PEC cell and the electrodes were positioned as close as possible to the front of
guartz window to minimize the influence of light absorption by water.

The applied bias to photon conversion efficiency (ABPE) was calculated
from the LSV data under AM 1.5G illumination.

Jpr(mA cm?)x(1.23-V)(V)
Ptotai(mW cm?)

ABPE =

(4.2)

Where Jyh is the photocurrent obtained under applied potential V
and Porar is the power density of incident illumination (100 mW cm™).

The charge transfer at the interface between the electrode and the electrolyte
was studied through bode phase analysis. The hole-relaxation time or electron

lifetime rand the hole diffusion length Ly are given by equations (4.3) and (4.4):

T=— (4.3)

27 fnax

Ld =Dt (4.4)
with fmax the frequency corresponding to the maximum phase in the range of
10 to 100 Hz and

D is hole diffusion coefficient = 5 x 102 cm? s 346:347
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4.3. Results
4.3.1. Structural characterization of AuCu NC modified TNTs electrodes

XRD patterns of the annealed TNTs modified by AuCu NCs measured
after PEC measurements are given in Figure 4.3. They show the typical pattern
of TiO, anatase as well as the underlying metallic titanium substrate of the
electrode on which the TNTs were grown on. No diffraction peaks of the
deposited clusters could be detected likely due to their small loading in line with
previous studies on TNTs modification with small metal clusters.3*®% The
abnormal enhancement of (004) diffraction peak intensity observed for all the
samples indicates a preferred [001]-oriented anatase phase in TNT with the
(004) lattice plane perpendicular to their axis. The variation of the ratio of the
diffractions peaks corresponding to the anatase (004) and (011) planes can
reflect variations of the orientation of the TNTs relative to the Ti substrate.3*

Figure 4.4 shows top-view and cross-sectional SEM images of the
pristine and NC decorated TNTs. The TNTs have an ordered nano-morphology
with an average tube diameter of ca. 60 nm with a wall thickness of ca. 15 nm,
or an inner diameter of ca. 30 nm, and an average tube length of ca. 2.5 um
(Figure 4.4a in the inset). The BNC-decorated samples are found to have
randomly distributed clusters (i.e. the small bright white dots in Figures 4.4c and
4.4d) on the top surface and the inner walls of the TNTs. There is no sign of
cluster agglomeration, although this cannot be excluded with certainty because
the resolution of the SEM (0.8 nm @ 30 keV) is of the order of the size of the
clusters. Pure gold NCs appear more shiny and noticeably larger on the surface.
(Figure 4.4b). In contrast, the BNCs appear slightly smaller than the Au clusters.
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Figure 4.3. XRD pattern of pristine TNTs and AuxCu1.« NCs modified TNTs
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Figure 4.4. SEM images of a) top-view of pristine TNTs with a cross-sectional
image in the inset. TNTs covered with 4 ML of b) Au clusters c) Auo.75CUo.2s
clusters d) AugsCugs clusters e) Aug2sCugzs clusters and f) Cu clusters.
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Figure 4.5 (a-d) HAADF-STEM elemental mapping images of Auo2sCuo.7s., Cu
(green), Au (red) with size distribution of NCs obtained from image analysis
software. e) EDX mapping of Au and Cu for 4 atomic monolayer loading of

Aug.25Cup.7s NCs on TNTs.

98



Chapter 4 — AuCu on TNTs as an efficient photoanode

More information about the morphology, size, structure and
composition of alloy NCs is provided by HAADF-STEM studies. As shown in the
Figure 4.5, 0.67 ML of Auo2sCuozs NCs deposited on carbon TEM grid show
uniform dispersion with Cu grains position on the surface of the cluster with Au
at the core (Figure 4.5c). The average diameter of clusters is found to be
3.5+ 0.5 nm (Figure 4.5d). Figure 4.5e gives the EDX mapping which provides
Au and Cu elemental distributions across the scanned area. It confirmed the
composition of an ensemble of NCs that were deposited, i.e., Au = 22.71% and
Cu=77.29%. This shows that BNC composition usually reflects that of the alloy
target.1>7158113 glightly larger size distribution observed with TEM compared to
the mean diameters obtained in the gas phase may be attributed to a less
efficient detection of the larger mass clusters by the microchannel plate (MCP)
of the ToF-MS particularly under the conditions of relatively low acceleration
voltages®* (in our case it is < 3 kV). Additional flattening of the clusters due to
cluster-support interaction after deposition combined with a limited cluster
agglomeration on the support may also contribute to this effect.

a)Au 4f Au, . Cu,, b) Au 4d Au,..Cu,
Au,.Cu,, Cu 2p 2
- Audd O1s Atly25Clyz5 3
3 3
- 2
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Figure 4.6. XPS a) survey spectra, and b) core level Au-4d spectra recorded for
AuxCui(x = 0.75, 0.5, and 0.25) BNCs on TiO..

XPS was performed to get information on the composition and the
oxidation states of gold and copper in the AuxCuix (x = 0.75, 0.50, and 0.25)
clusters on the TiO; (Figure 4.6). The survey spectrum (Figure 4.6a) shows that
O, C, Ti, Au and Cu are present on the surface of all samples. O 1s contribution
highlights the oxidation of the Cu phase, while the peak intensity of C 1s is
relatively consistent for all the samples despite varying compositions and it
appeared at the binding energy value of 285 eV. Au 4f;/,, Au 4fs/; contributions
are observed at binding energies of around 84 eV, 88 eV, while the Au 4ds/; and
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Au-4ds, core levels (Figure 4.6a) are positioned around 334 eV and 355 eV.
Upon increasing Cu concentration, a blue shift of the Au 4ds/, BE (Figure 4.6b)
from 337.8 eV both in AugsCugs and Auo.2sCug s relative to that of Aug75Cuo.zs at
335.8 eV is observed. The fact that Au 4d BE in Aug.75Cuo.2s matches that of bulk
gold indicates the presence of pure gold or a gold-rich alloy in these nanoalloys.
The 2 eV blue shift observed for AugsCuos and AugsCugzs NCs indicates a d
charge depletion at the Au site, highlighting the formation of an alloy as
reported in the AuCu system and in a variety of other Au-based
intermetalIiCS.351’352’353’354’254

The detailed atomic structure of AuxCui-« NCs was further characterized
by X-ray absorption spectroscopy carried out at edges of both Cu and Au before
PEC studies. XANES spectra of Aug75Cug2s and AugsCuos NCs measured at the
Au Ls-edge (mainly 2p to d dipole transitions) (Figure 4.7a), show similar profiles
as that of the Au foil reference, indicating that nearly pure gold is present in
these two samples. On the other hand, a sharp increase of the white line
intensity, probing the unoccupied densities of d states above the Fermi level, is
observed in Auo2sCuo.7s. Thisindicates that Au atoms lose electrons likely, due to
the formation of a AuCu alloy in which a charge transfer from Au to Cu occurs.3>®
Similar observations were made for AuAg NCs produced in the same source.
This is supported by the positive binding energy shift of the Au 4d peak,
observed in the XPS spectra of AugsCuos and Aug2sCug7s, relative to that of
Auo.75Cup.2s. The presence of unoccupied d states above the Fermi level in Cu,
Ag, and Au alloys, supported by band theory and related calculations,3°6:357:358:359
is generally compensated by a gain of mainly s-p charge from Cu.3*® In AugsCugs
a discrepancy is observed between the XPS measured a few days after the
synthesis, showing the formation of an alloy, and the XANES measured a few
months later, pointing out an Au rich phase. This indicates that for this
composition Cu segregates from the alloy upon time in the ambient. Cu K-edge
XANES (1s to 3p dipole transitions) (Figure 4.7b) profiles indicate the presence
of significant amounts of copper oxide in all the AuCu BNCs samples as indicated
by the systematic blue shift of the edge position, accompanied by the marked
increase in the white line. AugsCuos contains a large amount of CuO while a
complex mixture of Cu metal, Cu;0 and CuO is found in Aug75Cugzs and
Aug.25Cuo 75 (Figure 4.7b).
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Figure 4.7. XANES spectra of a) Au- L3 edge and b) Cu K-edge.

Extended X-ray Absorption Fine Structure (EXAFS) that does not require
long-range order in the material allows for a precise detection of the alloyed
structure in the nanostructured Au-Cu bimetallic systems.?#*243 Detailed fitting
of the EXAFS data at the Au Ls-edge was carried out with a 2-shell structure
model based on Au-Au and Au-Cu, and the values are tabulated in Table 4.1. No
significant additional shells were present at higher distances. No Au-O
interactions could be detected, indicating the fully metallic state of Au in the
clusters. Au-Au atomic bond distances sharply decrease with increasing Cu
content from 2.85 A in gold-rich Auo75Cuo.s over 2.84 A in Auo. sCuo.s, to 2.82 A
in copper rich Auo2sCuozs, Which is shorter than the bulk value (2.88 A). Au-Cu
bond distances vary from 2.79 A in AugssCuo.zs, 2.82 A in AugsCuos, down to a
remarkable short distance of 2.67 A in Auo2sCuo7s. These distance differences
reflect the variety of local structures and electronic configurations occurring in
each composition. In Aug75Cuo2s and AuosCugs the similar Au-Au and Au-Cu
distances suggests the formation of a gold-rich random solid solution type of
alloy, while in Auo2sCuo.7s the significant discrepancy suggests the formation of
an AuCuordered intermetallic alloy supported by the comparable Nay-asand Nay-
cu coordination numbers (Table 4.1).
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Table 4.1. Summary of structural results of Au Ls-edge EXAFS refinements
of the AuxCuiclusters.

Sample Aug.7sCup.25 AuosCuos | Aup.2sCup,7s
Support TiO2 TiO2 TiOz

Er (eV) -8.273 -8.104 -8.120
AFAC 0.800 0.800 0.800
k-range (A1) | 3-11.5 3-11.5 3-11.5
Nau1 9.919 10.287 5.580
Rau1(A%)- 2.851 2.840 2.8158
Aau1 (A?) 0.01917 0.022 0.02409
Ncu2 0.9896 0.98291 | 5.5015
Reuz (A") 2.789 2.8223 2.66478
Acuz (A?) 0.024 0.02443 | 0.02375
R (%) 36.61% 36% 30.66%

The structural EXAFS fitting results at the Cu K-edge of bimetallic AuCu
and pure Cu clusters is summarized in Table 4.2. The first coordination shell
consists of 2.25 O at 1.93 A in pure Cu, 1.7 O at 1.95 A in Auo.7sCuozs, 2.5 O at
1.97 A in AugsCuos, and 1.4 O at 1.96 A in Auo,sCuo7s. As Cu is four-fold
coordinated to O at 1.96 A in CuO and two-fold coordinated at 1.85 A, the
fraction of copper oxide in each sample, either CuO or Cu,0, can be calculated
using a combination of both coordination numbers and bond distances.
Fractions are obtained of 73%, (40% of Cu,0 and 33% of Cu0O), 45 % (4.5% of
Cu,0 and 40.5% of Cu0), 62% of CuO and 35% of CuO for Cu, Auo.75Cuo.s,
AuosCuos, and Aug2sCuozs respectively. The coordination numbers of Cu-Au in
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Auo.75CUo.25, Auo.5CUg 5, and Aug2sCug s, are 2.53, 2.35, and 3.3, respectively and
those of Cu-Cu in Aug.75Cuo.2s, AugsCugs, Auo.2sCuo7s, and Cu are 2.101, 1.12, 2.1
and 1.702, respectively.

Based on the obtained bond lengths, coordination number, and the
fraction of copper oxide, structures can be proposed for all the samples. Those
are presented in Figure 4.8. All the Cu containing samples have copper oxide at
the outer shell, protecting copper metal inside. The pure Cu cluster sample
(Figure 4.8d) has the highest fraction of oxides, as could be anticipated because
Cu is prone to oxidation at ambient conditions. From Figure 4.8, Aug.75Cuo.2s has
higher Au content (70% of AuosCuo.1) at the core, covered by 20% AuCus alloy
followed by 10% copper oxide while, AugsCuo.s has 50% of AugsCug. at the core
covered by 10% AuCus alloy followed by 10% pure copper metal and 31% copper
oxide (CuO). Auo.2sCug7s has 50% of intermetallic AuosCuos alloy at the core
covered by 15% AusCu alloy followed by 10% pure copper metal and 26% copper
oxide (CuO) on the surface. In the case of pure Cu NCs, 73% of the copper is
oxidized and it protects the remaining 27% percent of copper metal at the core.
The above results suggest that the AusCuix NCs restructure themselves over
time with CuO species dominantly forming on the surface because of oxidative
ambient conditions, protecting the metallic nature of formed alloy at the core
from further corrosion. This contributes to the stability as well as efficient
separation and transfer of charge carriers between TNTs and BNCs which will
result in higher PEC activity. Though both AugsCuos and Aug2sCuo.7s appear to
have similar structures, their cores are different, the first has a random alloy core
(Auo.sCuo.1), while the latter has intermetallic alloy (Auo.sCuos) core, which may
have consequences for the PEC activity.
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Table 4.2. Summary of structural results of Cu K-edge EXAFS refinements of
the AuxCui clusters.

sample Cu Bl 75T s BAulg sClp g kg 2Tl 75

support iz Ti: iz Ti:

E: [EV) 10,135 0.566 -3.017 0.3920

AFAC 0.85 0.8 0.85 0.85

k-range (A™Y [ 3-10 3.5-11 3-11 3-10

Mes 2243 [73% CuO of | 1.702 (45% of cu,00f | 2.5122 1.4
which -‘-IEI % of CuxD | which 4.5 % of Cu,0 53% of CUD 355 of CuO
and 33 % Cudj and 40.5% Cud)

Roa( &'} 18330 1.8510 18970 19650

A [B7) 0.0153 0.013 0.01074 0.0

a2 1.702 Cu 2104 1122 2.1

Rew [A) 2.802 Cu 2628 25183 2558

B (A7) 0.062 Cu 0.038 0.0224 D.022

[Mews] Naws | 3477 Cu 2.523 Au 2.3455 AU 3.3 AU

[Rea 3173 Cu 2.737 Au 2.8405 AU 2.843 AU

[4°)/Raua (1)

(Ao 0.0474 Cu 0.029 Au 0.0304% Au 0.036 Au

(A%)/ e (A7)

Mead 0.8602 Cu 0.852 0893174 10

Rew [A] 3.056 2.345 2.91352 2514

A (B3 0.0122 0.038 0.014

Meus 104265 1.0295 12

Rees (A7) 2567 3,137 2.51

Ao (B2 0.0123 0.03251 0.015

Mess 0.86334

Few (8] 26978

Beus (A7) 0.01358

R (%) 33.62% 50.41% 37.73% 35.08%
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Figure 4.8. Different structures predicted with varying composition from
XAFS data analysis.

Ef = Contribution of the wave vector of the zero photoelectron relative to origin of k
AFAC (amplitude reduction due to many-electron processes) was set to 0.8.

K = Photoelectron wavenumber

N = Number of atoms in each shell

R = Distance between neighboring atoms in each shell

A= Debye-Waller term of each shell (A=2c? with ¢ = Debye-Waller factor)

R(%) = Percentage fit - Agreement fraction.

4.3.2 Optical characterization

The UV-Vis absorption spectra (300 - 800 nm) of pristine and AuyCui.x
(x=1,0.75,0.5, 0.25 and 0) NCs-modified TNTs with 4 ML loading are shown in
Figure 4.9a. All Au-Cu cluster-modified TNTs samples exhibit a photo-response
below 400 nm, which could be attributed to intrinsic band gap of TiO,. This
confirms that the modification of TNTs surface with NCs does not affect the
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inherent absorption of TiO; in the ultraviolet region. At the wavelengths above
400 nm, the absorption is significantly modified by the presence of the NCs. All
cluster-based samples show more intense absorption in the visible range and
the absorption maximum shifts to larger wavelengths. For the pure Au NCs, the
SPR of gold Au is observed around 530 nm. LSPR intensity of Cu NCs damps
quickly and is comparable to TNTs3®° because of its susceptibility to oxidation in
air to Cu,0 and Cu(Q.361:362.:363

a)

TNTs
Au
AUDJSCUUZE
Au, Cu, .,
AUD.ZSCUUJS
Cu

T T T T T T T T T T T T
350 400 450 500 550 600 650 700 750 350 400 450 500 550

Wavelength (nm) Wavelength (nm)

Absorbance (a. u)
PL Intensity (a. u)

Figure 4.9. a) UV-Vis absorbance spectra of pristine TNTs and AuxCuix (x = 1,
0.75, 0.5, 0.25 and 0) clusters-modified TNTs with a loading of 4 ML. b)
Photoluminescence spectra of pristine TNTs and AuxCuix (x =1, 0.75, 0.5, 0.25
and 0) clusters-modified TNTs at an excitation wavelength of 310 nm.

Although the photo response of TiO, is usually exclusively in the
ultraviolet region with wavelengths below 390 nm, the pure TNTs studied in this
work show a broad and less intense absorption band in the visible light range as
well. This can be more likely from the scattering of light caused by the pores or
cracks in the nanotubes or the presence of oxygen vacancies and Ti®* species as
shown by previous researches.3%3> Oxygen vacancies and Ti** species states
hundreds of millielectronvolts below the TiO, conduction band can be produced
during anneal process. Previous studies have also demonstrated that the
periodic top-porous layer on the TNTs surface acts as a photonic crystal,
facilitating significant optical absorption for TNTs even in the infrared
region.3%6367.133 Additionally, the absorption in the visible range may also stem
from the reflection or absorption in the underlying Ti metal related to interband
d-d transitions.!3 However, incident photon-to-electron conversion efficiency
(IPCE) measurements show that no significant photocurrent is generated when
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the pristine TNTs are illuminated with purely visible light.3%® Therefore, the
absorption above 500 nm in all the samples could arise not only from the
distinctive highly periodically porous structure of TNTs, as previously
reported®%3%7 put also due to LSPR of BNCs active in the visible range.

Photoluminescence (PL) measurements of 4 ML AuxCuix (x = 1, 0.75,
0.5, 0.25 and 0) NCs decorated TNTs have been carried out and the measured
spectra at an excitation of 310 nm are presented in the Figure 4.9b.

Photoluminescence (PL) is a light emission process observed when a
material has absorbed photons.3®® When a material is exposed to light, photons
with sufficient energy are absorbed, exciting electrons from their ground state
(So) to a higher energy level (usually from the valence band to the conduction
band in semiconductors). These excited electrons can lose energy through
radiative or non-radiative emissions. In non-radiative relaxation, the energy can
be lost through interactions with phonons (vibrations within the lattice of the
material) typically taking place on timescales between 10* and 10! seconds.
In radiative emission, excited electrons relax through photon emission. It is a

slow process on the order of 10°to 107 seconds.>” In PL spectroscopy, the
spectra of those emitted photons is recorded. It is important to note that excited
electrons tend to first relax non-radiatively to S; and then radiatively from S; to
So. Therefore, photoluminescence spectroscopy only measures the transitions
between S; to Sp. Radiative and non-radiative emissions are competing
processes. Non-radiative processes can occur before photoluminescence if they
involve relaxation within excited states, but once an electron is in the lowest
excited state S;, it will either return to the ground state radiatively
(photoluminescence) or non-radiatively. PL in semiconductors is the
macroscopic  manifestation of radiative  recombination  between
photogenerated carriers, occurring in tiny regions (few tenths of nanometers
wide, typically) below the semiconductor surface.®”* Moreover, the PL intensity
guantifies the recombination efficiency of photogenerated charges, which
represents one of the most important limiting factors for photocatalytic
efficiency.

It is to be noted from Figure 4.9b, that PL occurs in the TNTs as well as
samples with clusters. An intense luminescence in the visible range is observed
for the pristine TNT. The intense PL for pristine TNTs is indicative of rapid charge
carrier recombination. Remarkable, the NCs-modified samples exhibited a much
lower PL intensity, which suggests the clusters improve photogenerated charge
carrier separation, increase lifetime, and thus reduce recombination of holes
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and electrons.3”2133373 When AuCu NCs are deposited on TNTs, excited electron
migration from the semiconductor to the metal occurs until the two Fermi levels
are aligned and a Schottky barrier formed at the AuCu/TNTs interface serves as
an efficient electron trap, preventing electron-hole recombination.?® The visible
luminescence band is quenched when AuCu NCs are deposited, which indicates
that the excited electrons trapped in oxygen vacancies of anatase are
transferred to metal NPs. The Auo2sCuo.7s modified TNTs photoanode showed
minimal emission intensity after Au-TNTs, followed by other combinations
Auo.sCuo5< Aug.75Cug.25<« Cu-TNT < Pristine TNTs.

4.3.3. Photoelectrochemical performances

The PEC activity of the prepared pristine and AuxCuix NCs (x = 1, 0.75
,0.5, 0.25 and 0) modified TNTs electrodes was tested using a standard three
electrode PEC cell in 0.5 M Na,SO, electrolyte (at pH 7.21) under AM 1.5G
illumination. When the semiconductor's Fermi level aligns with the redox
potential of the electrolyte solution in the PEC cell, band bending takes place
and an electric field is generated. This field facilitates the movement of
photogenerated charges (such as holes from n-type semiconductors) towards
the interface between the semiconductor and the electrolyte. At this interface,
water can undergo oxidation to produce oxygen when in contact with an n-type
semiconductor (acting as a photoanode).

The linear sweep voltammograms of pristine and AuxCu;x NCs-modified
TNTs shown in the Figure 4.10a indicates that upon irradiation, a linear trend in
photocurrent density was observed with increase in applied potential in the
case of NCs-modified TNTs except gold and pristine TNTs. The photocurrent
density of the gold electrode exhibits a linear increase until 0.6 V, after which it
stabilizes. Pristine TNTs electrode shows a linear trend up to 0.3 V, followed by
a plateau in photocurrent density until 1.2 V, where a sudden spike occurs at this
potential. Under the suitable illumination, the TNTs and AuxCu;x NCs-modified
TNTs electrodes produce photogenerated holes and electron pairs and these
photogenerated holes oxidize the water molecules at the anode and the
electron reduces the proton into molecular hydrogen at the cathode. The
photocurrent density of optimized Aug2sCuo7s modified TNTs photoanode at
1.23 V vs RHE is 244.2 uA/cm?, which is 3.5 folds higher than the pristine TNTs
(68.03 pA/cm?). This value is significantly greater than the values reported (150
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uA/cm? and 64 pA/cm? in the scarce literature available for AuCu NCs on TNTs
for PEC applications.3393%0

Figure 4.10b shows the instant photo response of all prepared
electrodes when performing LSV under chopped illumination (alternatingly
switching on and off the light source every 5 seconds). Figure 4.10c shows the
photocurrent density of all the electrodes along with the pristine TNTs based on
LSV curves. Chronoamperometric (J-t) measurements at 1.23 V vs RHE, shown
in Figure 4.10d, show a steady photocurrent for all electrodes. The
enhancement in the photocurrent by the NC decoration, particularly upon
modification with AuxCuix NCs, is confirmed. The photostability of the best
performing Auo.2sCuo.7s modified TNTs photoanode was evaluated under the AM
1.5G illumination at the constant applied potential of 1.2 V vs RHE for 1 hour
and is presented in the Figure 4.10e. It retained its initial activity throughout the
test. This shows the good stability of AuxCuix clusters under the applied
conditions. After a period of 90 days, the same electrode (Auo2sCuo7s modified
TNTs - 4ML) retained 90% from their initial activity. This further confirms stability
of the electrodes over time.
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Figure 4.10. a) Linear sweep voltammetry of pristine and Au,Cu;.x NCs-modified
TNTs with 4ML loading, tested under AM 1.5G illumination (100 mW c¢cm). b) LSV
under chopped illumination to check instant photo-response. c) Photocurrent
density at 1.23 V vs RHE of the all photoanodes. d) Chronoamperometry at 1.23V
vs RHE of pristine and AuxCuix NCs-modified TNTs electrodes. e) Time
dependence of the current density of 4 ML Aug.;5Cug.7s measured in 0.5M Na,SO,4
without any scavengers.
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Figure 4.11. a) ABPE (%) plot of all electrodes; b) ABPE (%) values at 0.6 V vs
RHE under illumination. c) EIS spectra of pristine and AuCu.« (x=1, 0.75, 0.5,
0.25 and 0) 4ML NCs modified TNTs electrodes measured under AM 1.5G
illumination. d) Bode plot of pristine TNTs and 4 ML Auo2sCuo7s / TNT samples
measured in 0.5M Na;S04 at pH 7.2.

ABPE was calculated using the equation (4.2) utilizing values obtained
from LSV under illumination and the results are depicted in Figures 4.11 a& b.
The pristine TNTs electrode exhibits the lowest ABPE (%) of 0.023 at 0.6 V vs
RHE, while Aug75Cuo.2s /TNTs demonstrates a maximum ABPE (%) of 0.061 at 0.6
V vs RHE. The ABPE (%) value for Auo.2sCuo.7s NCs-modified TNTs is 0.044 at 0.6
V vs RHE, exhibiting a similar trend to the LSV at 0.6 V under illumination
condition (Figure 4.10a).
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The interfacial charge transfer efficiency of the photoelectrodes at the
electrode and electrolyte interface was evaluated using electrochemical
impedance spectroscopy (EIS) measured in 0.5 M Na,SO, electrolyte at pH 7.2.
The Nyquist plot in Figure 4.11c shows the results of AuCui (x = 1, 0.75, 0.5,
0.25 and 0) 4ML NCs-modified TNTs and pristine TNTs electrodes measured
under AM 1.5G illumination. Aug2sCuo7s modified TNTs exhibits the smallest
circle arc followed successively by AugsCuos, Aug75Cug2s, Cu, Au NCs modified
TNTs, while the pristine TNTs sample exhibits the largest arc indicative of less
interfacial charge transfer. The smaller arc radii in AuCu/TNTs electrodes signify
the efficient interfacial charge transfer efficiency and minimal charge transfer
resistance at the electrode-electrolyte interface as compared with pristine TNTs.
Further using EIS data, the hole relaxation lifetime can be calculated through
bode phase analysis presented in Figure 4.11d. The accelerated lifetime and
minimal hole diffusion length are key factors for a rapid charge transfer process
at the interface, resulting in improved water oxidation performance. By using
the equation 4.3, the lifetime (1) of 4 ML Au2sCuo7ss NCs-modified TNTs is
determined and is found to be 2.03 ms, which is shorter than the lifetime of bare
TNTs (2.98 ms). Also, the hole diffusion length of 4 ML Auo 25Cuo 75 modified TNTs
is 101 um, which is shorter than the bare TNTs (149 um) calculated using
equation 4.4. The values are summarized in Table 4.3. The dark current densities
cannot be ignored since all the electrodes, except pure gold exhibit certain
amount of dark current, probably due to the electrocatalytic performance of
copper oxide in all the copper containing electrodes 374375376 35 shown in the
Figure 4.12.
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Figure 4.12. Photocurrent densities of all the electrodes both under a) dark and
b) purely light conditions deduced by subtracting dark current from the total
current observed in LSV.
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Table 4.3. Calculated values of relaxation frequency, hole relaxation
time and hole diffusion length from bode and EIS plots.

Samples Relaxation Hole relaxation | Hole diffusion
frequency (fmax) (Hz) | time (ms) length (pm)

AUU_zscuU,?g / TNTs | 78.24 2.03 101

Bare TNTs 53.31 2.98 149

4.4. Discussion

The pure Au/TNTs electrode, with its strong plasmonic properties
(Figure 4.9a) and lowest recombination of charge carriers exhibited by the lower
intensity of its PL emission spectrum (Figure 4.9b), features a 40% increase of
PEC activity compared to pristine TNTs (Figure 4.10c). This electrode gave
negligible dark current, indicating that almost 100% (97%) of the activity
depends on the modification with the plasmonic clusters. But the electrode
suffers from a high charge transfer resistance at the electrode-electrolyte
interface as observed by EIS measurements (Figure 4.11c). On the other hand,
the pure Cu/TNTs electrode features a remarkable increase in photoactivity of
nearly 80% compared to pristine TNTs, despite a significant Cu oxidation in the
ambient reducing the metallic part to 27% of the cluster atoms. Small dark
current of 13 uA/cm? occurs from the 2 eV band gap of the 33% Cu,0 oxide layer,
while 89% activity (108 pA/cm?) is coming purely from light (Figure 4.12).
However, the copper cluster sample suffers from a poor stability and a higher
recombination rate than the other electrodes (PL measurements, Figure 4.9b).

Upon alloying, all the Au,Cuielectrodes exhibit higher photocurrent
densities than their monometallic counterparts as well as pristine TNTs, with
values of 163.43 pA/cm?, 203.86 pA/cm?, and 244.28 pA/cm? for x = 0.75, 0.5,
and 0.25, respectively (Figure 4.10c). This clearly illustrates a synergy between
both metals in bimetallic AuCu NCs, 377378379 which enhances the photoactivity.
A composition-dependent PEC activity peaking at AugasCuozs clearly (Figure
4.10c) suggests that the composition does play a crucial role in tuning the PEC
activity. Quenching of luminescence, which is indicative of a decrease in charge
recombination, with increasing copper content in the alloy electrodes as
observed by PL measurements (Figure 4.9b) further supports the composition
dependency. The clusters have composition dependent structures, as derived
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on the basis of the XAFS measurements (Figure 4.8). In particular, it is suggested
that the AuxCuix NCs restructure themselves over time on the surface of TNTs
with copper oxide at the outer shell protecting the metallic nature of formed
alloy at the core from further corrosion. Finally, the smaller arc radii of AuxCus.
«/TNTs electrodes as compared with pristine TNTs in EIS measurements (Figure
4.11c) signify the efficient interfacial charge transfer efficiency and minimal
charge transfer resistance at the electrode-electrolyte interface of NCs-modified
TNTs contributing to higher PEC activity than pristine TNTs.

The Aup.75Cuo.25/TNTs demonstrates the highest ABPE (0.061%) of all the
bimetallic electrodes at 0.6 V vs RHE but shows a 68 % increase in photoactivity
compared to pure gold. It is to be noted that ABPE measured in this study is
lower than the ABPE efficiency 0.033% of Au/Ag BNPs synthesized via solid-state
thermal dewetting on ZnO semiconductor at 0.3 V vs RHE*®? and 2.131 % at the
bias of 0.89 V vs RHE for Au-Pd decorated TiO, nanorods.3®! A reliable
comparison is, however, not possible because of limited literature on AuCu on
TNTs and the ABPE is measured at different applied biases and under different
synthesis conditions in different studies. On the other hand Aug75Cuo2s/TNTs
shows a higher recombination of charge carriers compared its pure Au
counterpart as observed by higher photoluminescence intensity (Figure 4.9b),
but lower charge transfer resistances (Figure 4.11c). This Auo75Cuo.2s/TNTs
sample has clusters with a large gold-rich alloy core (around 70%) surrounded
by a thin layer of CuO. It features a higher plasmon intensity due to the larger
size of the metallic core in comparison with the other alloy electrodes. As
Auo 75Cuo 25 differs mostly from pure Au by the thin CuO layer (10%) surrounding
the clusters (Figure 4.8b), the presence of CuO may explain the higher activity.
Auo75Cuozs exhibits a dark current of 65 pA/cm?, while 60% (of total current
obtained through LSV) activity coming purely from light (98 nA/cm?) (Figure
4.12).

AuosCuos/TNTs demonstrates a 25% increase in activity compared to
Auo.75CuUo.25at 1.23 V vs RHE. AugsCug s consists of a gold rich random alloy at the
core (50%) (Figure 4.8b) and only differs from the Au rich composition by the
presence of a larger amount of 31% CuOx on the surface of the clusters. This
structural arrangement is expected to further reduce the plasmon intensity as
the metallic core size decreases. On the other hand, it shows a lower
recombination of charge carriers as observed by lower intensity of
photoluminescence (Figure 4.9b) and lower charge transfer resistances from EIS
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measurements (Figure 4.11c). The presence of a higher amount (31%) of CuO
may be at the origin of the activity increase.

Auo.25Cuo.75 exhibits the highest PEC activity of all tested electrodes with
a 20 % increase compared to AuosCugs and more than twice the activities of
pure metals (Figure 4.10c). The main structural difference with AugsCugs lies in
the presence of an intermetallic AugsCuos alloyed structure in the core of the
cluster instead of a gold-rich random alloy in the two other compositions.

The highest activity of Aug2sCugys is influenced by a combination of
many possible factors. Firstly, in this alloy, the presence of a significantly higher
amount of Cu than in the other bimetallic materials ordered the original
structure with two different Au-Au and Au-Cu distances as shown in the EXAFS
analysis, corresponding to higher charge transfer highlighted in the XANES.
Secondly, different electronic properties of intermetallic compounds also
contribute to the higher activity of Aug2sCuoss. It is found that intermetallic
compounds show larger hot carrier generation, originating mainly from direct
interband and phonon-assisted indirect electronic transitions. The resulting hot
carriers are energetically higher than that in their monometallic counterparts.
The resulting hot carriers have longer relaxation times and mean free path and
thus become efficient LSPR materials absorbing light strongly as shown in
literature.38238 Compared to pure copper the addition of a minority of Au
changes dramatically the properties of the clusters by creating a large metallic
core accounting for 50% of the cluster atoms featuring a significant larger
plasmonic intensity than pure copper where the metallic core represent only
(27%).384 Thirdly, formation of a metal-metal oxide interface in an Au-Cu bimetal
system under oxidative conditions, shows significantly enhanced catalytic
performance due to the formation of CuOx/Au interfacial®*® sites, which may
further explain the high activity of Aug2sCuozs. Fourthly, the superior
performance can also be driven by reduced recombination of charge carriers as
indicated by the lowest PL intensity of all tested electrodes besides Au (Figure
4.9b), implying the generated charge carriers are efficiently separated by
Auo.25Cuo.75s NCs acting as electron sinks and are therefore easily available for
redox reactions. Fifth, the highest interfacial charge transfer efficiency is
evidenced by the EIS results (Figure 4.11c); This is supported by lower charge
transfer resistance, shorter hole relaxation time, and hole diffusion length, as
compared to pristine TNTs (Table 4.3) leading to more efficacious charge
migration and separation facilitating water oxidation to boost the resultant PEC
performance. Sixth, the sample contains an optimal metal loading which allows
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the TNTs photocatalyst to harvest sunlight effectively and generate more charge
carriers while samples with higher loading, 6 ML and 8 ML, exhibited lower
photocurrent density as shown in Figure 4.13. The higher loading of AuCu
species, though increase the number of trapping sites with the formation of
Schottky barrier at the interface, may reduce the area of the TNTs surface
exposed to light and can act as recombination centers of photogenerated

electron-hole pairs.38
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Figure 4.13. a) LSV of AuosCuo s clusters modified titania nanotubes with
loadings of 4 ML, 6 ML and 8 ML and pristine TNTs electrodes tested under
solar illumination (100 mW cm?). b) LSV under chopped illumination
(alternating on and off every 5 s). ¢) Chronoamperometry of Aug2sCuo.7s
clusters modified TNTs electrodes at 1.2 V vs RHE in Na,SO, electrolyte at pH
7.2 with solar illumination. d) Electrochemical impedance spectroscopy (EIS)
of Auo.25Cuo 75 clusters modified TNTs electrodes under solar illumination.
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4.5. Conclusion

In summary, well-dispersed, ligand free, size and composition tuneable
AuxCuix (x = 1, 0.75, 0.5, 0.25 and 0) NCs were synthesized and deposited, by
the CBD method, on TNTs. It was observed that surface modification of TNTs
with AuxCuixNCs leads to enhanced PEC activity under solar irradiation peaking
for the Aug.2sCuozs NC composition, which showed a four-fold enhancement in
photocurrent compared to pristine TNTs. This enhancement is attributed to a
combination of factors such as the unique tubular morphology of TiO,, atomic
restructuring of the electrode over the time forming a thin protective copper
oxide layer on the surface, and the intermetallic alloy at the core contributing to
charge redistribution between Au and Cu which improves the stability. Reduced
recombination of charge carriers as indicated by the lowest PL intensity, and the
highest interfacial charge transfer efficiency as evidenced by the impedance
spectroscopy, contribute to the superior performance of this sample. Finally, the
potential of the CBD technique that produces ligand-free NCs of tuneable size
and composition with a high degree of purity and high uniformity, serves as an
ideal platform technology to investigate cluster properties and at the same time
design efficient cluster-based photocatalysts for PEC water oxidation.
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Chapter 5

General conclusions and Outlook

5.1. General conclusions

The main objective of this PhD thesis can be summarized as:

“To design and characterize new and high-performance TiO, photocatalysts
modified by AuM (M = Ag, Cu) bimetallic nanoclusters that can be used for self-
cleaning surfaces and water oxidation.

The aforementioned objective was achieved through fabrication of well-
defined, composition- and size-controlled AuAg and AuCu alloy BNCs and
depositing them on titania nanoparticles and nanotubes. The required amount
of NCs, predominantly with a loading of 4 ML, was subsequently deposited on
TiOz-based substrates for photocatalytic (self-cleaning) and PEC (photocurrent
generation) applications. Prior to applications, samples were subjected to
diverse characterization methods and techniques to know their size,
composition, oxidation state, and structure and their influence in boosting
photocatalytic and PEC activity.

In chapter 1, the research was situated within the broad context of the
environmental and energy challenges confronting our world today, emphasizing
the significance of conducting this research, i.e., for the creation of a more
sustainable world. The chapter continued with an overview of TiO,-based
photocatalysis, plasmonic photocatalysis, and PEC reactions, supported by
examples from literature. AuAg and AuCu NCs synthesized through the CBD
technique were introduced as potential effective and high-performing
cocatalysts with n-type semiconductor TiO,. The limitations of traditional TiO,
photocatalysis were commented on as well as those of wet chemical methods
for the synthesis of NCs. Finally, this chapter concludes highlighting the main
objective of thesis.

Chapter 2 introduced the experimental methods and characterization

techniques employed in this thesis, supported by examples from the research.
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The CBD technique for nanocluster synthesis and deposition as well as
the characterization techniques served as foundations for the research,
facilitating the understanding of properties, and their role as cocatalysts in
photocatalytic and PEC applications.

Chapters 3 and 4 contain the main research results of the thesis.
Chapter 3 demonstrated that AuAg NCs-modified TiO; are efficient cocatalysts
for self-cleaning surfaces, while in chapter 4 the efficiency of AuCu NCs on TNT
as photoanodes for PEC activity is discussed.

In chapter 3 the photocatalytic self-cleaning activity of 4 ML AusAgi« (x
=1,0.9,0.7,0.5, 0.3, and 0) BNCs modified TiO, powder films were tested under
UV and visible light as self-cleaning surfaces. The degradation of stearic acid, a
model compound for organic fouling, was probed with infrared absorption
spectroscopy. A cluster composition dependent photodegradation activity was
found, with the Aug3Ago7 composition showing the most effective stearic acid
degradation. Structural characterization of Au and Auo 7Ago.3 BNCs deposited on
carbon TEM grids revealed that the clusters were uniformly distributed over the
surface and were crystalline. The atomic structure of the AuxAgix BNCs
deposited on TiO, and carbon supports with a 4 ML loading was further
characterized by XAFS and while XPS provided the information about the
elemental composition, chemical state, and electronic structure of the surface
of a material. A charge redistribution between Ag and Au atoms was observed.
The effect of this charge redistribution is likely stabilizing the Ag against
oxidation, which may directly affect the catalytic properties of the clusters.
Furthermore, electromagnetic simulations were performed to understand the
mechanism behind photocatalytic activity and to investigate the dependence of
the LSPR position and the degree of near-field enhancement on the cluster
composition. The highest photoactivity of 4 ML loaded Aug3Ago7 nanocluster
modified TiO, under solar light resulted from the combination of the four
possible contributing factors namely, the LSPR effect of the BNCs in the visible
light wavelength range, a quantitative overlap of LSPR wavelength of AuosAgo
composition with the sun’s irradiance spectrum and a strong near-field
enhancement in this wavelength range that has significant intensity as well as
sufficient individual photon energy, the low and optimal total metal loading (4
ML) which still leaves enough TiO; surface available for UV light absorption and
finally charge distribution between Au and Ag. This study demonstrated CBD as
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an efficient approach for fabricating well-defined, tunable AuAg plasmon-based
photocatalysts for self-cleaning applications, outperforming their counterparts
obtained through colloidal methods.

In chapter 4, TNTs with its unique morphology, modified with a series
of 4 ML AuxCui« (x = 1, 0.75, 0.50, 0.25, and 0) BNCs synthesized through CBD
technique proved to be promising photocatalyst for photo-oxidation of water.
The morphology of as prepared electrodes, investigated through SEM and TEM,
confirmed the size, while the composition of BNCs was confirmed by EDX
mapping. Structural changes with composition and electronic environment
were derived from EXAFS and XANES, revealed charge redistribution between
Au and Cu and the formation of a stable intermetallic alloy at the core of best
performing Auo2sCuo.7s photocatalyst. Oxidation of as-prepared electrodes over
the time resulted in structural modification with CuO at the outer shell
functioning as a protective layer. UV-Vis confirmed that the cluster modification
extended the absorption range of the TNTs to the visible region, while PL
measurements demonstrate that they reduce the high charge carrier
recombination rate of pure TNTs. The as-prepared electrodes were tested
photoelectrochemically for the generation of anodic photocurrent using AM
1.5G solar simulator. It was found that Au,Cuix (x =1, 0.75, 0.5, 0.25 and 0) NC
modification remarkably enhances the anodic photocurrent relative to that of
pristine TNTs.

In summary, the potential of using the CBD technique as a tool for
gaining fundamental knowledge and designing photo(electro)catalysts made
of BNCs on TiO; supports is highlighted in this PhD. The CBD technique offers
precise control over particle size and composition, enabling a detailed
understanding of their properties and the structure-activity relationship. The
decoration of TiO, surfaces with BNCs has resulted in significant improvements
in light absorption, charge separation, and photocatalytic activity. Specifically,
AuAg BNCs on TiO, have proven highly effective as photocatalysts for self-
cleaning surfaces. The synergistic effects between the BNCs and TiO, enhance
the degradation of organic pollutants like stearic acid under visible light
irradiation. Additionally, AuCu BNCs on TNTs have demonstrated superior
performance as photoanodes, requiring minimal material to facilitate efficient
and stable hydrogen generation from water. These materials are thus effective
in both self-cleaning applications and water splitting, showcasing their potential
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to significantly contribute to sustainable energy solutions and environmental
remediation technologies.

5.2. Suggestions for further research

The universe is full of surprises. It never stops catching our attention
with its extraordinary and complex systems from the microscopic to the
macroscopic world. The more we explore this universe, the more we realize how
little we know. This is the driving force for me to know more by extending my
research.

The first proposal for further study is to use the obtained knowledge
about the AuAg and AuCu BNCs, to explore their potential for CO;
photoreduction. Ag and Au as co-catalysts are known to exhibit a good
selectivity for CO, reduction to CO,3®” and Cu is known to produce a range of C1
and C2+ hydrocarbons and alcohols.3883893% photocatalytic CO, reduction is an
active research area in view of the alarming rise of CO, emission levels in the
atmosphere, already exceeding 400 ppm, destabilizing the climate by increasing
global warming.?®! Therefore, there is an urgent need to mitigate excess of CO,
emission in the atmosphere by converting it into high energy fuels that may
replace fossil fuels. AuCu and AuAg nanostructures synthesized through CBD
technique together with n-type semiconductor TiO;, in combination with
abundant solar energy, can significantly improve the CO, photoreduction
performance. This research could be further be extended towards other
plasmonic nanostructures like Pt, Pd and Ni in combination with Au, Ag and Cu
since AgPd, AuAg, CuPt, AuCu, and AuPt nanoalloys generally exhibit better
activity and selectivity for CO, photoreduction than their monometallic
counterparts.3923933 For instance, a marked 80% methane selectivity is
observed for AgPt co-catalysts on TiO, as compared to 20% over pure Ti0,.3%* A
remarkable field enhancement has been observed at the metal interface in
AuAg and AuPt bimetallic NPs3*>3% and in AuNi NPs,**” hot electrons from Au
enhance the CO; catalytic conversion occurring at Ni sites. Designing highly
performant plasmonic photocatalysts for CO, reduction can be done by carefully
tuning the BNPs’ size, shape, and composition. Both the LSPR wavelength and
the band width depend on the size of the plasmonic NP.73%3% Shape influences
the intensity of the LSPR (near field enhancement which is due to LSPR, is
extremely intense at tips, edges and sharp corners of anisotropic plasmonic NPS

122



Chapter 5 — General conclusions and outlook

(e.g. nanorods, -triangles or -cubes).49070401 Also the metal-support interaction
plays a significant role in the photocatalytic activity.**? The role of these
parameters can be carefully and systematically tuned to obtain promising
outcome.

Secondly, since CBD technique is found to be promising in producing
well-dispersed, ligand free, size and composition controlled, tunable mono and
bimetallic coinage metal NCs that are excellent photocatalysts compared to the
equivalent ones prepared chemically, it can provide a new direction for
designing novel photocatalysts in the future. | would like to move from mono
and bimetallic AuAg and AuCu NC synthesis to trimetallic or multi-metallic NCs
in combination with less expensive metals like Ni, Fe with suitable
semiconductors to study their ability for manifold applications such as exhaust
pollutants removal, self-cleaning surface efficiency enhancement as well as for
splitting water to oxygen and hydrogen.

Finally, this thesis used only TiO,- based substrates (P25 and
nanotubes) for AuAg and AuCu nanocluster deposition for photocatalytic and
PEC applications. A new semiconductor-based materials other than TiO,, with a
wide range of light absorption, appropriate redox potentials, and high stability
for efficient photocatalysis can be utilized. Literature study mentions that
bismuth-based layered perovskite oxyhalides, specially bismuth vanadate
(BiVO4)*® owing to unique crystal structure, intensive visible light absorption,
suitable band structure, and superior stability, provides a highly promising
alternative for traditional metal oxide photocatalysts for various applications
ranging from water splitting to pollutant removal.*®* With a bandgap of 2.4 - 2.5
eV and enhanced thermodynamic solar to hydrogen conversion efficiency (i.e.,
~ 9.1%)*° BiVO, is among the most promising ternary metal oxide
photoanode.*®® Therefore, developing highly efficient and stable photocatalysts
with Bi-based substrates, modified with metal NCs such as AuAg, AuCu, AgCu
and AuNi clusters is an option to experiment with.

Hence, by employing the CBD technique for cluster synthesis in
combination with appropriate substrates, it becomes feasible to develop novel
and efficient photocatalysts suitable for both catalyst studies and industrial
applications.
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