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RESUME EN FRANCAIS

Au cours des derniers siécles, I'amélioration du niveau de vie a considérablement
favorisé I'explosion démographique et la poursuite de la révolution industrielle, ce qui
a entrainé une forte demande d'énergie provenant principalement de combustibles
fossiles. L'utilisation de ces combustibles conventionnels entraine une augmentation
spectaculaire des émissions mondiales de CO2 et une grave pollution de
I'environnement. Au cours du dernier demi-siécle, les températures mondiales
moyennes ont déja augmenté d'environ 1,5 °C par rapport a I'époque préindustrielle,
2 ce qui entraine une fonte accélérée des glaciers et une augmentation du niveau des
mers. Face a ces problémes, il est urgent de développer une nouvelle énergie durable
et respectueuse de l'environnement. Parmi les nombreuses énergies, I'énergie solaire
a été considérée comme l'énergie propre la plus prometteuse en raison de sa grande
accessibilité et de son approvisionnement inépuisable. La photocatalyse a base de
semi-conducteurs est une technologie prometteuse pour convertir I'énergie solaire
abondante en hydrogéne ou en hydrocarbures utilisables et pour éliminer le dioxyde

de carbone et dégrader les polluants.

La photocatalyse est |'utilisation de porteurs de charge photoexcités générés dans
des semi-conducteurs pour augmenter la vitesse des réactions chimiques ou modifier
leur sélectivité. Plus précisément, lorsque le photocatalyseur est irradié par une
lumiére incidente de fréquence appropriée, I'énergie photonique fait passer les
électrons dans la bande de conduction, laissant ainsi les trous dans la bande de
valence. Ces électrons ou trous générés sont ensuite utilisés efficacement pour un
grand nombre d'applications, par exemple le traitement des eaux usées,** la
purification de I'air,>2 la dégradation des colorants organiques,®'° et la synthése des

combustibles solaires."’-'® Bien que les photocatalyseurs semi-conducteurs soient
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d'une grande importance dans ces domaines, la majorité d'entre eux (par ex, TiOz et
Zn0O) ont des bandes interdites extrémement larges qui ne sont responsables que de
la lumiére UV qui ne représente que 4% du flux solaire.' De plus, ils présentent des
longueurs de diffusion courtes pour transmettre des porteurs de charge faibles, ce qui

entrave considérablement la pleine utilisation de ces matériaux.'41°

Pour résoudre ces problémes, les photocatalyseurs hybrides métal-
semiconducteur ont attiré une attention croissante. La présence de nanoparticules
métalliques (NPs) a la surface d'un semi-conducteur a deux grands impacts sur leurs
propriétés photocatalytiques. Premiérement, elle peut supprimer de maniére
significative la recombinaison des excitons photogénérés.'* 16-18 Deuxiémement, en
couplant les semi-conducteurs et les métaux avec une forte résonance plasmonique
de surface localisée (LSPR), les efficacités de capture et d'absorption de la lumiére
des semi-conducteurs peuvent étre considérablement améliorées, 4 1618 A ce jour,
diverses méthodes sont utilisées pour la fabrication de nanocristaux de métal-
semiconducteur, par exemple la synthése hydrothermale/solvothermale,!%-2"
I'échange d'ions,?>?3 la photodéposition,* 2426 le dép6t-précipitation.?’-2® Parmi ces
stratégies, la photodéposition a attiré de plus en plus d'attention car cette méthode ne
nécessite pas d'augmenter la température ou d'appliquer une tension.’® De plus, les
principaux avantages de la photodéposition comprennent (i) un contrdle délicat de la
distribution géométrique des nanoparticules métalliques (ND) a la surface des semi-
conducteurs a facettes et (ii) une grande flexibilité dans le controle de la taille et de
I'état d'oxydation des NP déposées en manipulant les précurseurs de réaction ainsi

que la longueur d'onde et l'intensité de I'éclairage.®
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Figure 1. (a) Représentation schématique de différentes nanostructures contenant des NPs
plasmoniques et des semi-conducteurs. (b) Variation de I'activité photocatalytique avec la quantité de
cocatalyseur a la surface d'un photocatalyseur. Adapté de la réf.2° (c) Génération photocatalytique de
H2 sur trois photocatalyseurs différents a base de nanorods de CdS : nanorods de CdS purs, nanorods
de CdS décorés de plusieurs sites de Pt et nanorods de CdS décorés de pointes de Pt. Adapté de la
réf.30 (d) Efficacité quantique photocatalytique pour la demi-réaction de réduction de I'eau obtenue avec
les photocatalyseurs nanorod CdSe@CdS décorés avec des pointes de Ni de différentes tailles.
Efficacité quantique expérimentale dans les barres vert foncé, et efficacité quantique corrigée pour
I'absorption du métal dans les barres vert clair. Adapté de la réf.3!

Les techniques de photodéposition ont été largement adoptées pour charger divers
métaux (par exemple, Ag, Au, Pt, etc.) sur des semi-conducteurs, notamment des
oxydes meétalliques (par exemple, TiO2, ZnO, WOs, etc.) et des chalcogénures
métalliques (par exemple, CdS, Bi2S3, Cu2xS, etc.). 16. 18 3237 Cette technique a
également été utilisée avec succés pour obtenir des particules cceur/coquille, 34 des
cocatalyseurs bimétalliques,,” 3 ou méme des systémes plus complexes, comme le
montre la figure 1a.* 4' En outre, les métaux peuvent également étre chargés sur
différents substrats avec diverses morphologies. (Figure 1a).
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De nombreux chercheurs ont tenté d'optimiser la charge métallique pour générer
des matériaux photocatalytiques efficaces.*?>43 Comme le montre la figure 1b, l'activité
photocatalytique augmente généralement avec la charge de métal déposée sur la
surface du semi-conducteur. Cependant, l'activité diminue progressivement en raison
d'une surcouverture de la surface du semi-conducteur par les métaux, ce qui bloque
les sites actifs pour la réaction photoredox ainsi que la lumiére d'atteindre les
photocatalyseurs.'®: 2° De plus, si les charges métalliques sont trop élevées, les ND
meétalliques peuvent également agir comme des centres de recombinaison des
charges, empéchant ainsi les électrons libres ou les trous d'atteindre les réactions
photocatalytiques.’® 29 Stolarczyk et al.,®® ont fait varier la décoration des
nanoparticules de Pt sur les nanorods de CdS et ont découvert que les nanorods de
CdS décorés de pointes de Pt sont les plus actifs pour la production d'hydrogéne
(Figure 1c). Nakibli et ses collegues®! ont étudié des nanorods CdSe@CdS décorés
de Ni avec différentes tailles de pointe, et une taille optimale de domaine métallique
de 5,2 nm a été obtenue (Figure 1d). lIs ont révélé que la nature d'une nanojonction
formée entre un nanorod semi-conducteur et un cocatalyseur de nanoparticules
métalliques est sensible a la taille de la particule métallique, comme le reflete I'activité
de production d'hydrogene, le rendement quantique de I'émission et la quantité de
séparation de charge. Par conséquent, il est trés important de contréler précisément
le nombre de sites métalliques et la taille du métal sur la surface du semi-conducteur.?®
44 En raison de leur faible intensité de puissance, les réactions ont ensuite pris
plusieurs heures pour achever le dép6t de nanodots métalliques, et les métaux
chargés avaient généralement une taille assez petite (moins de 3 nm).4445 Cela rend
extrémement difficile I'étude de l'influence de la taille et de la forme du métal sur les
propriétés photocatalytiques des produits obtenus. Ce probléeme peut étre résolu en
utilisant des lasers a haute énergie qui peuvent générer une intensité de flux de
photons de plusieurs ordres de grandeur supérieure a celle des lampes prototypes.?*
46 Par conséquent, un grand nombre d'électrons photogénérés peuvent étre produits
en peu de temps et étre ensuite utilisés pour réduire les ions métalliques sur les
surfaces semi-conductrices a un taux élevé. Par exemple, Bai et al,2® ont rapporté que
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des nanohétérodiméres (NHD) de métal (Ag et Au)-TiO2 pouvaient étre obtenus par
photodéposition pilotée par laser dans un réacteur microfluidique continu. L'utilisation
d'un faisceau laser focalisé d'une intensité aussi élevée que 430 W/cm? permet la
formation de NDs meétalliques d'une taille aussi grande que 14 nm en quelques
secondes. lls ont également montré que (i) la taille moyenne des NDs métalliques
augmentait proportionnellement (avec une polydispersité stable autour de 20%) avec
'augmentation de la puissance d'excitation, et (ii) que la croissance des nano-points
d'Ag sur TiO2 pouvait étre modélisée précisément. Cependant, le systéme de réaction
est compliqué et la photodéposition se produit a une vitesse si élevée que I'étude de
la nucléation et de la croissance précoce des nanoparticules métalliques est trés
difficile. Cet inconvénient peut étre combattu en utilisant une cuvette au lieu d'un
microcanal comme récipient de réaction. L'utilisation d'une cuvette réduit
raisonnablement le flux de photons et ralentit donc la vitesse de réaction. En
combinaison avec le systéme de réaction stable, la nucléation et la croissance des
nano-points métalliques peuvent étre facilement surveillées. Par exemple, Hao et al.
24 ont trés récemment rapporté la photodéposition pilotée par laser de nano-points
d'Au sur des nanorods de CdSe/CdS. lls ont montré que le nombre et la position
spatiale des NDs d'Au sur les nanorods pouvaient étre finement ajustés. lls peuvent
faire des croissances en sites multiples, sur les deux pointes doubles et sur une seule
pointes en manipulant le flux de photons traversant les cuvettes de réaction. De plus,
la taille des nanoparticules d'Au a été bien contrélée, passant de moins de 3 nm a9
nm en moins de 20 minutes. Ce systéme de réaction fournit une configuration idéale
pour étudier efficacement la nucléation et la croissance de NDs métalliques sur des

surfaces semi-conductrices.

Dans cette thése, nous nous concentrons sur les réactions de photodéposition
pilotée par laser de métaux sur des surfaces semi-conductrices dans une cellule de
réaction a cuvette stable, en mettant l'accent sur la synthése controlée et les
mécanismes de réaction. Nous avons systématiquement étudié la photodéposition de
divers métaux (par exemple Au, Ag et Pd) sur deux types de substrats semi-
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conducteurs, a savoir les oxydes métalliques (TiO2) en phase aqueuse et les
chalcogénures métalliques (Cu2-xS/CulnS2) dans le toluéne. Ces deux types de semi-
conducteurs nous permettent (i) d'avoir une compréhension plus approfondie des
meécanismes de formation de nanodots métalliques similaires sur différents substrats
ainsi que (ii) d'étudier les influences du milieu réactionnel sur les réactions de
photodéposition. Dans ce qui suit, nous présentons aux lecteurs une breve description

de chaque chapitre et de ses interconnexions.

Dans le chapitre 1, nous décrivons les principes de base et passons en revue les
avancées récentes dans la photodéposition de métaux sur deux types de substrats
semi-conducteurs, a savoir les oxydes métalliques et les chalcogénures métalliques.
Les facteurs clés fondamentaux pour la synthése contrdlée ainsi que leur grand impact
sur les activités photocatalytiques dans ces deux systémes sont intensivement
discutés. Nous mettons également en évidence plusieurs problemes difficiles a
résoudre et proposons quelques directions de recherche prospectives qui sont
bénéfiques pour une meilleure compréhension du processus de photodéposition et
une meilleure performance des activités photocatalytiques dans la récolte d'énergie,
la catalyse et les applications environnementales. Dans le chapitre 2, nous présentons
les deux montages différents construits et utilisés pour réaliser la photodéposition des
nano-points métalliques sur des nanocristaux de TiO2z et de Cu2xS/CulnSz. L'utilisation
de différents types de lumiéres pour les réactions de photodéposition, les paramétres
détaillés et la configuration des montages construits seront décrits en détail. Dans les
trois chapitres suivants, nous présenterons les résultats de la photodéposition de
divers métaux a la surface des nanocristaux de TiO2. Dans le chapitre 3, nous
présentons la photodéposition de particules d'Au sur le TiO2. Les effets de nombreux
parametres sur la photodéposition sont étudiés pour tenter d'améliorer le rendement
global de Janus des nanohétérodiméres Au-TiO2 et atteindre des valeurs proches de
100%. De plus, nous étudions le mécanisme d'adsorption des réactifs sur la surface
du TiO2 pendant le processus de photodéposition en modélisant les données
expérimentales ; nous essayons eégalement de faire la distinction entre la

Vi
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physisportion et la chimisportion. Nous décrivons I'ensemble de la croissance de l'or
jusqu'a son achévement. Outre le dépét d'or, nous avons également essayé la méme
procédure pour déposer des particules d'Ag, Pd sur TiO2 dans le chapitre 4. Les effets
de nombreux paramétres, par exemple le piégeur de trous (HS), le temps d'exposition,
la puissance du laser et le précurseur sur le processus de photodéposition seront
étudiés en détail. Dans le chapitre 5, nous présenterons une photodéposition en deux
étapes de nanoparticules bimétalliques structurées en coeur-coquille Au@Au, Au@Ag
et Au@Pd sur TiO2. Pour le systtme Au@Au core@shell, la coquille Au peut étre
contrélée avec précision et la taille et I'épaisseur du noyau et de la coquille Au
répondent parfaitement a nos attentes. Pour le systeme Au@Ag, la coquille d'Ag
obtenue était limitée a environ 1 nm d'épaisseur, ce qui était moins que prévu et
résulte de la faible électronégativité de I'Ag (1,9) par rapport aux autres Au ( 2,4). Pour
le systéme Au@Pd, le Pd a montré une croissance non isotrope sur le noyau d'Au, ce
qui a donné lieu a une coquille de Pd non uniforme, ce qui est di a la grande disparité
de réseau entre Au et Pd. Dans le chapitre 6, nous nous intéresserons a la
photodéposition de nano-points d'Au sur des hétéro-nanocristaux de Cu2xS/CulnS:2
dans le toluéne. La distribution géométrique (par exemple, le nombre et I'emplacement)
des NDs d'Au, ainsi que leurs tailles, peuvent étre bien contrdlées en ajustant la
concentration des piégeurs de trous et des précurseurs d'Au, la puissance
d'illumination et le temps d'exposition. De plus, nous avons constaté que les NDs d'Au
individuelles préférent se déposer d'abord sur les pointes des piéces de Cu2xS. Sous
irradiation continue, ces Au NDs se comportent difféeremment de ceux déposés sur
TiO2 et semblent fusionner avec le substrat Cu2-xS, ce qui entraine une augmentation
de la bande interdite et un réalignement des bandes avec CulnS2. Cet alignement
décalé des bandes favorise le flux d'électrons photogénérés de Cu2xS vers CulnS2,
ce qui entraine le dépbt ultérieur des Au NDs sur le cbté des parties allongées de

CulnSo.

La thése se termine par les conclusions et les perspectives en résumant brievement

les résultats les plus essentiels que nous avons obtenus, et en proposant quelques
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sujets de recherche prometteurs pour des études futures.
On peut se référer a I'annexe pour mieux comprendre le calcul théorique de la taille

du métal (annexe 1) et les techniques de caractérisation (annexe 2).
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General Introduction

Over the past few centuries, the rapid development of science and technology has
brought mankind a high level of economic prosperity and prolonged lifetimes of human
beings. The improvement of living standards significantly fosters population explosion
and further industrial revolution, thus leading to sharp demands for energy which
mainly comes from burning coal and fossil fuels. The use of these conventional fuels
results in a dramatic increase in global CO2 emissions and severe environmental
pollution. For example, over the past half-century the average global temperatures are
already about 1.5 °C higher than in pre-industrial times (Figure 1),? which brings
about accelerated melt of glaciers and increases in sea levels. This means that tens
of thousands of people are threatened by the associated effects of saltwater intrusion,
flooding, infrastructure damage as well as deadly hurricanes and other extreme
weather events. To protect our living environment from deterioration, researchers from
various fields are working on developing clean and renewable energy, such as
biofuels, wind, tidal, solar, and hydraulic energy. Amongst these energies, solar power
has been considered the most promising clean energy due to its high accessibility and
inexhaustible supply without any pollutant emission. The utilization of solar energy
can be mainly divided into two parts. The first one is to convert solar energy into
electricity directly or indirectly (stored in batteries or capacitors) for human society,
while the other is to convert solar energy into green fuels in the form of H2 by water
splitting®“ or hydrocarbons by the reduction of CO2 through photocatalysis.5¢
Apart from the storage of solar energy, photocatalysis can also be applied to
manage environmental issues such as the degradation of harmful compounds in

wastewater, e.g. dyes, bacteria, or metal ions.”®
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Figure 1. Global warming: monthly temperature anomaly. The combined land-surface air and sea-
surface water temperature anomaly are given as the deviation from 1951 to 1980 mean. The data
source comes from the National Aeronautics and Space Administration, Godard Institute for Space

Studies.'? The gray shading represents the total annual uncertainty at a 95% confidence interval.

Photocatalysis involves the use of photoexcited charge carriers generated in a
semiconductor to enhance the rate of chemical reactions or alter their selectivity.
Specifically, when a photocatalyst is illuminated by incident light with an appropriate
frequency, the photon energy pumps the electron to the conduction band, thus leaving
the hole behind in the valence band. These generated electrons or holes are then
efficiently used for a plethora of applications, e.g. wastewater treatment,®'! air
purification, 215 organic dye degradation,'® 1617 and solar fuel synthesis.'82! Although
semiconductor photocatalysts are of great importance in these fields, the majority of
them (e.g., TiO2 and ZnO) have extremely large band gaps that are only responsible
for UV light which accounts for only 4% of the solar flux.22 Several other visible-light
absorbers, such as a-Fe203,22 WO32* and g-C3N4?® have also been investigated.
However, they exhibit short diffusion lengths to impart weak charge carriers, which
dramatically hinders the full use of these materials.??23 Therefore, the development of
efficient photocatalysts that are active over a broader range of the solar spectrum has
been in great demand.

To solve this problem, researchers focused on hybrid metal-semiconductor

photocatalysts that have attracted increasing attention. In these systems, the

4
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magnetic, optical, and catalytic properties of the different materials can be
synergistically combined and their chemical-physical properties can be tailored by
tuning the size, shape, and composition of each part of the heterostructures. The
presence of metal nanoparticles (NPs) on the surface of a semiconductor has two
great impacts on their photocatalytic properties. First, it can significantly suppress the
recombination of photogenerated excitons as well as reduce the activation energies
of the photoredox reactions and thus increase the reaction rates.?? 24 26-30 Second,
coupling semiconductors and metals with strong localized surface plasmon resonance
(LSPR), light-harvesting and absorption efficiencies of the semiconductors can be
significantly improved.?? 24 26-27 To date, many researchers have developed various
ways to perform the fabrication of metal-semiconductor hybrid nanocrystals, e.qg.
hydrothermal/solvothermal  synthesis,3'33 ion exchange,®35 sputtering,36-37
photodeposition,!!: 3840 deposition—precipitation,*'4?> and the enzyme-mediated
biomimetic approach.**#* Among these strategies, photodeposition has drawn
increasing attention since this method does not require raising the temperature or
applying a voltage, and is therefore considered an environmentally-friendly
approach.?* Moreover, the major advantages of photodeposition include (i) a delicate
control of the geometric distribution of metal nanodots (NDs) on the surface of facet-
engineered semiconductors and (ii) great flexibility in controlling the size and the
oxidation state of the deposited NPs by manipulating the reaction precursors as well
as the illumination wavelength and the intensity.?*

Photodeposition techniques have been widely adopted to load various metals (e.g.,
Ag, Au, Pt, etc.) on semiconductors including metal oxides (e.g., TiO2, ZnO, WOs, efc.)
and metal chalcogenides (e.g., CdS, Bi2S3, Cu2xS, efc.).10: 21-22, 24, 27, 4551 |n some
cases, this technique has also been successfully used to obtain core/shell particles,®*
54 bimetallic cocatalysts,'* 52 55-56 or even more complicated systems, as depicted in
Figure 2a.'" %" Furthermore, the metals can also be loaded on different substrates
with various morphologies, such as spheres, rods, sheets, dumbbells and tubes

(Figure 2a).
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Figure 2. (a) Schematic representation of different nanostructures containing plasmonic NPs and
semiconductors. (b) Variation of the photocatalytic activity with the amount of cocatalyst on the surface
of a photocatalyst. Adapted from ref.58

Despite a large body of research where photodeposition on semiconductors has
been employed, the availability of studies on understanding the reaction mechanisms
of photodeposition is very much behind. Moreover, the photocatalytic activities of the
resulting materials usually experience poor reproducibility and show significant
differences depending on the synthesis methods.?® To remove the veil of mystery,
precisely tracking the nucleation and growth of the metal NDs on the semiconductor
surface is of great importance. This will help achieve full control over the size,
morphology, oxidation state, and heterointerface of the metals on the semiconductors
and therefore tune the photocatalytic activities. Many researchers have attempted to
optimize the metal loading to generate effective photocatalytic materials.5%-6° As shown
in Figure 2b, photocatalytic activity generally increases with a load of metal deposited
on the semiconductor surface. However, the activity gradually decreases due to an
over-coverage of the semiconductor surface by the metals, which blocks the active
sites for the photoredox reaction as well as the light from reaching the
photocatalysts.?* 58 Moreover, if the metal loadings are too high, the metal NDs may
also act as charge recombination centers, thus preventing free electrons or holes from
photocatalytic reactions.?* 58 Beyond the influence of metal loadings, studies on the
influence of other factors such as the influence of precursors,5° 8162 influence of pH,%%

64 the role of a sacrificial reagent,®5-%¢ etc. also have a great impact on the
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photocatalytic activities, which however remain underdeveloped.

Aside from the parameters in the reaction medium, the selection of suitable light
sources for photodeposition reactions also plays an important role. In most previously
reported literature, conventional UV or visible lamps with an excitation power intensity
typically less than 5 mW/cm? were used for experiments.*%-67-70 Dye to their low power
intensity, reactions then took several hours to complete the deposition of metal
nanodots, and the loaded metals usually had a quite small size (less than 3 nm).5% 7
This makes it extremely difficult to study the influence of metal size and shape on the
photocatalytic properties of the resulting products. This issue can be addressed by
using as light sources, high-energy lasers which can generate a photon flux intensity
orders of magnitude higher than prototypical lamps.38-3% 72 Consequently, a large
number of photogenerated electrons can be produced in a short time and then be used
to reduce metal ions on the semiconductor surfaces at a high rate. For example, Bai
et al.,* reported that metal (Ag and Au)-TiO2 nanoheterodimers (NHDs) could be
obtained with a laser-driven photodeposition in a continuous microfluidic reactor.
Using a focused laser beam with an intensity as high as 430 W/cm? allows the
formation of metal NDs with a size as large as 14 nm in a few seconds. They also
showed that (i) the average size of the metallic NDs did increase proportionally (with
a stable polydispersity around 20%) with the increase of excitation power, and (ii) the
growth of Ag nanodots on TiO2 could be modeled precisely. However, the reaction
system is complicated and the photodeposition occurs at such a high rate that studying
nucleation and early-stage growth of metal nanodots is very challenging. This
drawback can be combated by using a cuvette instead of a microchannel as a reaction
vessel. The use of a cuvette reasonably reduces the photon flux and thus slows down
the reaction rate. Combined with the steady reaction system, the nucleation, and
growth of metal nanodots can be readily monitored. For instance, Hao et al.3® very
recently reported the laser-driven photodeposition of Au nanodots on CdSe/CdS
nanorods. They showed that the number and spatial position of Au NDs on the
nanorods could be finely tuned starting from multiple sites, to double-tips and single-
tip by manipulating the photon flux passing through the reaction cuvettes. Moreover,
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the size of the Au nanodots was well controlled from less than 3 nm to 9 nm in less
than 20 min. This reaction system provides an ideal setup to efficiently investigate the
nucleation and growth of metal NDs on semiconductor surfaces.

In this thesis, we focus on laser-driven photodeposition reactions of metals on
semiconductor surfaces in a steady cuvette reaction cell, with an emphasis on the
controlled synthesis and reaction mechanisms. We have systematically studied the
photodeposition of various metals (e.g., Au, Ag, and Pd) on two types of
semiconductor substrates, i.e., metal oxides (TiO2) in the water phase and metal
chalcogenides (Cu2xS/CulnSz2) in toluene. These two types of semiconductors allow
us to (i) have a more in-depth understanding of the formation mechanisms of similar
metal nanodots on different substrates as well as (ii) study the influences of the
reaction medium on the photodeposition reactions. In the following, we will show
readers a brief description of each chapter and its interconnections.

In Chapter 1, we will describe the basic principles and review recent advances in
the photodeposition of metals on two types of semiconductor substrates, i.e., metal
oxides and metal chalcogenides. The fundamental key factors for the controlled
synthesis as well as their great impact on the photocatalytic activities in these two
systems will be intensively discussed. We will also point out several challenging
problems that need to be solved and propose some prospective research directions
that are beneficial for a better understanding of the photodeposition process and a
higher performance of photocatalytic activities in energy harvesting, catalysis, and
environmental applications. In Chapter 2, we will introduce the two different setups
built and used to perform the photodeposition of the metal nanodots onto TiO2 and
Cu2xS/CulnS2 nanocrystals. The use of different types of lights for the photodeposition
reactions, detailed parameters, and configuration of the built setups will be fully
described. In the three next chapters, we will report the results of the photodeposition
of various metals on the surface of TiO2 NPs. In Chapter 3, we introduce the
photodeposition of Au particles on TiO2. The effects of numerous parameters on
photodeposition are investigated to try to improve the overall Janus yield of Au-TiO2
nanoheterodimers and reach values close to 100%. Moreover, we study the
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adsorption mechanism of the reactants on the TiO2 surface during the photodeposition
process by modeling experimental data; we also try to discriminate between physi-
and chemi- sportion. We describe the entire gold growth to completion. Besides gold
deposition, we also tried the same procedure to deposit Ag, Pd particles on TiOz in
Chapter 4. The effects of numerous parameters, e.g., hole scavenger (HS), exposure
time, laser power, and precursor on the photodeposition process will be investigated
in detail. In Chapter 5, we will report a two-step photodeposition of Au@Au, Au@Ag,
and Au@Pd core-shell structured bimetallic nanodots on TiO2. For the Au@Au
core@shell, the Au shell can be precisely controlled and the size and thickness of the
Au core and shell perfectly our expectations. For the Au@Ag system, the Ag shell
obtained was limited to around 1 nm thickness which was less than expected and
results from the low electronegativity of Ag (1.9) compared to other Au ( 2.4). For the
Au@Pd system, Pd showed a non-isotropic growth on the Au core resulting in a
nonuniform Pd shell which was due to the big lattice mismatch between Au and Pd.
In Chapter 6, we will shift our attention to investigating the photodeposition of Au
nanodots on Cu2-xS/CulnSz heteronanocrystals in toluene. The geometric distribution
(e.g., number and location) of Au NDs, as well as their sizes, can be well controlled by
tuning the concentration of the hole scavengers and Au precursors, illumination power,
and exposure time. Moreover, we found that individual Au NDs prefer to deposit first
on the tips of Cu2—S parts. Under continuous irradiation, these Au NDs behave in a
different way as when deposited on TiO2 and seem to fuse with the Cu2-xS substrate
which leads to an increase in bandgap and band re-alignment with CulnS2.This
staggered band alignment promotes the photogenerated electrons flow from Cu2-xS
to CulnSz2 resulting in subsequent deposition of the Au NDs on the side of elongated
CulnS:2 parts.

The thesis ends up with Conclusions and Perspectives by briefly summarizing the
most essential results we obtained, providing an overview contribution to the relevant
research society, and proposing some promising research topics for future studies.

One may refer to the Appendix for a better understanding of the theoretical
calculation of metal size (Appendix 1) and the characterization techniques (Appendix 2).
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Chapter 1. Principles and Recent Advances in Photodeposition of Metals on Colloidal Semiconductor
Nanocrystals

Abstract

The presence of metal nanoparticles on the surface of a semiconductor can
significantly suppress the recombination of photogenerated excitons as well as reduce
the activation energies of the photoredox reactions and thus increases reaction rates.
" Moreover, by coupling the metals (e.g., Ag, Au, Pt) with strong localized surface
plasmon resonance (LSPR), the efficiency of light-harvesting and absorption of
semiconductors can be dramatically improved.'* These unique properties are of great
interest in the field of photocatalysis, such as wastewater treatment,®° air
purification,”-'% organic dye degradation® '5'® and photocatalytic solar fuel
synthesis.'”-20 To date, many researchers have developed various ways to perform
the fabrication of metal-semiconductor hybrid nanocrystals, e.g., hydrothermal
/solvothermal synthesis,?'-23 ion exchange,?4+2° sputtering,?6-2” photodeposition,> 10 28-
29 deposition—precipitation,3%-3" and enzyme-mediated biomimetic approach.32-33
Among these strategies, photodeposition has drawn increasing attention since this
method does not require elevated temperature or applied voltage, and can therefore
be considered an environmentally-friendly approach.3* Moreover, the major
advantages of photodeposition include delicate control of the geometric distribution of
metal nanodots on the surface of facet-engineered semiconductors and great flexibility
in controlling the size and oxidation state of the deposited NDs by manipulating the
reaction precursors as well as the intensity of illumination.3* In this context, we will
focus on introducing the working principle and recent advances in the photodeposition

technique in designing metal-semiconductor hybrid nanocrystals.
1.1 Principles of photodeposition reactions

The observation of the photodeposition phenomenon was first described by G.
Tammann in 1920.3% He found that a finely dispersed suspension of crystalline zinc
oxide (ZnO) in water in the presence of a small quantity of silver (Ag) nitrate was

rapidly darkened when exposed to white light. After that, several scientists repeated
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his experiments under more carefully controlled conditions and they indeed observed
that fibrous Ag crystals did grow on the ZnO and titanium dioxide (TiO2) under
illumination.®6-3” However, the latter discovery vanished for over half a century. In 1978,
Kraeutler and Bard reported a synthesis protocol for the deposition of highly dispersed
platinum (Pt) nanoparticles on the surface of TiO2z by light irradiation on a slurry of TiO2
powder with hexachloroplatinic acid in the presence of hydrochloric acid, sodium
carbonate and acetic acid.3® This research result is of paramount significance as it
provides a general approach to extend the scope of metal photodeposition on colloidal
semiconductors. Since then, interest in photodeposition has blossomed significantly,

as shown in Figure 1.1.
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Figure 1.1 Statistical overview of the number of papers related to “photodeposition” as a function of
years, as searched in Scopus on Oct 01, 2021. Note: not all publications related to photodeposition are

shown in this figure since it can also be named “photochemical deposition” or “photoreduction”.

A photodeposition reaction is based on light-induced electrochemistry occurring in
a mixed solution that contains colloidal semiconductor nanocrystals and metal ion
precursors. Upon light irradiation with appropriate frequency, the photon energy
pumps the electrons in semiconductors to the conduction band (CB), leaving holes
behind in the valence band (VB). The electrons are used to reduce the metal
precursors, thus leading to the deposition of the metal nanodots on the surface of the

semiconductor (Figure 1.2).34
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Figure 1.2 Schematic diagram of the photodeposition reaction. When light is absorbed in the bandgap,
electrons from the VB are excited to the CB and then migrate to the semiconductor (blue sphere) surface
where metal ions are reduced to metal (orange sphere). hv represents light energy, e~ is the
photoexcited electron, h* is the photogenerated hole, M™ and M° describe metal ion and metal,

respectively. The reduction reaction can be written as, M™** (liquid) + ne~ — M°(solid).

To allow efficient photodeposition of metals on semiconductors, several key points
should be carefully considered. First, the reduction potential of the metal ion should
be more positive than the CB energy level of the semiconductor.'"- 34 Figure 1.3 shows
the band positions of several commonly used semiconductors and redox potentials of

several aqueous metal ions in solutions.
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Figure 1.3 Schematic overview of the band positions of several semiconductors on an energy scale in
electron volts relative to the vacuum level, or volts relative to the normal hydrogen electrode (NHE).
The lowest CB (red) and the highest VB (dark blue) are displayed along with the bandgap in electron
volts and figure adapted from previous works.3%40 Redox potentials of several aqueous metals in

solutions relevant for photodeposition are shown using NHE as a reference.3*
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Obviously, most metal ions can be reduced by the electrons from the excited
semiconductors except Mn?* which has a very negative reduction potential of -1.18 V
at 298 K.3* Secondly, the photon energy of illumination has to exceed the band-gap
energy of the semiconductor to excite the materials and induce the generation of
excitons, viz., pairs of electron/hole.’ 3* Moreover, the recombination rate of
photogenerated carriers should be as slow as possible, preferably a complete charge
separation is targeted.!' 34 41 |n this case, the electrons can migrate to the
semiconductor surfaces and are then efficiently used for reduction of metal ions. To
avoid the accumulation of holes, scavengers (e.g., methanol, Na2S, Na2SOs, efc.) are
usually used in these reactions. Last but not least, the semiconductor needs to provide

sufficient active surface sites for the photodeposition reaction to take place.- 34

1.2 Photodeposition of metals on TiO2 surface

TiOz2 is one of the most intensively studied semiconductor materials in the field of
photocatalysis due to its great photoactivity, chemical stability, long-term durability,
and low cost.? 2 20. 34 Despite these great prospects, the full use of this material has
encountered two main challenges, ie., the high recombination rate of the
photogenerated charge carriers and the limited absorption of photons in the visible
and near-infrared range.?  20.3* To overcome these issues, adding metals with strong
LSPR onto the surface of TiO2 has been widely accepted as an efficient solution.? 4
34 The most commonly reported plasmonic metals are Ag, Au, and Pt.*? For
conciseness, in the following subsection we will focus on summarizing the most
recent advances in using photodeposition method for constructing plasmonic Au-
TiO2 Schottky junctions in the past few years. For the discussions on the other

plasmonic metals on TiO2, readers can refer to several recent review articles.?# 34

In classical chemical reactions in solutions, the selection of Au precursors has a

great impact on the nucleation and growth of Au nanodots.**#4 To elucidate this
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phenomenon in the photodeposition method, Gartner and coauthors*® systematically
investigated the influence of different gold precursors such as NaAuCls-2H20, AuCls,
and [Au(PPhs3)]Cl on the formation of Au NDs on the surface of TiO2 and the
photoactivity of the resulting Au-TiO2 materials. The use of NaAuCls-2H20 and AuCls
showed the highest yields of Au loadings (= 0.96%), while the [Au(PPhs)]CI complex
gave an extremely low value of ~0.09 wt% (Table 1.1). Though all of the Au nanodots
are claimed to have a comparable size of 3-15 nm (which in fact is not so comparable),
the catalysts are not equivalent and the product with the highest photocatalytic
efficiency (H2 evolution rate of 8.4 umol mg™' h') is the system formed using
NaAuCls-2H20 as precursors. This indicates that AuCls is a better Au precursor for
the photodeposition and it also suggests that tuning the amount of Au loading is a key

factor in improving the photocatalytic efficiency.

Table 1.1 Photocatalytic hydrogen production from MeOH/H20 mixtures with TiO2 in the presence of
various co-catalysts. TON means turnover number, nn2/nau, calculated based on the amount of Au
added. TOF represents turnover frequency, calculated based on the amount of Au added. The Au

loading is determined by inductively coupled plasma spectrometry. The data is adapted from ref4s.

Au precursor  V, (mL) l—l;:::ll:s? r:_a1t)e TON  TOF (h-1) Au(vl\za:gi)ng Au Size (nm)
'NaAuCl2HO 31 8.4 1006 168 097 315
AuCI3 28 7.6 915 152 0.96 3-15
AuCl 22 6.0 709 118 0.65 3-15
[AU(PPhs)]Cl <2 <0.5 - - 0.09 -

None <0.2 - - - - -

It is also well-considered that the size of Au and the nature of the TiO2 substrates
can each, in turn, influence the photoreaction rates. Murdoch et al.*® investigated the
effect of Au particle size, Au loading, and TiO2 phase on H2 evolution from aqueous
ethanol solutions. They found that Au NDs in the size range of 3-30 nm were highly
active in photocatalysis and the photoreaction rate was independent of the size of Au

particles in the range of 3-12 nm, as reported by Gartner et al.*> Moreover, they noticed
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that the crystal phase of TiO2 had a great impact not only on the size of the Au NDs
but also on the photocatalytic activities of the hybrid NHDs. Figure 1.4a shows that
the size of Au particles on TiO2 anatase is generally smaller than that on TiOz rutile
due to the stronger electronic interaction between anatase and Au particles, which
prohibits Au agglomeration/sintering during thermal activation.*6-4” More importantly,
Au particles on TiO2 anatase are about 100 times more active than those of a similar
size on TiOz2 rutile, (anatase, ~15 nm; rutile fibre, 20 nm x 50 nm), as a result of
different exciton recombination rates for these two species.*6 4849 |n the case of
anatase, Au/TiOz hybrids exhibit an increased rate with increased Au loading (up to 4
wt%) with a corresponding increase in the mean Au particle size from 3 to 12 nm
(Figure 1.4b). A further increase in Au loading (to 8 wt%) leads to an increased particle
size of 16 nm. The Hz production rate however decreases due to a reduction in the
available substrate active sites where both metal and support are needed for the

photoredox reaction to occur.
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Figure 1.4 (a) Particle size distribution of Au on TiO2 photocatalysts for hydrogen production. The mean
Au nanoparticle size on anatase (A) is smaller than that on rutile (R). 1A, 2A, and so on, refer to 1wt%,
2wt%, and so on, of Au. (b) H2 photoproduction from ethanol over Au/TiO2 anatase and rutile as a
function of Au loading. The left-handed-axis presents the normalized rate per unit area for Au/TiO2
anatase nanoparticles and the right-handed-axis is that for Au/TiO: rutile nanoparticles. The x-axis

presents the weight % of Au on the TiO2 support. Adapted from ref.46

Later, Priebe et al.>° performed more comprehensive studies on the photoactivity of
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plasmonic Au-TiO2 catalysts with various TiO2 substrate phases (anatase, rutile,
brookite, or composites thereof) using a combination of in situ spectroscopic
techniques (electron paramagnetic resonance spectroscopy, X-ray absorption near-
edge structure, and UV-vis spectroscopy). They also found that the H2 evolution rate
of Au-anatase was twice as high as that of Au-rutile under UV-vis illumination.
Moreover, anatase/rutile composites (e.g., P25, anatase/rutile = 85:15) provided the
highest Hz evolution rate under both UV-vis and visible lights due to improved charge

separation and an electron transfer across the anatase/rutile interface.

Based on these initial studies on the photoactivity of plasmonic Au-TiOz2 catalysts,
researchers started to shift their attention to how to fine-tune the photodeposition of
Au on highly photoactive TiO2 anatase or anatase/rutile mixtures, and how to control
the size of Au nanodots. Similar to the prototypical synthesis of Au particles in
solution,*344 the size of Au NDs were readily regulated by adjusting the concentration
of Au precursors.%! In the case of photodeposition, the size control of Au particles was
also dictated by irradiation time. Deepagan and coauthors®? developed a strategy to
control the size and size distribution of the deposited Au NDs on TiO2 by varying the
ultraviolet exposure time. After illumination for less than 3 min, many unimodal small
Au nanoparticles (< 2 nm) were obtained. Prolonging the exposure time led to the
formation of larger Au NDs (> 5 nm) at the expense of the small ones. Very recently,
Bai et al.?® reported the synthesis of metal (Ag and Au)-TiO2 nanoheterodimers by
laser-driven photodeposition in a continuous microfluidic reactor (Figure 1.5a).
Instead of the conventional ultraviolet lamp, the authors used a focused laser beam
which creates a tremendous number of electron-hole pairs in a short time scale, thus
ensuring a large number of charge carriers for the reduction of metal ions and
promoting the growth of a single metallic dot on the TiO2 surface (Figure 1.5b,c)., the
average size of the metallic nanoparticles proportionally increased with the increase
of the excitation power with a stable polydispersity around 20%. The authors also
modeled the growth of Ag NDs on TiO2 and showed that the diameter of Ag was
proportional to /3. This work provides new insight into the controlled synthesis of Au
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or Ag-TiO2 hybrid NHDs and is of great interest to be extended to the construction of

other metal-semiconductor systems.

Figure 1.5 (a) Digital image of the experimental setup used for the photoproduction of M/TiO2 (M = Ag,
Au) in a microchannel configuration. The color change of the solution from transparent to orange after
crossing the laser beam materialized by the purple color (the solution flows from left to right according
to the direction of the yellow arrow) indicates the formation of metal nanoparticles. (b) TEM images of
the Ag/TiO2 NHDs. (c¢) TEM image of the Au/TiO2 NHDs. Adapted from ref.28

With the advanced development of the photodeposition method, this technique has
also been successfully employed to deposit plasmonic metals on diverse TiO:2
morphologies and the product composites show great prospects in many
photocatalytic applications. Shahini et al.>® demonstrated the immobilization of
plasmonic Ag-Au nanoparticles on TiO2 nanofibers using such a photodeposition
method. The synthesized Ag-Au/TiO2 nanocomposites exhibit improved absorption
ability in the visible-light range due to the contribution of LSPR from Ag-Au. The yielded
materials show notable enhancement of photocatalytic efficiency as evidenced by
visible-light decomposition of rhodamine B as a model dye. Shoueir et al.,>* introduced
a rational design of photoactive plasmonic fibers by photodepositing Au metals on TiO2

fibers. These materials exhibit enhanced degradation activity and can be used to clean
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harmful water pollutants such as organic dyes as well as toxic chromium and Cr(VI) in
the presence of citric acid within 21 min. Park et al.® reported the development of
photodeposited Au nanodots (~ 5-9 nm) decorated ZnO-TiOz2 core-shell nanowires on
the Si-wafer (Figure 1.6a). After Au modification, the nanowires exhibit an enhanced
photocurrent density upon illumination by visible light and high photoelectrochemical
water splitting activity due to the enhanced absorbance in the visible region owing to
the surface plasmon resonance (SPR) effect of Au-nanodots as well as the excellent
separation of photogenerated charge carriers and hot electron transportation.
Veziroglu et al.?° proposed an efficient method to prepare a TiO2 thin film decorated
by photodeposition with highly active Au nanoclusters (Figure 1.6b). The extent of
surface coverage of TiO2 by the Au nanoclusters governed by the type of solvent and
the illumination time has great impacts on both the electron storage capacity and the
optical absorption of the Au-TiO2 system. They found that a low Au surface coverage
(19.2-29.5%) could significantly enhance the absorption of TiO2 under UV wavelength

which therefore resulted in a higher photocatalytic performance.

(c)
Cr(OH); Au

K

Figure 1.6 (a) Transmission electron microscope (TEM) image of Au NPs decorated ZnO-TiOz2 core-shell
nanowires. Adapted from ref.2 (b) Scanning TEM (STEM) image under high-angle annular dark-field
(HAADF) mode of Au nanocluster decorated TiOz2 thin film at low magnification. Adapted from ref.2° (c)
TEM image of Cr(OH)a(y)/Au/TiO2 obtained by two-step photodeposition method. Adapted from ref.%5 (d)
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STEM-HAADF image of light-induced co-loading Au-Cu alloy nanoparticles on TiO2. Adapted from ref.'3

Aside from the single-step photodeposition of metals on TiO2, more complicated
multi-step photodeposition methods have very recently been adopted to obtain even
more complex nanostructures with synergistically combined optoelectronic or catalytic
properties. Fudo et al.>® described a two-step photodeposition method toward a
Cr(OH)s modified Au/TiO2 photocatalyst. After depositing Au metal NDs on TiOz2, a
chromium species was further introduced and a thin layer of Cr(OH)s was successfully
formed on the Au nanoparticles (Figure 1.6¢). The Cr(OH)s acted as a hole
transferring cocatalyst in the Au/TiO2 system and significantly enhanced the oxygen
production (with a max rate of 0.72 umol h-') by water oxidation under visible light
irradiation. Yu et al.’® developed a facile step-by-step photodeposition method to co-
load Au—-Cu alloy nanodots on TiOz2 for the photocatalytic synthesis of solar fuels with
COz2 and H20 (Figure 1.6d). The ratio of Au-Cu alloys was controlled by tuning the
amount of Cu(NO3)2-:3H20 to HAuUCls4 in the reaction solution. The Cuo.sAuo.2/TiO2 can
reduce CO2 and achieve an ultrahigh photocatalytic performance with formation rates
of 3578.9 and 369.8 umol g~' h™' for CHs4 and C2Ha, respectively, which is greatly
superior to most works on CO2 photoreduction. Theoretical calculation predicts that
the combination of single Cu atoms and Au-Cu alloys on TiOz2 could reduce the overall
activation energy barriers of CH4 and C2H4 formation process, which is the key factor

to enhance the CO2 Photoreduction efficiency.

Another very interesting example of using multi-step photodeposition to design
complex nanostructures was reported by Ha et al.'® in 2020. They introduced a
plasmonic photocatalyst synthesized by photodepositing multiple inorganic

components on Au/TiO2 nanodumbell structures (Figure 1.7).
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Figure 1.7 (a) Synthetic scheme with multi-step photodepositions that lead to the precisely integrated
Au/TiO2/Co0O«/Pd/Cr203 photocatalyst. (b) Schematic illustration of the functional design of
nanoparticles including all the individual components. (c-h) Elemental maps of the nanostructures.

Adapted from ref.10

With the coordination of all essential components, including Au, TiO2, CoOx, Pd,
and Cr20s, the designed nanostructure exhibits impressive photocatalytic activity for
oxygen evolution reaction (with a rate of 1.3 mmol g™ h™") from water without
scavenger under visible light irradiation. Although the deposited metal is not Au, the
idea of constructing multifunctional materials into a single system via photodeposition
is of great significance to broadening the horizon for the design of efficient
photocatalysts. Apart from TiOz2, this photodeposition method has also been adopted
for metal oxides, such as ZnO, WOs3, Ga20s3, and Ta20s. These investigations will not
be specifically discussed in this chapter and can be referred to in some review

articles.34 56-57
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1.3 Photodeposition of metals on metal-chalcogenide
surfaces

Compared with metal oxide semiconductors, metal chalcogenides generally exhibit
much higher absorption coefficients over a wide spectral range and narrower bandgap
tunable by size and composition, making them promising alternatives as visible-light-
driven photocatalysts.® %8-61 However, their photocatalytic performance remains poor
due to the fast exciton recombination rates (a few nanoseconds scale®?) and their poor
photostability (photo-oxidation of metal ions34). To combat these issues, researchers
also coupled these metal-chalcogenides with other semiconductors or metals to
promote charge separation and transport in heterojunctions. The photo-corrosion of
metal ions can be relieved by adding hole scavengers to the photoredox reaction
solution. In the following subsection, we will focus on introducing two NHDs obtained
by the photodeposition method: 1) metals coupling with Cd-chalcogenides; 2) metals

combining with heavy-metal-free chalcogenide semiconductors.

1.3.1 Photodeposition of metals on Cd-chalcogenides

Cadmium sulfide (CdS) is one of the most investigated metal chalcogenides for
photocatalysis due to its narrow bandgap and high photocatalytic activity.>® 8" The
early pioneer work on photodeposition of metals on Cd-chalcogenides was reported
by the group of Alivisatos in 2008.% They performed the photodeposition of Pt
nanodots on colloidal CdS and CdSe/CdS nanorods in an organic solvent under visible
light irradiation (458 nm) in the presence of (1,5-cyclooctadiene)dimethylplatinum(Il)
and tertiary amines (e.qg., triethylamine and diisopropylethylamine). Interestingly, they
observed the deposition of a varying number of small Pt (< 3 nm) nanodots ranging
from 0 to 6 on the CdS nanorods (Figure 1.9a) with no specific location. In sharp
contrast, most of the CdSe/CdS core/shell nanorods had only a single Pt nanodot
which was specifically located near the CdSe core (Figure 1.9b). The underlying

reasons for this difference remain unclear. Wilker et al.®? suggested that the
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photoreduction rate of Pt' to Pt® was slow in the presence of tertiary amines.
Nucleation of Pt NDs thus prefers to occur at the locations on the CdS surface (Figure
1.9a) with relatively long-lived carrier trap states, e.g., un-passivated Cd?* sites which
are typically located at the side of the rod due to their large surface areas.?? The growth
of Pt NDs on the length of the CdS rod is then promoted by the fast electron transfer
from CdS to Pt islands, followed by the reduction of Pt precursors. However, the Pt
deposited near the CdSe cores (Figure 1.9b) is possibly due to the strong localization
of electrons or holes at the cores as a result of a band alignment between the CdSe
core and the CdS shell.®® Though this topic has been investigated for more than ten
years, the fundamental mechanisms responsible for the locations of Pt nanoparticles

on CdS and CdSe/CdS nanorods are still under development.

6 ¥

Figure 1.9 (a) TEM image of photodeposited Pt/CdS nanorods. Pt nanodots appear along the side of
the nanorods. (b) TEM image of photodeposited Pt/CdSe-CdS core-shell nanorods. Pt nanodots locate

near the CdSe cores of the rods. Adapted from ref.63

Notably, the deposition of Pt on CdS nanorods behaves in significantly different
ways depending on the synthesis methods. Habas et al.%* demonstrated the synthesis
of three systems: Pt-CdS, PtNi-CdS, and PtCo-CdS hybrid nanostructures with
controllable size and composition via thermal reactions at 200 °C in the presence of
oleylamine and oleic acid. Instead of a heterogeneous distribution on the rod length,3
the authors observed a selective metal dot deposition at the tip of CdS rods. They
claimed that such growth was ascribed to the preferential metal nucleation on the end
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of facets, which had much higher surface energies due to less ligand passivation.t* A
more explicit comparison of thermal and photochemical approaches in the deposition
of Au on CdS and CdSe/CdS core/shell nanorods was performed by Banin and co-
workers.%® They found that the thermal route resulted in the growth of Au on the side
of nanorods, while the photodeposition method led to the selective deposition of Au
on the tips of nanorods. This observation was completely at variance with the
deposition of Pt on CdS nanorods mentioned above.®* The reason for this difference
is unclear and may be related to surface ligand effects associated with the strength of
the Au-S bond as well as the existence of sulfur-rich terminal facets of CdS

nanorods.%?

The recent work by Hao et al.® further extended this topic and achieved a fine control
of the Au sites on CdSe/CdS using tunable laser excitation in the presence of a
controlled amount of hole scavenger, i.e., methanol. With this method, the Au was
deposited on the tips of the as-prepared nanorods, and the results were consistent
with previous observations.®® Moreover, they found that the hole scavengers play an
important role in tuning the number of gold NDs per CdSe/CdS nanorods. With the
increase of methanol, the percentage of Au on one tip of nanorods can reach a ratio

close to 85%, while Au double tips or multi-sites significantly decrease.®

The control of hole scavengers also has a great impact on the photostability as well
as the photocatalytic activity of Cd chalcogenides. Compared to metal oxides, Cd
chalcogenides usually have poor photostability since they can be readily oxidized and
then dissolved in solution under light irradiation (CdS + 2h* - Cd?* + 5).34 66 To
prevent the CdS photocorrosion, hole scavengers are generally added to the reaction
mixture. To date, various sacrificial agents including ethanol,®” methanol,> 68 2-
propanol,®® acetic acid,®® 7972 formaldehyde,”® (NH4)2S03,%8 a mixture of Na2S and
Na2S03,”% 74 have been used. Xin et al.”> systematically investigated the influence of
different scavengers (i.e., methanol, lactic acid, and Na2S/Na2SO3) during in situ
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photodeposition of 0.1 wt% Pt on a mixture of cubic and hexagonal CdS nanocrystals.
The authors found that the amount of Pt deposited on the CdS surfaces varied
significantly when different sacrificial agents were adopted. The use of methanol gives
rise to the highest deposition of Pt (0.0894%), while that of Na2S/Na2S0Os and lactic
acid results in the lowest and medium yield of Pt on CdS (0.0124% and 0.0248%,
respectively). Interestingly, the use of lactic acid as a hole scavenger gave the highest
H2 evolution rate (Figure 1.10). Yao et al.® further studied the photodeposition of Pt
(0.5 wt %) on CdS by using different hole scavengers, such as methanol, glacial acetic
acid, and (NH4)2SOs. They noticed that the use of methanol and (NH4)2SOs3 did not
show noteworthy activity, while that of glacial acetic acid led to the highest
photoactivity, being consistent with the observation reported by Xin et al.”> They
proposed that this was mainly because acetic acid did prevent the formation of CdO,
which is detrimental for the photocatalytic activity, on the surface of CdS

semiconductors.%8
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Figure 1.10 Photocatalytic Hz evolution on 0.1 wt % Pt/CdS-450-IP (prepared by photodeposition), 0.1
wt % Pt/CdS-IM-450 (prepared by impregnation), and 0.1 wt % Pt/CdS-CP-450 (prepared by

coprecipitation) in the presence of different hole scavengers. Adapted from ref.”
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Another note should be taken that the photodeposition of metals on metal
chalcogenides is usually performed in an organic solution rather than in an aqueous
solution. This is because most metal chalcogenides are synthesized by one-pot
heating up or hot injection methods in organic solutions.”®’® Thanks to the
development of colloidal science, the reactions in both organic and aqueous solutions
can be performed thanks to either phase transfer of water-soluble metal precursors
into organic solvents (e.g., toluene) or that of non-polar solvent-soluble
Cdchalcogenides into polar solution (e.g., water). The first case has been used by Hao
et al.® The latter one has also been reported. For example, Berr et al.”® reported a
strategy to obtain water-soluble CdS nanorods by exchanging the original phosphonic
acid for D,L-cysteine hydrochloride. Photodeposition of Pt onto CdS nanorods was
carried out in an aqueous solution under UV-illumination at 366 nm in the presence of
triethanolamine (as a hole scavenger) and ascorbic acid (as a mild reducing agent).
They demonstrated a highly selective decoration of the CdS nanorods with uniform Pt
nanoparticles (~4.8 nm), randomly distributed along the rod length and very seldom
located at the tips, with a remarkably high yield (~90%) of samples decorated with one
Pt per rod.”® Apart from Pt and Au, many other metals (e.g., Ag, Rh, Ni, Ru, Pd) have
also been successfully deposited on Cd chalcogenides. For conciseness, we do not

discuss them in this chapter and readers can refer to several recent articles.3# 59 80-85

1.3.2 Photodeposition of metals on heavy-metal-free

chalcogenides

Despite their superior optoelectronic and photocatalytic properties, Cd
chalcogenides are still not ideal for practical applications due to their inherent toxic
nature. The development of non- or low-toxic alternative metal chalcogenides is
therefore of great significance. To date, many heavy-metal-free chalcogenides (e.g.,
ZnS,80. 86-92 4S80, 86,9293 7|y Sy4,80. 94 Cu2ZnSnSas,3" 9598 M0S2,0 MnS, " SnS2,%°

In2S3,86 CulnS2,% 100 etc.) have been widely used as photocatalysts. However, the
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majority of these environmentally-friendly materials exhibit photocatalytic activity less
efficient than that of the above-mentioned TiO2 and Cd chalcogenides. To improve
their activities, various metals have been successfully coupled with these
chalcogenides via different strategies, such as hydrothermal/ solvothermal synthesis,
ion exchange, sputtering, photodeposition,®”: % electrodeposition, atomic-layer
deposition, and deposition-precipitation.8® Amongst these ways, the development of
light-induced deposition of metals on heavy-metal-free chalcogenides has not yet
reached the same level as that of TiO2 and Cd chalcogenides. This may be related to
at least two reasons. First, the controlled synthesis and fundamental understanding
(e.g., surface chemistry, chemical stability, optoelectronic and photocatalytic
properties) of heavy-metal-free chalcogenides are underdeveloped. Second,
photodeposition methods involve a complex interplay of multiple aspects (e.g.,
excitation conditions, absorption of photons, exciton dynamics, surface defects,
sacrificial agents, efc.) that make the understanding of the photodeposition process
very challenging. Most of the previously reported photodepositions are based on
empirical data and lack of a theoretical foundation. Due to the limited number of
references, we present only a few recent examples of metal photodeposition on these

heavy-metal-free chalcogenides.

Photodeposition of metals on ZnS nanocrystals. ZnS semiconductors have
extremely large band gaps (~ 3.6 eV), 15 87101 making them only responsive to UV
light irradiation. To improve this absorption ability in the visible region, Sacco et al.®’
reported the fabrication of a highly efficient Ag/ZnS photocatalyst by photodeposition
for 1 h using two UV lamps (nominal power of 8 W for each lamp) emitting at 365 nm.
The addition of Ag to the ZnS substrate significantly increased its absorbance in the
visible region due to the contribution of Ag LSPR. The photocatalytic activity of Ag/ZnS
was sharply improved compared to pure ZnS as evaluated by the photodegradation
of methylene blue and phenol as model organic dyes. Later, Ham et al.’® introduced a
photodeposition process to reduce HAuCls directly on ZnS nanobelts and to form

junction structures between Au NDs and ZnS nanobelts (Figure 1.11a). The amount
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and average size of the Au NDs on the ZnS nanobelts were controlled by adjusting
the concentration of the Au precursor (Figure 1.11b,c). The existence of Au
nanoparticles promoted an efficient charge separation in the ZnS nanobelts evidenced
by the photoluminescence spectra and decay kinetic profiles. Compared with pure ZnS
nanobelts and commercial ZnS, the product Au(0.2 wt%)-ZnS nanobelts showed a
dramatic improvement in the photocatalytic activity (2.1 and 5.2 times, respectively)

demonstrated by the photodegradation of 4-nitrophenol.

(a) HAuCI,

Irradiation

Figure 1.11 (a) Schematics of the photodeposition of Au nanoparticles on a ZnS nanobelt. (b-c) TEM

images of Au(x%)-ZnS nanobelts with x values are 0 (b) and 2.0 (c). Adapted from ref."

Very recently, Zhu et al.®® reported a very interesting way to dramatically increase
photocatalytic activity by photodepositing low-cost metal phosphides (Ni-P) on defect-
rich ZnS nanospheres (Figure 1.12a). The optimized Ni-P/ZnS nanostructures exhibit
a superior visible-light-driven Hz evolution rate (69.92 ymol/h), 29 times and 3.6 times
higher than that of the bare defect-rich ZnS and Pt/ZnS, respectively (Figure 1.12b).
The authors suggested that the introduction of Zn vacancy defects was beneficial to

the formation of defect energy levels within the bandgap of ZnS, which fosters the
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visible-light absorption ability (Figure 1.12a). Moreover, the formed Schottky junction
between ZnS and Ni-P alloy not only accelerates the photogenerated electron transfer
from ZnS to Ni-P but also prohibits the electrons from flowing back.®® These combined
effects thus significantly improve their photocatalytic performance. This piece of work
provides new insights into designing efficient photocatalysts through integrating defect

engineering in semiconductors and Schottky junctions with some low-cost metals or

alloys.
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Figure 1.12 (a) Formation process of anchoring Ni-P alloy onto the surface of defect-rich (DR) ZnS via
photodeposition. (b) Average Hz production rates of a serial of ZnS samples. Ni-P/DR-ZnS-t represents
Ni-P alloy on defect-rich ZnS nanocrystals, (where t = 10, 20, 30, 40, or 50 min) stands for the

illumination time. Adapted from ref.%0

Photodeposition of metals on Cu-chalcogenide nanocrystals. Cu-chalcogenides
are other potential semiconductors used as photocatalysts due to their exceptional
visible light absorption properties, their nontoxic composition, their environmentally
benign character, their unique plasmonic properties, and their suitable band alignment
compared to the reduction potential of Hz2 (Figure 1.3).% They have been successfully
used for the production of H2, reduction of CO2, water splitting, and degradation of
organic pollutants.®® 192 However, a fatal weakness of these materials is their
photostability. Indeed, the Cu ions of the majority of Cu-chalcogenide semiconductors
have an oxidation state of one, these Cu* ions being able to be either oxidized to Cu?*
or reduced to Cu?, thus making them extremely unstable under ambient conditions or
light irradiation. To the best of our knowledge, only an accountable number of articles
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have shown the photodeposition of metals on Cu-chalcogenides. Early work, reported
by the group of Vela,3' systematically compared four methods of preparation of
Cu2ZnSnS4-Au  hetero-nanostructures. Specifically, the reaction of Cu2ZnSnSs
nanorods with either a solution of Au precursors (AuCls in toluene) or preformed Au
particles (~ 2 nm), each under thermal reaction (60 °C) or photodeposition under 350
nm illumination (room temperature) (Figure 1.13). Using a solution of Au precursor
led to a much higher affinity of the formed Au nanodots with the Cu2ZnSnS4 surface
than using preformed Au nanoparticles. Moreover, a thermally induced deposition of
Au on Cu2ZnSnS4 nanorods showed better control of the homogeneous distribution of
Au NDs along the length of Cu2ZnSnS4 (Figure 1.13). No matter the method, the
Cu2ZnSnS4-Au hybrid nanoheterostructures exhibited a much higher photocatalytic
activity than the bare Cu2ZnSnS4 starting materials as evidenced by the subsequent
photocatalytic reduction of methylene blue. Impressively, the Cu2ZnSnSs-Au
nanoheterostructures are rather robust and remain active after two-month storage in
the dark. These results open up a new area of greener photocatalysts for solar-to-

chemical energy conversion.

Recently, Zhang et al.'% illustrated a multi-step strategy to prepare a new series of
Au/CulnS2/C3sN4 composite photocatalysts for Hz evolution. They performed a
photodeposition to load Au nanoparticles on CulnS2/C3sN4 nanostructures. The
resulting materials show improved light absorption ability thanks to the Au LSPR. The
designed Z-scheme transfer system from CulnS2/C3N4 associated with the Au LSPR
effect significantly enhances the photocatalytic activity with an H2 evolution rate of
10.72 mmol h™" g™, about 21 times higher than that of pure g-CsN4. These studies
show that Cu-chalcogenides are promising alternatives as photocatalysts. However,
systematic investigations on the loading of metals on Cu-chalcogenides by
photodeposition are rare, this motivated us to further explore and contribute to this

field. Detailed studies are described in the last chapter.
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Pathways toward Au-Modified CZTS nanorods

Figure 1.13 Schematic diagram of different pathways and outcomes of the Au NDs deposition on

Cu2ZnSnSa Nanorods. Adapted from ref.3’

1.4 Conclusion and Perspective

In this chapter, we discussed the working principle of photodeposition and the bright
prospects for providing an efficient way of coupling metal nanoparticles to
photocatalytic materials. We have intensively discussed relevant research in
photodeposition that has been applied to design plasmonic metal/TiOz2, especially
pointing out several fundamental key factors controlling their synthesis as well as the
strong impact on their photocatalytic activities. We have also discussed the recent
development of photodeposition methods used for the metal loading on Cd-
chalcogenides and heavy-metal-free chalcogenides. Though relevant research on the
later photocatalytic materials is far behind, they are extremely promising for expanding
current horizons and creating new efficient environmentally-friendly photocatalysts for
practical applications. We have briefly provided an overview of the research in this
area and have also highlighted several key issues that need to be addressed. In the
future, more systematic experimental studies and relevant theoretical investigations
should be performed to thoroughly understand the complex interplay of the multiple

factors involved in the photodeposition process. With the right set of conditions,
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photodeposition methods should provide a precise way of fabricating complex
inorganic building blocks and colloidal assemblies with desirable photocatalytic

properties for energy harvesting, catalysis, and environmental applications.
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Chapter 2 Setup Configuration and Laser Control

Abstract

In this chapter, we will introduce two setups used to perform photochemical
deposition of metals on semiconductor nanocrystals. The first setup uses a linearly
polarized continuous UV laser (364 nm) with a controlled beam size (~1 cm) as a
light source passing through a 1 cm path length polymethyl methacrylate (PMMA)
cuvette. This wavelength is specifically designed for the photodeposition of metals
on TiO2 nanocrystals. The other setup has a similar configuration but with a sample
loaded in a sealed quartz cuvette under excitation of a continuous blue laser (473
nm) as a light source and it is typically used for photodeposition experiments on Cuz-
x3/CulnS2 heteronanocrystals. The detailed configuration and excitation power
control of these two setups are presented and discussed below. Quartz cells were

used because PMMA is toluene sensitive.
2.1 Choice of light sources

The right choice of light sources is essential to control the photodeposition
process since it directly affects the generation of charge carriers. Though previous
reports described the detailed irradiative parameters, the photon flux shed on the
reaction solution is generally ignored. This implicit factor may alter the nucleation
and growth of metallic nanodots, thus leading to poor reproducibility in controlling the
formation of metals on semiconductor surfaces as well as their photocatalytic

activities.
2.1.1 Types of light sources

With the advanced development of science and technology, various commercial
light sources have been developed to meet the demands of daily life, industry, and
scientific research. Figure 2.1a shows an overlay plot of the spectral distribution
curves of the most commonly used visible lights.! The energy of tungsten light

increases as wavelength increases while that of mercury vapor lamp shows distinct
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sharp lines at short wavelengths (< 600 nm). In contrast, white LED exhibits a broad
spectral distribution highly similar to sunlight at noon. Lasers are another important
source of visible light, which have been used in applications ranging from compact
disk readers to sculpture, medical devices, and so forth. Lasers are unique since
they emit a continuous beam of light made up of a single wavelength that exits in a
single-phase or so-called coherent light. The wavelength of the light emitted by a
laser depends on the material from which the laser crystal or gas is composed. The
light produced in the gaseous mixture is bounced back and forth between the two
mirrored surfaces at the ends of the laser tube, steadily increasing in energy. When
a critical threshold is reached, light pierces the slightly transparent mirror on one end
of the laser tube, as depicted in Figure 2.1b." As different light sources show
different characteristics, the decision of which type of lighting should be applied for

photodeposition depends on the practical applications.

(a) Spectra From Common Sources of Visible Light (b) Argon-lon Gas Laser Configuration
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Figure 2.1 (a) Spectral distribution curves demonstrating the relative energy variation with the
wavelength in nanometer for different light sources. Adapted from ref.! (b) Scheme of argon-ion gas

laser configuration. Adapted from ref.’
2.1.2 Impact of photon flux on the photodeposition reaction

The selection of light sources is of great importance in the photodeposition of
metals on semiconductor surfaces. To date, most reported protocols use UV or
visible lamps with an excitation power intensity typically less than 5 m\W/cm? for the
experiments.?® Due to their low power intensity, the photodeposition process usually
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needs to run for several hours to ensure homogeneous deposition of metallic dots.
Moreover, the deposited metal NDs are generally small (< 3 nm) and show low
photocatalytic activity.* 7 To increase their sizes, the illumination duration has to be
extensively prolonged, which is time-consuming.> 8 The use of lasers can solve
these issues since they can generate photon flux intensities orders of magnitude
significantly higher than conventional lamps.®'" Therefore, a tremendous rate of
photogenerated charge carriers can be produced so that the numerous electrons
dramatically accelerate the reduction rate of metallic ions in the solution. This leads
to two consequences. First, the electron availability for the metal deposition is not
any more sensitive to the trapping by the bulk or the surface defects of the
semiconductors.'%-'? In this case, tiny dots will not necessarily grow on the defect
sites on the semiconductor surfaces and the configuration of deposited metal
nanodots can be controlled. For instance, Hao et al.’® very recently reported that
tuning the photon flux could effectively control the configuration of Au NDs on
CdSe/CdS nanorods. They could obtain selectively on-demand multiple sites, or
double-tips or single-tip deposition. Second, the enhanced photoreduction rate of
metallic ions is beneficial to the nucleation and growth of metal NDs, thus leading to
the formation of bigger metal dots in a much shorter illumination time.'? For example,
Bai et al.,'" reported the synthesis of metal (Ag and Au)-TiO2 nanoheterodimers by
laser-driven photodeposition in a continuous microfluidic reactor. The use of a
focused laser beam with an intensity as high as 430 W/cm? gave rise to the
formation of metals with a size as large as 14 nm in a few seconds. In order to
monitor efficiently the nucleation and growth of the metal nanodots on
semiconductors, we, therefore, selected focused laser beams, instead of UV lamps,
to perform the photodeposition reaction. Moreover, we intend to use conventional
cuvettes as reaction cells since this provides a steady reaction system that is

convenient for sampling in time.
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2.2 Cuvette setup using UV laser illumination

The setup uses a UV laser with a continuous wavelength of 364 nm as excitation
source. The beam waist is adjusted to be ~1 cm in diameter at the sample to realize
a complete illumination of 1 cm path length PMMA cuvette. A stirring bar can be

loaded into a cuvette to ensure a homogeneous reaction.

2.2.1 Schematic picture of the cuvette setup using UV laser

The schematic diagram of the cuvette setup using UV laser is displayed in Figure
2.2. The laser beam is reflected by one mirror (m1) and then elevated by two other
mirrors (m2 and m3) to reach the same height as the reaction cell. The laser beam is
then enlarged by passing through an objective (Newport U-13x) and a lens with a
focal length of 75 mm. With these settings, the beam size exposed on the reaction
cuvette is approximately 1 cm in diameter, thus ensuring a complete illumination of
the reaction solution in a 1 cm length quart cuvette with a volume of 1 mL. The
cuvette is placed on a magnetic stirring plate and the solution is stirred at 300 rpm to
homogenize the reaction solution and prevent sedimentation. All experiments were

conducted at room temperature unless otherwise noted.

Lens Objective

Cell .
%"B Objective: Unit: mm
16 15 |4 Newport U-13X 11=75

) v v " h1 Lens: :gf
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5, =
- 13 %\ PIano—C?nvex 16=167
19 AR Coating:245-400nm  0=140
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Laser I m1 h2=224

h0
Platform 4

Figure 2.2 Schematic diagram of the cuvette setup using UV laser illumination.
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2.2.2 Excitation power in the cuvette

Polymer cuvettes are attractive because of their low cost and the fact that they
can be discarded after use, while quartz cuvettes usually have better resistance to
organic solvents and higher transmission at short wavelengths, but are much more
expensive. As the photodeposition reactions on TiO2 nanocrystals take place in a
mixture of water and alcohol, PMMA cuvette is suggested to be used for their low
cost. The transmission quality of the PMMA of dimensions (1x1x4 cm?3) was carefully

examined.
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Figure 2.3 Transmission measurements of PMMA containing pure water as a medium at an excitation

wavelength of 364 nm.

As shown in Figure 2.3, the PMMA cuvette exhibited a good transmission quality

above 94%. The power in the middle of a cuvette P, , can be estimated by,

P trans

P inc

P1/2 == Pinc =V 0945 Pinc == 0-972Pinc eq 2.1
where the P;,. and the P;,,s are the incident powers before arriving at and after
passing through the UV cuvette, respectively.

As the laser beam is reflected by mirrors, lens, and objectives, inevitable energy

losses should occur before it reaches the reaction cuvette. To have better control of
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the excitation power at samples, we measured and established the relationship

between the power before passing through the cuvette and the power on the laser

controller (Ppanel).
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Figure 2.4 Incident power as a function of panel power.

As shown in Figure 2.4, the relation is linearly dependent and can be written as,

Pine = 0.785P, e eq2.2

The concentration of TiO2z is usual 0.44 mg/ml when performing photodeposition.
However, with 0.44 mg/mL TiO2 solution, the transmission of the solution is quite
weak due to both absorption and scattering (note that scattering is not a problem
because photons are not lost) so it is quite difficult to estimate the power in the
middle of the cuvette. Thus, we used the power incident to the solution after crossing

one wall (called Papplied).

As shown in Figure 2.3, the transmission of the PMMA cell containing pure water
is 0.945. This transmission equals exp(-2x) = 0.945. Thus, for a single PMMA wall, a
transmission is of exp(-x) = (0.945) * (1/2) = 0.972.

Then, the applied power can be deduced and written as,

Pappiica = 0.972Ppc = 0.972 X 0.785P, 01 = 0.76Ppaner eq 2.3

58
References page 64



Chapter 2 Setup Configuration and Laser Control

Therefore, the estimated power inside the cuvette can be precisely tuned by

changing the power on the laser control panel.

2.3 Cuvette setup using blue laser illumination

The cuvette setup using blue laser illumination is designed for the photodeposition
of metals on Cu2xS/CulnS2 heteronanocrystals. Thanks to their broad absorption
across a whole visible region, the Cu2xS/CulnS2 nanocrystals can be efficiently
excited using a blue laser and generate charge carriers for the photochemical
deposition reaction. Moreover, as the Cu2xS/CulnS2 nanocrystals are hydrophobic
and the photodeposition reactions are performed in toluene, a quartz cuvette should

be used.

2.3.1 Schematic picture of the cuvette setup using blue laser

The scheme of the cuvette setup using a blue laser is depicted in Figure 2.5. A
laser with a continuous wavelength of 473 nm is used as an irradiation source. After
coming out from the laser head, the beam is vertically elevated by a mirror (m1) and
then reflected to the second mirror (m2). The beam size is amplified to about 1 cm in
diameter by passing through a cylindrical lens and another lens with a focal length of
70 mm. The enlarged beam is then reflected to the reaction cell. To ensure all the
volume of the reaction solution is fully illuminated, the reaction solution is loaded in a

1x1x4 cm? sealed quartz cuvette with a volume of 1 mL.
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Figure 2.5 Schematic diagram of the cuvette setup using blue laser illumination.

2.3.2 Excitation power in the cuvette

The blue laser excitation power is controlled by the current with a maximum value
of 5 Amperes (A). The relationship between exit power Py,.,, and applied current I is

shown in Figure 2.6a. Clearly, they have a linear dependence and can be described

as,
Pyeqq = 116.7 X I — 221.6 eq 2.4
(a) T T T T T T (b) T T T T T T T T
30 P, =116.7x1-221.6 250 Pr=93.2x1-187.0
| o
300 - -
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Figure 2.6 (a) The relationship between the power of the laser head and the applied current for the
blue laser (MLL-N-473 nm-300 mW-19012905, supplied from CNI Lasers). (b) The relationship

between the power of laser right before reaction cuvette and applied current for the blue laser.

As the laser beam is reflected by several mirrors and passes through two lenses,

an inevitable energy loss should occur before arriving at the reaction cell. The
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relationship between excitation power in front of the cuvette and applied current is

shown in Figure 2.6b. They also have a linear dependence and can be written as,
P =93.2x1—-187.0 eq 2.5

Interestingly, when the power of the laser head and incident power right before the
cuvette are both 0 mW, the current values are not the same (1.899 A and 2.006 A).
To reduce the error, we propose to take the mean value (1.9525 A) as the applied

current when the laser power is zero and refit the data as in Figure 2.7.

350
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Figure 2.7 Fits of the variations of the power at the laser head (black) and of the incident to the

cuvette (red) as a function of the applied current with the same onset of the laser emission.
The two fits can be described as,

Phoaq = —117.48 X (1.9525 — I) eq 2.6

Prpe = —92.44 x (1.9525 - 1) eq 2.7
Combining eq 2.6 and eq 2.7 results in the relationship between Py,,; and Py,
PITLC = 0-7868PHead eq 28

As the photodeposition reaction of Cu2xS/CulnS2 heteronanocrystals is performed
in a mixture of toluene and reaction precursors, the transmission is estimated using

the reaction solution in the quartz cuvettes (Figure 2.8).
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Figure 2.8 Fits of the variations of the power of the Incident (black) and transmission (red) to the

cuvette as a function of the applied current with the same onset of the laser emission.

The relationship between the excitation power before arriving at and passing

through the cuvette can be described as,

Prrans = 0.4787P;,,, eq 2.9

The power in the middle of the cuvette can be written as,

Trans

P
Pij2 = Pme |5 = V0.4787P;e = 0.692P;,,, eq2.10
nc

Substituting eq 2.7 into eq 2.10 leads to,

P/, = 63.97 x [ — 124.9 eq2.11

In this way, the applied power inside the cuvette P;,, can be manipulated just by

tuning the current of the blue laser.

2.4 Conclusion

There is a wide variety of light sources available, but the selection of the
appropriate ones has a great impact on the formation of metallic dots on
semiconductor surfaces. In this chapter, we have introduced the use of different

types of lights for the photodeposition reaction. The utilization of lasers is essential to
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provide a large amount of photon flux density and control the growth and
configuration of metallic dots on semiconductors. We have also described the
detailed setups specifically designed for the photodeposition of metals on the

surfaces of either TiO2 and Cu2xS/CulnS2 nanocrystals.
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Chapter 3 Photodeposition of Au Nanodots on TiO2 Nanoparticles

3.1 Introduction to photodeposition of Au nanodots (NDs)

onto TiO: particle surface

Today, fossil fuels constitute an indispensable energy source because of their
abundant reserves and high energy density. Fossil fuel consumption has increased
significantly over the past half-century, with around an eight-fold since 1950, and a
more or less two-fold since 1980. However, with the growing energy demand, energy
depletion is a major problem facing human society. Additionally, its widespread use
results in massive greenhouse gas emissions. Given these problems, there is an
urgent need to develop a new sustainable and environmentally friendly energy.
Semiconductor-based photocatalysis is a promising technology for converting
abundant solar energy into usable hydrogen or hydrocarbons, as well as removing
carbon dioxide and degrading pollutants. Among various photocatalysts, TiO2 is
considered one of the most promising candidates due to its high photoactivity,
chemical stability, low cost, and “green” characteristics.-

However, the photocatalytic activity of TiOz2 is restricted to the ultraviolet light region
because of its large bandgap (3.2 eV for anatase), and only 4% of the solar spectrum
is used. Furthermore, TiO2 suffers from considerable recombination of the
photogenerated electron/hole pairs.’ 4 Metal-TiO2 heteronanocrystals (HNCs) have
been widely studied as efficient photocatalysts because noble metal nanoparticles (i.e.,
Au, and Ag) strongly absorb the light in the visible range thanks to the surface plasmon
resonance (SPR) effect. Furthermore, the intimate interface contact between the metal
and the TiOz induces the formation of a heterojunction facilitating the separation and
the transfer of the charge carriers.>” Recently, TiO2-Au HNCs have been widely
studied and applied as visible-light responding photocatalysts both physically and
chemically stable under light irradiation.8-°

Various methods including chemical reduction,'®!"" impregnation,'?>'* deposition-

precipitation,'3 1517 electrodeposition,’®'® photodeposition (PD)* 2%-2' have been
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developed to introduce Au nanodots onto the TiO2 surface. Compared to other
processes, PD is easy to operate and control. It is as simple as (i) introducing a
photocatalyst and a metal precursor into a reaction solution containing alcohol as a
sacrificial agent and (ii) illuminating this suspension with a light source.® The initial
report on the photodeposition of gold on TiO2 was by Bamwenda?? in 1995 and this
process was carried out using TiO2 powders in aqueous suspensions containing
HAuCl4.4H20. Moreover, they deposited Au on TiO2 powders in three different ways
deposition-precipitation (DP), impregnation (IMP), photodeposition (PD), and they
found that the activity of the Au catalysts for H2 production strongly depended on the
preparation method and decreased in the order Au-TiO2-PD>Au-TiO2-DP > Au-TiO2-
IMP. Great efforts have already been made to optimize the PD process and obtain
efficient catalytic Au-TiO2 HNCs materials; impressive accomplishments have been
achieved over the past decade.?? 23-24

The Au nanodot deposited on TiOz is a result of several different factors, including
the pH of the solution, the sacrificial hole scavengers, the stability of the precursor,
and the duration and intensity of the exposure. lliev et al.?> depositing Au NPs on
commercially available TiO2 photocatalyst (Degussa P25) by the photoreduction
method at different pHs found that the Au NPs size decreased with the increase in the
medium pH, which was due to the Au3* complex species’ dependence on this same
pH. Gartner et al.?® studied the influence of different gold precursors on the activity of
TiO2 catalysts using several commercially available gold salts including NaAuCls,
AuCls, AuCl, and [Au(PPh3)]Cl. They found that NaAuCls and AuCls gave gold
nanodots which had the best activity on the photocatalytic hydrogen evolution from
alcohol/water mixtures. Hidalgo et al.?’” studied the influence of photodeposition
experimental conditions on the preparation of supported Au on TiO2 especially light
intensity and deposition time. They found that under a low light intensity, the amount
of gold effectively deposited and the agglomeration could be controlled by changing
the deposition time, a potential method to tailor Au-TiO2 with high photocatalytic activity.
Deepagan et al.?® controlled the size distribution of the deposited Au NPs by varying
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the UV exposure time; they reported that an exposure time of up to 3 min resulted in
the formation of monomodal small Au NPs (< 2 nm) on the surface of the TiO2 NPs
and lengthening the UV exposure time resulted in the appearance of larger Au NPs
(> 5 nm) at the expense of the existing small ones. Prolonged exposure over 12 h
led to the growth of large Au NPs with the complete disappearance of the small
ones. In addition to varying the light density and exposure time to control the size of
Au NPs, research about tuning the size of photodeposited Au NPs via
manipulating the structures of the surface defects on TiO2 nanocrystals was
published recently.?®

The size and amount of deposited Au on TiO2 are both very important factors for
photocatalysis. Yoshida et al.’°succeeded to prepare Au-TiO2 photocatalysts with a
controlled size of Au NPs of around 8 nm; they also varied the number density using
a postdeposition method. They found that the photocatalytic decomposition of formic
acid was significantly improved with a rather small density of Au NPs but disappeared
with a higher density because the latter enhanced the electron capture by the
neighboring Au NPs.

Nonetheless, in most syntheses and research works on photodeposition of Au onto
the surface of TiO2, multiple Au nanodots (NDs) are usually obtained whether large
or small on TiOz2 particle, no matter the gold content loading or the kind of TiO2 or its
morphology.?”> 3132 Recently, Bai et al.®® synthesized well-controlled Au-TiO2
nanoheterodimers using a laser-focused beam inside microfluidic reactors which was
more efficient than the use of UV lamps and allowed the formation of heterodimers.
This research indicates that what primarily matters for the synthesis of
nanoheterodimers (NHDs) is the rate of production of electron—hole pairs and not the
number of pairs which is produced. A good Au-TiO2 nanoheterodimer structure has
been obtained, unfortunately, not all the TiO2 particles were decorated with Au NPs
which would influence the photocatalytic activity in applications. Therefore, in this
chapter, our main first goal is to find and control the conditions to synthesize TiO2
nanoheterodimers with a high Janus yield. Another goal is to clarify the adsorption of
the hole scavenger and reaction species on the TiO2 surface and build a growth
model
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of Au nanodot (ND) in the photodeposition process. The UV laser was used as a light
source and a very simple cuvette setup was used for deposition experiments. The
effects of the exposure time, laser power, and reactant concentration on the Au size

distribution and Janus yield are investigated.

3.2 Experimental part

3.2.1 Synthesis and characterization of TiO2 particles

The TiO2 particles which were used as photodeposition substrates were
synthesized by the gel-sol method published by Sugimoto et al.3* with some slight
modifications because the gel-sol method has not only advantages in producing
monodispersed particles in a simple process, but also in controlling their mean size
and shape in a facile manner. In this method, TiO2 NPs are synthesized in two steps,
i.e., (1) the formation of a hydroxide gel by heating of Ti(TEOA) (TEOA:
triethanolamine) complex previous made by reacting the titanium precursor with two
equivalent of triethanolamine and (2) nucleation and growth to anatase particles.

Practically, 14.80 mL titanium tetraisopropoxide (TTIP) and 13.27 mL TEOA were
mixed in a molar ratio of 1:2 under an Argon atmosphere and generate a pale-yellow
stock solution. After being stirred for 24 h, 18 mL of the stock solution were mixed with
72 mL of deionized H20 to make an aqueous stock solution of 0.25 M in Ti**. Then,
this solution is transferred into three Teflon-lined autoclaves, and aged at 100 °C for
24 h for gelation. After the first aging, the color solution changed to orange and no
more gel was present. Finally, second aging at 140 °C for 3 days was performed to
trigger nucleation and growth of the TiO2 particles. The precipitate was collected by
centrifugation and washed with a pH 12 NaOH solution three times. Then, the sample
was purified three times using 2 M HNO3 solution and deionized H20. Finally, the
precipitate was redispersed in H20 for storage.

TEM and X-ray diffraction (XRD) were conducted to characterize the as-
synthesized TiO2 particles. The TEM result (Figure 1 a, b) showed that TiO2 NPs with
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polyhedron shapes were successfully obtained. As these polyhedron-like TiO2 NPs are
close to an ellipsoid of revolution, length and width were measured for at least 300
TiOz2 particles to obtain their size distributions as shown in Figure 3.1c,d. The mean

values for length and width are (35 + 8) nm and (22 + 4) nm, respectively.
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Figure 3.1 TEM images of TiO2 polyhedrons (a, b) and size distribution (c, d); The mean length and width
are (35 + 8) and (22 +4) nm, respectively.

The crystallographic structure of TiO2 particles is confirmed by XRD as shown in
Figure 2. The diffraction pattern indicates that this sample belongs to a pure anatase
phase with the peaks 25.3°, 37.9°, 48.0°, 53.9°, 55.1°, 62.9°, 68.8°, 70.2° and 75.1°
corresponding to the (101), (004), (200), (105), (211), (204), (116), (220), and (215)
diffractions planes, respectively of the anatase phase (JCPDS 21-1272).
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Figure 3.2 XRD pattern of TiO2 nanoparticles showing that they are constituted of anatase phase.
3.2.2 Procedure of photodeposition

The reaction solution is prepared by mixing an already made TiO2 aqueous solution
(19 mM) at a chosen pH, and a systematically freshly prepared KAuCls aqueous
solution (10 mM). The range of experiments typically involves: concentrations [TiO2] =
0.1-5.5 mM, and [KAuCl4] = 0.125-1 mM. A 50 vol. % volume of methanol which
behaves as an oxygen-free hole scavenger (HS) is added to get the final solution. The
pH of the mixture is adjusted at pH 3.3 using nitric acid solution (pH = 1) to preserve
a good TiO2 dispersion below the isoelectric point of TiO2 (pH 6.5).3335 All the solutions
were purged with a flux of argon for around 10 min and mixed subsequently before
exposure to laser light. Then 1 cm? of the solution is poured into a 1 cm wide square
PMMA cuvette exposed to a circular laser beam of a diameter of 1 cm. In such
conditions, the whole solution is always exposed to laser light. During the irradiation
process, the cuvette is capped with a rubber cap, and the solution is continuously
stirred at a speed of 300 rpm with a magnetic stirrer. The beam power and the
exposure time of the experiment can be easily adjusted as needed. All experiments
are performed at room temperature.

The procedure for the preparation of a TEM grid: The solution exposed to laser light

is then treated by ultrasonication for 5 min to disperse the nanoparticles, and finally
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one drop (3-4 pL) of this solution is cast on a TEM grid. A paper tissue is used to
absorb the liquid from below the grid, pumping the liquid through the grid and leaving
the nanoparticles on its top side. Three or more nitric acid drops (at pH 3.3) are also

cast to clean the sample particles.

3.3 Results and discussions

Previously, Dr. Bai in our group had performed some preliminary experiments on
the photodeposition of Au NDs on TiOz2 using this cuvette setup; he had studied the
effect of the beam power and exposure time when varying the amount of HS. He had
reached the following conclusions?®® based on a reasonable set of experiments:

(1) A hole scavenger (methanol) volumetric ratio of 50 % seemed to result in the best
NHDs yield (49%) with the smallest SD of the grown Au nanodots. NHD vyield is
the ratio of TiO, particles which are decorated with single metal nanodot. SD is
the standard deviation of size distribution of metal nanodots.

(2) For an exposure time of 4 min, an increase of the incident laser beam power from
6.94 to 112 mW slightly increased the NHDs yield for powers larger than 50.8 mW
but not the gold size.

Since the highest yield of Au-TiO2 NHDs he obtained was surprisingly as low as
49%, we decided that the main objective of the present investigation would be to
understand this statement and improve this NHDs yield by performing new
experiments. The objectives were to significantly vary numerous other parameters,
such as exposure time, but mainly laser power and concentrations of TiO2 and metal
precursor, and scrutinize how they impact the size of the gold nanodot and the
heterodimer yield. Other objectives were
(i) to understand the growth of Au ND until the total consumption of the gold ions

present in the solution,

(i) to build a model of nanodot growth that takes this consumption into account

(since most of Bai’'s work was performed with a solution flowing in a

75

References page 127



Chapter 3 Photodeposition of Au Nanodots on TiO2 Nanoparticles

micochannel , the initial modeling just described the growth at constant

oncentration),and

(i)  to eventually predict the final size of Au nanodots for further photocatalysis

applications.

3.3.1 Variation of exposure time

The first parameter we investigate here is the effect of the exposure time from 120
to 960 s while keeping the other parameters constant: [TiO2] = 5.5 mM, [KAuCl4] = 0.5
mM, Power = 56.1 mW, 50 vol.% methanol as a hole scavenger, pH 3.3. TEM
characterization was performed to, besides confirming the existence of Au NDs, show
their morphology and their size distribution as single Au onto the TiO2 NPs. The TEM

images and data are shown in Figure 3.3 and Table 3.1.

Table 3.1 Data about the Au size and yield of Au-TiO2 NHDs prepared at different exposure times.
Experimental conditions are: [TiOz] = 5.5 mM, [KAuCl4] = 0.5 mM, Power = 56.1 mW, 50 vol.% methanol

as a hole scavenger. The calculation for theoretical Au size in Appendix 1.2.

Exposure time Au diameter (SD) NHDs yield Predicted Au diameter
(s) (nm) (%) (nm)
120 10.5(2.6) 48 11.9
240 10.7(2.8) 50 11.8
480 11.0(2.4) 49 11.9
720 11.0(2.2) 53 11.6
960 10.9(2.7) 51 11.7
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Figure 3.3 TEM images of Au-TiO2 NHDs synthesized at different exposure times, (a) 120 s, (c) 240 s,
(e) 480 s, (g)720 s, (i) 960 s and their corresponding size distribution in (b), (d), (f), (h) and (j),
respectively; statistics are performed on at least 200 TiO2 NPs. Experimental conditions are: [TiO2] =
5.5 mM, [KAuCls] = 0.5 mM, Power = 56.1 mW, 50 vol.% methanol as a hole scavenger pH3.3.

As shown in Figure 3.3, the TEM images confirm the formation of Au-TiO2 NHDs
and the deposition of a single Au ND on the surface of the TiO2 particle. The diameter
of Au did not change when increasing the exposure time. Moreover, the yield of Au-
TiO2 NHDs obtained at the different exposure times was also stable at around 50%

(Table 3.1), confirming Bai’s results.
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Figure 3. 4 (a) Au NDs size and (b) yields of Au-TiO2 NHDs synthesized at various exposure times.
Experimental conditions are: [TiOz] = 5.5 mM, [KAuCl4] = 0.5 mM, Power = 56.1 mW, 50 vol.% methanol

as a hole scavenger. The red curve is a fit according to the modeling described below.

The stable size and heterodimer yield (Figure 3.4) suggest that in these specific
conditions, growth is quite fast and that a complete consumption of the gold ions in the
reaction solution is reached after 2 min laser irradiation. We got NHDs with a given
gold diameter and a given yield, the purpose then was to know whether not the
Aud*content was all consumed during this reaction. Then based on the yield we
estimated assuming a 100% conversion of gold ions, the final size of the Au NDs
(Table3.1, column 4). A detailed calculation is given in (Appendix 1.2). Comparing
columns 2 and 4 of Table 3.1, we see that it is effectively the case and that the gold in
the solution is consumed in a few minutes of illumination.

In addition to the TEM characterization, the optical characterization of Au-TiO2
prepared at the different exposure times was conducted by UV-vis spectroscopy

shown in Figure 3.5.
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Figure 3.5 UV-vis spectra of Au-TiO2 NHDs synthesized at different exposure times. Experimental

conditions are: [TiOz2] = 5.5 mM, [KAuCl4] = 0.5 mM, Power = 56.1 mW, 50 vol.% methanol as a hole

scavenger. Starting solution is the reaction solution before irradiation.

The spectra exhibit an absorption band with a maximum peak located at around
548 nm, which corresponds to the specific absorption of the surface plasmon
resonance (SPR) of Au NDs.%” This confirms the presence of Au NDs after the
photodeposition process. Moreover, the SPR of all the spectra is located at the same
wavelength 548 nm which indicates that the size of Au nanodots deposited onto TiO2
is almost the same for different exposure times. This result is coherent with the TEM
analysis of the growth of Au NDs, showing that it is almost complete after 2 min laser
irradiation. The spectrum of the starting solution indicates (i) the strong absorption in
the UV range of TiO2 (anatase) associated with its bandgap located around 380 nm,3>
38 (ii) the absence of Au particles before laser irradiation. The characteristic absorption
peaks of AuCls anion located at 229 and 315 nm cannot show up because of the

strong absorption of TiOz2 in this UV range.

The effect of the exposure time was also studied for a lower KAuCls concentration

(0.25 mM) (Figures 3.6, 3.7, and Table 3.2).
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Figure 3.6 TEM images of Au-TiO2 NHDs synthesized at different exposure times, (a)120 s, (c) 240 s,

(e) 960 s and their corresponding size distribution in (b), (d), (f) respectively. Experimental conditions
are: [TiOz] = 5.5 mM, [KAuCls] = 0.25 mM, Power = 56.1 mW, 50 vol.% methanol as a hole scavenger.

Table 3.2 Data of Au size and yield of Au-TiO2 NHDs prepared at different exposure times. Experimental
conditions are: [TiO2] = 5.5 mM, [KAuCl4] = 0.25 mM, Power=56.1 mW, 50 vol.% methanol as a hole

scavenger.
Exposure time Au diameter (SD) NHDs yield Predicted Au
(s) (nm) (%) diameter(nm)
120 9.2(2.0) 45 9.7
240 9.2(1.8) 49 9.4
960 8.8(1.9) 40 10
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Figure 3.7 Au size of Au-TiO2 NHDs synthesized at various exposure times. Experimental conditions
are: [TiOz] = 5.5 mM, [KAuCls] = 0.25 mM, Power = 56.1 mW, 50 vol.% methanol as a hole scavenger.

The red curve is a fit according to the modeling described below (part 3.4).

It appears that the mean size of Au nanodots (about 9 nm) is smaller than that
obtained when the concentration of KAuCls is 0.5 mM (around 11 nm). From Figure
3.6 and Table 3.3, we can also see that the Au NDs sizes are not only very close to
one another whatever the exposure times (120, 240, and 960 s) but also to the
predicted value assuming 100% gold consumption, indicating that almost all the
KAuCls has been consumed for the growth of Au nanodots (Appendix 1.2).

As a first conclusion, we discussed here the effect of the exposure time on the
photodeposition process of gold on TiO. The gold growth is very fast. It is completed
in less than 4 min of exposure time for an applied power of 56.1 mW. Moreover, as we
shall show later on, the Au size can be predicted from our modeling, indicating that

almost all the quantity of the metallic precursor has been used for the Au deposition.

3.3.2 Variation of the Au precursor concentration

In a second step, we investigated the effect of the reactant concentration on the
photodeposition, starting with the variation of the concentration of KAuCla. All the other
experimental parameters were fixed: [TiO2] = 5.5 mM, 56.1mW applied power, 50 vol.%

methanol as hole scavenger, the mixture was adjusted at pH 3.3 and 4 min exposure
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time was adopted to ensure a complete deposition. The TEM images and data of Au-
TiO2 NPs obtained for three different KAuCls concentrations are shown in Figure 3.8
and Table 3.3.

The Au NDs size becomes bigger with increasing the KAuCls concentration (Figure
3.9a), and so does the size distribution. In addition, the NHDs yield slightly increases
from 40% to 50% (Table 3.3). Moreover, the Au size is very close to the theoretical
value. However, the Au-TiO2 NHDs yield does not increase much and is still far from

our expectations.
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Figure 3.8 TEM images of Au-TiO2 NHDs synthesized for different KAuCls concentrations, (a) 0.125
mM, (c) 0.25 mM, (e) 0.5 mM and their corresponding size distribution in (b), (d) and (f), respectively.
Experimental conditions are: [TiO2] = 5.5 mM, Power = 56.1 mW, exposure time is 4 min, 50 vol.%

methanol as hole scavenger.
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Table 3.3 Data of Au size and yield of Au-TiO2 NHDs made in the cuvette setup at different KAuCls
concentrations. Experimental conditions are: [TiO2] = 5.5 mM, Power = 56.1 mW, exposure time is 4

min, 50 vol.% methanol as a hole scavenger.

[KAuCls] (mM)  Au diameter (SD) (nm) NHDs yield (%) Predicted Au diameter(nm)

0.125 7.6(1.9) 40 8.0
0.25 9.4(2.5) 46 9.6
0.5 10.7(2.8) 50 1.8

UV-vis absorption spectroscopy was also performed to analyze the optical
properties of the Au-TiO2 NPs (Figure 3.9b). The SPR shifts from 530 to 550 nm
exhibiting a redshift when increasing the precursor concentration. This is expected

because of the increasing size of the Au NDs (Figure 3.8).
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Figure 3.9 (a) Variation of Au-TiO2 NHDs size obtained at different KAuCls concentrations and the red
curve is a fit based on the modeling described below (part 3.4). (b) UV-vis spectra of Au-TiO2 HNDs
made using different KAuCls concentrations. Experimental conditions are: power = 56.1 mW, exposure

time 4 min, [TiO2] = 5.5 mM, 50 vol. % methanol as a hole scavenger.

3.3.3 Variation of KAuCls content at different concentrations of

TiO2

Up to now, the maximum NHDs yield has been around 50 % when varying either
the Au precursor on the one hand or the beam intensity and exposure time, on the
other hand, we, therefore, undertook a systematic variation of the concentration of
TiO2 the other reagent.
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Consequently, we tried to lower the concentration of TiO2 (1.1 mM) keeping the
concentration of KAuCls at 0.5 mM (this not only plays a role in the ratio between gold
and TiOz2 but also in the number of TiO2 NPs present in the solution). The TEM
characterization was conducted to check the size, size distribution of the Au NDs, and

the yield of Au-TiO2 NHDs as illustrated in Figure 3.10.

D=(16.2+4.1)nm

Diameter (nm)

Figure 3.10 TEM images of Au-TiO2 NHDs (a, b) and their size distribution in (c). Experimental
conditions are: [TiO2] = 1.1 mM, [KAuCls] = 0.5 mM, Power = 56.1 mW, exposure time 4 min, 50 vol.%

methanol as a hole scavenger. To be compared to Figure 3.8e.

Table 3.4 Data concerning Au size and yield of Au-TiO2 NHDs synthesized using different TiO2
concentrations. Experimental conditions are: [KAuCls] = 0.5 mM, Power = 56.1 mW, exposure time 4

min, 50 vol.% methanol as a hole scavenger.

[TiO2], (mM) [KAuCl], Au diameter (SD) (nm) NHDs yield (%)
(mM)
5.5 0.5 10.4(2.4) 48
1.1 0.5 16.2(4.1) 76

When the concentration of TiO2 is decreased to 1.1 mM while [KAuCl4] is kept at
0.5 mM as before, the size of the Au NDs and the NHDs yield both significantly
increase, from 48% to 76 % for the yield. Based on this observation, the effect of
KAuCls concentration on the photodeposition at low concentrations of TiO2 (1.1, 0.55,

0.1 mM) was studied.
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a. [TiO2] = 1.1 mM

Here, we fix the concentration of TiO2 to 1.1 mM and vary the KAuCls4 concentrations
from 0.05 mM to 0.5 mM. The TEM characterization was performed to check the size
of Au NDs on TiO2, and its variation with the precursor concentration, is shown in
Figure 3.11, Figure 3.12(a), and Table 3.5. The size of Au NDs gradually increases
with the KAuCls concentration. Meanwhile, the width of the size distribution increases
also while the relative width AD/D = 22, 23, 25, 27, 30, and 25%, respectively, weakly
increases. Some of the Au particles also lose their regular spherical shapes when their
size reaches 20-25 nm. Overall, the Au-TiO2 NHDs yield shows a stable trend growing
from 32 % to 80 % when the KAuCls4 concentration varies from 0.05 to 0.5 mM (Figure

3.12 (c)).
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Figure 3.11 TEM images of Au-TiO2 NHDs synthesized at different KAuCls concentrations, (a) 0.05 mM,
(c) 0.1 mM, (e) 0.2 mM, (g) 0.25 mM, (i) 0.4 mM, (k) 0.5 mM and their corresponding size distribution
in (b), (d), (f), (h), (j) and (1), respectively. Experimental conditions are: [TiO2] = 1.1 mM, Power = 56.1

mW, exposure time is 4 min, 50 vol.% methanol as a hole scavenger.
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Table 3.5 Data of Au size and yield of Au-TiO2 NHDs synthesized at different KAuCls concentrations.
Experimental conditions are: [TiO2] = 1.1 mM, Power = 56.1 mW, exposure time is 4 min, 50 vol.%

methanol as a hole scavenger. Detailed calculation of theoretical value is in Appendix 1.2.
[KAuCl4] (mM) Au diameter (SD) (hm) NHDs yield(%) Predicted Au diameter (nm)

0.05 10.3(2.3) 32 10.9
0.1 11.3(2.6) 41 12.4
0.2 12.6(3.2) 64 13.7
0.25 13.4(3.6) 71 14.3
0.4 13.8(4.1) 76 16.3
0.5 16.2(4.1) 80 17.3
(a)» (b) (c)
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Figure 3.12 (a) Variation of Au size with the KAuCls concentration (the red curve is a fit according to
the modeling described below, 3.4 part) and (b) comparison with the predicted values; (c) corresponding
NHDs yield when varying the KAuCls concentration (the red curve is a guide for eyes). Experimental

conditions are: [TiO2] = 1.1 mM, Power = 56.1 mW, 50 vol. % methanol as a hole scavenger.

As shown in Figure 3.12 (b), the Au NDs size is always a little bit smaller but quite
close to the theoretical value, which is deduced by the measured NHDs yield for each
experiment. Thus, it implies that our measurement of Au NDs size and calculation of

NHDs yield are relatively accurate.

b. [TiO2] = 0.55 mM

Based on the above experiments, the TiO2 concentration was further reduced to
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0.55 mM while continuing to vary the concentration of KAuCls from 0.05 to 0.5 mM.

The TEM images and data are shown in Figure 3.13, Figure 3.14, and Table 3.6.
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Figure 3.13 TEM images of Au-TiO2 NHDs synthesized at different KAuCls concentration, (a) 0.05 mM,
(c) 0.08 mM, (e) 0.12 mM, (g) 0.18 mM, (i) 0.25 mM, (k) 0.35 mM and their corresponding size
distribution in (b), (d), (f), (h), (j) and (1), respectively. Experimental conditions are: [TiOz] = 0.55 mM,

Power = 56.1 mW, exposure time 4 min, 50 vol.% methanol as a hole scavenger.

Table 3.6 Data of Au size and yield of Au-TiO2 NHDs synthesized at different KAuCls concentrations.

Experimental conditions are: [TiO2] = 0.55 mM, Power = 56.1 mW, exposure time 4 min, 50 vol.%

methanol as a hole scavenger. Theoretical value calculation is Appendix 1.2.)

[KAuUCls] (mM)

Au diameter (SD) (nm)

NHDs yield (%)

Predicted Au diam. (nm)

0.05 12.5(3.4) 30 14.0
0.08 12.6(3.1) 35 15.9
0.12 14.8(4) 50 15.8
0.18 16.2(4.6) 65 16.6
0.25 16.9(4.9) 71 17.9
0.35 17.7(5.2) 100 17.9
0.5 17.9(6.3) »100 (multi dots) /
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Figure 3.14 (a) Variation of the Au size with various KAuCls concentrations (the red curve is a fit
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according to the modeling described below, part 3.4); (b) comparison to the predicted size; (c) Yield of
Au-TiO2 NHDs synthesized at different KAuCls concentrations (the red curve is a guide for the eyes).
Experimental conditions are: [TiO2] = 0.55 mM, Power = 56.1 mW, exposure time 4 min, 50 vol.%

methanol as a hole scavenger.

As shown in Table 3.6 and Figure 3.14, the Au ND size gradually increases from
12.5 to 17.9 nm with the KAuCls concentration, and so does the size distribution with
the relative width AD/D = 27, 25, 27, 28, 29, 29, and 35%, respectively. In addition, the
NHDs vyield increases significantly with KAuCls content. When the KAuCls
concentration is 0.35 mM, the yield already reached 100 % while it is around 30 %
when KAuClsis 0.05 mM. Finally, secondary nucleation starts to emerge on TiO2 when
KAuCls reaches 0.5 mM, and we observe some TiO2 particles with two Au NDs. The
Au size nonetheless remains very close to the predicted one as shown in Figure 3.14

as already illustrated for the TiO2 concentration of 1.1 mM.

c. [TiOz] =0.1 mM

We finally tried a very low concentration of TiO2 (0.1 mM) and varied the KAuCl4
concentration: 0.02 mM, 0.05 mM and 0.1 mM. The TEM images and data are shown
in Figure 3.15, Figure 3.16, and Table 3.7.
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Figure 3.15 TEM images of Au-TiO2 NHDs synthesized at different KAuCls concentrations, (a) 0.02 mM,
(c) 0.05 mM, (e) 0.1 mM and their corresponding size distribution in (b), (d), and(f) respectively.
Experimental conditions are: [TiO2] = 0.1 mM, Power = 56.1 mW, exposure time is 4 min, 50 vol. %

methanol as a hole scavenger.

Table 3.7 Data of Au NDs size and NHDs Au-TiOz yields made at different KAuCls concentrations.
Experimental conditions are: [TiO2] = 0.1 mM, Power = 56.1 mW, exposure time is 4 min, 50 vol. %

methanol as a hole scavenger. Theoretical value calculation is in Appendix 1.2.

[KAuCls] (mM)  Au diameter (SD) (nm) NHDs yield (%) Predicted Au diameter(nm)
0.02 12.5(3.6) 46 15.8
0.05 16.8(4.5) 57 19.9
0.1 19.3(6.3) 71 23.3
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Figure 3.16 (a) Variation of Au NDs size with various KAuCls concentrations (the red curve is a fit
according to the modeling described below, part 3.4); (b) Au size and theoretical size (c) Yield of Au-
TiO2 NHDs synthesized at different KAuCls concentrations (the red curve is a guide for the eyes).
Experimental conditions are: [TiO2] = 0.1 mM, Power = 56.1 mW, exposure time = 4 min, 50 vol.%

methanol as a hole scavenger.

It appears from Table 3.7 that when the KAuCls concentration is 0.1 mM, the Au-
TiO2 NHDs yield is 71% and the diameter of Au ND is very large (19.3 nm) with a none
spherical morphology. Moreover, we can observe a few free Au NPs on the TEM
images (Figure 3.15e) which probably detached from the TiO2 during the stirring of
the photodeposition process. Nonetheless, the size of Au NDs and the NHDs yield

both show a stable upward trend (Figure 3.16).

Eventually, the Au-TiO2 NHDs yields, as a function of KAuCls concentration at all
the considered TiO2 concentrations, are summarized in Figure 3.17. The lower
concentration of TiO2 NPs, the faster the growth of the Au-TiO2 NHDs and the higher
the yield when increasing the concentration of KAuCls. When the TiO2 concentration
is 5.5 mM, the NHDs yield increases gradually up to a plateau of around 50%. TiO2
and KAuCls concentrations both have a big influence on the NHDs yield, going up to

100% with each TiO2 NP decorated with a single Au ND.
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Figure 3.17 NHDs Au-TiO2 yields variation with the KAuCls concentration at different TiO2

concentrations. The curves are guides for the eyes.

In a short conclusion, we studied the effect of the TiO2> NPs concentration on the Au
photodeposition. We reached our first objective and determined the conditions to
increase the yield of Janus NPs. The Au-TiO> NHDs yield can be improved by

increasing the metallic precursor and lowering the concentration of substrate (TiO>).

3.3.4 Variation of the exposure time at varying beam intensities

The effect of laser power on photodeposition is also an important issue. Since in all
of the previous experiments, the photodeposition was performed with a 56.1 mW
applied power, both a lower (40 mW) and a higher (80 mW) powers are investigated
in this section. For each power, the exposure time was varied between 2 and 16 min
to study the growth of Au NDs while the other parameters were as follows: [TiO2] = 2.3
mM, [KAuCl4] = 0.4 mM, 50 vol.% methanol as a hole scavenger.

The TEM images and size distributions of Au NDs are illustrated in Figures 3.18 (40
mW) and 3.20 (80 mW).
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Figure 3.18 TEM images of Au-TiO2 NHDs synthesized at different exposure times, (a) 2 min, (c) 4 min,
(e) 6 min, (g) 8 min, (i) 16 min and their corresponding size distribution in (b), (d), (f), (h) and (j),
respectively. Experimental conditions are: [TiO,] = 2.3 mM, [KAuCls] = 0.4 mM, Applied Power = 40 mW,

50 vol.% methanol as a hole scavenger.
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Figure 3.19 Variation of Au NDs size with various exposure times for an applied power of 40 mW. The
red curve is a fit according to the modeling described below, part 3.4. Experimental conditions are: [TiO_]

= 2.3 mM, [KAuCl4] = 0.4 mM, Applied Power = 40 mW, 50 vol.% methanol as a hole scavenger.

As shown in Figure 3.18, the diameter of Au is already 12.5 nm when the exposure

time is 2 min. After that, the diameter gently increases to 13.3 nm after 4 min irradiation
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(Figure 3.19), and then remains almost constant suggesting that once again the Au

growth is completed within 4 min exposure time.
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Figure 3.20 TEM images of NHDs Au-TiO:z synthesized at different exposure times, (a) 1 min, (c) 2 min,
(e) 4 min, (g) 6 min, (i) 8 min, (k) 16 min and their corresponding size distribution in (b), (d), (f), (h), (j)
and (1), respectively. Experimental conditions are: [TiOz] = 2.3 mM, [KAuCl4] = 0.4 mM, Applied Power

= 80 mW, 50 vol.% methanol as a hole scavenger.
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Figure 3.21 Variation of Au NDs size with various exposure times for an applied power of 80 mW. The

red curve is a fit according to the modeling described below, part 3.4; Experimental conditions are: [TiO_]

= 2.3 mM, [KAuCl4] = 0.4 mM, Applied Power = 80 mW, 50 vol.% methanol as a hole scavenger.

When the higher power (80 mW) is applied, the diameter of Au is already 12 nm
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after an exposure time of 1 min. It increases gradually to 13.0 nm with 2 min irradiation
before saturating, as shown in Figure 3.21. The Au growth completion occurred earlier
than that observed at 40 mW.

The variation of the Au NDs diameter, as well as the Au-TiO2 NHDs yield with
various exposure times, are shown in Table 3.8. The NHDs yield is very stable, around
70% likely because the TiO2 concentration is 2.3 mM, i.e. between 50-55% for 5.5 mM
and 80% for 1.1 mM. Moreover, the diameters at completion are very close to the

predicted values.

Table 3.8 Data of Au size and yields of Au-TiO2 NHDs synthesized at different powers and exposure
times. Experimental conditions are: [TiOz] = 2.3 mM, [KAuCl4] = 0.4 mM, 50 vol. % methanol as a hole

scavenger. Theoretical value calculation is in Appendix 1.2.

Applied Exposure time Au diameter NHDs yield (%) Predicted Au
power(mW) (min) (SD)(nm) diameter(nm)

2 12.5(3.1) 71 14.0

4 13.3(3.2) 71 14.0

40 6 13.3(3.1) 70 14.1

8 13.9(3.0) 64 14.5

16 14.2(3.1) 65 14.4

1 12.0(2.8) 64 14.5

2 13.0(3.3) 66 14.3

- 4 13.3(3.1) 65 14.4

6 13.3(3.0) 70 14.0

8 14.1(3.0) 73 13.9

16 13.8(3.0) 72 13.9

As a final partial conclusion, the laser power has indeed an influence on the gold
growth process. An increase in power reduces the time to completion. Nonetheless,

the size of Au NDs obtained at the completion is the same whatever the power.

94

References page 127



Chapter 3 Photodeposition of Au Nanodots on TiO2 Nanoparticles

3.4 Mechanism of Au NDs growth onto TiO2 NPs

3.4.1 Photochemical reaction scheme

The development of a growth prediction model is based on the physical processes
involved in the photodeposition as follows:
(a) Light absorption by TiO2 induces the production of electron-hole pairs in the bulk
and at the surface of the TiOz2 particle.
(b) Electrons may recombine with holes, be trapped on defects, and/or reach the
surface to reduce the metal ions at the surface of TiOz2; the same may happen for the
holes in TiO2 with oxidation of a hole scavenger at the surface of TiOx.
(c) Reduction of Au3* ions produces Au® atoms and beyond a certain amount of Au®
atoms, an Au® cluster is nucleated and grows at the surface of TiO2 as a function of (i)
the production of electrons related to the laser absorption and intensity, (ii) the Au3*
concentration and (iii) the exposure time.

The chemical reactions are the following set of equations:

( g
NP + hv(> Ej ) = NP(e™, h+)] ,
k bulk

T

1[is + n+ & HS+] , (eq. 1)

surface

- s
\ Audt +3e” > Auo]

surface
On the one hand, electrons and holes are produced in bulk TiO2 NPs by optical
absorption within the bandgap (g) and may recombine at a bulk rate k,.. On the other
hand, the oxidation of the hole scavenger (HS) with a surface rate k;; and the reduction
of the metal ions with a surface rate k; (exponent “s” to indicate the surface) just take
place at the TiO2 surface with adsorbed metal ions and hole scavenger (usually
methanol) coming from the bulk solution. We assume that:
(1) The diffusion of electrons and holes inside the TiO2 NPs can be confidently
neglected in the reaction-diffusion equations since equilibration times for electron

and hole concentrations are very short (due to the nanometric size of the TiO2 NPs)
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compared to the time scales of growth experiments by photodeposition.
(2) The deposition Au@TiO2 is pseudo-first-order, as already demonstrated
experimentally in Bai's work33,
(3) Methanol always remains in excess, then we can assume [HS](t) = cte.

We use the following notations used in the literature.® For a reagent R adsorbed at
the surface of TiO2, {R} expresses surface concentrations in mole/m? (mole/unit
catalyst surface). As R is initially present in the bulk solution, this surface concentration
can be related to its corresponding volume concentration [R],4s in mole/l using the
specific surface area of the catalysts S, expressed in m?/g and obtained by BET, and
g expressed in g/L is the fixed TiO2 load of the solution, so that:

[R]aas = qSsa{R}-

As electrons e and holes h are, on the contrary, produced in the bulk TiOz2, their
concentrations at the surface of TiOz are not related to any adsorption mechanism nor
to the load q, but to its density pr;0, so that:
le, h] = prio,Ssale, h}.

Then, the basic equations are described by:

d
r% = (g — ko [ellAD punk — kS{e}{(Au?*)
d[h]
— = (g — kele] (M) puu — ki {R}HS}
| d[HS”] (eq. 2)
——— = kp{h}{HS}
dt
d 0
k 2 st

(1) As the surface concentrations {R} are expressed in mole/m?, then the dimension

2 2

of the surface rates k* is k5: —— - (m— X g) , corresponding to a bulk reaction rate k
mole's g l

in M-'.s™" divided by a surface term, and as electrons and holes are produced in the
bulk TiO2 we finally get k7, = k.nqprio,Ses that relates the surface reaction rate to

an equivalent volume reaction rate.

(2) g is the so-called source term due to the light absorption by the NPs. For a linear

excitation in intensity: g =M, where [NP] is the concentration of TiO2 NPs
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expressed in mol/L, hw is the photon energy, I is the beam intensity and o, (in m-
1) is the absorption cross-section of the NPs; g, is calculated by assuming that the

NPs eccentricity is sufficiently small to assimilate the NPs to spheres.*°

241Ny 3 £28m

™ e e where r is the

For spherical Rayleigh NPs (r < ), o4ps =

radius of the spherical particle, €; and &, are the real and imaginary components of
the dielectric constant and n,,, the index of refraction of the solvent (assumed as water).
On the one hand, for 1, = 364 nm and T = 25°C, we use the wavelength dependence
of refractive indices from the following website (https://refractiveindex.info/)
TiO2:n=2.8877  £1=8.3386
TiO2 : k=0.019701 £2=0.11378
Water: nm=1.3419 &m=1.8006 (k=0 assumed as k=5*107°)

On the other hand, the volume of an ellipsoidal TiO2 NP is:
(1) TiO2 NPs from the Present work: v =4/3 xm x (11 X 11 x 18) nm3 = 9.123 x

107%*m3 (equivalent ‘sphere radius’ r=12.96 nm neglecting eccentricity). Then the

absorption cross-section of a TiO2 NP is (04ps)ri0, = 2.7330 X 107'¥m? and using

Ao = % =6.62x 1073* x 3 x 108/0.364 x 107® =545x10"1°] |, we find g=

5.0015 X [NP]I in M/s.
(2) TiO2 NPs from Work performed using a solution flowing in a microchannel: v =
4/3 x T x (12.5x 12.5 X 20) nm3 = 1.309 x 10723m3 (equivalent ‘sphere radius’

r=14.62nm neglecting eccentricity). Then the absorption cross-section of a TiO2 NP is

(Oaps)rio, = 3.921 X 1071%m? and using hw == = 6.62 x 1073* x 3 x 10°/(0.364 X

107%) = 5.45 x 107197, we find g = 7.1951 x [NP]I in M/s.

(3) For bare TiO2: the recombination value, determined by the fit of the silver NPs
growth data in a microchannel®® at very high intensity, is: (k). = (1.04 +
0.06) 10°M~1s™1,

(4) For bare TiO2 data, the reaction rate for hole scavenging by methanol is k;, =
1.4 x 10° M~1s7! from reference.*' And from the fit of the gold data at very high

intensity in a microchannel® the reaction rate for gold ion reduction is (k). =
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(4.45 +0.7) x 10* M~1s71,
3.4.2 Growth law

Bai and coauthors®® synthesized metal@titanium oxide NHDs by laser-driven
photodeposition in a flowing solution in a microchannel and developed a model to
describe this situation. They assumed that the Au nanodots (NDs) had a spherical cap
shape and that their late-stage growth on a TiO2 NP was triggered by a flux of gold
atoms at the surface due to the field gradient effect induced by and directed toward
this metallic Au ND. Therefore, the total flux @(t) of gold atoms, produced at the
surface of the TiO2 NP, at the perimeter of the Au ND was proportional to the
photoproduction rate of gold atoms d[Au°]/dt.

On the one hand, ®(t) = [v4,/(Y[NP])] d[Au®]/dt, where va, is the volume of a
gold atom, Y is the NHDs yield, and thus Y[NP] is the number of TiO2 NPs that are
truly disymmetrized by photodeposition. On the other hand, the mass conservation
imposes that @(t) = dV/dt = (X/8)D?(dD/dt), where X is a dimensionless factor
related to the contact angle of the gold NDs on the TiO2 NPs, and D is the measured
diameter of Au NDs. So (X/8)D2(dD/dt) = [va,/(Y[NP])]d[Au®]/dt, and finally
D3(t) = (24/X)[va,/(YINPD][Au®](t), where t = 0 s corresponds to the time at which
the laser exposure is turned on, [Au®](t = 0) = 0, and where the nucleation diameter
D. = D(t = 0) is neglected since experiments are performed over a long exposure
time.

For Au ND on a TiO2 NP, the contact angle is 140° which is larger than 90° and the
real diameter D of the Au ND is measured experimentally. In this case, the volume of
a spherical cap is given by V = wD3k(0)/8 where k(8) = (2/3 — cos8 + 1/3 cos38).
So % = ZnK(G)DZz—LZ and thus X = 3wk (0). This calculation is based on reference

42 .42 Finally, the growth of gold NDs onto TiO2 NPs is described by equation 3:

8 Vau
D) = s e AU1(0) (eq.3)
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3.4.3 Adsorption at the surface of TiO-

Metal deposition on TiO2 is performed in an aqueous solution so that the hole
scavenger HS (methanol in our case) and the metal ions should adsorb/react easily at
the surface of TiO2 NPs. This is a complex interface problem still under debate, in
particular concerning heterogeneous catalysis.*® This adsorption may have a chemical

(chemisorption), a physical (physisorption), or a mixed origin.44
3.4.3.1 Chemisorption at the surface of TiO2

Chemisorption originally means (Langmuir) that adsorbed molecules are held to the
surface by covalent or nearly-covalent bonds.The adsorption of methanol*® and Au3*
ions 46 on TiO2 has been described in the literature using the Langmuir-Hinshelwood
isotherm formalism (chemisorption case).The reaction scheme, including the
adsorption and a subsequent reaction, for a reagent R (in our case HS and Au®*) in

the solution, is given by:
kq
R(bulk) = R(ads),

kz’(fl—)1 (eq. 4)

R(ads) = Product
(slow)

Where k1 and k-1 are the rates of adsorption and desorption at the interface of the TiO2

NPs. We suppose that adsorption and desorption are much faster than any

k1
subsequent reaction so we can look at the first reaction R(bulk) = R(ads) almost
k_y
independently.
Then, if 6 designs the surface coverage of reactant, 6 = % or 0 = {R},4s L,
{R}ads n-gr/m?

where ng/m? represents the maximum number of R that can be adsorbed to the

surface of TiO2, the dynamics of this adsorption reaction can be written as:
00
T ki[R]pu (1 —0) — k_10 (eq. 5)
929
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And since this reaction is assumed to be very fast, we get at the pseudo equilibrium

a[R]ads — .

_ _Uea/k_DIRlpuik  _ _Kaas[Rlpuik
1+(k1/k_D[Rlpuik ~ 1+Kaas[Rlpuik

, Where K,;; = (k,/k_,) is the equilibrium constant

for the overall adsorption process.

2 2 KaaslR .
Then {R} 4, = 6 R = "R/M” KaaslRlbuik ony we can deduce the concentration
Ng Ny 1+Kads[R]bulk

[R].qs at the surface of the TiO2 NPs from [R]u4s = 9Ssa{R}aas - We set Cr =

—ané:lz X q X Sgq, as defined by Clarizia%’. For the chemisorption of a single species R,

either HS or Au®* can be deduced from their bulk values [Au3*]ouik and [HS]ouk using a

Langmuir-Hinshelwood type equation:

— (C ) KAu[Au3+]bulk
ads Ty 4 Kpu [AuB ] poik

Kus[HSlpuk
H =

([Au“]
(eg. 6)

bulk

where K,,, and Ky are the Au®* and HS adsorption equilibrium constants, and C; is
the highest concentration of active sites for Au®* and HS respective adsorptions at the
TiO2 surface. Cy is also written as C; = q - Ny, where q is the TiO2 loading of the
solution, and N 4,3+ and Ny are the respective total numbers of moles of active sites
per unit mass of TiOz2 in mol/g which is calculated from the maximum number of
adsorbed ions and molecules per unit area ( nas®*/nm? and nus/nm?).

Nonetheless, if the adsorptions of HS and Au3* compete in surface covering, we may
need to take into account the two adsorptions together. Performing the same

calculation with two species, we obtain the following set of equations**:

Kpu[Aw* ]k

Audt] s = (Cp) eare)
[ Jaas T+ Ky [Aw3* e + Kys[HS T
Kus[HS]puik
us () eq.7b
[HS]aas T 1 + Ky [Au3* ] puise + Kas[HS |y (ea7b)

3.4.3.1.1 Load q and number of TiO2 NPs

Growth investigations not only require the concentration of TiO2 NPs, [NP], but also
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its molar concentration, [TiO,], because the adsorption was taken into account. To
switch from one to the other, we use the load q in TiO2: q = [Ti0;]Mr;o, = Nprio,Vnp =

[NP]Nsprio,vnp Where N, is the Avogadro number and vy is the volume of a TiO2 NP

calculated above. So [NP] = NII)WLOZU [TiO,].
APTiO, VNP

The volume of an ellipsoidal TiO2 NP used in the cuvette setup (present work) and
microchannel setup is:
(1) Present work: v = 4/3 x m x (11 X 11 X 18) nm3 = 9.123 x 10~ 2*m3,
(2) Microchannel: v = 4/3 x T x (12.5 x 12.5 X 20) nm3 = 1.309 x 10™23m3,

Since My, = 79.8658 g/M , prip, = 3.9 g/cm?, the concentrations of TiO2 NPs in the
two conditions are:

(1) Present work: [NP] = —92 [T0,] = 3.73 x 10~[Ti0,]

Nampp

(2) Microchannel: [NP] = =92 [Ti0,] = 2.60 x 10~[Ti0,].

Namyp

3.4.3.1.2 Concentration of hole scavengers at the surface of TiO2

Matthews et al.*® measured on bare TiO2: (Kys)patthews = 141- g 1 = 11181 M~ L.
Measurements of Nus, corresponding to the highest number of OH sites, reported in
the literature for TiO2-P25 are Nyg = 2.74 X 10~*mol/g from reference*® and Nyg =
3.98 X 10~*mol/g for TiO2-P25 from reference*>. Since these two values are very
close, we will consider their mean value Ny = (3.36 + 0.62) x 10~*mol/g.

Using an initial bulk methanol concentration [HS]=1234M , we find
that Kys[HSl,ux > 1 . Moreover, considering our experimental conditions,

K [Au3t ]k < 1 as illustrated below, according to eq.7 we finally get:

Kus[HS puik
W3ty +Kas[HSpuik

[HS]qas = (Cr)us KA ~ (Cr)us = qNys = [Ti0;]Mrio,Nys, Which

becomes independent of the adsorption constants and bulk concentrations, meaning
that the surface of the TiO2 NPs is saturated. Using our typical TiO2 load g =
[TiOZ]MTiOZ = 0.439 g/L ([TLOZ] = 55 X 10_3 M) and NHS = 3.36 X 10_4 mOl/g, we

deduce: [HS] 45 = qNys = (1.475 + 0.272) X 107* M.
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3.4.3.1.3 Concentration of gold ions at the surface of TiO2

Soejima et al.*® investigated the adsorption isotherm of Au(lll) (from HAuCl4) on
TiO2 anatase with a specific surface area is 8.1 m2.g™". A fit of their data using a

Langmuir-Hinshelwood-type model for adsorption:

Kau[4w* |5

(1+K 4y [Au3F ] puir)’

'(ions/nm?) =T,

Gives K,, = (250 + 100)M~! for the adsorption equilibrium constant and I, =
(2.11 £ 0.37) ions/nm? for the maximum number of active sites for Au3* adsorption at
the surface of the used TiOo.

We described the concentration of Au(lll) adsorbed at the surface of TiO2 in eq.7a:
K [AW* ] e

14 Ko [Av3H Jpuak + Kus[HS 1 puik

With (C;) 4y = q X Ny, Wwhere q (g/L) is the fixed TiO2 load of the solution and Nau is

[Au3+]ads = (Cr) au

the maximum moles of active sites per unit mass of TiO2 (mol/g). Considering our
experiments (specific surface area of 46.7m?/g), if we use Soejima’s adsorption
K, = (250 + 100)M~1 and a maximum number of active sites for Au3* adsorption at
the surface of TiO2 I, = (2.114+0.37)ions/nm? , then N4, = (1.64 4 0.29) X
10~* mole/g and for our typical load g = 0.439g/L, we finally get: (C;)ay =
g X Ny, = (7.19 £ 1.26) x 1075 M.

This competitive adsorption shows that the adsorption of gold ions [Au3*],4s is
significantly reduced due to the Kyg[HS]p.x term, typically by a factor 10* in our
experimental conditions. Then, the efficiency of the photodeposition should be very
weak, contrary to observations. Then, since (i) the competitive adsorption is not always
demonstrated and (ii) the photodeposition by lasers in our experimental conditions is

quite efficient, we shall continue in the following to consider the adsorption of reactants

K gu[Au3T]

as independent of each other, so that [Au3+]ad5=(CT)Au1+K bulk_ gnd
A

u[Au3+]bulk

considering Ky, [Au3*]pu < 1, we finally consider [Au3*] 445 = (Cr) auKaw[AU3 | puik-
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3.4.3.2 Physisorption at the surface of TiO2(The Eley-Rideal mechanism)

Physisorption originally means that the adsorption is weak in the sense that
molecules are held to the surface by van der Waals interactions. So, if a reagent R, in
our case methanol or gold ions, is not specifically adsorbed onto the substrate in the

dark, in our case TiO2 anatase, it is assumed that [R],;s « [R],.ix at least at low

[R]puik-

Concerning the adsorption of MeOH on TiOz, the recent critical review by Mills*3
came back on the interpretation in terms of L-H isotherm and showed that
chemisorption was not so well established. They suggested that the interaction of R
with the surface could be weak and non-specific, sO [R]gqs & [R]puk- They cited
examples® of R that could fall into this category: aliphatic alcohols (MeOH, EtOH,
PrOH), chlorinated solvents (chloroform), and usually PhOH and 4-chlorophenol. In
contrast, examples of R such as carboxylic acids can chemisorb onto the surface of
the TiOz2: formic acid (FA), acetic acid (AA), and several aromatic carboxylic acids. In
these latter examples, a Langmuir adsorption isotherm is invariably used to describe
the binding of R to the titania surface. Then, it seems that eventually, the adsorption
of MeOH onto TiOz2 belongs to the physisorption case.

In physisorption, data are interpreted differently.5'%2 The reaction scheme is

described by the following equation:
k1
S+ hv(> Ep,) = S*(e™, h'),

k,
eq. 8
Ko (eq. 8)

S*+ R = Ry
kdes

In this description, the absorption of light by the surface of the photocatalyst gives
excited states of surface sites S*, which are determined by the absorption of surface-
active centers S. The decay of these active centers down to the ground-state S is

assumed to be spontaneous (we add stimulated emission) and occurs through first-
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order kinetics. The reaction of reactant molecules R with S*, to produce R, at the
surface, occurs via second-order kinetics.

If we consider the first surface reaction as much faster than the second one
(excitation processes are often faster than reaction ones), then we can use the
formalism of a two-level system, with absorption (W), stimulated (W) and spontaneous

(1/7) emissions, and deduce:

B wasy-sp -2
Jt T

Where {S} is expressed in mole/m?; W = % is the probability of transition and t is the

lifetime of the excited surface state. Here, o is the absorption cross-section of surface-
active states and / is the beam intensity. Also, the finite-size effects of the NPs tell us

that {S*} + {S} = {S},, the total number of sites. Then {S} — {§*} = {S}, — 2{S*} so that

B —w(isy - 2(sH -

At the steady-state, we get tW{S}, = (1 + 2tW){S*}, and {§*} = {S}0 We

1+2TW

also deduce {S} = {S}, — {5} = —2 {5},

1+2TW

I . o . h .
As W =%, one can define a surface saturation intensity =0—(: from which we

deduce Wt = L.
Is

To switch to a chemical reaction rate notation, we note:

= WS}~ () — 2 = WS} = FEE (S} = ke(S) — ku{S7) s0 that

= —li HWr W _ s . 573 _
ky =W = - and k; = T(1+ ) and & kl W il we deduce o
wo_ kr
1+tW k'

Even if the excitation stage is much faster than the reactive one, allowing the

determination of the ratio g at the steady-state, the two stages of the reaction remain
l

coupled so that the two equations need to be eventually solved together:
0{S"}
ot

= kr{S} — k1 {S*} — kaas (S R pure (€q.9)
a eq.
% = kadS{S*}[R]bulk - kdes{R}
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with kg gsis in M~ -s71 k,.c in s, and {R} in mol/m?. Assuming stationarity for the

population of excited surface states (d{S*}/dt = 0), we get from the first equation:

(5} = (=—L—) {5}, so that:

ki +kqas[Rlpuik

% = kads (L) {S}[R]bulk - kdes{R}

ki +kqas[Rlpuik

This equation rate corresponds to the Eley-Rideal type formulation in Emeline’s
paper®! when desorption (k,.s = 0) is neglected. Moreover, the conservation of the
total number of surface sites tells us that {S*} + {S} = {S}, the maximum number per
nanoparticle of TiO2. If we continue to assume that excitation and relaxation remain
the fastest processes, then the conservation condition {S*} + {S} = {S}, can be written

as (:—I + 1) {S} = {S}, and leads to {S} = (i}"i)
ky
d K
We deduce % = kaas ( Y ) ({S}kl) [Rlpuik — Kaes{R}
!

ki +kgas[Rlpuik 14y

Interested in the adsorbed concentration in stationary conditions [R],4s, We finally get:
Kads k S ki{S}o 1 Kaas/k)[Rlpy
(R} = Xad ( 1 )({ }o) [Rlput = {530 ( (kaas/k)[Rlpuik ), and

kdes \Ki+kqas[Rlpuik 1+% kdes (1+g) 1+(kqas/k)[Rlpuik
! !

kads kq {S}oXSsaXq kq 1 (kqas/ky)[Rlpuik
R = R =Cr—
[ ]ads kdes (kl"'kads[R]bulk) (1+Z—I) [ ]bulk T kdes (1+Z—I) (1+(kads/kl)[R]bulk)

Where we set Cr = {S}y X Sgq X q.

This equation shows an L-H form. Nonetheless, the physical meaning of the new
‘adsorption’ constant k,;,/k, is entirely different from the sense given in the L-H
kinetic treatment by chemisorption since the parameter 1/k, reflects the lifetime of the
surface-active center S*, whereas the L-H reverse constant 1/k_; denotes the lifetime

of molecules R at the surface in an adsorbed state Rads.

In conclusion, considering our experimental conditions:

(i) For MeOH: chemisorption leads to [HS],;s = (C;)ys, and physisorption to

[HS]qas = K THS]puix Where K' = (CT @) _Is_ s a function of the beam intensity
Kdes HS 1+21/Ig

when (kqas/ky) [MeOH]pu < 1,

(i) For Au®*: chemisorption leads to [Au3*],4s =~ K[Au3t]pu With K = CrKy,,, and
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i i 3+ ~ % 1/Is 3+ _ Kads 1/Ig
physisorption to [Au®"],4s = Cr faes 1121715 [Au**]puk SO that K = (CT kdes)Au Tr2i/

which is an increasing function of the beam intensity.

Comparison with experimental data should tell us which adsorption mechanism is
compatible with all the experiments, and beam intensity tests should discriminate since

the dependence in I is completely different for chemisorption and physisorption.

3.4.4 Calculation of the Au’ concentration produced by

photoreduction for the growth of a gold ND

3.4.4.1 Set-up of the equations

As already described by eq. 2, these chemical reactions are:

d
f% = (9 — ke[el[nD pune — ke{e}{Au"}

d[h]

dar (g — krle][RD puk — kn{h}{HS}
< d[HS*] (eq. 2)

dc ki {hH{HS}
0

\ d[f;: L ksteyiansy

With [Rlaas = qSsa{R}, [e,h] = prio,Ssafe, h} and kg = kendprio,Ssa™.

To solve the chemical reduction process, we assume a charge equilibration at
growth time scales so that d[e]/dt = d[h]/dt. Then k${e}{Au3*} = k; {h}{HS}.
Using the above definitions, we deduce k,[e][Au3"] 45 = kn[h][HS]qs and finally,

(] = el g,

knl[HS]gas

Then 2 = (g — k, [e][A]) puse — k{e}{Au™*} becomes:

dle]

kr
? =9 - ke [Au3+]ads [e] [

kn[HS)aas

[e] + 1] (eq. 10)

kr

knl[HS]aas

Assuming the high-field condition [e] > 1 already used in laser-driven
photodeposition experiments in microchannels, the electron production is described
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by dle] ~ g — —krke[Au3+]adS

2
dt kn[HSlads '

[e]

This equation, coupled with those for the gold ions variation and gold production,

- d[AdL;“] = d[zzlo] = k${e}{Au3*}, cannot be solved analytically when [Au3*](t) varies

with time because we need to take into account the temporal behaviors of the second-
order terms [e]?(t) and {e}(t) - {Au3*}(t).

So, we propose a simpler and already improved route by assuming that the
stationary electron concentration [e]y;, is reached at a time scale much smaller than
that of the growth so that [e] is continuously stationary (when looking at the growth
time scale [e] ~ [e]s,, See Bai et al.33); this condition is quite reasonable since it
means that [e] ‘instantaneously’ adapts to the ‘slow’ variations of [Au3*],4(t) related
to the consumption and the production of gold NDs.

This stationary solution de],,/dt = 0, valid in the high field condition of laser

knl[HS]adsg

deposition, leads to [e]s, = Tt LA
rite ads

Then we need to solve:
d[Au3t]  d[Au°]

- dt = dt ~ kg{e}sta{Au3+}

At first:

d[A;:J’] = —k${e}so {Au3t}, leading to:

d[Au3+] kekn[HSlaasg 3+
dt Ky [Au ]ads

In the chemisorption case, the adsorption at the surface of TiO2 is expected to be

compatible with a Langmuir-Hinshelwood-type model. Considering our experimental

COﬂdItIOI’lS, KAu[Au3+]bulk « 1 and f|na”y [Au3+]ads =~ (CT)AuKAu[Au3+]bulk-

In the physisorption case, with (kggs/k)[Au3t ]y < 1, we obtain: [Au3t], 4 =

Kads 1/
(CT)Au( d) ——— [Au3* |pik-

Kaes/ gy 1+21/1s

So, at low gold ion concentration, [Au3t] s = K[Au3*]p.uk, Where the proportionality
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constant is K = (Cr)aKau (chemisorption), or KZ(CT)A“(RMS) i
A

Kdes u 1+21/Ig

(physisorption). Consequently,
=— —kekh[Zf]“dsg AU ] g5 = — —kek”[:f]“dsg -VK./[Au3+] and, the solution is:

1\/kekh[HS]ads . K

d[Aau3t]
dt

VIAT@ =TT, |1 -5 [=

g-t
2 g

by using the initial condition [Au3*](t = 0) = [Au3*], att = 0.

ky [Au3+]o

kekp[HS]qdsg K S0 that:

Then we can set a time scale T = \/

4w 1) = [l (1- £)'

Accordingly, in a second step:

0
d[f;; = ke{e}sialAu®*} ~ M -VK/[Au3*], which can be written:
d[Au®] 1 t
dt 7 2T

t

We deduce: [4u®](t < 27) = [Au**]o=- |1 ——

However, if we assume a total consumption of [Au3*], at completion, [Au3*],4(t -

60) =0, then [e]s should grow and diverge ([e]lsq = @ if [Au3t] 45 = 0), Which is

not physically possible because (i) [e] must remain finite in finite-size NPs and (ii)
nonlinear effects may emerge at large [el,;,, including the Auger effect and others,

that prevent divergence of [e],;,. In our linear model of excitation, [e],;, Should then

saturate to a value [e]nax = v sat/kr, Where g, corresponds to the saturation value

. i . Naprio,v NP
at large intensities; for a two-level system it can be shown that g,,; = AMTLOZ NP [ZT].
TiO>

Therefore, there is an exposure time t*, corresponding to the concentration
[Au3*](t = t*) beyond which [e]s;q = [e]max @nd for which the electron production is
no more dependent of [Au3*](t = t*).

Then for t > t* we need to solve:

d[Au3*]  d[Au®]

At first:
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dlau3+ . ’ sa
[Adut ] = _kg{e}max{Au3+} = —k, [Au3+]ads [e]max with [e]max = gk_rt and
[Au*]gqs = K[AWT |y,
3+
So 4 _ _p rel,  K[Au®].

dt

Finally, [Au3*](t = t*) = [Au3*]* - exp[—k.[e]maxK * (t — t9)].

Accordingly,
A2 — Ks{edmactAu®™) = KelelmarK [Au*](¢ = t°), 50 tha
0
d[fil: ] = ke [e]maxK[Au3+]* ' exp[_ke [e]maxK ' (t - t*)]
Using [Au®](t = t*) = [Au®]*, we deduce
[Au](t = ¢7) = [Au®]" + [AuB*]" - [1 — exp[—ke[elmaxK - (¢ — 9)]] (eq. 11)

This eq.11 suggests that the gold production should saturate exponentially.

3.4.4.2 Conclusion

Based on the set-up of equations in the previous part (3.4.4.1), we can get the

following conclusions:

Ky [Au3t],
keknlHSlgasg K

1) [Au®)(¢ < 27) = [4u®*]p |1 - 4i| where T = J
This equation indicates that the gold production is a linear variation of [Au°] followed

by a parabolic crossover towards saturation.

We can note that [4u®](t < 471) =~ [Au3+]0£, so:

kekh [HS]ads .

K[Au3+],-g -t
ky

[Au®](t < 41) ~ \/

This allows retrieving the 1/3 growth regime in the microchannel configuration at a high
field observed by Bai et al.,3® so that the present result generalizes the previous one
when the gold ion concentration cannot anymore be considered constant (long time
exposure in finite volume for instance). Conversely, the model shows that [Au®](t)
reaches a maximum at t = 27 that can be considered as the characteristic time at

which completion is almost completed.

2) [Auo](t = t*) = [Auo](t = t*) + [Au3+]* ) [1 - exp[_ke [e]maxK ) (t - t*)]]
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This equation indicates that the gold production should saturate exponentially.

In section 3.4.2, we have described the growth of gold NDs onto TiO2 NPs by eq. 3,

3 _ 8 Vau 0
D*(1) = mk(6) Y[NP] [Au”](®).

To verify these predicted behaviors using ‘late-stage’ growth data of a single gold ND

growth onto a TiO2 NP, we need to plot

D(t) = (%@%)1/3 [Au](D)Y3 , where [Au®](t) = [Aud*]y - f(t/7) and f(t/T -

@) = 1, we finally get

D(t) = ([“““]o)l/ : oo f(t/r)]l/ ’ (eq. 12)

Y[NP] nk(0)

ky [Au3t],
kekp[HSladsg K

where 7 = \/

For pure Chemisorption:

t [HS]o[NP]I

T [Au3+],

For pure Physisorption:

t [HS]o[NPII ( 1/1g ) -t

-
T [Au3*], 1+21/Ig

3.4.5 Growth Analysis-Global

3.4.5.1 Variation in exposure time at a varying gold concentration

For these experiments, the TiO2 concentration is fixed to, [Ti0,] = 5.5 x 1073 M,
leading to [NP] =3.73x 107° x [Ti0,] = 2.052 x 1078 M, and two concentrations
[Au®*]o are used: 0.25 and 0.5 mM. We choose a power (P) of 56.1 mW so that, the

beam intensity inside the cuvette is ] = Z—PZ = 142.86 mW /cm? , where r = 0.5 nm is

nr

the radius of the laser beam.
The expected growth law of the Au ND is described by eq.12,
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(1Y rev 1/3
D) = ( Y[NP]0> [nK(G) 'f(t/f)] (eq.12)
<orntion: Lo |HSINPIL
For pure Chemisorption: - o T, b

For pure Physisorption: % o [HHSIoINPIL ( 1/1s ) .

[Au3+], 1+21/1g

Thus, the expected growth law is: D(t)~[f(t/7)]/? with T = cte, which exhibits a

D(t)~(t/t)'/3? at the early stage followed by an exponential saturation to D, =

(= va [A03]
nk(8) Y [NP]

1/3
) where k(0) = (2/3 — cosf +1/3cos36) and 6 = 140° is the

contact angle of Au ND on TiO2 NPs, va is the volume of a gold atom. Finally, we get

D =( : VAJ[A““]o)%: 8 ma [t
® nk(0) Y [NP] Kk(0) Ngoay Y[NP]

1/3

= -1y (A,
=3.2285 X 107" X nm.
Y[NP]

Data and fits are shown in Figure 3.22.

12 ——

10 |

o
—
—
=

Au diameter-0.5 mM Au*"-t
Au diameter-0.25 mM Au®"-t 1

Au diameter (nm)
[e2]

O [ P R ' [T S ST T I SR S S S | P T S | S T
0 200 400 600 800 1000

Exposure time (s)

Figure 3.22 Variation of Au ND size with exposure time when the applied power is 56.1 mW. Refer to

figures 3.4a and 3.7.

Experiments do not show a real dynamic behavior. This is likely because the
photodeposition dynamics are very fast so experiments should also be performed at
time exposures shorter than 3 min, which is not experimentally easy.

Nonetheless, from the fitting we get the final values of the Au ND diameter at

completion: D, (0.25 mM) = 9.1 nm and D, (0.5 mM) = 10.9 nm.
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In addition, the theoretical expectation for the Au ND diameter at completion by

8 Vau [Au3+]0 1/3 . . = .
Dy, = (nx(e)T NPl ) with an average yield Y =50.4% is: D,(0.25mM) =
1/3

=9.3nm and Do (0.5 mM) = 3.2285 X

3.2285 x 1071 x ( 0.25x 1073 )

0.5044x2.052 x10~8
1/3

10 ( 0.5 X107 ) =118nm.

0.5044x2.052x 108

The D, obtained by fitting is in fairly good agreement with theoretical expectation

expectations.
3.4.5.2 Variation of exposure times for different beam intensities

These experiments are performed at a different concentration [Ti0,] = 2.34 X
1073 M, leading to [NP] = 3.73 X 107°® X [Ti0,] = 8.724 x 10~° M, and for [Au3*], =
0.4 x 1073 M. Three experiments were performed at varying exposure times, one at
I =101.86mW /cm? (P =40mW ) and two others at I =203.72mW /cm? (P =
80 mW) (§ 3.3.4). This choice was motivated by using the largest intensity range that
belongs to the high field condition while ensuring the condition / << /s to check the
beam intensity dependence of the growth. The expected growth behavior is the same
as before (section 3.4.5.1): D(t)~[f(t/7)]® with T =cte which exhibits a

D(t)~(t/7)'/3? at the early stage followed by an exponential saturation to Do, =

A 3+ A 3+ 1/3 _
(n:(m“%[ [L;P]] %) nm with ¥ = 68.4 %. Data and fits

1/3
°> =3.2285 x 1071 x (

are shown in Figure 3.23.
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Figure 3.23 Variation of the Au NDs size with the exposure time when the applied powers are 40 and

80 mW respectively.

Even if the measurement started at 2 min exposure, experiments still show a weak
dynamic behavior. Moreover, it appears, as expected, that the weaker the beam
intensity, the slower the dynamics. Finally, D, is nearly the same, as also expected,
as it is independent of the beam intensity. The final values of the Au ND diameter at

the completion D, (0.1 W/cm?)=139nm and D,(0.2 W/cm?) =13.7nm as

1/3
=13.1 nm

compared to the prediction D, = 3.2285 x 107! x ( 04x 1073 )

0.6841%8.724 x10~°

show a reasonably good agreement with expectations.

3.4.5.3 Variation in gold ion concentration for varying TiO2 NPs

concentrations

Four different TiO2 concentrations were used to investigate the effects of gold ions
on deposition. [Ti0,] = 0.1,0.55,1.1,5.5mM and [NP] = 3.73 x 107 x [Ti0,]. The
beam intensity inside the cell is I = 142.86 mW /cm? (P = 56.1mW) and the exposure
time tis set to 4 min (§ 3.3.3). The respective mean yields Y are: Y = 59.5 % ([Ti0,] =
0.1mM), ¥ =629% ([Ti0,] =0.55mM), ¥ =60.6% ([Ti0,]=1.1mM) and ¥ =
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49.9 % ([Ti0,] = 5.5 mM). The expected dynamics are D([Au?*],)~[Au3*]," 3 (t/7)

with % o [Au3+]0_1/2 (both for pure chemisorption and physisorption). Nonetheless, as

all these experiments are performed at an exposure time t =4min, and as
experiments in time exposure show that completion is almost reached at 4 min, we

can simply assume that growth is almost completed.

3+ \ 1/3
As shown in eq. 12, D(t) = ([Au ]°> [SVA” -f(t/r)]1/3 . Since f(t/1) = 1 at long

Y[NP] mk(0)

8 v [A0™],
nk(0) Y [NP]

1/3
time exposure, D(t) = D, =( ) . The expected behavior is thus,

D([Au3+]0)~[Au3+]01/3. Data and fits are shown in Figure 3.24.

W— T
: Equation A*x"(1/3)
25 F J| [TiO], mM | A
. 0.10 458.90
ENL | 055 279.86
53 il 1.10 216.96
@ 15 ]
E I ]| 5.50 139.11
© g
Z10F :
—— Au diameter- 0.10 mM TiO, ]
5} Au diameter- 0.55 mM TiO,
' Au diameter- 1.10 mM TiO, 1
Au diameter- 5.50 mM TiO, ]
0 PR ST S T (N S T S T [T TR T TN N (N T T TR TN N TR SR S T N S S
0.0 1.0x10%  2.0x10*  3.0x10*  4.0x10® 5.0x10*  6.0x10*

[KAUCI,] (M)

Figure 3.24 Variation of Au NDs size with the gold ion concentration for varying TiO2 NPs concentrations.

The results of fitting are shown in the Excel on the right.

This expectation of an almost stationary behavior is quite well retrieved even if one

1/3
L“JL) versus [NP]

correlation is a bit weak. The plot of the amplitudes A= (mc(@) Y INP]

gives the following result in Figure 3.25 (errors bars correspond to the standard

deviations given by the fit in Figure 3.24).
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1000 ——rr

A*xM-1/3)

Value Error

A 0.33978 0.00789 | 1
Chisg 5741 NA

RA2 0.98969 NA

Equation

Amplitude (nm)

1E-10 1E-7

[NP] (M)
Figure 3.25 Variation of the amplitudes A determined by fitting in Figure 3.24 with the TiO2 NPs

concentrations in log-log representation.

This amplitude behavior is totally coherent with an expected behavior

1/3
(mf@%ﬁ) as a power-law fit gives an exponent -1/3. The fitted amplitude A is

1/3 _
0.34 which should also be given by (%w)%) . With an average yield Y = 58.4 for

8 Vau

1/3 . _
— T) is 0.39, showing again the closeness

these four experiments, we predict (

to the experimental value 0.34 deduced from the fit and the robustness of experiments

versus completion predictions given by the model.
3.4.5.4 Variation in gold ion concentration for multi-addition

Since we were interested in investigating the maximum Au ND size reachable for
application purposes, we also performed some deposition experiments by adding the
gold ions in a two-step procedure and each photodeposition was performed in 4 min.
The experiments are described in chapter 5.3.2 and detailed experimental conditions
are: [Ti0,] = 5.5mM and [NP] = 3.73 x 107° x [Ti0,] = 2.052 x 10~8 M. The beam
intensity inside the cell is I = 142.86 mW /cm?, exposure time is t = 2 X 4 = 8 min,

and the mean experimental yield is ¥ =49.7% . The expected behavior is:

D([Au3*]o)~[Aud+], > £ (t/7) with “ o [4u3*],”"?, and more likely D(t) ~ Dy, =
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1/3

8 Vau [Au3+]0 ' ' .
—== with a total of exposure time t=8min , so that
nk(0) Y [NP]

D([Au3+]0)~[Au3+]01/3. We performed a fit of these two behaviors and the result is

shown in Figure 3.26.

20 T T r T T T T T T T
L[ Equation y=A*x*(1/3)
L Value Error
LIA 1563.85 27585
16 H Chisq 41009 NA
| | R"2 0.920286 MNA
£ L
12}
§ L
[] L
e |
©
T 8
3 L
< L Equation | A*(x*(1-exp(-B/sqri(x))))*(1/3)
L Value Error
4 A 147,96 8.028 | J
B 0.12206 0.32987
Chisg 7.2478 NA
L R"2 0.85907 NA
0 . 1 . L . 1 L 1 L 1 .
0.0 2.0x10™ 4.0x10* 6.0x10* 8.0x10* 1.0x10° 1.2x10°
[KAUCI,] (M)

Figure 3.26 Variation of the Au ND size with gold ion concentration by multi-addition.

The two types of fitting (dynamic and stationary) are presented and coherently
describe the data variations. Nonetheless, since completion at 4 min was an
assumption, we can now confidently consider that completion is reached after 8 min

8 Yau [Au3+]0) Y3
k(@) Y [NP]

so that D(t) = D, = (

1/3
The stationary fit gives D, = (%&) [Au3+]01/3 =153.85- [Au3+]01/3. Using

— 1/3
the mean vyield Y =49.7% , we finally find (f:—g‘gu)) = 0.33 very close to the
8Vau 1)1/3[ u3+]01/3 _

theoretical value of 0.32; with the dynamic fit D, = (mc(e)[Np]?

1/3
147.96 - [Au3+]01/3, leading to (::g‘;)) = 0.32 is the same as the prediction.

3.4.5.5 Varying both gold ion concentration and TiO2 NPs

concentrations

The Au ND diameter is related to both gold ions and TiO2 NPs concentrations.

Assembling these two parameters, the expected dynamics is given by:
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[aus+] \'/3 . ¢ [HS]o[NP]I . )
D([Au3t]y)~ (WP]O) f(t/t) with t = Cte and e [me]o' t (pure chemisorption)
t [HSIo[NPII ( 1/Is . .
Sl=L N e (1+21/IS) t (pure Physisorption).

Then, considering previous experiments performed at I = 142.86 mW /cm? (P =

3+
56.1mW ), D(t) is solely a function of % for both the amplitude and the

characteristic time as shown in Figure 3.27.

25

T

20 |
E -
5 -
— 15 F
‘9 L
[i5] - L J
E | ® 0.10mMTiO,
S 10 0.55 mM TiO, ]
=3
< 1.10mM TiO, ]
Equation A*(x*(1-exp(-Blsqri(x))))*(1/3) . 550 mM '|'i(j)2 1
5 Value Error Au dot diameter
A 042353 0.02032 4
B 244 .25 57.572
Chisg 21.989 MNA
RA2 0.92961 MNA
O...I....I....I....l....l....
0.0 5.0x10°  1.0x10° 15x10° 2.0x10° 2.5x10° 3.0x10°
[AU*/INP]

Figure 3.27 Variation of the Au ND size with both gold ion concentration and TiO2 NPs concentrations.

Data obtained for different TiO2 NPs and gold ion concentrations match perfectly
1/3
with the fit of the predicted dynamics. From the fitting, we deduce A = (%@V%) =

0.42 . And considering an average yield Y =58.4% for the four different [NP]
1/3
experiments, we finally get (:::—?9”)) = 0.35, once again close to the theoretical value

of 0.32.
3.4.5.6 First scaling analysis

Full scaling will confirm the adsorption mechanism of MeOH and Au3* on TiO2

anatase.
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We have concluded the growth model in the 3.4.4.2 section as below,

([A[Lzzz]]o)l/s D(t) = [ 8Vau f(t/T)] where f(t/T - o) =1, and

mk(0)Y
. : ot [HS]o[NP]I
(i) for pure chemisorption: e e t and
. . Lot [HSIo[NP]I ( 1/Is ]
(i) for pure physisorption: - VTR (1+21/15) t

NP]
[Au3*]o

1/3
Since numerous reaction rates are missing, we should plot( ) D(t) as a

function of

[MeOH]o[NPII 1 ( 21/Ig

o = )-tocE to see whether or not we have the
[Au3+], 2 \1+21/Ig T

emergence of a full scaling of the data sets. The difficulty is that we do not know I,
we just suspect 0.2 W /cm? K I; < 100 W /cm?, the latter value corresponding to the
mean intensity previously used in the photodeposition experiments performed in a
microchannel. Fortunately, we have enough data at a fixed beam intensity (most
cuvette experiments were performed at I = 0.14 W /cm? so that we can already check
a scaling based on time and concentration variations). Since these data will eventually

be compared to those obtained in microchannel experiments for which the condition

[MeOH]o[NP]I 1

I > I is verified, we choose ( ) D =t as the rescaled time.
I>Ig 0

[NP]
[Au3t]y

1/3 . [MeOH]o[NP]I 1
) D(t) as a function of T,z t ( )1>>15 for the

Then, we plot (

whole set of data obtained at I = 0.14 W /cm?, thus generalizing what we had already

3+]

done for the variation of the diameter as a function of —=2 4 ¢ at constant [MeOH],. The

[NP]

result of the fit is shown in Figure 3.28.
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Figure 3.28 Plot of the Au ND diameter D(|[NP]/Au3*)'/? as a function of the rescaled high field time

(5) 1% /% - 1. ¢ obtained under various conditions. when varying the exposure times (Figure
I>Ig 0

T 2

3.22 and Figure 3.23), and the gold ions concentration (Figure 3.24 and 3.26).

Growth data in [NP], [Au®**],, and time, do perfectly collapse with the model

[NP]
[Au3t]y

1/3
predictions at constant beam intensity. The whole fit gives D, ( ) = 0.41. As

INP] \1/3 _ rgvy, 1)1/3 . —
Dy, ([Au3+]0) = (m{(e);) and the mean yield for the whole data set is Y = 54 %,

1/3
we find (::g‘;‘)) = 0.33 in very good agreement with the theoretical value of 0.32.

This curve demonstrates the late-stage convergence of the gold diameter towards a

[Au*]
Y[NP]

1/3
final value that behaves as Doooc< 0) nm , where Y[NP] represents the

concentration of NHDs. Moreover, the quantitative agreement with the predicted value

1/3 Aud+t 1/3
is demonstrated so that we can even predict Doo:(::—g‘;)) (%)
[au3+] \1/3
3.2285 ><10‘1><(—°) nm.
Y[NP]

3.4.5.7 Chemisorption or physisorption: experiments in beam intensity

We still have to demonstrate which adsorption mechanism is responsible for the
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single Au nanodot deposition on the bare TiO2 nanoparticles. We have the following

predicted scaling

()" bty = [2e - f(e/m)] " where £t/ - o0) = 1, and

[Au3T], k(0)Y

, . Lt [HS]o[NP]I

(i) for pure Chemisorption: - [A;T]o -t or,

. . Lt [HSIo[NPII ( I/Is
(i) for pure Physisorption: = e (1+21/15) t

So, the beam intensity experiments should discriminate them if experiments are

performed at I /I; < 1 where an intensity variation (HI;—;Z) ~ I /I should be observed,
S

I/Ig

while saturation is expected (—1+ 211
S

)~ for 1/Is> 1.

Curves plotting the variation of the diameter with (5) x WQOH—i‘jr[NP]I-l-t
2IPNE [Aaut]lo 2

t

assuming (T

) and a pure Chemisorption mechanism obtained at different beam
I>Is

intensities should all collapse together because they are independent of (115?1 )
S

t

Conversely, when plotting the diameter as a function of (T

) in the presence of
I>Ig

1+421/Ig

physisorption, data will be overestimated by a factor( o
S

) and thus artificially

t
T

shifted toward a larger ( ) . The plot is shown in Figure 3.29.
I>Ig
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I I I i 1 L LT L L) T T L L
L | Equation | A*(1-exp(-B*x)}*(1/3) Equation | A*{1-exp(-B*x))"(1/3) -
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Figure 3.29 Plot of the variation of Au ND diameter D([NP]/Au3*)!/3as a function of the rescaled
. t [MeOH]o[NP]I 1 . .
time (- X [———,.— "7 t obtained for various powers.
T I»Ig [Au ]0 2

Data in intensity clearly do not merge when rescaled according to the very high field

. t MeOH |o|NP]|I
time scale (—) o |MEOHIoINPII
I>Ig

Lot Then, the chemisorption should definitively be
T [Au3*], 2

eliminated as a mechanism of adsorption for the photoreduction of gold ions. Then,

we now need to check quantitatively if physisorption can explain these observations.

3.4.5.8 Physisorption mechanism for both cuvette and microchannel

experiments

The differences between the cuvette and the microchannels experiments are (i)
much longer exposure times (2-32 min vs. <1 s), (ii) much lower beam intensities (0.1-
0.2 vs 50-400 W/cm?) in the cuvette versus microchannel. Item (i) gives access to the
gold growth toward completion in the cuvette experiments while such a regime is not
accessible when using a solution flowing in a microchannel. ltem (ii) has a strong

influence since the physisorption is driven by the intensity, varying linearly at low
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intensities (cuvette) and reaching a constant value at large ones (microchannel). We

expect:

( Lld )1/3 D(t) = [ o 'f(t/r)]l/3 where f(t/1— o) =1

[Au3*], k()Y
With the following temporal behaviors:

. . . t_(t [MeOH]o[NP]I
For experiments in microchannels (I > Is), so that -= (T)I»IS At

N |-
~

[MeOH]o[NPII 1 ( 2I/Is \ .
> ()

. . t
For experiments in cuvettes (I « I), so that - Tt T2/

We first plot all the data sets as a function of the high field rescaled time G) o
I>Ig

[MeOH]o[NP]I

2 1.t The fitting result is shown in Figure 3.30.
[Au3*t], 2

D*([NPJ[Au])*(1/3) (nm)

Microchannel
Cuvette-P40

01 F
Cuvette-P56
Cuvette-P80 A
N FEETIT) | sl o3 aaaanl METETETTIT
103 10? 107 10° 10' 10°

t/Tau high field
Figure 3.30 Plots of the Au ND diameter D(|NP|/Au3*)'/3 as a function of the rescaled time

(t) « [MeOH]y[NP]I
I>Ig

- 1. t obtained in microchannel and cuvette setups.
[au3*t]y 2

T

On this graph, it appears that the microchannel experiments are shifted toward the

smallest % values as expected. Moreover, they do not show any other beam intensity

t

dependence than that which already appears in (T

) (see Bai et al.®®); this strongly
I>Ig
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suggests that the microchannel experiments are indeed performed at [ > I;.

We now need to rescale these four data sets according to the physisorption
mechanism by trying to find a value of I, compatible with the condition Iy ette K Is K
Iyiicrochannet» that allows merging all the high-field data sets whatever the used beam
intensity and setup. A way to do that statistically consists in fitting the amplitude of the
1/3 regime of the growth laws fitted in Figure 3.30 versus 1/I; this is not necessary
for experiments performed in microchannels as they already belong to this 1/3 power-

law regime. Indeed, in the early growth regime, the plots above give us

1/3 1/3
( Lld ) D(t) =AX (5) , Where A (2) is the expected intensity-dependent
I»Ig I

[Au3t], T s

21/1g
1+21/Ig

. . . . 21 1/3 . .
amplitude. Physisorption predicts A (1—) « ( ) where A is a constant, which

. 21 1\ ~1/3 . .
can be rewritten as A (1—) [ (1 + Z) . In the representation below we attributed to

the microchannel experiments, the mean intensity of the range of investigation, i.e.

200 W /cm?.
1.2 et [Tt et
—@— Amplitude 1/3
1.1
y = A(1+B/25x)\(-1/3)
Value Error
1
A 1.1901 0.018145
B 2.8743 023627 |1
o °F Chisq | 0.000654 NA E
E
° 099803 | . NA
2
£
<

1/lapp (cm2/W)

Figure 3.31 Plot of the amplitude D([NP]/Au3*)'/? as a function of the 1/ obtained in microchannel

and cuvette setups.

The plot in Figure 3.31 shows that the fit of the amplitude as a function of
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-1/3 —
(1 + ;—i) is particularly accurate. It gives B, I = (2.9 + 0.2) W /cm?.

[MeOH]o[NPII 1 ( 21/Ig ) )

Eventually, we replotted all the data sets as a function of Lx
T [Au3*], 2 \1+21/Ig

t with Iy = 2.9 W /cm? to get a total collapse of any type of Au@TiO2 photodeposition

experiment performed in high-field conditions (Figure 3.32).

1k Equation A*(1-exp(-B*x))"(1/3) i
Value Error _ 2
[ A 0.39142 0.00575 Is=2.8743 Wicm ]
B 41.756 6.2582
[ | Chisqgr 0.12742 NA )
F | R*2 0.34345 NA Completion
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Figure 3.32 Plot of the Au ND diameter D(|NP]/[Au®*])'/? as a function of the rescaled time (f) o

[MeOH]o[NP]I 1 ( 21/1

T3] >\ T2 ) t (I; = 2.9 W/cm?) obtained in microchannel and cuvette setups.
0 S

We indeed observe the collapse in the intensity of all the data sets performed in
various conditions that confirms a physisorption mechanism and gives us a coherent
value for I5. This collapse allows us to figure out the whole growth dynamics of an Au
ND onto TiO2 NPs by laser deposition from the 1/3 regime (mainly observed in
microchannel experiments) to the crossover toward completion in the high-field
condition (shown by cuvette experiments), whatever the concentrations and the

intensities.
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[NP] )1/3 _

Finally, the global fit according to the expected dynamics gives D,, (m

1/3 1/3 _
0.39152.As D, ([;:311]] ) = (::—E‘eu)%) and the mean yield for the whole datais Y =
0

1/3
57 %, we find (:;’?9“)) = 0.325 in excellent agreement with the theoretical value of

0.32.

3.4.6 Conclusion of modeling

1) Photodeposition of metals onto TiOz is driven by physisorption as illustrated by the
global rescaling and the fitting of the experimental gold ND growth versus
concentrations and intensity.

2) The collapse on a master curve of short- and long-time exposure experiments,
allows us to describe the entire dynamics of the growth of a gold ND onto a TiO2 NP
from the regime of exponent 1/3 up to the completion.

3) Beyond investigating the dynamics, completion offers us a way to predict the final

size in any experimental conditions if we know the yield.

3.5 Conclusion

In this section, experiments dedicated to the photodeposition of Au nanodots onto
bare TiO2 nanoparticles were performed using a UV laser as the light source in a
cuvette setup. Au-TiO2 NHDs were obtained, and TEM and UV-vis spectroscopy were
performed to characterize the Au nanodots deposited on the TiO2 surface. The effect
of the TiO2 and gold precursor concentrations, the laser intensity I, and the exposure
time on the photodeposition process were investigated. The gold ND size was well
fitted with the prediction value.

We achieved all the initial objectives of this project:
(i) a close to 100% yield of Au-TiO2 NHDs was achieved by modifying the
concentration of TiO2 and gold precursor,

(i) the adsorption mechanism of methanol and gold precursor on TiO2 during
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photodeposition was investigated. We showed that the use of a laser beam
and the variation of its intensity constituted an elegant way to discriminate
between chemi- and physi- sorption. It was illustrated that the photodeposition
of metals onto TiO2 was driven by physisorption by fitting the experimental data,

(i) by comparing experimental data obtained in microchannel and cuvette setups,
the established modeling showed that all the results did collapse onto a single
master curve, offering the possibility to describe the entire dynamics of the Au
ND growth on TiO2z from the 1/3 growth regime up to completion,

(iv)  the final size of Au NDs can be accurately predicted in particular the growth

completion.

126

References page 127



Chapter 3 Photodeposition of Au Nanodots on TiO2 Nanoparticles

3.6 References

1. Ibhadon, A.; Fitzpatrick, P., Heterogeneous Photocatalysis: Recent Advances and Applications.

Catalysts 2013, 3 (1), 189-218.

2. Meng, A.; Zhang, L.; Cheng, B.; Yu, J., TiO>—MnOx-Pt Hybrid Multiheterojunction Film

Photocatalyst with Enhanced Photocatalytic CO2-Reduction Activity. ACS applied materials & interfaces

2018, 11 (6), 5581-5589.

3. Yoon, S.; Oh, K;; Liu, F.; Seo, J. H.; Somorjai, G. A.; Lee, J. H.; An, K., Specific Metal-Support

Interactions between Nanoparticle Layers for Catalysts with Enhanced Methanol Oxidation Activity.

ACS Catalysis 2018, 8 (6), 5391-5398.

4. \Veziroglu, S.; Obermann, A.-L.; Ullrich, M.; Hussain, M.; Kamp, M.; Kienle, L.; Lei8ner, T.; Rubahn,

H.-G.; Polonskyi, O.; Strunskus, T.; Fiutowski, J.; Es-Souni, M.; Adam, J.; Faupel, F.; Aktas, O. C.,

Photodeposition of Au Nanoclusters for Enhanced Photocatalytic Dye Degradation over TiO2 Thin Film.

ACS applied materials & interfaces 2020, 12 (13), 14983-14992.

5. Gomathi Devi, L.; Kavitha, R., A Review on Plasmonic Metal-TiO2> Composite for Generation,

Trapping, Storing and Dynamic Vectorial Transfer of Photogenerated Electrons Across the Schottky

Junction in a Photocatalytic System. Applied Surface Science 2016, 360, 601-622.

6. Wenderich, K.; Mul, G., Methods, Mechanism, and Applications of Photodeposition in

Photocatalysis: a review. Chemical reviews 2016, 116 (23), 14587-14619.

7. Lee, Y. Kim, E.; Park, Y.; Kim, J.; Ryu, W.; Rho, J.; Kim, K., Photodeposited Metal-Semiconductor

Nanocomposites and Their Applications. Journal of Materiomics 2018, 4 (2), 83-94.

8. Avyati, A.; Ahmadpour, A.; Bamoharram, F. F.; Tanhaei, B.; Manttari, M.; Sillanpaa, M., A Review on

Catalytic Applications of Au/TiO2 Nanoparticles in the Removal of Water Pollutant. Chemosphere 2014,

107, 163-174.

9. Tanaka, A.; Fuku, K.; Nishi, T.; Hashimoto, K.; Kominami, H., Functionalization of Au/TiO2

Plasmonic Photocatalysts with Pd by Formation of a Core—Shell Structure for Effective Dechlorination

of Chlorobenzene Under Irradiation of Visible Light. The Journal of Physical Chemistry C 2013, 117

(33), 16983-16989.

10. Yang, G.; Ding, H.; Chen, D.; Feng, J.; Hao, Q.; Zhu, Y., Construction of Urchin-Like ZnIn2Ss-Au-

TiO2 Heterostructure with Enhanced Activity for Photocatalytic Hydrogen Evolution. Applied Catalysis

B: Environmental 2018, 234, 260-267.

11. Singh, J.; Sahu, K.; Satpati, B.; Shah, J.; Kotnala, R.; Mohapatra, S., Facile Synthesis, Structural

and Optical Properties of Au-TiO2 Plasmonic Nanohybrids for Photocatalytic Applications. Journal of

Physics and Chemistry of Solids 2019, 135, 109100.

12. Feil, A. F.; Migowski, P.; Scheffer, F. R.; Pierozan, M. D.; Corsetti, R. R.; Rodrigues, M.; Pezzi, R.

P.; Machado, G.; Amaral, L.; Teixeira, S. R., Growth of TiO2 Nanotube Arrays with Simultaneous Au

Nanoparticles Impregnation: Photocatalysts for Hydrogen Production. Journal of the Brazilian Chemical

Society 2010, 21, 1359-1365.

13. Li, W.-C.; Comotti, M.; Schiith, F., Highly Reproducible Syntheses of Active Au/TiO2 Catalysts for

CO Oxidation by Deposition—Precipitation or Impregnation. Journal of Catalysis 2006, 237 (1), 190-196.

14. Rodriguez-Martinez, C.; Garcia-Dominguez, A. E.; Guerrero-Robles, F.; Saavedra-Diaz, R. O;

Torres-Torres, G.; Felipe, C.; Ojeda-Lopez, R.; Silahua-Pavén, A.; Cervantes-Uribe, A., Synthesis of
127

References page 127



Chapter 3 Photodeposition of Au Nanodots on TiO2 Nanoparticles

Supported Metal Nanoparticles (Au/TiOz2) by the Suspension Impregnation Method. Journal of
Composites Science 2020, 4 (3), 89.

15. Zanella, R.; Delannoy, L.; Louis, C., Mechanism of Deposition of Gold Precursors onto TiO2 During
the Preparation by Cation Adsorption and Deposition—Precipitation with NaOH and urea. Applied
Catalysis A: General 2005, 291 (1-2), 62-72.

16. Oros-Ruiz, S.; Zanella, R.; Lépez, R.; Hernandez-Gordillo, A.; Gémez, R., Photocatalytic Hydrogen
Production by Water/Methanol Decomposition Using Au/TiO2 Prepared by Deposition—Precipitation with
Urea. Journal of hazardous materials 2013, 263, 2-10.

17. Huang, J.; He, S.; Goodsell, J. L.; Mulcahy, J. R.; Guo, W.; Angerhofer, A.; Wei, W. D., Manipulating
Atomic Structures at the Au/TiOz2 Interface for Oz Activation. Journal of the American Chemical Society
2020, 142 (14), 6456-6460.

18. Fu, C.; Li, M,; Li, H.; Li, C.; guo Wu, X.; Yang, B., Fabrication of Au Nanoparticle/TiO2 Hybrid Films
for Photoelectrocatalytic Degradation of Methyl orange. Journal of alloys and compounds 2017, 692,
727-733.

19. Luo, S.; Xiao, Y.; Yang, L.; Liu, C.; Su, F,; Li, Y.; Cai, Q.; Zeng, G., Simultaneous Detoxification of
Hexavalent Chromium and Acid Orange 7 by a Novel Au/TiO2 Heterojunction Composite Nanotube
Arrays. Separation and Purification Technology 2011, 79 (1), 85-91.

20. Yang, Y.-F.; Sangeetha, P.; Chen, Y.-W., Au/TiO2 Catalysts Prepared by Photo-Deposition Method
for Selective CO Oxidation in H2 Stream. International Journal of Hydrogen Energy 2009, 34 (21), 8912-
8920.

21. Bhardwaij, S.; Dogra, D.; Pal, B.; Singh, S., Photodeposition Time Dependant Growth, Size and
Photoactivity of Ag and Cu Deposited Tio2 Nanocatalyst under Solar Irradiation. Solar Energy 2019,
194, 618-627.

22. Bamwenda, G. R.; Tsubota, S.; Nakamura, T.; Haruta, M., Photoassisted Hydrogen Production
from a Water-Ethanol Solution: a Comparison of Activities of Au-TiO2 and Pt-TiO2. Journal of
Photochemistry and Photobiology A: Chemistry 1995, 89 (2), 177-189.

23. Tanaka, A.; Ogino, A.; lwaki, M.; Hashimoto, K.; Ohnuma, A.; Amano, F.; Ohtani, B.; Kominami, H.,
Gold-Titanium(lV) Oxide Plasmonic Photocatalysts Prepared by a Colloid-Photodeposition Method:
Correlation Between Physical Properties and Photocatalytic Activities. Langmuir 2012, 28 (36), 13105-
11.

24. Kenens, B.; Chamtouri, M.; Aubert, R.; Miyakawa, K.; Hayasaka, Y.; Naiki, H.; Watanabe, H.; Inose,
T.; Fujita, Y.; Lu, G.; Masuhara, A.; Uji-i, H., Solvent-Induced Improvement of Au Photo-Deposition and
Resulting Photo-Catalytic Efficiency of Au/TiO2. RSC Advances 2016, 6 (100), 97464-97468.

25. lliev, V.; Tomova, D.; Bilyarska, L.; Tyuliev, G., Influence of the Slze of Gold Nanoparticles
Deposited on TiO2 Upon the Photocatalytic Destruction of Oxalic Acid. Journal of Molecular Catalysis
A: Chemical 2007, 263 (1-2), 32-38.

26. Gartner, F.,; Losse, S.; Boddien, A.; Pohl, M. M.; Denurra, S.; Junge, H.; Beller, M., Hydrogen
Evolution from Water/Alcohol Mixtures: Effective in Situ Generation of an Active Au/TiO2 Catalyst.
ChemSusChem 2012, 5 (3), 530-3.

27. Hidalgo, M. C.; Murcia, J. J.; Navio, J. A.; Colén, G., Photodeposition of Gold on Titanium Dioxide
for Photocatalytic Phenol Oxidation. Applied Catalysis A: General 2011, 397 (1-2), 112-120.

28. Deepagan, V. G.; You, D. G.; Um, W.; Ko, H.; Kwon, S.; Choi, K. Y.; Yi, G.-R.; Lee, J. Y.; Lee, D.
S.; Kim, K.; Kwon, I. C.; Park, J. H., Long-Circulating Au-TiO2 Nanocomposite as a Sonosensitizer for

ROS-Mediated Eradication of Cancer. Nano Lett. 2016, 16 (10), 6257-6264.
128

References page 127



Chapter 3 Photodeposition of Au Nanodots on TiO2 Nanoparticles

29. Zhou, X,; Qian, K.; Zhang, Y,; Li, D.; Wei, Z.; Wang, H.; Ye, R;; Liu, J.; Ye, B.; Huang, W., Tuning
the Size of Photo-deposited Metal Nanoparticles via Manipulating Surface Defect Structures of TiO2
Nanocrystals. Chem Commun (Camb) 2020, 56 (13), 1964-1967.

30. Yoshida, T.; Misu, Y.; Yamamoto, M.; Tanabe, T.; Kumagai, J.; Ogawa, S.; Yagi, S., Effects of the
Amount of Au Nanoparticles on the Visible Light Response of TiO2 Photocatalysts. Catalysis Today
2020, 352, 34-38.

31. Sangeetha, P.; Chang, L.-H.; Chen, Y.-W., Preferential Oxidation of CO in H2 Stream on Au/TiO2
Catalysts: Effect of Preparation Method. Industrial & engineering chemistry research 2009, 48 (12),
5666-5670.

32. Wang, D.; Bi, Q.; Yin, G.; Wang, P.; Huang, F.; Xie, X.; Jiang, M., Photochemical Preparation of
Anatase Titania Supported Gold Catalyst for Ethanol Synthesis from CO2 Hydrogenation. Catal. Lett.
2018, 148 (1), 11-22,

33. Bai, Q.; Shupyk, I.; Vauriot, L.; Majimel, J.; Labrugere, C.; Delville, M. H.; Delville, J. P., Design of
Metal@Titanium Oxide Nano-Heterodimers by Laser-Driven Photodeposition: Growth Mechanism and
Modeling. ACS Nano 2021, 15 (2), 2947-2961.

34. Kanie, K.; Sugimoto, T., Shape Control of Anatase TiO2 Nanoparticles by Amino Acids in a Gel-Sol
System. Chemical Communications 2004, (14), 1584-1585.

35. Xu,J.; Li,L.;Yan,Y.; Wang, H.; Wang, X.; Fu, X,; Li, G., Synthesis and Photoluminescence of Well-
Dispersible Anatase TiO2 Nanoparticles. Journal of colloid and interface science 2008, 318 (1), 29-34.

36. Bai, Q. Synthesis of Nano Heterodimers by Laser Photodeposition of Metal Nanodots on TiO2
Nanoparticles. Université de Bordeaux, 2019.

37. Amendola, V.; Pilot, R.; Frasconi, M.; Marago, O. M.; lati, M. A., Surface Plasmon Resonance in
Gold Nanoparticles: a Review. Journal of Physics: Condensed Matter 2017, 29 (20), 203002.

38. Reddy, K. M.; Manorama, S. V.; Reddy, A. R., Bandgap Studies on Anatase Titanium Dioxide
Nanoparticles. Materials Chemistry and Physics 2003, 78 (1), 239-245.

39. Minero, C., Kinetic Analysis of Photoinduced Reactions at the Water Semiconductor Interface.
Catalysis Today 1999, 54 (2-3), 205-216.

40. Bohren, C. F.; Huffman, D. R., Absorption and Scattering of Light by Small Particles. John Wiley &
Sons: 2008.

41. Dimitrijevic, N. M.; Shkrob, I. A.; Gosztola, D. J.; Rajh, T., Dynamics of Interfacial Charge Transfer
to Formic Acid, Formaldehyde, and Methanol on the Surface of TiO2> Nanoparticles and Its Role in
Methane Production. The Journal of Physical Chemistry C 2012, 116 (1), 878-885.

42. Henry, C. R., Growth, Structure and Morphology of Supported Metal Clusters Studied by Surface
Science Techniques. Crystal Research and Technology: Journal of Experimental and Industrial

Crystallography 1998, 33 (7-8), 1119-1140.

43. Mills, A.; O'Rourke, C.; Moore, K., Powder Semiconductor Photocatalysis in Aqueous Solution: An
Overview of Kinetics-Based Reaction Mechanisms. Journal of Photochemistry and Photobiology A:
Chemistry 2015, 310, 66-105.

44. Laidler, K., Chemical Kinetics, 1987. Google Scholar 1987, 42.

45. Mueller, R.; Kammler, H. K.; Wegner, K.; Pratsinis, S. E., OH Surface Density of SiO2 and TiOz by
Thermogravimetric Analysis. Langmuir 2003, 19 (1), 160-165.

46. Soejima, T.; Tada, H.; Kawahara, T.; Ito, S., Formation of Au Nanoclusters on TiO2 Surfaces by a

Two-Step Method Consisting of Au (IlI)-Complex Chemisorption and Its Photoreduction. Langmuir 2002,
129

References page 127



Chapter 3 Photodeposition of Au Nanodots on TiO2 Nanoparticles

18 (11), 4191-4194.

47. Clarizia, L.; Di Somma, I.; Onotri, L.; Andreozzi, R.; Marotta, R., Kinetic Modeling of Hydrogen
Generation Over Nano-Cu (s)/TiO2 Catalyst Through Photoreforming of Alcohols. Catalysis Today 2017,
281, 117-123.

48. Matthews, R. W., Kinetics of Photocatalytic Oxidation of Organic Solutes Over Titanium Dioxide.
Journal of Catalysis 1988, 111 (2), 264-272.

49. Vohra, M.; Selimuzzaman, S.; Al-Suwaiyan, M., NH4*-NHs Removal from Simulated Wastewater

Using UV-TiO2 Photocatalysis: Effect of Co-Pollutants and pH. Environmental technology 2010, 31 (6),

641-654.

50. Monllor-Satoca, D.; Gémez, R.; Gonzalez-Hidalgo, M.; Salvador, P., The “Direct—Indirect” Model:
An Alternative Kinetic Approach in Heterogeneous Photocatalysis Based on the Degree of Interaction
of Dissolved Pollutant Species with the Semiconductor Surface. Catalysis Today 2007, 129 (1-2), 247-
255.

51. Emeline, A.; Ryabchuk, V.; Serpone, N., Dogmas and Misconceptions in Heterogeneous
Photocatalysis. Some Enlightened Reflections. The Journal of Physical Chemistry B 2005, 109 (39),
18515-18521.

52. Dolgikh, Y. K.; Ryabchuk, V.; Basov, L.; Grenishin, S., Photoinduced Oxygen Adsorption of AgBr
Crystals at 77 K. Reaction Kinetics and Catalysis Letters 1986, 32 (1), 45-50.

130

References page 127



Chapter 4

Photodeposition of Ag, and Pd Nanodots

on TiO2 Nanoparticles






Table of contents

L0 1= o] 1= o SO PP PPPPPPPPPPPPPR 131
Photodeposition of Ag, and Pd Nanodots on TiO2 Nanoparticles..........cccccoeeiiiiiiiiiineeeeinnn, 131
4.1 Introduction to the photodeposition of Ag NDs on TiO2 NPS.......cccccoeciveeivcieeeeeeee 135
4.1.2 Experimental Method.........c..ooi i 138

4.1.3 Results and diSCUSSION.........cciceiriiie e 138

4.1.3.1 The effects of the hole scavenger on Ag photodeposition......................... 139

4.1.3.2 The effects of the exposure time on Ag photodeposition.............ccccccc....... 140

4.1.3.3 The effects of the laser power on the Ag photodeposition......................... 143

4.1.3.4 The effects of PVP on the Ag photodeposition ...........ccccccceeeiiiicciiinenen. 146

4.1.3.5 Different SilVEr PreCUIrSOIS ......ocoiiuiiie et e e e 147

o I 3 O o] o] 11 ] (o] o PSP RPRROPI 150

4.2 Introduction to the photodeposition of Pd NDs on TiO2 NPs........cccoocieeiiiiieneeneee. 150
4.2.1 EXperiment MEthOd .........ooiieeeee e 152

4.2.2 Result and diSCUSSION..........ueiiiiiiiie ittt 153

4.2.2.1 The effects of the hole scavenger on the Pd photodeposition................... 153

4.2.2.2 The respective influence of HNO3 and HCI on the Pd photodeposition .... 154
4.2.2.3 The effects of the metal precursor on the Pd photodeposition................... 156
4.2.2.4 The effects of the exposure time on the Pd photodeposition .................... 158
4.2.2.5 The effects of TiO2 and Pd?* concentrations on the Pd photodeposition .. 160
G B @70 ] o] 11 (o] o SRR 163

4.3 Laser deposition of Pd and Ag NDs onto TiO2> NPs in the cuvette and microchannel

setups from growth t0 COMPIETION ........eeiiiiiiie e 164
4.3.1 Overall analysis of the experiments on Silver photodeposition ........................ 168
4.3.2 Overall analysis of the experiments on Palladium photodeposition ................. 172

g @] Tod 011 o] o SRR 177

A D RO EIENCES. ...t e ettt e e et e et et e e e e e e e e e e e e e e e aaae 179






Chapter 4 Photodeposition of Ag, Pd Nanodots on TiO2 Nanoparticles

4.1 Introduction to the photodeposition of Ag NDs on
TiO2 NPs

The noble metal, Ag, is a promising candidate for extensive applications because
of its low cost, inherent antibacterial activity, and simple preparation methods. Among
hybrid metal-semiconductor systems, Ag-TiO2 nanoparticles have attracted
substantial attention because they combine the advantages of silver, a nontoxic,
remarkable catalytic metal with size- and shape-dependent optical properties, and
TiOz2, a photoactive and low-cost semiconductor material. Ag has been introduced onto
the TiO2 surface in different ways including physical vapor deposition', chemical
reduction?, deposition-precipitation,® and photo-deposition methods.*

Photodeposition is one of the simplest methods to synthesize noble
metal/semiconductor nanocomposites. In contrast to most other methods that require
high temperatures, additional redox agents, or multi-step processing, the photo-
induced reduction requires only the irradiation of a light source. Furthermore, the size
of metal NPs can be controlled by adjusting the concentration of precursor, irradiating
time, and irradiating power.

In 1971, Fleischauer et al.® proposed a simple reaction scheme for the
photoreduction of Ag* ions on both TiO2 and ZnO surfaces. They assumed an electron
transfer from the conduction band, under flat band conditions, to the adsorbed Ag*
ions, without the intervention of the deep-trapped electron states. Then, in 1981, Hada
et al.” studied the reduction of Ag* by irradiation with a 365 nm light on TiO2 single-
crystal surface in aqueous solutions containing AgNOs. They proposed that some
conduction-band electrons, produced in the TiOz2 by irradiation, transferred to the Ag*
adsorbed on the TiOz2 surface. Afterward, Ohtani and co-workers &° suggested that the
significant pH dependence of the photocatalytic activity of TiO2 suspended in AQNO3
solution was correlated with the pH-dependent adsorption of Ag* on the TiO2 surface.
They inferred the involvement of Ag-O-Ti surface states formed by the “chemisorption”

of Ag® at specific active sites on the TiO2 surface. The initial studies on Ag
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photodeposition on semiconductors mainly focused on mechanisms but rarely
involved morphology, distribution, or size of Ag nanodots (NDs) which, however, play

a significant role in photocatalytic activity.

Chen and coworkers'® synthesized silver-decorated TiO2 nanoparticles (NPs)
(Ag@TiO2) by photoreduction of Ag* species in an EG-ethanol solution in the presence
of TiO2 (P25) NPs. Ag nanoclusters (NCs) with a size range of 1 to 3 nm were uniformly
anchored on the surface of the TiO2 NPs, and the distribution densities of Ag NCs
increased with increasing amounts of Ag*. When degrading Rhodamine B under
visible light, they found that the photocatalytic activity of the as-synthesized Ag@TiO:2
nanocomposites depended on the Ag-loading density. Ag@TiO2 photocatalysts with
~1% Ag NCs exhibited the best photocatalytic performance with a high-rate constant.
In addition, Aulakh et al.,"" using a Hg arc light source, reported the deposition of Ag
on commercially available P25-TiO2 in an aqueous solution with 2-propanol as a hole
scavenger. They found that Ag NPs size, distribution, and oxidation state also
depended on the deposition time.

Photodeposition was also performed in organic media containing TiO2 particles
capped with ligands. Dinh et al.? reported a facile photodeposition technique to
deposit, in toluene, Ag clusters on TiOz particles capped with oleic acid. Their method
was used to control both the population of Ag clusters by tuning the amount of oleic
acid added to the synthesis solution and their size by the irradiation time. The obtained
hybrid Ag-TiO2 hybrid particles exhibited very high performance in photocatalytic
degradation of Methyl blue. Lu and co-authors'® reported the synthesis of Ag-TiO2
nanorod composites, with a single Ag ND attached to one anatase TiO2 nanorod
capped by oleic acid. They precisely controlled the size of the Ag ND deposited on the
TiO2 nanorods, by varying either the irradiation time or the amount of alcohol additive.
They suggested that the formation of such unique hybrid structures could be attributed
to an interesting photoinduced ripening process, in which the photogenerated
oxidative species dissolved small Ag clusters. The photoexcited electrons could then
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reduce the ions again and redeposit them back onto a larger and more stable Ag
particle (as shown in Figure 4.1). These two studies were performed in nonpolar

solvent (toluene) using hydrophobic surfactant-capped TiO2 NPs.

Figure 4.1 The scheme of the proposed formation mechanism of Ag-TiO2 nanorod composites.3

These studies have shown successful synthesis of heterodimer structures with
noble metal and TiOz, but the synthesis was carried out in nonaqueous media. More
importantly, the organic ligands employed may affect the optical properties of the
particles. Another serious limitation is that stabilizers can lead to loss of catalytic
activity to a great extent because they can block many active sites.

In most papers, a UV lamp is commonly used as a light source for photoreduction.®
13-16 However, the exposure time for the photodeposition process using such UV lamps
can take hours because of power intensity limitations, and loaded metallic dots usually
have a small size, typically < 3 nm."% 1718 |t s then very challenging to study the effects
of the metal size and shape on the photocatalytic properties of products, and first to
have a control on these metal size and shape.

This is why, in this chapter, photodepositions of Ag particles on TiO2 will be
performed in aqueous solutions with a high-energy UV laser as a light source. The
investigation of the growth of Ag will be performed by controlling exposure time, and
laser intensities. Two metal precursors, AgNOs and the so-called Tollens’ reagent
([Ag(NH3)2]OH) will be used. The effects of methanol and sodium formate as hole
scavengers on the Ag deposition will be studied. The role of ligand, PVP, on the

deposition will be discussed. Modeling of the data will also be performed.
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4.1.2 Experimental method

Almost the same method as for the Au deposition was used, the pH 3.3 nitric acid
solution containing TiO2 substrate, hole scavengers (methanol or HCOONa), and
silver precursor (AgNO3) is bubbled with Ar for around 10 min. The laser exposure
area is designed to be circular of 1 cm in diameter, thus the 1mL of reaction solution
present in a 1 cm-wide PMMA cuvette can be fully exposed to laser light. The cuvette
is capped, and the solution is continuously stirred at a speed of 300 rpm by a magnetic
stirrer. We adjust the power and exposure time according to the experimental needs.
All experiments are performed at room temperature.

In addition to AgNOs, we also tried the Tollens’ reagent as a silver precursor to
investigate photodeposition in a basic solution. The preparation of the Tollens’ reagent
was performed as follows:'® 520 yL aqueous ammonia (30%) was added into 500 pL
AgNO:s solution (0.5 M), followed by 325 L of NaOH solution (3 M). Water was added
to reach a final volume of 25 mL. This stock solution contained about 10 mM of
[Ag(NH3)2]OH and 0.4 mM free NH3-H20, pH =11.5.

The TEM grid preparation was the same as previously described, (see Chapter
3.2.2 for more details). The size distribution and yields were estimated on an average

of at least 300 TiO2 NPs.

4.1.3 Results and discussion

Previously, Bai et al.,° in our group reported on the synthesis of Ag-TiO2
nanoheterodimers (NHDs) by laser-driven photodeposition in a microfluidic setup.
This microfluidic setup allows working at a very high beam intensity (430 W/cm?) by
setting a very small beam waist. This resulted in the formation of Ag NDs with a
diameter larger than 14 nm in less than a second. They synthesized high-quality Ag-
TiO2 NHDs and built a growth model. However, the flow of the solution within the
microchannel prevented investigations of the late-stage growth of the metal NDs.

In this chapter, we planned to synthesize the Ag-TiO2 NHDs by photodeposition in
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a cuvette setup to reduce the photon flux and thus slow down the reaction rate. The
effects of numerous parameters, e.g., hole scavenger (HS), exposure time, laser
intensity, and nature of the precursor on the photodeposition process were
investigated in detail. In addition, we also performed some deposition in the presence

of PVP used as a colloidal stabilizing agent.

41.31 The effects of the hole scavenger on Ag

photodeposition

Here we checked the role of different hole scavengers (methanol, and HCOONa).
We chose to keep all the other parameters identical and as follows, [TiO2] = 5.5 mM,
[Ag'] = 2 mM, pH = 3.3, exposure time is 320 s and applied power is 28.05 mW. The
effect of the hole scavenger, either methanol (50 vol. %) or HCOONa (2 mM) is
investigated. The TEM images and the size distributions of Ag NDs are shown in

Figure 4.2.
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Figure 4.2 TEM images of Ag-TiO2 NHDs synthesized using different hole scavengers. (a) methanol,
(c) HCOONa and their corresponding size distributions (b, d). Note that the size of tiny dots (< 5 nm) is
not taken into account in the histogram.
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With methanol or HCOONa as hole scavengers, the size of Ag NDs is identical,
around 9 nm, and the yields are 37% and 41%, respectively. The difference in hole
scavenging comes from the silver particle distributions. In the case of methanol, in
addition to the large silver ND (9 nm), much tinier Ag nanodots with a size ranging
from 1 to 4 nm appear on the TiO2 NPs, resulting in a bi-modal distribution of the silver
particles. However, when HCOONa is used, most of the structures are of the
heterodimer type, with one Ag ND per TiO2 NP, although there are a few smaller Ag
NDs. HCOONa is a more reliable choice for a single dot Ag deposition, while 50 vol. %
methanol seems excessive here though it is effective when depositing Au in chapter

3.

In a short conclusion, in the chosen conditions, 37% and 41% of TiO2 NPs were
decorated with Ag particles (D > 5 nm) using methanol or HCOONa as hole
scavengers, respectively. However, there are some tiny Ag NDs deposited on the TiO2
surface which is detrimental for synthesizing Ag-TiO2 NHDs in the case of methanol
as a hole scavenger. In contrast, the result is better when using HCOONa as the hole

scavenger.

41.3.2 The effects of the exposure time on Ag
photodeposition
Here we used HCOONa as a hole scavenger and fixed the applied power at 56.1

mW, [AgNO3] = 2 mM and [HCOONa] = 2 mM, and varied the exposure time. The TEM

results concerning the resulting Ag-TiO2 NHDs are illustrated in Figure 4.3.
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Figure 4.3 TEM images and size distributions of Ag-TiO2 NHDs synthesized at different exposure times.
(a) 160 s, (c) 400 s, (e) 800 s and (g) 1200 s and their corresponding size distribution (b, d, f and h).
Experimental conditions: [TiO2] = 5.5 mM, [AgNO3] = 2 mM, hole scavenger [HCOONa] = 2 mM, applied
power is 56.1 mW.

The variation of the Ag diameter, as well as the NHDs yield with various exposure
times and the expected diameters when assuming a yield of 100% for comparison,

are shown in Table 4.1 and Figure 4.4 (a).
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Table 4.1 Data of Ag size prepared at different exposure times. 2 Size of tiny dots (<5 nm) is not taken
into account. b The proportion of TiO2 particles decorated with Ag nanodot of diameter larger than 5 nm.
¢ The value is calculated assuming the NHDs yield of Ag-TiO2 is 100% and 100% of the AgNOs is
consumed (see Appendix 1.3). Experimental conditions: [TiO2] = 5.5 mM, [AgNOs] = 2 mM, hole
scavenger [HCOONa] = 2 mM, applied power is 56.1 mW.

Power Exposure time(s) Agdiam. (SD) (nm) NHDs yield (%)® Expected Ag diam.
(mW) 2 (nm)°

56.1 160 8.8(1.8) 12 15

56.1 400 10.2(1.8) 20 15

56.1 800 10.7(2.4) 38 15

56.1 1200 11.7(2.8) 25 15

The diameter of the Ag NDs increases with increasing exposure times. However,
there are plenty of tiny Ag particles (< 5 nm) on each TiO2 and the NHDs yields are all
very low. For a long exposure time of 1200 s, it seems the number of tiny particles
tends to decrease again as compared to shorter times which suggests a ripening

process.?
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Figure 4.4 (a) Variation of the Ag NDs size with the exposure time. (b) UV-vis spectra of Ag-TiO2 at
different exposure times. The starting solution is the reaction solution before illumination by laser.
Experimental conditions: [TiO2] = 5.5 mM, [AgNOs] = 2 mM, hole scavenger [HCOONa] = 2 mM, applied
power is 56.1 mW.

The UV-vis spectroscopy (Figure 4.4 (b)) shows a characteristic band centered at
405 nm corresponding to the surface plasmon resonance of Ag NDs; and its intensity
becomes more pronounced with the exposure time, indicating that Ag NDs are formed
during the photodeposition process.

In addition to this major band at 405 nm, there is a broad shoulder in the range of
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450-500 nm; some authors ascribed this to the near-field coupling between the
adjacent Ag particles on each TiO:z particle (when they are present).'> 20 |t can also
simply be attributed to the contribution of bigger Ag NDs, also illustrated by the

increase of the size distribution, as shown in the histograms in Figure 4.3.

To conclude, the Ag size increases with the exposure time while the number of small
Ag NDs decreases possibly resulting from a ripening process. The UV-vis spectra
confirm the presence of Ag particles after photodeposition. Moreover, Bai® performed
other XPS and HRTEM characterizations in their work and confirmed the formation of

metallic Ag. We did not estimate the necessity to redo these experiments.

41.3.3 The effects of the laser power on the Ag

photodeposition

Here we turn to the effect of the laser power on the photodeposition of Ag on the
TiO2 surface. From the above results, we did not get nice results (low yield, multi Ag
dots) whatever the power (28.05 mW or 56.1 mW). Since we have mentioned that Bai
et al.® obtained high yields of NHDs using a microfluidic setup with very high power
intensity I (50-400 W/cm?), we undertook to vary the applied powers from 88 to 180
mW (I = 0.22 — 0.46 W/cm?), where 180 mW is close to the maximum power available
with our laser for the cuvette setup. The exposure time was fixed at 4 min (240 s). The

TEM results of Ag-TiO2 are shown in Figure 4.5.
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o

Figure 4.5 TEM images of Ag-TiO2 NHDs synthesized at different applied powers. (a) 88 mW, (b) 100
mW, (c) 140 mW and (d) 180 mW. Experimental conditions: [TiO2] = 5.5 mM, [AgNO3] = 0.5 mM, 50
vol.% methanol as a hole scavenger, exposure time of 4 min.

For applied powers of 88 or 100 mW, there are many tiny NDs on each TiOz2 particle,
and a few Ag particles larger than 5 nm are present. These tiny Ag NDs decreased
significantly while a single big Ag particle per TiO2 appeared for powers of either 140
or 180 mW. The mean diameter of Ag was 10.5 (2.1) and 11.1 (2.1) nm at 140 and 180
mW with 38% and 31% yields, respectively. High powers of 140 and 180 mW can more
efficiently generate electrons in a short time and promote the formation of big Ag
particles. As mentioned in part 4.1.3.1, 50 vol % methanol is excessive for Ag
deposition resulting in multi Ag nanodots. However, when the light intensity is very
high, a large number of electrons are generated instantly, and the Ag NPs will grow
quickly avoiding the multi-site nucleation.

As shown in chapter 3, paragraph 3.3.3, the NHDs yield can be significantly
improved by decreasing the concentration of TiO2. Thus, we reduced the concentration
of TiO2 5 times, from 5.5 to 1.1 mM, and varied the exposure times while fixing the

other parameters. Results based on TEM data are shown in Figure 4.6 and Table 4.2.
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Figure 4.6 TEM images and size distributions of Ag-TiO2 synthesized at different exposure times.
(a) 4 min, (b) 8 min and (e) 16 min and (f) 64 min and their corresponding size distributions (c, d, g and
h). Experimental conditions: [TiO2] = 1.1 mM, [AgNOs] = 0.5 mM, 50 vol.% methanol as a hole scavenger,

applied power of 56.1 mW.

For exposure times of 4 and 8 min, it is clear that there are some tiny Ag particles
on the TiO2 as indicated in TEM images (Figure 4.6). Most of the tiny particles
disappeared with increasing time up to 64 min. Moreover, the diameter of the Ag
particles increased gradually from 13.7 to 17.2 nm with a similar NHDs yield (~ 40%).
This phenomenon could be explained by a ripening process with the tiny particles
being consumed to form the big particles along with the exposure time. Lu et al.’® have
synthesized Ag-TiO2 nanorod composites, each of which containing a single Ag
nanoparticle attached to one TiO2 nanorod and they suggested that the formation of
such unique hybrid structures could be attributed to the photoinduced ripening process,
in which the photogenerated oxidative species dissolved the small Ag particles and
then the photoexcited electrons reduced the ions and redeposited them back onto a

larger and more stable Ag ND.
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Table 4.2 Data of Ag size and NHDs yield of Ag-TiO: prepared at different exposure times.

Power lllumination Ag diam. (SD) NHDs yield Estimated Ag diam.
(mW) time (min) (nm) (%) (nm)?

56.1 4 13.7(4.1) 42 214

56.1 8 15.1(4.0) 41 21.6

56.1 16 16.1(4.5) 46 20.8

56.1 32 17.2(5.4) 42 214

56.1 64 17.2(6.7) 40 21.8

a The value is calculated based on the NHDs yield of Ag-TiO2 obtained by experiments and the
assumption that the AgNOs is 100% consumed (see Appendix 1.3).

The NHDs yield is still low even if we work with a lower concentration of TiO2. In
addition, as shown in Figure 4.7, the Ag NDs diameter grows between 0 and 16 min
and reaches a plateau with a stable diameter (~ 17 nm) which corresponds more or

less to the theoretical value (21 nm) given the SD and the large size distribution

(Figure 4.6).
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Figure 4.7 Size of Ag nanodots on TiO2 under different exposure times. The red curve is a fit according
to the modeling described below. Experimental conditions: [TiOz2] = 1.1 mM, [AgNOs] = 0.5 mM, 50 vol.%
methanol as a hole scavenger, applied power of 56.1 mW.

4.1.3.4 The effects of PVP on the Ag photodeposition

It is well known that ligands are sometimes necessary to stabilize nanoparticles in
a colloidal state during their synthesis. Here, Polyvinylpyrrolidone (PVP) is used as a
stabilizer in the photodeposition of Ag NDs on the surface of TiO2. The effects of PVP
on the photodeposition are studied while depositing Ag NDs with and without PVP. The

results are shown in Figure 4.8.
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Figure 4.8 TEM images and size distributions of Ag-TiO2 NHDs synthesized without (a) and with (c)
PVP and their corresponding size distributions (b and d). Experimental conditions: [TiO2] = 5.5 mM,
[AgNO3] = 2 mM, [PVP, 55k] = 1mg/mL, 50 vol.% methanol as a hole scavenger, applied power of 56.1
mW, exposure time of 4 min. Note that the size of tiny dots (< 5 nm) is not taken into account in the
histogram.

.

As we can see in Figure 4.8, in the presence of PVP, the size of the Ag NDs (9.1
nm) is smaller than that of the NDs without PVP (11.3 nm), while their yields are very
close with 37% and 39%, respectively. The obvious advantage of PVP is the absence
of tiny silver NDs on the TiO2 surface. PVP then exhibits a protective and stabilizing
effect and leads to the homogenous formation of Ag particles on the surface of TiOx2.

More experiments are needed to understand the influence of this stabilizer.
4.1.3.5 Different silver precursors

In previous experiments, we conducted the photodeposition in acidic media (pH 3.3)
so that the TiO2 was partially positively charged (TiO2 ZPC 6.5) and colloidally stable.
However, the silver precursor we used, Ag*, is also positively charged which is not

beneficial for its sorption on the surface of TiO2 considering the fundamental state with
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no illumination.

On the other hand, the so-called Tollens' reagent, with a chemical formula
Ag(NHs3)20H, is an alkaline solution of ammoniacal silver nitrate used to test the
presence of aldehydes. This reagent consists of a solution of silver nitrate, ammonia,
and some sodium hydroxide (to maintain a basic pH of the reagent solution). Silver
ions in the presence of hydroxide ions come out of the solution as a brown precipitate
of silver oxide, Ag20. This precipitate dissolves in aqueous ammonia, forming the
diamine silver(l) ion, [Ag(NHs)2]". In this section, this Tollens’ reagent was used as a

silver precursor and photodeposition experiments were performed in basic conditions.
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Figure 4.9 TEM images and size distributions of Ag-TiO2 synthesized using the Tollens’ reagent with

HCOONa (a) and H20 (c) as hole scavengers and their corresponding size distributions (b and d). The

inserted photos 1 and 2 show the reaction solution before and after the photodeposition process.

Experimental conditions: [TiOz] = 5.5 mM, [Ag*] = 0.5 mM, [HCOONa] is 0 or 0.5 mM, applied power of
56.1 mW, exposure time of 4 min.

The detailed recipe to prepare the Tollens’ reagent is given in the experimental
section (4.1.2). The pH of the mixture solution containing H20, HCOONa, and Tollens’
reagent is around 11.5. Under this basic condition, the opposite charges of the TiO2
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surface and [Ag(NHs)2]*, are beneficial for the ionAg* adsorption on the TiO2 surface
thanks to Coulombic attractions. The mixture solution (H20, Tollens’ reagent, and
methanol) changed immediately from colorless to grey when we tried to use methanol
as a hole scavenger, which confirmed that [Ag(NHs)2]* ions were more than easily
reduced to Ag in this condition. Thus, methanol was discarded. The photodeposition
results were compared for HCOONa and Hz0 itself as hole scavengers, as shown in
Figure 4.9. The formation of the silver NPs was preliminarily confirmed by the change
of color of the reaction solution (photos 1 and 2) from colorless to deep red.?'-??
Whatever the hole scavenger, HCOONa, or H20, the Ag NDs diameters and Ag-TiOz2
NHDs yields were very close: 8.1 and 8.2 nm, 58 and 61% respectively. Nonetheless,
the NHDs yield (61%) was significantly improved using the Tollens’ reagent compared
to AgQNOs3 (41%).

To further improve the NHDs vyield, the concentration of TiO2 was reduced to 1.1
mM. The NHDs yield of Ag-TiO2 (TiO2 particles decorated with Ag NDs of diameter
larger than 5 nm) was improved to 90% (Figure 4.10), however, there were also tiny
Ag NDs located on the surface of TiO2. They may be explained by the fact that in this
experiment we not only changed the silver precursor nature but also the ratio between
the TiO2 and silver (5 times higher than in the case of Figure 4.9). The additional

introduction of some PVP might also help prevent this secondary nucleation. These

Cj D=(10.74+3)nm

are new tracks for future experiments.
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Figure 4.10 TEM image (a) and size distributions (b) of Ag-TiO2 synthesized using the Tollens’ reagent.
Experimental conditions: [TiO2] = 1.1 mM, [Ag*] = 0.5 mM, applied power of 56.1 mW, exposure time of
4 min.
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In conclusion, the charge properties of precursors and substates affect the
nucleation and growth of noble metal nanoparticles. Opposing charged Ag precursor
and TiO2 NPs is favorable to the photodeposition. On this basis, more experiments

and investigations should be conducted in the future.
4.1.4 Conclusion

In this section, experiments on the photodeposition of Ag nanodots on TiO2 were
performed using a UV laser as a light source in a cuvette setup. The effects of hole
scavengers, power, exposure time, PVP, and precursors on the photodeposition were
studied. TEM and UV-vis spectroscopy characterizations were conducted to check the
existence, size, and distribution of the Ag nanodots on the surface of TiO2. Higher
precursor concentration seems to produce tiny Ag nanodots besides the main one on
the surface of TiO2. The addition of PVP leads to the suppression of this effect and
the homogenous formation of a single Ag ND per TiO2 and prevents the formation of
tiny Ag particles. The photodeposition of Ag nanoparticles is closely related to

the surface charge of TiO2 and silver precursors.

4.2 Introduction to the photodeposition of Pd NDs on
TiO2 NPs

Among noble metals used to enhance photocatalytic activity under visible irradiation
Ag and Au have been the most extensively studied since they exhibit Localized
Surface Plasmon Resonance (LSPR) in the visible range of the spectrum. Despite
their lower optical efficiency in the visible region, Pd NPs have surprisingly shown
some extraordinary plasmonic properties, such as refractive index sensitivity or
absorption capacity which are better than those of Au or Ag equivalents.?3-?* Moreover,

Pd as a plasmonic material shows other better properties than Au and Ag, for instance,
150

References page 179



Chapter 4 Photodeposition of Ag, Pd Nanodots on TiO2 Nanoparticles

higher stability at elevated temperatures?>-?® making it more suitable for certain
applications. Palladium has been widely used as a catalyst in a wide variety of
reactions, particularly in organic synthesis; for instance, Pd is the best catalyst for C-
C bond formation reactions which are essential in pharmaceutical and agricultural
industries.?-28 In addition, it has an extraordinary ability to reversibly absorb hydrogen
in large quantities even under ambient conditions and has been applied in many
hydrogen technologies including hydrogen purification, storage, and detection as well
as fuel cells.?%-31

Intensive research efforts have been devoted to the decoration of noble metals onto
the TiO2 surface. Ag-TiO2, Au-TiO2, Pt-TiO2 nanocomposite catalysts prepared using
photodeposition methods are reported.'? 32-3° However, there are not so many reports
on the photodeposition of Pd on TiO2 particles.3® The catalytic activity of the Pd-TiO2
catalyst depends on both the Pd crystal size and the distribution of the nanodots, which
are closely related to the photodeposition conditions including hole scavenger,
precursor, and irradiation light.

Palladium chloride (PdClz2) and disodium tetrachloropalladate (Na2PdCls) are
commonly used as precursors for the photodeposition of palladium in many reports.
Since PdCI2 is insoluble in water, it needs to be dissolved into a certain amount of
concentrated hydrochloric acid, while Na2PdCls has good solubility in water. The
different forms of the palladium chloride aqua complexes, [PdCln(H20)4-n]?>" (n = 0- 4)
exhibit different stabilities and reactivities, which are strongly dependent on both pH
and pCl%-3° In Leong’s study,*® Pd/TiO2 nanocomposites synthesized by
photodeposition under sunlight with Na2PdCls as a precursor had Pd particles with a
spherical size ranging from 17 to 29 nm. Tian et al.*! adopted PdCl. as a precursor to
load Pd particles on TiO2 nanowires and got ultra-small Pd clusters (1.3 nm) highly
dispersed on the surface of TiO2. The effects of the different palladium precursors on
photodeposition have not yet been reported probably because of the complexity of
palladium chloride aqua complexes, it then needs to be studied.

The role of different hole scavengers on the Pd photodeposition has been studied
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and reported.*>43 Dadsetan and co-authors*? studied the effects of different organic
alcohols (methanol, ethanol, ethylene glycol, and 1-propanol) as sacrificial electron
donors on the photodeposition of Pd on TiO2. They suggested that alcohols with low
carbon numbers and molar weights resulted in higher reduction rates of Pd and the
highest rate was obtained with methanol.

UV lamps were commonly used as light sources for Pd photodeposition.*4-46 Bai et
al.* successfully deposited Pd nanoparticles on the (101) facets of flower-like anatase
TiOz2 with high-activity (001) facets using ethanol as a hole scavenger in the presence
of UV light irradiation by a Xenon lamp. The Pd/TiO2 nanocomposite catalysts showed
excellent photocatalytic activity for the bisphenol A degradation compared to bare TiO2
under both UV and visible light irradiations. This was attributed to the low
recombination rate of the photogenerated electrons and holes.

Although we know that the catalytic activity of Pd-TiO2 catalysts strongly depends
on the size and distribution of the Pd dots, there are few studies on the growth and
morphology evolution of these Pd NDs on TiO2 under a confined intensity and
exposure time.

In this chapter, unlike in the references mentioned above,*'-4> 44 the photo-
deposition of Pd NDs on TiOz2 is performed using a UV laser as a light source. The
investigation of the growth of Pd will be undertaken under controlled exposure time
and precursor concentration. Two metal precursors, Na2PdCls and PdCl2 will be used
and compared. The effects of methanol and H20 as hole scavengers on the Pd
photodeposition will be studied. In addition, the precise control of the Pd size can be

performed according to modeling of the Pd growth which has been missing up to now.

4.2.1 Experiment method

The experimental procedures for the Pd photodeposition are the same as those for
Au and Ag photodepositions. Methanol and water are used as hole scavengers, and
Na2PdCls or PdCl2 are adopted as precursors. The PdCl2 solution (10 mM) was

prepared by dissolving PdClIz into a pH 2 aqueous hydrochloric acid solution because
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itis insoluble in water, it then becomes H2PdCls. However, since this ion has a complex
behavior in water depending on both pH and pClI, we choose for sake of clarity to go
on mentioning the two precursors in this chapter by the formula of the commercially
available products, i.e. Na2PdCls and PdCl2 respectively.

The TEM grid preparation was the same as in the previous case, please see the
detailed procedure in Chapter 3.2.2. The size distribution and yields were estimated

on an average of at least 300 TiO2 NPs.

4.2.2 Result and discussion

In this part, Pd-TiO2 heterodimers were successfully synthesized by the
photodeposition method. The effect of hole scavenger, media, exposure time,
precursor, and concentration on the photodeposition process are investigated in detail.

The experimental data are also fitted according to the growth model (see § 4.3).

4.2.21 The effects of the hole scavenger on the Pd

photodeposition

As mentioned in the introduction, Dadsetan et al. > suggested that alcohols with
low carbon numbers and molar weights resulted in a high reduction rate of Pd on TiOo.
The highest rate of Pd photoreduction and highest dispersion percentage of Pd
particles with the highest depositing amount were obtained with methanol as the
sacrificial electron donors or hole scavengers.

We then used methanol as a hole scavenger and compared it with hole scavenger-
free experiments where H20 should act as such. All the other parameters remained

identical except the hole scavenger and the results are shown in Figure 4.11.
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Figure 4.11 TEM images and size distributions of Pd-TiOz synthesized in the presence of different hole
scavengers. (a, b) 50 vol.% methanol in H20 and (d, e) H20 and their corresponding size distributions
(c and f). Experimental conditions: [TiO2] = 5.5 mM, [Naz2PdCl4] = 0.5 mM, exposure time of 8 min and
applied power of 56.1 mW.

The TEM images (Figure 4.11) indicate that around 85 % and 72 % of TiOz2 particles
are successfully decorated with Pd NDs either in the presence or absence of methanol.
With methanol, we observe that (i) the size of Pd is smaller (5.4 nm) than in water (7.1
nm) (ii) there are multiple Pd nanodots on some of the TiO2 particles, (iii) the starting
material is completely soluble in the water/methanol mixture, while it is not the case
anymore in pure water as illustrated by the remaining clusters (Figure 11c¢, red circle)
on the TEM grid. Some TEM tests were performed on [Na2PdCl4] = 0.25 and 0.5 mM
solutions to detect these clusters before UV irradiation. They were effectively found in

pure water solution for [Na2PdCls4] = 0.5 mM but nor for [NazPdCls] = 0.25 mM.

4.2.2.2 The respective influence of HNO3 and HCI on the Pd

photodeposition

It is well known that palladium (ll) forms quite stable complexes with chloride of

general formula [PdCIn(H20)4n]>" (n = 0 - 4). The equilibria of palladium (Il
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complexation are strongly dependent on pH and pClI (Figure 4.12).3% 47 When the pH

is fixed, the palladium (II) complexation is only dependent on the concentration of CI-

ions in the solution. Here we used a pH (3.2 + 0.1) aqueous solution of HNO3 or HCI

as the solvent to deposit Pd on TiO2 while fixing other parameters. _ENREF 39
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Figure 4.12 (a) Distribution of [PdCIn(H20)s-n]2-n-species as a function of — pCl (log[CI"]) and (b)
photocatalytic reduction trends of the [PdCIn(H20)s4-n]2-n system (n = 0-4) in the absence of an added
sacrificial reducing agent. The associated legends indicate those Pd(ll)-complexes present in greater
abundance at a specific chloride concentration at 25°C.4” Adapted from ref 47

The TEM images and size distributions of the Pd NDs are shown in Figure 4.13
and Table 4.3. When the reaction is performed in HCI, the size of the Pd NDs (7.8 nm)
is slightly bigger than that obtained in HNOs (7.1 nm), while both diameters are far
below the predicted value. The NHDs yields are very close, 72 % versus 65 %. The
difference between these two different media in the photodeposition process is low,
probably because the CI- introduced by HCI ultimately does not significantly change
the pCl (2.58 and 2.69 respectively, Table 4.3). The palladium precursors are both
present in the form of [PdCln(H20)4-n]*" (n = 2, 3) under these two values of pCL.4" In
these conditions, PdCI2(H20)z is the dominating species (60%) and exhibits the most
efficient photocatalytic reduction rate as compared to [PdCI(H20)3]*, [Pd(H20)4]?*,
[PACI3(H20)]7, and [PdCl4]?>~ respectively if we refer to Kriek’s work (Figure 4.12).47
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Table 4.3 Data concerning Pd sizes and NHDs yields of Pd-TiO2 NHDs prepared in HNO3 and HCI
aqueous solutions. Experiment conditions are: [TiOz] = 5.5 mM, [Naz2PdCl4] = 0.5 mM, power 56.1mW,
illumination time: 8 min. The CI- ions in HNOs3 reaction solution come form Na2PdCls, and in HCI come
from Naz2PdCls, and HCI, pCl= -log[CI-].The calculation of the predicted Pd size can be seen in Appendix
1.3. Pd?* consumption percent is the amount of Pd?* used for Pd-TiOz2 (calculation based on the yield
and Pd diameter) compared to the initial Pd?* precursor.

pH  [CH (M) pCl  NHDs (%) Pd Size (SD)(nm)  Pred.Size Pd?* cons. (%)

(nm)
HNO3 | 3.3 0.0020 269 72 7.1(1.8) 10.0 36
HCI 3.2 0.0026 258 65 7.8 (1.9) 10.3 43
(b‘) HNOEV I I D=(7.1¢I1‘8)nm
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Figure 4.13 TEM images of Pd-TiO2 synthesized in HNOs (a) and HCI (c) aqueous solutions and their
corresponding metal size distributions (b) and (d). Experiment conditions are: [TiO2] = 5.5 mM,
[NazPdCl4] = 0.5 mM, pH (3.2 + 0.1), power: 56.1mW, illumination time: 8min.

4.2.2.3 The effects of the metal precursor on the Pd

photodeposition

Here Na2PdCls and PdCI2 are used as precursors while keeping other parameters
identical. Since PdCI: is soluble in HCI solution and a solution containing a suitable

concentration of chloride (neutral solution, for example, NaCl solution), we used an
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HCI solution with a pH 3.2 value as a solvent for the photodeposition leading to an
H2PdCls starting complex and its aqua derivatives. The TEM images and size

distributions are shown in Figure 4.14 and Table 4.4.
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Figure 4.14 TEM images of Pd-TiO2 synthesized with (a) Na:PdCls and (c) PdCl: and their
corresponding metal size distributions (b) and (d). Experiment conditions are: [TiO2] = 5.5 mM, [Pd?*] =
0.5 mM, pH 3.2, HCI, power: 56.1mW, illumination time: 8 min.

e

When using the Na2PdCls as a precursor, the size of Pd particles is smaller (7.8 nm)
than with PdClI2 as a precursor (8.8 nm). However, the NHDs yield is 65% and higher
than that using PdCl2 (50%). In addition, both Pd diameters are 2.5 nm smaller than
the predicted values with 43 and 47% consumption of Na2PdCl4 (Table 4.4).

Table 4.4 Data concerning Pd sizes and NHDs yields of Pd-TiO2 NHDs prepared with different palladium
precursors. Experiment conditions are: [TiO2] = 5.5 mM, [Pd?*] = 0.5 mM, power 56.1mW, illumination
time: 8 min. The CI- ions come form Na2PdCls and PdClIz respectively , pCl= -log[CI].

[CI] (M) pCl NHDs Diam. of Pd Predicted diam. Pd?* consumption (%)

yield(%)  (SD) (nm) (nm)

NazPdCls 0.0020 2.69 65 7.8(1.9) 10.3 43

PdCl, 0.0010 3.00 50 8.8 (2.5) 11.3 47
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4.2.2.4 The effects of the exposure time on the Pd

photodeposition

The effect of the exposure time was then investigated from 4 to 64 min while fixing
the other parameters. The TEM results concerning the Pd-TiO2 NHDs submitted to

various exposure times are illustrated in Figure 4.15.
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Figure 4.15 TEM images of Pd-TiO2 synthesized at different exposure times. (a) 4 min, (c) 8 min, (e)
16 min and (g) 32 min and their corresponding size distributions (b, d, f and h). Experiment conditions
are: [TiOz] = 5.5 mM, [PdCIz] = 0.5 mM, pH ~ 3 in HCI, power 56.1mW.

The variation of the Pd diameter, as well as the yield of Pd-TiO2 NHDs with various

exposure times, are shown in Table 4.5 and Figure 4.16.
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Table 4.5 Data of Pd size and NHDs yield of Pd-TiO2 prepared at different exposure times. Experiment
conditions are: [TiO2] = 5.5 mM, [PdCIz] = 0.5 mM, pH ~ 3 in HCI, power 56.1mW.

Exposure Pd diameter NHDs yield Estimated Pd Pd? consumption
time (min) (SD) (nm) (%) diameter (nm)? (%) °

4 7.9 (2.0) 55 11.3 38

8 8.8 (2.5) 50 11.4 47

16 9.1 (2.3) 49 11.3 51

32 10.4 (2.8) 45 11.7 70

64 11.7 (3.3) 42 11.9 93

a The value is calculated based on the NHDs yield of Ag-TiO2 obtained by experiments and the
assumption that the Pd?* is 100% consumed (see Appendix 1.3),

b The ratio of Pd?* used for Pd-TiOz2 to the initial Pd?* precursor in the reaction solution. The amount of
Pd?*used for Pd-TiOz2 is calculated based on the yield and Pd diameter.

The size of the Pd particles increases regularly with the exposure time while the
corresponding NHDs yields are stable, in the range of 42 - 50%. In addition, the
difference between the measured and expected Pd diameters, becomes narrower with
increasing exposure time, as expected, the largest Pd size (11.7 nm) obtained is very
close to the estimated value of 11.9 nm (the longest exposure time), indicating 93%

Pd?2* ions have been reduced.

L) L) L) L) L) L) L) L)
0 500 1000 1500 2000 2500 3000 3500 4000
exposure time (s)

Figure 4.16 Variation of the Pd ND with the exposure time. The curve corresponds to the fit from the

model, see later on in the modeling part.

159

References page 179



Chapter 4 Photodeposition of Ag, Pd Nanodots on TiO2 Nanoparticles

4.2.2.5 The effects of TiO. and Pd?** concentrations on the

Pd photodeposition

In Chapter 3, (photodeposition of Au on TiOz), we showed that the NHDs yield is
dependent on the concentrations of TiO2 and the metal precursor. We also varied here
the concentrations of TiO2 and PdCl2. We first tried to decrease the concentration of
TiO2 to 2.75 mM while keeping 0.5 mM PdCl2. We also reduced the concentration of
PdCl2 to 0.25 mM at 2.75 mM TiO2. Finally, we kept the PdCl2 at 0.25 mM and
decreased the TiO2 concentration to 1.1 mM. For each condition, three different
exposure times, (4, 8, and 16 min) were adopted. The TEM images and size

distributions are illustrated in Figures 4.17, 4.18, and 4.19.
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Figure 4.17 TEM images of Pd-TiO2 synthesized at different exposure times; (a) 4 min (c) 8 min and
(e) 16 min and their correspong size diatributions (b, d, f). Experimental conditions: [TiO2] = 2.75 mM,
[PACI2] = 0.5 mM, pH ~ 3 in HCI, power 56.1mW.
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0.25 mM,

2.75 mM, [PdCl2]
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Figure 4.18 TEM images of Pd-TiO2 synthesized at different exposure times; (a) 4 min (c) 8 min and

(e) 16 min and their correspong size diatributions (b, d, f). Experimental conditions: [TiO2] = 2.75 mM,

[PdCIz] = 0.25 mM, pH ~ 3 in HCI, power 56.1mW.
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0.25 mM,

c) [TiO2] = 1.1 mM, [PdCI2]

TiO2 synthesized at different exposure times; (a) 4 min (c) 8 min and

Figure 4.19 TEM images of Pd

(e) 16 min and their correspong size diatributions (b, d, f). Experimental conditions: [TiO2]

[PdCI2] = 0.25 mM, pH ~ 3 in HCI, power 56.1mW.

For the different experimental conditions, the variation of the Pd diameter.

yield of Pd-TiO2, the estimated value of Pd NDs diameter

percentage of the palladium precursor with various exposure times

in Table 4.6.
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Table 4.6 Data about Pd size and NHDs yield of Pd-TiO2 prepared at different concentrations of TiOz,
and Pd?*.

[TiO;] [Pd**] Exposure Pd diam. NHDs Estimated Pd Pd?* consumption
(mM) (mM) time (min) (SD)(nm) yield (%) diam. (nm)? percent (%)
2.75 0.5 4 8.3(2.2) 46 14.6 18
2.75 0.5 8 9.2(2.4) 49 14.2 26
2.75 0.5 16 11.0(3.2) 43 14.9 40
2.75 0.25 4 8.1(2.2) 45 11.7 33
2.75 0.25 8 9.7(3.3) 46 11.6 58
2.75 0.25 16 10.5(3.1) 50 11.3 80
1.1 0.25 4 8.4(2.2) 61 14.3 20
1.1 0.25 8 10.5(3.1) 63 14.1 39
1.1 0.25 16 11.0(2.9) 59 14.5 43

a The value is calculated based on the NHDs vyield of Pd-TiO2 obtained by experiments and the
assumption that the Pd?* is 100% consumed (see Appendix 1.3),

b The ratio of Pd?* used for Pd-TiOz2 to the initial Pd?* precursor in the reaction solution. The amount of
Pd?* used for Pd-TiOz is calculated based on the yield and Pd diameter.

Once again the size of the Pd NDs increases gradually with the exposure time under
each condition. Decreasing TiOz for a constant PdCl2 of 0.5 mM, shows that there is
not much difference in the NHDs yield while the Pd size is getting bigger (compare
with Table 4.5). When the concentration of TiOz2 is 2.75 mM and that of PdCl2
decreases to 0.25 mM, the size and NHDs yield do not change, but the consumption
percent of palladium precursor reaches 80% for an exposure time of 16 min. The
NHDs vyield increases significantly when the concentration of TiOz is further reduced
to 1.1 mM while the PdClI2 is 0.25 mM and only 43 % of the palladium precursor is
reduced after 16 min laser irradiation. It seems that the consumption rate of PdClz is

related to both the concentration of TiO2 and that of palladium precursor nature.

4.2.3 Conclusion

In this section, we investigated the photodeposition of palladium on TiO2 by UV laser.
TEM characterization confirmed the existence of metallic Pd NDs on the TiO2 surface
and the formation of Pd-TiO2 nanoheterodimers. The effects of hole scavengers were
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investigated and the results indicated methanol was too efficient and favored the
formation of multi Pd NDs on the TiO2 surface. Meanwhile, without any external hole
scavengers, the photodeposition resulted in a single Pd nanodot on each TiO2 particle.
Metal precursor effects were investigated using both Na2PdCls and PdClz. Na2PdCls
led to smaller Pd particles and higher NHDs yields than PdClz2. The effect of the
exposure time on the photodeposition was also studied. The Pd size and the
consumption percent of metal precursor were gradually increased with the exposure
time. The NHDs yield could also be improved by lowering TiO2 concentrations as in
the case of Au-TiO2 NHDs. In addition, the consumption rate of PdClI: is related to both

the concentrations of TiO2 and palladium precursor.

4.3 Laser deposition of Pd and Ag NDs onto TiO2 NPs in
the cuvette and microchannel setups from growth to

completion

Bai in his Ph.D. dissertation*® performed a series of experiments using a laser-
focused in a microchannel to analyze the growth of a single metallic ND onto TiO2 NPs
in a permanent regime. This work intended to extend these experiments using a
cuvette setup and investigate the transition from growth in permanent conditions up to
completion. which are typically located at the side of the rod due to their large surface

areas

We shall, in the following, summarize and apply the model developed in Chapter 3
and see if it can apply to another metal of the gold column and metal of another column

of the periodic table. We have:

The Growth Law
The growth model of metallic NDs (Ag, Pd) onto TiO2 NPs is the same as for Au

NDs and can be described by equation 1:
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8 e
D¥(0) = — s e M) 0 (eq. 1)

where “Me” is a generic term for metal whatever its nature. Please refer to chapter

3.4.2 for a detailed derivation process.

The Photochemical reaction scheme
The basic photochemical reaction scheme has already been illustrated in chapter
3.4.1 and the chemical reactions are the following set of equations:

([ g
NP + hv(> Ebg) = NP(e‘,h“‘)] ,
i k bulk

r

V[Hs +nt 5 st (eq. 2)

surface

- s
\ Me™ + ne~ =S Meo]

surface

Where “Me” is generically the deposited metal (Ag, n=1; Pd, n=2).

On the one hand, electrons and holes are produced in bulk TiO2 by bulk optical
absorption (rate g) and may recombine with a bulk reaction rate k,.. On the other hand,
oxidation of the hole scavenger with a surface reaction rate k;, and reduction of metal
ions with a surface reaction rate k3 (exponent s for surface) just occur at the surface

of TiO2 with adsorbed species arrived from the bulk solution.

We assume, as in Chapter 3, that:

(1) The diffusion of electrons and holes inside the TiO2 NPs can be confidently
neglected in the reaction-diffusion equations since equilibration times for electron
and hole concentrations are very short (due to the nanometric size of the NPs)
compared to the time scales of growth experiments by photodeposition.

(2) The deposition Me@TiO2 is pseudo-first-order, as already demonstrated
experimentally.

(3) Methanol always remains in excess so we can assume [HS](t)=cte.

We use the same notations as those used for the description of Au@TiOz2.

(a) For species adsorbed at the surface of TiOz, {R} expresses reagent surface
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concentrations in mole/m? (mole/unit catalyst surface). As R is initially present in
the bulk solution, this surface concentration can be related to its corresponding
volume concentration [R],4s in mole/l using the specific surface area of the
catalysts S, and the load in catalyst q as [R] 45 = qSs.{R}.

(b) As electrons and holes are on the contrary produced in bulk TiO2, their

concentrations at the surface of TiO2 are not related to any adsorption mechanism

nor the load q, but its density pr;o, so that: {e/h} = _le/nl
2 PTi0,Ssa
Then, the basic equations are described by eq 3:
(dle]
e (g — kylellhD pu — ks{eX{Me™"}
d[h]
ek (g — k.[ellhD puk — kn{h}{HS}
X
d[HS*
L = ki) (eq.3)
d[Me°
L [dt ] — kg{e}{Men+}

We can note as well that:
(a) As electrons and holes are produced in bulk TiO2, k;,, = ke/hquiozssaz which

relates the surface reaction rate to an equivalent volume reaction rate.

(b) g is the so-called source term due to the light absorption by the NPs: g = g;in, -

1 onpINPII 1 wyp [NP] 20/1P

1421/~ ho 1+21/12 " vr, 21, 1421/1P

with 12 being a bulk saturation

intensity related to the finite size of the TiO2 NPs. As previous experiments

performed in a microchannel at very high laser intensities did not show any

Oabs[NP]I

—, where Aw = 5.451071% ] is the

saturation, we will assume g = g;;, =

photon energy (4, = 364 nmm) and g, is the absorption cross-section of the NPs
calculated before. For the present experiments performed in a cuvette, we find
g =5.002 x [NP]I M/s ; while for Bai's experiments*® performed in both
microchannel and cuvette with slightly larger TiO2 NPs we find g = 7.195 x-
[NP]I M/s.
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Physisorption is assumed at the surface of TiO2 (Eley-Rideal-like mechanism)

We previously found (see Chapter 3) :

k {5}
{R} = ( - ) ]O( [R]puk
kdes ki + Kaas[R]puik (1 + kI)
k{1 ( (kaas/ku) [R]puir >
B kdes (1 + k ) 1+ (kads/ki)[ ]bulk
ky
Leading to
[R]ads = kads ( kT >{S}0 - Ssa ak ]bulk
kdes kl + kads [R]bulk

k
(1+%)
-C kT 1 < (kads/kl)[ ]bulk >

’ kdes( + 'lli ) 1+ (kads/kl)[ ]bulk

where k;,, are surface excitation/relaxation reaction rates, and Cr = {S} X S5, X q.
If (kgas/k)[R]pu < 1 (this is verified for [Au3*] and [MeOH] at the surface of
TiO2), then:

Kads k1 1 kaas 1/13
R ~ Cp 2= R C————|R
[ ]ads T Kges ki (1+ ) [ ]bulk T Kdes 1+21/Iss [ ]bulk:
key

Where I is a surface saturation intensity. Then [R] .45 is an increasing function of

the beam intensity which varies from 0 to [R] 45 = Crs ! i“‘“ [Rlpur @t I/IE < 1 to an

asymptotic value [R] 45 = CT ';“ds [R]pwir Which is independent ofliswhen /15 > 1.

I<I§ Ik > _ . 1k I<IS
Thus, [R];;S CT kadS[R]bulk and [R];;s CTZkZdS [Rlpure  With [R];;s <

[R]f;;;s as [R].q4s is an increasing function of the beam intensity.

In conclusion, considering experimental conditions, we have

(kads/kl) [MeOH/Me]bulk «1 y and then [HS]gldS =~ K’[HS]bulk with K' =

kads 1/1 n+ - n+ . . %) 1/15
(CT kdes)HS 1+21/1§ and [Me ]ads = K[M@ ]bulk with K = (CT Ketos Mo —1+21/1g.

Calculation of the metal concentration (Ag®, Pd°) during the growth of a metallic ND
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We previously found that:

kr [Me™*]g

0 — +1 L,
(1) [Me®](t < 27) = [Me™], keknlHSlaasg K

T

1 —i|, where 7 = \/
4T
Note that [Me®](t < 47) = [Me"*]og corresponds to the permanent growth regime

investigated in microchannel experiments: [Me®](t < 47) =

kekn[HSlqas
\/% - K[Me™*], g -t.

(2) This power-law growth is followed by an exponential saturation toward completion.

_ L\1/3
Finally, D(t)=(mje)%) [Me®]()V/3 |,  where  [Me®](t) = [Me™], -

f(t/t) and f(t/t — ) = 1. Then we expect:

n+y \1/3 1/3
M) [SVMe -f(t/r)] (eq. 4)

b(®) = ( Y[NP] x(6)

with £=\/kekh[HS]"[NP]I-G‘“’S-K’K-t where K' = (Cr)ys (%) YL and K =
H

ky[Ment], hw kaes/ g 1+21/13

(Cr) au (%) 1++515 are the proportionality constants between adsorbed and bulk
es’ Me s

[HS]O[NP]I_( 1/13 )

. . . t
MeOH and metal ions at low concentrations, leading to - « <
T [Ment], 1+21/I3

4.3.1 Overall analysis of the experiments on Silver

photodeposition

Firstly, We compare experiments previously performed at very high intensities in
a microchannel*® (mean intensity is 158.20 W /cm?) and a present variation in time
exposure performed at lower intensity in the cuvette setup (I = 0.14 W /cm?).

We expect as shown by eq. 4:

[NP]I .
[Ag*]o

vIne] /3 _ [8vag 1/3 ~ .
([A9+]o) D(t) = [—m{(e) f(t/r)] where f(t/t —> ) =1, and -

( 21/18 ) t
1+21/1§

N =
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NP]I :
WPIL 1.t for comparisons between

Data are plotted versus (5) % Jtagr1s
I>I3 0

T

microchannel experiments, for which I > I3, and the cuvette experiment for which I «

IS is expected. Figure 4.20 presents these two data sets.
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Figure 4.20 Plots of the Ag ND diameter D(Y [NP|/[Ag*],)"/? obtained in microchannel and cuvette

t) [NP]I
/1 [4g*]o

setups as a function of the rescaled time ( i
In this plot, it appears again that the microchannel experiments are shifted toward

the smallest % value as expected and already observed for gold deposition. Moreover,

microchannel experiments are performed at such a high intensity that they belong to

the range of I > I.

) . y[NP] \1/3 )
The fit of the cuvette data gives D, ([Ag+] ) = 0.257, which has to be compared
0
1/3
to the expected value of (::—?é")) =0.324nm (vay = Myy/(Na0ag) With My, =

107.87 g and g4, = 10.49 g/cm?, and k(6 = 140°) = 1.2829). If the concentration of

silver ions is not totally consumed at completion (which is normally not expected on
bare TiO2) or if a percentage of this concentration is deposited in a different way than
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the formation of heterodimers (typically in the form of very tiny NDs difficult to observe

and to measure), then the growth law should be written as D(t) =

0]co

va / i
(o) " (g0, with [4g°0) = B+ [4g*] ft/r) and =Ll

represents the ratio of silver present in the heterodimers at completion. Then we

0 3
deduce 8 = [[i“: Je = YINP1 3.0 (&57) = 0.50 £ 0.02, showing that 50% of

o [Ag*le % 8vgg 0.324

the initial silver ions were consumed for the production of heterodimers.

1/3 1/3
The fit of the microchannel data is: ([ZZVG]) D(t) = 1.382 G)
0 I>Ig

) . . . y[NP]\1/3
The fit of the cuvette data in the 1/3 regime gives: ([Ag+]) D(t) =
0

t 1/3 t /3 :
0.2569 x 5.1655/3 (—) = 0.4441 (—) using the linear part of the red curve
T/ I>»Ig T/ I>»Ig

in Figure 4.20.

Y[NP]
[Ag*]o

1/3
Then, considering the same value of( ) D(t) to measure the shift in G) we

Cuv C 3
find (5) /(5)u = (1'3821) = 30.14 so that, according to the model, we should get
I>Ig

T T I»Ig 0.4441

(1+21/1§
21/1%

) = 30.14. We deduce 29.14 x 2I = I$ and finally, considering I = 0.14 W /cm?
used in the cuvette experiment, we finally get I5 = 8.16 W /cm?. This value is 2.5 times
larger than that obtained for gold deposition I ~ (2.9 + 0.2) W /cm?, while both gold
and silver experiments use the same amount of methanol as a hole scavenger, such

a value should then be confirmed by further experiments.

Eventually, we replot the two data sets as a function of Lo [NPI L (LISS) -t to
T [ag*t]y 2 1+21/13

get a collapse of any types of Ag@TiO2 photodeposition experiment performed in high

field conditions in the presence of methanol as a hole scavenger.
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Figure 4.21 Plot of the Ag ND diameter D(Y [NP]/[Ag*],)"/? obtained in microchannel and cuvette

setups as a function of the rescaled time f 4 \/E . % (1112/11/5155) -t (IS =8.16 W/cm?).

We indeed observe the collapse in intensity that confirms a physisorption
mechanism and gives us a qualitatively coherent value for I (condition Iy pette <K IS K
L)

This collapse allows us to figure out the overall growth dynamics of a silver ND
onto TiO2 NPs by laser deposition from the 1/3 regime to the crossover toward

completion in the high field condition, whatever the concentrations and intensities.

Y[NP] )1/3 _

Finally, the whole fit according to the expected dynamics gives D, ([Ag+]
0

0.261 which, compared to the expected value of 0.324 nm leads to an amount of

0 3
deposited silver in the cuvette experiment of g = [[‘:Z +]]°° = (g;i) = 52%. Further
0 .

experiments in the cuvette at the largest accessible beam powers would quantitatively

strengthen the observed rescaling.

171

References page 179



Chapter 4 Photodeposition of Ag, Pd Nanodots on TiO2 Nanoparticles

4.3.2 Overall analysis of the experiments on Palladium

photodeposition

The effects of the exposure time, palladium ions, and TiO2 concentrations on Pd
deposition were investigated and the experimental conditions and results are in §
4224and 4.2.2.5.

The expected dynamics are:
y[np] \1/3 _ [8vea 1/3 _ t [NPII
(W) D(t)—[m f(t/r)] where f(t/t—>o)=1, and fo S0
1/13 .
(1+21/1§) t

Then, we first plot (

[NP]
[Pd2t]

1/3 , [NPlI 1 t
) D(t) as a function of a2 L (;)1»15 for the

whole set of data; this choice of G) o [151:1]:’1; % t is related to the fact that it is
I>Ig 0

interesting to use the same variable for further comparisons with the microchannel
experiments realized at I > I.

Two experiments on Pd ND growth were performed by varying separately the
exposure time (Figure 4.16), and both palladium ion and TiO2 concentrations (Table
4.6). The rescaling of these two experiments is illustrated in Figure 4.22.

0.6
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Value Errar
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Figure 4.22 Plot of the Pd ND diameter D(Y [NP|/[Pd?*],)'/? as a function of the rescaled high field
172

References page 179



Chapter 4 Photodeposition of Ag, Pd Nanodots on TiO2 Nanoparticles

time (5) o« [P 1.+ obtained under various conditions when varying the exposure times (based
t/I»Ig [Pd2+], 2

on Figure 4.16) and the palladium ions concentration (Table 4.6).

Clearly, data variation at a given beam intensity does collapse perfectly with

Y[NP]
[Pd2t],

1/3
model predictions. The overall fit gives Doo( ) = (0.285, which has to be

1/3
compared to the expected value of (j:—é’;)) = 0.308 nm (vpg = Mpy/(Nyopg) With

Mp,; = 106.42 g and gpg = 12.02 g/cm3, and k(6 = 140°) = 1.2829). Then, the ratio

da® 3
of palladium present in the heterodimers at completionis g = [[:dzl? = (3232) = 79%.
0 .

This result shows that 80% of the initial palladium ions were consumed for the
production of heterodimers.
Experiments with the cuvette setup were also performed at lower power of 13.88

mW;*8 the comparison with the present experiments (56.1 mW) is illustrated in Figure

4.23.
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Figure 4.23 Plots of the Pd ND diameter D(Y |[NP]/[Pd?*],)*/? as a function of the rescaled high field

time (5) o« |-NPML 1.4 for two different beam powers.
T I»Ig [Pd2+]0 2
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t
T

Data at 13.88 mW are shifted toward a larger ( ) value than that obtained in
I>Ig

this work, as expected for experiments performed at a lower beam intensity.

. . y[NP] \1/3
Nonetheless, the 13.88 mW experiment leads to an asymptotic value D, ( ) =
0

[Pd?+]

Y[NP]

1/3
m) = (.285) for some unexplained

(0.245)3 — 50%.

0.308

0.245, smaller than the previous one (Doo(

[Pa®] _

reason, leading to an amount of palladium deposited of f = Pt
0

If we now compare both cuvette and microchannel experiments,

We expect:
vInp] \1/3 _ [8vea . 1/3 _ to | INPU 1
(Gars) D@ =[Z-f(e/v)| " where f(t/r—e)=1, and fo |50

( 21/13 )-t
1+21/1%

. . t
For microchannel experiments, we have [ > [; and we expect;

t
(e
T/

[NPII 1 . . ] ]
pa. 2 b Then, we first plot all the data sets at a function of the high field rescaled
0
. t [NPII 1 .
time (—) ——--t. (Figure 4.24).
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Figure 4.24 Plots of the Pd ND diameter D(Y |NP|/[Pd?*],)'/? as a function of rescaled high-field time
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t
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As shown in Figure 4.24, the microchannel experiments are again shifted toward
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% t obtained in microchannel and cuvette setups.
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the smallest % values as expected and already observed for gold (Chapter 3, Figure

3.30) and silver (Chapter 4, Figure 4.20) deposition. Moreover, microchannel
experiments are performed at such a high intensity that they belong to the range of

I> I8

We then need to rescale these three data sets to find a value of I, compatible with
the condition Icyyerre < IS5 K I,¢c, Which allows merging all the data sets on a single
curve, whatever the value of the beam intensity.

As already illustrated for Au@TiO2, one way to do this statistically is to fit the
amplitude of the 1/3 early growth regime as a function of the intensity 1/I; the mean

intensity used in microchannel experiments is 60.57 W /cm?. In the 1/3 growth regime;

s \1/3 s -1/3
this amplitude is A“(lilz//;,s) =(1 +I;5><%) . lts variation with the

corresponding fit is illustrated in Figure 4.25.
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Figure 4.25 Plot of the amplitude D(Y [NP]/[Pd?*],)"/? in its (5) with the 1/I obtained in
I>Ig

microchannel and cuvette setups.

The fit of the amplitude is reasonably accurate and gives B = IS =~ (10.5 +
5) W /cm? for the mean surface saturation intensity. This value verifies the condition
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Icypette K IS L Iyc . It is higher than those obtained for Au@TiO2 and Ag@TiO2
(I3(Au) = (294 0.2) W/cm? ,IS(Ag) = 8.16 W/cm? ) in presence of methanol,
suggesting that the lifetime 7, of TiO2 excited surface state and/or their absorption

cross-section g, are smaller in presence of pure water than in presence of a water-

methanol mixture (I§ = =2

1505

Eventually, we replotted all the data sets as a function of Lo [NPEL L, ( 21/15 S) “t,
T [Pazt]y 2 \1+21/13

with I$ =~ (10.5+5) W/cm?, to get a total collapse of any types of Pd@TiO2
photodeposition experiment performed in high field conditions in the absence of a

dedicated hole scavenger. This collapse is illustrated in Figure 4.26.
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Figure 4.26 Plots of the Pd ND diameter D(Y |[NP]/[Pd?*],)*/? as a function of the rescaled high field

S
time of£ x /[igﬂg = ( 2L/ ) - t obtained in microchannel and cuvette setups.

o 2 \1+21/I3

We indeed observe a collapse in intensity that again confirms a physisorption
mechanism of the palladium ions on the surface of TiO2 and gives a mathematically
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coherent value for I$. This collapse allows us to figure out the overall growth dynamics
of a Pd ND onto TiO2 NPs by laser deposition from the 1/3 regime through the
crossover toward completion in the high field condition, whatever the concentrations

and intensities.

Y[NP]

1/3
m) = 0251

[Pa°l,
[Pa2+],

Finally, the overall fit of the expected dynamics gives Doo(

Then, the mean amount of palladium deposited in these experiments is: f =

0.251

3
(—) = 54%, likely due to the penalty produced by the previously unexplained 50%

0.308

amount measured for a beam power of 13.88 m\W.

Partial Conclusions:

(1) Photodeposition of metals onto TiOz2 is driven by physisorption as illustrated by the
overall rescaling and the fitting of the experimental gold, silver, and palladium ND
growths versus concentrations and intensity.

(2) The collapse of short and long time exposure experiments allows the description
of the entire dynamics of the growth of a metallic ND onto TiO2 NPs from the
permanent regime of exponent 1/3 up to completion.

(3) Beyond investigating the dynamics, the completion offers us a way to predict the

final size in any experimental conditions if we know the yield.

4.4 Conclusion

In this chapter, we performed the photodeposition of Ag and Pd on the surface of
TiO2 with a UV laser in a cuvette setup. In the case of silver and the used conditions
here, Ag particles can be deposited on the surface of TiOz, but it is very easy to have
multiple Ag tiny NDs per TiOz2 particle which is probably due to the sensitivity of silver
ions that just require only one electron to form Ag. Higher precursors concentration,

higher power will induce tiny Ag nanodots on the surface of TiO2. The addition of PVP
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is beneficial to the formation of Ag-TiO2 heterodimers. Charge properties of precursors
and substrates affect the nucleation and growth of noble metal nanoparticles.
Oppositely charged Ag precursor and TiO2 particles are beneficial to metal
photodeposition. In the case of palladium, the Pd-TiO2 heterodimers can be obtained
easily without multiple Pd particles on TiOz2, but only in the absence of an additional

hole scavenger, water playing this role.

We have also shown that we could apply for silver and palladium the model
developed for gold. Then, the photodeposition of metals onto TiO2 is driven by
physisorption as illustrated by the whole rescaling and the fitting of the experimental
gold, silver, and palladium ND growth versus concentrations and intensity. We
illustrated that the collapse of short and long time exposure experiments allows for the
description of the entire dynamics of the growth of a metallic ND onto TiO2 NPs from
the permanent regime of exponent 1/3 up to completion.

We confirm, in these two cases as well that the sorption of the ions is a

physisorption process and not a chemical one as mentioned in the literature.8-°
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Chapter 5 Photodeposition of Au@Au, Au@Ag, and Au@Pd Core-Shell Structured Bimetallic

Nanodots on TiO2 Nanoparticles

5.1 Introduction

It is well known that some of the noble-metal nanoclusters on semiconductors
enhance visible-light absorption through the surface plasmon resonance (SPR) and
detailed mechanistic aspects have been addressed in many kinds of literature.’-3
However, not many studies have been conducted on more than one noble metal
simultaneously to maximize the use of visible light. It has already been reported that
bimetallic nanostructures in which two different metals are present in the same particle,
can exhibit unique optical, catalytic, and electronic properties due to the synergistic
effects of these two kinds of metal nanodots.*” To improve the conversion efficiency
of solar energy, Au-Ag,®° Au-Pd,"® Ag-Cu,' Ag-Ni'? and other bimetallic nanoparticles
(BNPs) with core-shell structures have been loaded onto semiconductor materials as
cocatalysts. See also the review by Li and co-authors.' In these structures, light
absorption, charge recombination dynamics as well as photoredox catalytic active
sites can be well regulated.

Two-step photodeposition is a delicate strategy for the preparation of core-shell
structured BNPs on semiconductor oxides otherwise alloyed metallic NPs are obtained
as illustrated by Chen et al.'* In this way, the first deposited metal particles could act
as a sink of photo-induced electrons, causing the site-specific reduction and deposition
of the second metal on the surface of the first metal particle during the second
deposition process. In 1990, Fernandez et al.'® studied the photocatalytic reduction of
rhodium on photosensitive support (titania) already loaded with another metal (Pt).
They found that the size and location of the rhodium particles depended on the reaction
medium, and rhodium particles with 1-1.5 nm diameter were well distributed on free
TiOz in water. In 2-propanol-water (20: 1, v/v), the deposition yielded rhodium particles
2-3 nm in diameter, also located almost on titania. Finally, in a basic medium, the
deposition of rhodium occurred selectively on the pre-existing platinum particles. The

effect of 2-propanol was mainly attributed to its hole-scavenging properties which
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promoted the reduction of Rh3* and the growth of rhodium particles by reducing the
recombination of photo-produced charges. In an ammonia medium, the adsorption of
Rh3* ions on TiO2 should be hindered by a large amount of NHs* ions, while easier
hole-trapping at the negatively charged surface of the semiconductor allows a better
separation of electron-hole pairs. These two phenomena can explain the selective
deposition of rhodium on the platinum particles which are enriched in electrons by
transfer from TiOz2 during irradiation. This study indicates that the second metal prefers
to locate on a metal nanodot that already exists on semiconductors and finally forms
core/shell bimetallic heteronanostructures, which could be of great interest in catalysis
and photoelectronic devices.

Zheng et al.'® reported that Au, Ag, and Au-Ag BNPs were site-selectively photo-
deposited on the reduction sites of TiO2. Au-Ag loading on TiO2 provides not only good
activity performance for oxidizing 2-propanol but also high stability under visible light.
They however focus on the catalytic aspect of their work and do not pay attention to
the structure of what they call the Au-Ag BNPs.Tanaka and co-authors'® successfully
synthesized core—shell Au—Pd particles supported on TiO2 (Au@Pd-TiOz2) by using a
two-step photodeposition method, and the Au was first reduced and deposited on TiO2
via photoirradiation at A > 300 nm by a 400 W high-pressure mercury arc, then Au-Pd
core-shell structure was prepared by photoirradiation of the mixture of palladium
chloride and Au/TiOz2 solution with the same mercury arc. They found that Au/TiO2 and
Au-free Pd/TiO2 were inactive, whereas the core-shell Au@Pd/TiO2 samples were
active in the photocatalytic conversion of chlorobenzene and 2-propanol to benzene
and acetone under visible light irradiation. Moreover, they indicated that the thickness
control of Pd is important for both a satisfactory cocatalyst effect and absorption due
to the Surface Plasmon Resonance (SPR) of Au nanoparticles. In a recent report, Sun
et al.'” also applied a two-step deposition method to prepare bimetallic Au@Pd/TiO2
catalysts with varied Pd deposition amounts by Hg lamp irradiation, and their results
indicated that the Pd atoms were preferentially deposited on exposed Au surface in

the form of a monolayer (Figure 5.1). They also mentioned the catalytic oxidation of
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benzyl alcohol with prepared bimetallic Au@Pd/TiO2 catalysts and showed that the
benzyl alcohol conversion increased with Pd deposition amount at Pd loading below
0.049 wt.%, whereas the catalytic activities of the catalysts with higher Pd deposition

amount remained nearly identical.

Intensity {a.u.)

o 10 20 30
Distance (nm)

— 3nm 1

Tonm AuLat 70nm PdLal

Figure 5.1 (a) TEM image, (b) EDS line-scanning profile, and elemental maps of (c) Au and (d) Pd for
Au@Pd/TiO2.17

In this chapter, a two-step deposition method is employed to synthesize bimetallic
core-shell structures Au@Au-TiO2, Au@Ag-TiO2, and Au@Pd-TiO2 by using the UV
laser (364nm) as a light source. The effects of irradiation power, exposure time, hole

scavenger, and chlorides ions on the formation of core-shell BNPs were studied.

5.2 Experimental methods

TiOz2 polyhedrons were used as the substrate and Au NDs were firstly deposited on
TiO2 followed by Ag or Pd due to the higher reduction potential of Au. The reaction
solution was prepared by mixing TiO2 aqueous solution (19 mM, 0.289 mL) and a fresh

KAuCls aqueous solution (10 mM, 50 pL ), and 0.5 mL of methanol. The pH of the
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mixture was adjusted at 3.3 using a nitric acid solution. To remove the oxygen existing
in the solution, the solutions were purged with Ar gas for 10 min and then mixed just
before illumination. During the irradiation process, the cuvette was well sealed and the
solution was stirred at a speed of 300 rpm. After the first step deposition, a given
amount of the second metal precursor (KAuCls, AgNOs, Na2PdCls, and H2PdCls)
solution was added into the as-prepared Au-TiO2 solution for the second round
photodeposition. When mentioned, the synthesized Au-TiO2 particles were also
separated via centrifugation (18000g, 20 min) and washed with deionized water to
remove the existing chloride ions and methanol in the solution and prevent flocculation
or aggregation due to this anion. After purification by centrifugation, these Au-TiO2
particles were redispersed into a pH 3.3 nitric acid solution and a new hole scavenger
(methanol or sodium formate) and metal precursor were added to perform the second
step deposition.

The procedure for preparation of the TEM grid is the following. The solution was
treated by ultrasonication for 5 min to disperse the nanoparticles, and then one drop
(3-4 ul) of this solution was cast on a TEM grid. A paper tissue was used to absorb the
liquid from the top side to the backside of the grid, which only allowed the liquid to pass
through and leave the nanoparticles on the top side. Three or more nitric acid drops

(at pH 3.3) were also cast to clean the sample particles.

5.3 Photodeposition of Au on Au-TiO2

As shown in Chapter 3, we have already successfully synthesized Au-TiO2
heterodimers. Here, in the first part, the second-step deposition was used to regrow
Au on Au-TiO2 to acquire Au-TiO2 heterodimers with enlarged Au nanoparticles. To
distinguish the initial Au—TiO2 heterodimers which were used for further deposition, the

catalysts made by the second deposition were named Au@Au-TiOz2.
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5.3.1 Size-controlled deposition of Au on TiO2 nanoparticles

As Au nanodots on TiO2 will be acted as seeds and electrons sink for the deposition,
the size of Au particles probably has great effects on the second-round
photodeposition. Thus, Au-TiO2 heterodimers with different sizes of Au were used as
substrates for the second step deposition. Au-TiO2 heterodimers with different sizes
of Au particles were synthesized by adjusting the concentration of KAuCls (0.125,
0.250, and 0.500 mM). Then, 0.125, 0.250, and 0.500 pmol of KAuCl4 were added to
the respective solution for the second-step deposition. In the irradiation process, a 56.1
mW applied power was adopted and the exposure time for each step deposition is 4
min, and [TiOz] is 5.5 mM. The TEM images and histograms of the metal particle size
distributions are presented in Figure 5.2. The size of the Au NDs and Au-TiO2
nanoheterodimers (NHDs) yields were calculated based on TEM characterizations
(Table 5.1). The NHDs yield was nearly unchanged comparing the first and second
step deposition, which confirms that secondary nucleation is energetically less
favorable than growing an already existing Au ND. Nonetheless, it was clearly shown
that after the second-step deposition, the Au mean size increased from 7.6, 8.6, and
10.8 nm t0 9.5,11.5, and 15.1 nm, respectively. This phenomenon indicated that all the
Au3* ions added in the second step prefer to locate on the previously existing Au ND

which is coherent with literature reports.* 15
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Figure 5.2 TEM images of Au-TiO2 NHDs obtained by first step deposition (a1, b1, and ¢c1) when [KAuCla4]
is 0.125, 0.250 and 0.500 mM, respectively. Then 0.125, 0.250, and 0.500 umol KAuCls were added to
the corresponding solution to perform the second deposition (a2, b2, and c2), and their corresponding
size distributions (a3, b3, and c3). Experimental conditions are: [TiO2] = 5.5 mM, 50 vol.% methanol as
a hole scavenger, the applied power and exposure time remaining the same for each step deposition,
Papplied = 56.1 mW and t = 4 min.

As shown in Table 5.1, the sizes of Au particles measured from TEM images are
very close to the estimated value which is calculated based on the NHDs yield obtained
in experiments and assuming all the gold precursor including the first and second step
was 100% consumed (see Appendix 1.3 and 1.4). Obviously, it can be confirmed that
the gold precursors added in the reaction solution were completely consumed for

synthesizing Au core and shell.
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Table 5.1 Data of Au size and NHDs yield of Au-TiO2 NHDs after first and second step depositions.
Experimental conditions are: [TiO2] = 5.5 mM, 50 vol.% methanol as a hole scavenger, applied power is
56.1mW and exposure time is 4 min for each step.

KAuUCl; added Metal particle Predicted Heterodimer Au shell

(Mmol) size(nm) metal size yield (%) (nm)
Firststep 0.125 76+19 8.0 46 0.95
Second 0.125 95122 9.5 48
step
Firststep  0.250 8.6+20 8.9 57 1.20
Second 0.250 11.5+£23 11.5 54
step
First step  0.500 10.8+25 1.4 55 2.15
Second 0.500 151+ 3.3 14.6 53
step

Overall, we successfully obtained the Au@Au-TiO2 with 0.95, 1.20, and 2.15 nm Au
shells, and the experimental data were very close to our expectations. Moreover, it
seems that the size of previously Au has no influence on the Au shell formation by
second-step deposition.

The experimental and predicted sizes after the first step and the second step shown
in Table 5.1 are very close, meaning the gold ions added in either step are almost

completely consumed.

5.3.2 Varying the KAuCls amount added in the second step

In this section, we fixed the size of Au particles obtained in the first-step deposition,
and different amounts of gold precursors were added for the second-step deposition
to study whether the Au size could be controlled and gradually enlarged. The color of
the sample solution changed when increasing the amount of KAuCls (Figure 5.3(a));
the initial pink solution acquired during the first step deposition gradually deepened

and turned dark purple with increasing the amount of KAuCls. The color change
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indicates that the Au NDs are getting bigger. This is confirmed by the UV-vis spectra
displayed in Figure 5.3 (b) which shows the continuous red-shift of the SPR band of

Au from 535 to 561nm due to the increase of Au size.

KAucCl,

(a)

(b)

Absorbance (a.u.)

500 520 540 560 5;10
535 nm —= 561nm Wavelength (nm)

Absorbance (a.u.)

0.25 pmol
(0.25+0.15) pmol
—(0.25+0.25) pmol
—(0.25+0.35) pmol
(0.25+0.50) umol
—(0.25+0.75) umol

400 500 ' 600 ' 700 800
Wavelength (nm)

Figure 5.3 (a) Images of the product solution and after a two-step deposition and various concentrations
of KAuCls (0.15, 0.25, 0.35, 0.5, and 0.75 pymol), (b) UV-vis spectra of Au-TiO2 NHDs solution. First step
deposition: [TiO2] = 5.5 mM, [KAuCl4] = 0.25 mM (0.25 pmol of KAuCls), 50 vol.% methanol used as a
hole scavenger, applied power of 56.1mW and exposure of 4min. Second step deposition: different
amounts of KAuCls (0.15, 0.25, 0.35, 0.5, and 0.75 pmol) were added to the prepared Au-TiOz2 solution,
this solution was then irradiated for another 4 min with the same applied power.

The TEM characterization was also performed to study the variation of the gold size
on the Au-TiO2 NHDs (Figure 5.4, Table 5.2, see also Figure 5.5). Au NDs with an 8.7
nm mean diameter were synthesized by one-step deposition when the concentration
of KAuCls was 0.25 mM (0.25 pmol of KAuCls). It increased to 10.3 nm by adding an
extra 0.15 pmol amount of KAuCls for the second-step deposition. As shown by the
histograms of Au NDs size distributions in Figure 5.4, the more KAuCls was added

and the bigger Au particles were observed. The detailed results are listed in Table 5.2.
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Figure 5.4 TEM images of Au-TiO2 NHDs synthesized by one step (a), and two-step deposition with
different KAuCls contents (c, e, g, i, and k) and their corresponding size distributions (b, d, f, h, j, and I).
First step deposition: [TiOz] = 5.5 mM, [KAuCls] = 0.25 mM (0.25 pmol of KAuCls), 50 vol.% methanol
as a hole scavenger, applied power of 56.1mW, and exposure time of 4 min. Second step deposition:
0.15 umol (c), 0.25 ymol (e), 0.35 ymol (g), 0.5 ymol (i), and 0.75 pymol (k) of KAuCls were added to the
prepared Au-TiOz2 solution, then this solution was irradiated for another 4min by the same laser applied
power as in the first step.

The NHDs yields (Table 5.2) of Au-TiO2 are almost the same since they are in the
narrow range of 44 to 53%. The Au NDs can be enlarged to 14.5 nm from the initial
8.7 nm, indicating an Au shell with a thickness of 2.9 nm was produced for the highest
used KAuCls ratio (0.25 ymol +0.75 ymol). Furthermore, the sizes of Au NDs are all
very close to the estimated values (see Appendix 1.3 ) suggesting that the quantity of

gold precursor was completely consumed to grow the shell on the preformed Au NDs.

Table 5.2 Data on Au NDS size and NHDs yield of Au-TiO2 NPs made by one-step and two-step
depositions with different KAuCls contents. First step deposition: [TiOz] = 5.5 mM, [KAuCls] = 0.25 mM
(0.25 pmol of KAuCls), 50 vol.% methanol as a hole scavenger, applied power is 56.1 mW and exposure
time is 4min. Second step deposition: different amounts of KAuCls were added into the prepared Au-
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TiOz2 solution, then irradiated this solution for another 4 min with the same power as in the first step. The
value is calculated based on the heterodimer yield of Au-TiO2 obtained by experiments and the

assumption of the KAuCls is 100% consumed (see Appendixes 1.3 and 1.4).

KAuClsadded Metal particle Predicted metal Heterodimer Au shell
(umol) size (nm) size (nm)? yield (%) (nm)
First step 0.25 8.7+20 9.8 44 /
0.15 10.3+2.7 10.7 53 0.80
0.25 114126 12.2 45 1.35
Second
step 0.35 13.2+2.3 13.1 44 2.25
0.50 143+34 13.4 51 2.8
0.75 145+29 14.8 51 29

The comparison of the Au NDs size with the estimated value is clearly shown in

Figure 5.5a. The sizes of Au NDs measured from TEM images are pretty close to the
1/3

3+
estimated values (D(t —» o) = (M . %) ). Moreover, the very obvious increase

Y[NP] 7k(6)

tendency of Au size is displayed. In addition, we also analyzed this data using the
modeling built-in in chapter 3 and the data variations perfectly fit the modeling (detail

in chapter 3.4.5.4).
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Figure 5.5 (a) experimental and predicted Au ND size of Au-TiO2 HNDs made by two-step deposition
with different KAuCls contents. (b) The red curve is a fit according to the modeling in chapter 3 (part
3.4.5.4). First step deposition: [TiOz2] = 5.5 mM, [KAuCls] = 0.25 mM (0.25 pumol of KAuCls), 50 vol.%
methanol as a hole scavenger, the applied power of 56.1mW, and the exposure time of 4 min.
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5.3.3 Conclusion

In this section, we performed experiments on the photodeposition of Au on Au-TiO2
NHDs by a two-step deposition. The results demonstrated that 1) the Au3* ions added
in the second step were preferentially reduced on the pre-existing Au NDs, 2) all of
them were successfully covered with an Au shell, forming core—shell Au@Au-TiO2
BNPs, 3); there was nearly no formation of a second smaller population of gold NPs
so that all the gold was used to increase the size of the pre-existing ones. Furthermore,
the Au shell can be controlled by varying the concentration of the gold precursor and
the experimental data are very close to our expectations. This demonstrates that the
two-step deposition is a very facile and precise approach to controlling and enlarging

the Au NDs to target a specific size.

5.4 Photodeposition of Ag on Au-TiO2

In this part, we aimed at synthesizing authentic bimetallic Au-Ag core-shell metal
nanodots on TiO2 by sequential deposition of Au and Ag on TiO2 as a substrate. These
heteronanoobjects were synthesized using the same procedures described above
except we used AgNOs as the Ag precursor instead of KAuCls in the second-round
photodeposition. TEM images of the heterostructures and corresponding size
distribution histograms of Au-Ag nanodots are presented in Figure 5.6. Au-TiO2
heterodimers with Au NDs 9.1 nm in mean diameter were made in the first step of
photodeposition. AQNOs solution (0.5 umol of AgNO3) was then added to the as-
prepared Au-TiO2 solution and the mixture was photoirradiated for the preparation of
Au@Ag-TiO2 heterostructures. The average diameter (9.1 nm) of Au NDs is highly

consistent with the estimated value (9.7 nm, see the calculation Appendix 1.2).
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Figure 5.6 TEM images of Au-TiOz (a, b) and Au@Ag-TiOz (d, e) NHDs and their corresponding size
distributions (c, f). Experimental conditions: First step deposition, [TiO2] = 5.5 mM, [KAuCl4] = 0.25 mM
(0.25 pmol of KAuCls), 50 vol.% methanol as a hole scavenger, applied power is 56.1 mW and exposure
time is 4 min. Second step deposition: 0.5 umol of AgNOs was added to the prepared Au-TiOz solution,
then this solution was irradiated for another 4 min by the same laser power as in the first step.

The yields of BNPs remained in the 45 to 51% range after the second-step
deposition and the average size of the metallic side is 10.6 nm. Similar Heterodimer
yields and increased metallic particle size indicated that the Ag grew on Au NDs without
self-nucleation on TiO2. However, the average size of the metal particles increased
only to 10.6 nm which is much smaller than the predicted value (13.7 nm, see the
calculation in Appendix 1.4). The Ag shell obtained is 0.75 nm, three times smaller than
the estimated value (2.25 nm), implying that only a fraction of AgNO3 was reduced for
the construction of the Ag shell. The rest of the Ag* ions did react with ClI- anions that
came from the dissociation of KAuCls and finally formed AgCl as a by-product poorly
soluble in water/methanol solution. This argument could be supported by the presence
of extremely large nanoparticles around a hundred nanometers (Figure 5.6e).

Therefore, we performed some experiments with and without Cl-ions to investigate
the effect of CI- on photodeposition. Furthermore, the effects of different hole
scavengers (methanol and sodium formate), exposure times, and laser powers on the
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formation of the Ag shell were also studied.

5.4.1 Photodeposition of Ag on Au-TiO2 without chloride ions

To avoid the presence of chloride ions, we extensively washed the Au-TiO2 NHDs
obtained in the first-step photodeposition. The purified Au-TiO2 HNDs were
redispersed in a pH 3.3 water solution thanks to HNOs. We then studied the role of two
different hole scavengers, i.e., methanol and sodium formate (HCOONa).'® Moreover,
different amounts of AgQNOs3, different exposure times, and different illumination powers

were applied.
5.4.1.1 HCOONa as a hole scavenger

The hole scavenger plays a critical role in photodeposition. The previous studies'®
in our group have shown that HCOONa as a hole scavenger was more effective than
methanol in depositing a single Ag particle onto the TiO2 surface. Indeed, many tiny
Ag nanodots were deposited on each TiO2 nanoparticle instead of a single one when
methanol was used as a hole scavenger. Therefore, HCOONa was also used as a hole

scavenger in this deposition of Ag on Au-TiO2 heterodimers.
5.4.1.1.1 Varying amounts of AGNOg3

We first synthesized Au-TiO2 heterodimers with an average Au nanodot diameter of
10.5 nm. After removing chloride ions from the Au-TiO2 solution by
centrifugation/redispersion processes, different amounts of AQNO3 (0.5, 1, and 2 pmol)
and the same respective equivalents of HCOONa (0.5, 1, and 2 uymol) were added,
and this solution was irradiated for 16 more min by the laser with an applied power of
56.1 mW. Figure 5.7 shows the TEM images of the resulting Au@Ag-TiO2 BNPs

performed for different AQNO3 concentrations.
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Figure 5.7 TEM images of Au-TiO2 (a) and Au@Ag-TiOz2 (c, e, and g) NPs and their corresponding size
distributions (b, d, f, and h). Experimental conditions: First step deposition, [TiO2] = 5.5 mM, [KAuCls] =
0. 5 mM (0.5 ymol of KAuCls), 50 vol.% methanol as a hole scavenger, applied power of 56.1mW, and
exposure time of 4min. The Au-TiO2 particles were separated via centrifugation (18000g, 20 min),
washed one-time using deionized water, and redispersed into a pH 3.3 solution using nitric acid. Second
step deposition: 0.5 (c), 1 (e), and 2 ymol (f) of AgNOs solution (50, 100, and 200 pl of 10 mM AgNO3
solution) and one equivalent of HCOONa per AgNOs solution were added; this mixture solution was
then irradiated for another 16 min with the same laser power.
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The size of the metal particle increased from 10.5 to 12.1 nm, indicating that a thin
Ag shell layer (0.8 nm) was deposited on the Au NDs. However, we also observe on
the TiOz2 particles the formation of tiny metal NDs with a diameter smaller than 3 nm
which are considered as Ag NDs because their diameter is much smaller than that of
the Au NDs produced in the first deposition step (Figure 5.7b); their number also
increases significantly with increasing the amount of AQNOs. These tiny Ag NDs were

not considered in the statistical measurement of the metal particle size.

Table 5.3 Data concerning the metallic particle size and heterodimer yields of the two-step syntheses
of Au@Ag-TiOs2. First step deposition: [TiO2] = 5.5 mM, [KAuCls] = 0.5 mM (0.5 pymol of KAuCls), 50 vol.%
methanol as a hole scavenger, applied power is 56.1mW, and exposure time of 4 min. Second step
deposition: different amounts of AQNOs and an equivalent of HCOONa per AgNOs were added; then
this solution was irradiated for 16 more min by the laser with an applied power of 56.1 mW. The
calculation of the predicted Ag shell can be seen in Appendix 1.4.

Sample AgNO; NHDs yield Diameter of Metallic | Ag thickness | Predicted Ag shell
(mM) (%) particle (nm) (nm) thickness (nm)
Au-TiO2 0 52 10.5+23 0 0
Au@Ag-TiO2 0.5 47 121+£238 0.8 1.7
Au@Ag-TiO2 1.0 51 129+ 3.0 1.2 29
Au@Ag-TiO2 2.0 55 12.7+238 1.1 4.5

By comparing the obtained and expected values listed in Table 5.3, the thickness of
the Ag shell coated on Au particles was found much smaller than predicted. In addition,
the Ag thickness increased slightly (0.8 nm to 1.2 nm) while increasing the AgNOs
amount from 0.5 to 1.0 ymol to reach a plateau, even when up to 2.0 umol of precursor
were added. When the thickness of the Ag shell reaches a value close to ~ 1 nm, the
Ag shell stops growing and an increasing amount of tiny individual Ag nanodots
appears on the surface of TiO-.

UV-vis spectroscopy was also performed on these samples (Figure 5.8a). There is
a characteristic peak of Au nanodots at 542 nm for the Au-TiO2 heterodimers. After the
Ag deposition over Au-TiOz, the SPR of the Au core shifts to a lower wavelength as a
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result of the change of refractive index surrounding Au and the appearance of a new
band at 408 nm due to Ag. This also implies that an Ag shell was successfully coated
on Au nanoparticles.’®?!' When adding and then increasing the amount of AQNO3 from
0.5 to 1.0 ymol, we observe a blue shift of the position of the LSPR band to 530 nm
indicating (i) the presence of a layer of Ag and (ii) the formation of a thicker layer of Ag,

also coherent with the TEM results.

(a) ——Starting solution for deposition (b) ——Au-TiO, without CI
Au-TiO, without CI' — 4 min
—— Ag@Au-TiO, (0.5 umol AgNO,) 24 ——8 min
— 16 min

—— Ag@Au-TiO, (1.0 umol AgNO,)
—— Ag@AU-TIO, (2.0 umol AgNO,)

[
|

408nm

Absorbance

—

Absorbance

0 T T T T 0 T T T T
300 400 500 600 700 800 300 400 500 600 700 800

Wavelength (nm) Wavelength (nm)
Figure 5.8 UV-vis spectra of reactant solutions. (a) different amounts of AQNOs, (b) different exposure
times when 2.0 ymol of AQNOs were added for the second-step deposition.

In the same way that the removal of electrons from a metal nanoparticle results in
a slight red shift in the surface plasmon peak to higher wavelengths, 2223 it has also
been observed experimentally, as here, that the surface plasmon peak of the gold core
in the Au@Ag particle is blue-shifted with increasing Ag shell thickness.?*

In addition, different exposure times were performed for the second-step
photodeposition to ensure there was enough time for Ag to deposit. Figure 5.8b
displays the UV-vis spectra of the Au@Ag-TiO2 samples synthesized after 4, 8, and 16
min second-step photodeposition times and 2.0 ymol of AQNOs. The peak positions
and SPR intensities are almost identical after 8 and 16 min exposure times. Moreover,
the intensity of the absorption band at 408 nm at 4 min is weaker than that at 8 and 16
min, indicating the 4-min exposure time is not enough and that 8-min exposure is

compulsory to ensure the deposition completion.
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5.4.1.1.2 Influence of the laser power

From the above section, we found that the expected Ag shell was not acquired even
with HCOONa as a hole scavenger and without CI- in solution. Instead, secondary
nucleation occurred leading to some tiny Ag NDs on TiO2. To inhibit this Ag secondary
nucleation, we decided to reduce the laser power. This should decrease the reaction
kinetics since it plays a significant role in crystal nucleation and growth. An applied
power of 20 mW was adopted instead of 56.1 mW. The TEM results are shown in

Figure 5.9 and Table 5.4.
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Figure 5.9 TEM images of Au-TiO2 (a) and Au@Ag-TiOz2 (c, e, and g) NPs and their corresponding size
distributions (b, d, f, and h). Experimental conditions: First step deposition, [TiO2] = 5.5 mM, [KAuCls] =
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0.5 mM (0.5 pmol of KAuCls), 50 vol.% methanol as a hole scavenger, an applied power of 56.1mW,
and an exposure time of 4min. The Au-TiOz particles were separated by centrifugation (18000g, 20 min)
and washed once using deionized water, and were redispersed into a pH 3.3 solution using a nitric acid
solution for the second-step deposition. Second step deposition: 0.5 (c), 1 (e), and 2 ymol (f) of AgNOs
and an equivalent of HCOONa per AgNOs3 solution were added; this solution was then irradiated for
another 8 min by the laser with an applied power of 20 mW.

Table 5.4 Data concerning the metallic particle size and heterodimer yield. First step deposition: [TiOz2]
= 5.5 mM, [KAuCl4] = 0.5 mM (0.5 ymol of KAuCls), 50 vol.% methanol as a hole scavenger, an applied
power of 56.1mW, and an exposure time of 4min. Second step deposition: different amounts of AgNO3
and an equivalent of HCOONa per AgNOs were added; this solution was then irradiated for another 8
min by the laser with an applied power of 20 mW. The calculation of the predicted Ag shell can be seen
in Appendix 1.4.

Sample AgNOs3 | NHDs yield | Diameter of Metallic | Ag thickness | Predicted Ag shell
(mM) (%) particle (nm) (nm) thickness (nm)
Au-TiO2 0 52 10.6 £ 2.6 0 0
AU@Ag-TIO2 0.5 48 11.8+25 0.6 1.7
AU@Ag-TIO2 1.0 49 11.8+29 0.6 2.9
AU@Ag-TIO2 2.0 51 120+ 25 0.7 45

Figure 5.9 shows there were no tiny Ag ND for 0.5 ymol of AQNOs. However, many
tiny Ag NDs were produced as soon as we increased this precursor concentration even
with this low laser power applied. The Ag shell synthesized at low power was slightly
thinner than that obtained at high power (Tables 5.3 and 5.4). This, therefore, indicates
that low laser power is not better for the formation of an Ag layer on Au particles. It
even seems to be the opposite; indeed, by comparing figures 5.7e and 5.9¢, we can

see that the number of tiny silver NDs is higher at low power.

5.4.1.2 Methanol as hole scavenger

As mentioned before, HCOONa, used as a hole scavenger, is efficient to deposit Ag
on the TiOz2 surface. However, from the results we obtained previously, HCOONa may
not be a good option because it easily induces many tiny Ag NDs directly on TiO2 after
having generated a given layer thickness on the Au particle. Here, we use again

methanol as a hole scavenger to deposit Ag on Au-TiO2 NHDs, still in the absence of
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CI- ions. Different laser powers were applied. The TEM results are shown in Figure

5.10 and Table 5.5.
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Figure 5.10. TEM images of Au-TiO2 (a) and Au@Ag-TiO: (c, e, and g) NPs and their corresponding
size distributions (b, d, f, and h). Experimental conditions: First step deposition, [TiO2] = 5.5 mM, [KAuCls]
= 0.5 mM (0.5 pmol of KAuCls), 50 vol.% methanol as a hole scavenger, applied power of 56.1mW, and
exposure time of 4 min. Redispersion of the Au-TiOz particles with Cl-free aqueous nitric acid (pH 3.3).
Second step deposition: 0.5 pmol of AgNOs, 50 vol.% methanol; this solution was then irradiated for
another 16 min by the laser with applied powers of 10 (c), 20 (e), and 56.1 mW (f).

Here again, plenty of small Ag particles tend to form, and the thickness of the Ag
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shell remains almost the same (0.8 nm) whatever the laser powers (Table 5.5).
Comparing with the data above, we can conclude that 1) the Ag shell thickness does
not seem to depend on the chemical nature of the hole scavenger used, methanol or
HCOONa; 2) the appearance of many tiny Ag NDs is not either related to the kind of

hole scavenger.

Table 5.5 Data concerning metallic particle size and heterodimer yields Au@Ag-TiO2. First step
deposition: [TiO2] = 5.5 mM, [KAuCls] = 0.5 mM (0.5 pymol of KAuCls), 50 vol.% methanol as a hole

scavenger, an applied power of 56.1 mW, and an exposure time of 4 min. Redispersion of the Au-TiO2
particles with Cl-free aqueous nitric acid (pH 3.3). Second step deposition: 0.5 ymol of AQNO3 was

added, 50 vol.% methanol as a hole scavenger; this solution was then irradiated for another 16 min
using different applied laser powers. The calculation of the predicted Ag shells can be seen in

Appendix 1.4.

Sample Applied Power NHDs Diameter of Ag thickness | Predicted Ag shell
(mW, second step) | yield (%) NDsS (nm) (nm) thickness (nm)
Au-TiO2 / 51 10.9+25 0 0
Au@Ag-TiO2 10 50 125127 0.8 1.7
Au@Ag-TiO2 20 49 124 +£29 0.75 1.7
Au@Ag-TiO2 56.1 51 125128 0.8 1.7

In a short conclusion, the second step for Ag deposition was carried out in this part
by using Au-TiO2 solution without CI- ions, and HCOONa or methanol as hole
scavengers in the second-step deposition. By varying the exposure times, powers, and
amounts of AgNOs, we tried to increase the thickness of the Ag shell. It however
remained quite constant and much thinner than the predicted value, with a maximum
obtained thickness of about 1 nm. Moreover, once this value was reached and
whatever the conditions, we systematically observed the formation of many tiny Ag
NDs on the TiOz2 surface, which is far from our initial goal of synthesizing Au@Ag core-

shell on the surface of TiO2 particles.
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5.4.2 Photodeposition of Ag on Au-TiO2 with chloride ions

Since our attempts to work with chloride-free solutions based on the tendency of
chlorides to precipitate Ag* and form AgCI crystals failed in the case of Ag deposition
on the Au-TiO2 NHDs (the thickness of the Ag shell was much less than predicted, and
there were many tiny Ag NDs located on TiO2 which is a big issue to synthesize
Au@Ag-TiO2 heterodimers), we decided to go back to the primary protocol, adding the
Ag precursor directly to the prepared Au-TiO2 solution obtained in the first-step
deposition. Exposure time, laser power, and precursor concentration were varied to

achieve our goal.
5.4.2.1 Varying exposure times and laser powers

In this section, the Au-TiO2 NHDs were prepared under the same condition as
mentioned above. The diameter of the Au NDs is 10.7 (2.3) nm and the Heterodimer
yield is around 48 %.Then 0.5 pmol of AgNOs was used to perform the second-step
deposition with different applied powers and exposure times. The samples obtained
under this condition did not show the presence of tiny Ag NDs on TiO2 NPs which is
completely different from what is observed when the system is chloride-free.

Representative TEM images are shown in Figure 5.11.

Figure 5.11 TEM images of Au-TiOz2 (a) and Au@Ag-TiOz (b). Au-TiO2 synthesized condition: [KAuCl4]
=0.5mM, 50 vol.% methanol as a hole scavenger, the applied power is 56.1mW, and the exposure time
is 4 min. Au@Ag-TiO2 was prepared with 0.5 pmol of AGNOs3, 4 min exposure time, and 56.1 mW applied
power.
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The size of the metallic nanoparticles, the predicted values, and heterodimer yields
are presented in Table 5.6. The thickness of the Ag shell obtained with the different
laser powers and exposure times is in the range of 0.5 and 0.9 nm which is once again
much less than the predicted value (1.7 nm). It looks like the Ag shell gradually thickens
with the increasing exposure time at a power of 56.1 mW, but there is no direct
relationship between the Ag shell and the laser power. Since there is no obvious
difference in these thickness values, it is difficult to see which condition is better for

thick Ag shell formation.

Table 5.6 Data concerning the NDs size and heterodimer yields of Au@Ag-TiOz. First step deposition:
[TiO2] = 5.5 mM, [KAuCls] = 0.5 mM, 50 vol.% methanol as a hole scavenger, applied power of 56.1 mW,
and 4 min exposure time. Second step deposition: 0.5 pmol of AQNOs was added, and the second-step
deposition was then performed by applying different powers and exposure times. The calculation of the
predicted Ag shell can be seen in Appendix 1.4.

Applied Exposure | NHDs yield Diameter of Ag thickness Predicted Ag shell
power (mW) | time (min) (%) NDs (nm) (nm) thickness (nm)
10 16 53 124 +£2.6 0.9 1.7
20 16 48 11.8+2.8 0.6 1.7
56.1 16 52 123125 0.8 1.7
56.1 8 48 11.8+24 0.6 1.7
56.1 4 47 11.7+3.2 0.5 1.7

In addition to the TEM characterization, STEM combined with elemental mapping
was employed to have a better insight into the morphology of the metal particles in the
bimetallic structure. The elemental mapping of Au and Ag on the metal particle
confirmed the presence of a core@shell structure of the Au@Ag particle with Au as
the core and Ag as the shell and the results are shown in Figure 5.12. Since the Ag
shell is very thin, the signal intensity is not as bright as we would expect but more
explicit than the results from the literature.” Moreover, We show here that the Ag
prefers to grow on the big Au particles (Figure 5.12b) and only where gold is present.

There is no additional growth of silver nanoparticles on previously bare TiOx2.
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Figure 5.12 (a, b) SEM images of Au@Ag-TiO2 and their corresponding elemental mapping of Ti, Au,
and Ag. This sample is synthesized under the 10-mW applied power and 16 min exposure time (detailed
sample information is shown in Table 5.6). ¢) STEM image and EDS line-scanning profile of two core-

shell Au@Ag on their respective TiO2 NP,

5.4.2.2 Varying the amounts of AgNO3

Since there are CI ions present in the Au-TiO2 solution which is used for Ag
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deposition it means that a fraction of the AgNOs in the solution reacts with these
chlorides and cannot be used for the deposition. Here, we used different amounts of
AgNO:s to see if the thickness of the Ag shell could be increased with more precursors.

The TEM images and data are shown in Figure 5.13 and Table 5.7.

Figure 5.13 TEM images of Au@Ag-TiO2 synthesized using different amounts of AgNQOs, 0.25 (a), 0.50
(b), 2.00 (c,) and 4.00 (d) ymol of AgNOs was used. The condition for preparing Au-TiOz2: [TiO2] = 5.5
mM, [KAuCls] = 0.5 mM (0.5 pmol of KAuCls), 50 vol.% methanol as a hole scavenger, applied power
of 56.1mW, and 4 min exposure time. Second step deposition: different amounts of AgNO3 were added;
this solution was then irradiated for another 16 min by the laser with a 56.1 mW applied power.

Table 5.7 Data of metallic particle size and heterodimer yield of Au@Ag-TiO2. The condition for
preparing Au-TiO2: [TiO2] = 5.5 mM, [KAuCls] = 0.5 mM (0.5 ymol of KAuCls), 50 vol.% methanol as a
hole scavenger, applied power of 56.1mW, and 4 min exposure time. Second step deposition: different
amounts of AQNO3s were added; this solution was then irradiated for another 16 min by the laser with a
56.1 mW applied power. The calculation of the predicted Ag shell can be seen in Appendix 1.4.

Amount of AgNOs (umol) | NHDs yield (%) | Ag thickness (nm) | Predicted Ag shell thickness (nm)
0.25 50 0.4 1.1
0.5 51 0.8 1.7
48 0.7 4.8
50 0.8 7.1

Figure 5.13 shows no tiny Ag NDs for either 0.25 or 0.5 pmol of AQNOs. The Ag
shell gets thicker when AgNOs increases from 0.25 ymol to 0.5 pymol, (0.4 to 0.8 nm)
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and then remains stable with some tiny Ag particles forming on the TiO2 surface. Based
on these results, we can conclude that excess ANOs3 can easily induce the secondary
nucleation of Ag NDs even if a partial consumption of AgNOzs is taking place by the CI
ions. Moreover, we found that the thickest Ag shell available is around 1 nm.

To explain these results, we can refer to papers by Holmberg,?®> Lodsdail,?® and
Pekka.?* These authors studied the bimetallic nanoparticles from a theoretical point of
view and considered the case of core@shell systems. To understand where the
electrons were localized in such M1@M2 NPs, they analyzed the atomic charge in the
NPs. Concerning the charge equilibration, the most important question is whether the
charge accumulates in the shell or the core of the NPs: increased degrees of freedom
at a surface will attract electrons away from the core, although this could be
counterbalanced by a strongly electronegative core element. For example, charge
transfer from Ag to Au is common in Au/Ag NPs as the Au (2.4) is more electronegative
than Ag (1.9),2-2 whereas the electronegativity of Pd and Pt, which is 2.2 in both cases,
differs less compared to the Au Group elements,?® and thus the charge transfer may
be considered a less energetic driving force. Lodsdail et al.?® also confirmed analyzing
the charge segregation across bimetallic NPs that electrons accumulate on the NP
surfaces irrespective of the core@shell composition, except in the case of Ag. Then
for Au@Ag, the core tends to gain electron density, which is explained because of the
low electronegativity of Ag (1.9) with respect to the other element (Au: 2.4); the same

trend was observed with Pd: 2.2 and Pt: 2.2 as cores.

5.4.2.3 Depositing Ag on Au-TiO2 which contains big Au particle

From the previous EDS result (Figure 5.12), we found that the Ag prefers to grow
on the big Au particles, thus, Au-TiO2 NHDs with big Au particles were used to perform
the Ag deposition.
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Figure 5.14 TEM images of Au-TiO2 (a), and Au@Ag-TiO2 (c) NPs and their corresponding size
distributions (b and d). Experimental conditions: First step deposition, [TiOz] = 1.1 mM, [KAuCls] = 0.5
mM, 50 vol.% methanol as a hole scavenger, applied power of 56.1mW, and exposure time of 4 min.
Second step deposition: 0.5 ymol of AQNOs was added; this solution was then irradiated for 4 other min
by the laser with an applied power of 56.1 mW.

As shown in Figure 5.14, the Au-TiO2 particles were synthesized for a 1.1 mM
concentration of TiO2 and a mean diameter of Au particle of 16.2 (4.3) nm with a 70 %
Heterodimer yield. After the second-step deposition, the diameter of the metallic
particles increased to 18.5 (4.2) nm for a constant Heterodimer yield. The average Ag
shell thickness was calculated to be 1.2 nm still smaller than the prediction (2.5 nm,

Appendix 1.4).

5.4.3 Conclusion

In this section, photodeposition of Ag on Au-TiO2 NHDs was performed by a two-
step deposition method. To start, well-defined Au-TiO2 nanoheterodimers were
prepared by photodeposition. We have then systematically studied the influence of
hole scavengers, laser power, and exposure time on the photodeposition of Ag on Au-
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TiO2. The Ag shell obtained is limited to around 1 nm which is less than the predicted
value. This phenomenon can be explained by the theoretical analysis in reference.?®
Normally, the accumulation of electrons on the NP surfaces is independent of the
core@shell composition, except in the case of Ag: for M@Ag, the core tends to gain
electron density, which results from the low electronegativity of Ag (1.9) compared to

other metallic elements (Au: 2.4; Pd: 2.2; Pt: 2.2).

5.5 Photodeposition of Pd on Au-TiO2

Besides Ag, we also performed some experiments to introduce Pd on Au-TiO2
heterodimers aiming at synthesizing bimetallic Au-Pd core-shell on TiOz. In this part,

we used the same procedure as before.

5.5.1 Effect of the hole scavenger

First of all, we synthesized Au-TiO2 heterodimers with an average diameter of Au
NDs of 10.4 £ 2.7nm, with a heterodimer yield of around 51 %. Then the Na2PdCls (0.5
pmol) solution was directly added to the as-prepared Au-TiO2 solution. Finally, the
second photodeposition was performed during an 8 min irradiation by a 56.1 mW laser.
From the TEM characterization (Figure 5.15), the size of the BMPs particles increased
to 11.7 (2.8) nm and the NHDs yield was about 53% (this size and this NHDs yield
were measured and calculated without taking into account the tiny particles with a
diameter smaller than 2 nm). However, compared to Au-TiOz2, there were some tiny Pd
particles (diameter smaller than 2 nm) on TiOz after the second-step deposition which
was probably due to the presence of methanol. According to some studies '8 30 and
my work on the deposition of Pd on TiOz (Chapter 4), it seems that H20 is itself an
efficient hole scavenger for the Pd(ll)—chloride complexes reduction, and the addition
of an external hole scavenger induces the secondary nucleation of Pd resulting in

some pure Pd on TiO2.
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Figure 5.15 TEM images of Au-TiO2 (a) and Au@Pd-TiOz (c) NPs and their corresponding size
distributions (b and d). Experimental conditions: First step deposition, [TiOz] = 5.5 mM, [KAuCls] = 0.5
mM, 50 vol.% methanol as a hole scavenger, applied power of 56.1 mW, and exposure time of 4 min.
Second step deposition: 0.5 pymol of Na2PdCls was added; this solution was then irradiated for 8 more
min by the laser with an applied power of 56.1 mW.

In addition to the TEM characterization, UV-Vis spectra of Au-TiO2 and Au@Pd-TiO2
solution were also performed to have a better understanding of the optical properties
of these samples. As shown in Figure 5.16, there is a characteristic peak of Au
nanodots at around 550 nm for Au-TiO2 heterodimers. After the Pd deposition, the peak
of this surface plasmon band exhibits a slight red shift and gets broader owing to an
increase in the refractive index of the medium surrounding the Au particles.!”> 31-32
Because the Pd shell has a strong damping effect on the dipole plasma oscillation of
the Au core, the thin shell thickness can almost suppress the SPR peak of the Au core
for the Au@Pd core-shell nanostructures.3® Meanwhile, the absorption peak at 240 nm
is the absorption of the Pd shell.3? These features prove the presence of Au@Pd core-

shell.
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Figure 5.16 UV-vis spectra and picture of Au-TiO2 and Au@Pd-TiO2 NPs solutions. The color of the
colloid solution changed from a red to a brown color after depositing Pd.

Since we know H20 is itself an efficient hole scavenger to deposit Pd, attempts with
no external hole scavenger were also performed to deposit Pd on Au-TiO2
heterodimers. The pre-existing methanol in the Au-TiO2 solution was removed by
centrifugation before depositing Pd. In addition, different laser powers (56.1, 112 mW)
were applied to check their effect on the Pd deposition. The TEM images of Au-TiO2
and Au@Pd-TiOz2 particles and their size distributions are shown in Figure 5.17.

The size of the metallic particles increased from 10.4 to 11.6 nm after the second-
step deposition indicating the formation of a Pd shell with 0.6 nm thickness. Based on
the thickness and the heterodimer yield, we can calculate that around 30 % of the Pd
precursor was reduced and used to form the Pd shell. When the applied laser power
was higher (112 mW), a very close result was obtained.

The comparison of this result to that when the external hole scavenger (methanol)
is present (Figure 5.15), shows that there is no change in the Pd thickness. However,
some clusters of a few hundred nanometers could be observed by TEM. These
clusters were revealed to be composed of the hard-to-solubilize starting palladium
chloride material as evidenced by checking the TEM of the mother solution (Figure

5.17). Moreover, these clusters become smaller after the deposition process which
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suggests their continuous dissolution to keep the equilibrium of palladium (Il) in the

reaction solution until it is completely consumed.
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Figure 5.17 TEM images of Au-TiOz (a), Au@Pd-TiOz2 (c, €) NPs, and Naz2PdCls solution (c1) and their
corresponding size distributions (b, d, and f). Experimental conditions: First step deposition, [TiO2] = 5.5
mM, [KAuCls] = 0.5 mM, 50 vol.% methanol as a hole scavenger, applied power of 56.1 mW, and
exposure time of 4 min. The Au-TiOz particles were separated via centrifugation (18000g, 20 min) and
washed once with deionized water and they were redispersed into pH 3.3 using a nitric acid solution for
the second-step deposition. Second step deposition: 0.5 umol of Na2PdCls was added; this solution was
then laser irradiated for 8 more min with applied powers of 56.1 (c), and 112 (e) mW.

As we know, palladium (lI) can form stable complexes with chloride. The
complexation equilibria of Na2PdCls in water are strongly dependent on pH and pCl,3*
35 resulting in the formation of the different forms of the palladium chloride aqua

complexes, [PdCIn(H20)4-n]>" (n = 0-4). In addition, Kriek et al.3% showed that the
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photocatalytic reduction rate trend has the following decreasing order: PdCI2(H20)2 >
[PACI(H20)3]" > [Pd(H20)4]?* > [PdCl3(H20)]~ > [PdCl4]>~ with the neutral species
PdCI2(H20)2 exhibiting the highest reduction rate (Figure 5.18b). Here the
concentration of Na2PdCls in the reaction solution is 0.5 mM resulting in a pCl of 2.7

and the most active complex, [PdCl2(H20)2] is the main palladium (Il) complex.
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Figure 5.18 (a) Distribution of [PdCIn(H20)s-n]2-n-species as a function of — pCl
(log[CI7]) and (b) photocatalytic reduction trends of the [PdCIn(H20)4-n]2-n system (n =
0-4) in the absence of an added sacrificial reducing agent. The associated legends
indicate those Pd(ll)-complexes present in greater abundance at a specific chloride

concentration at 25°C.30
5.5.2 Different Pd precursors

Palladium(ll) chloride itself is insoluble in water. For this reason, PdCl2 was
dissolved in 0.01 M hydrochloric acid solution and Pd?* is mainly present as
(H*)2[PdCl4]* complex or its aqua complexes depending on the pH and the pCl. 3° We
dissolved the PdCIz into a pH 2 HCI solution (10 mM of PdClI2 solution) then assuming
a solution with a pCl of 1.70 containing mainly H*[PdCl3(H20)]". Then 50 ul of the PdClI2
solution was added to the as-prepared Au-TiO2 solution leading to a final pCl 3 where
[PACI2(H20)2] is prominent. Finally, an 8-min second-step deposition was performed
under a 56.1mW applied power (Figure 5.19).
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Figure 5.19 TEM images of Au-TiO2 (a) and Au@Pd-TiOz (c) NPs and their corresponding size
distributions (b and d). Experimental conditions: First step deposition, [TiOz] = 5.5 mM, [KAuCls] = 0.5
mM, 50 vol.% methanol as a hole scavenger, applied power is 56.1 mW and exposure time is 4 min.
Second step deposition: 0.5 ymol of PdCI2 (dissolved in pH 2 HCI aqueous solution) was added; this
solution was then irradiated for another 8 min by the laser with an applied power of 56.1 mW.

Figure 5.19 shows the TEM images of Au-TiO2 and Au@Pd-TiO2. As we can see, a
layer of around 0.7 nm thickness of Pd-shell was coated onto the Au particles after the
second deposition. Compared with Na2PdCls as a precursor, the Pd thickness was
very close except that there are not any more clusters as with Na2PdCls4 probably
because of the difference of nature of the counter cation and the fact that here we did

not have to break the crystals' internal bonds via dissolution processes.

We also performed the EDS elemental mapping analysis on the Au@Pd-TiO2 NPs
(Figure 5.20). The clear spatial correlation between Au and Pd signals revealed that
Pd atoms are in close contact with Au particles. Additionally, the elemental map of Au
had a higher atomic density in the central region, while a slightly larger distribution
area with a sparse center and dense edge was shown on the elemental map of Pd,

confirming the formation of an Au@Pd core-shell particle on TiO2. It is worth noting
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that, first, there are also pure Pd particles (yellow circled in Figure 5.20b), and second,
in some particles, the Pd shell on the Au core presents a uniform distribution, while
some protrusions also appear (red arrows) in others. The biggest obstacle in creating
a bimetallic core@shell structure is the lattice mismatch and when this lattice mismatch
is larger than 5 %, the second material shows anisotropic growth on the seed particle.*¢
Since the lattice mismatch between Au and Pd is 4.7% approaching 5%, the Pd growth
on the Au core could be anisotropic, resulting in a nonuniform Pd shell as illustrated
on the profiles shown in Figures 5.20e and f. Figure 5.20e is particularly illustrative
since the profile shows from left to right a core-shell system, a pure Pd ND on TiOz2

and the Pd protrusions on gold (also shown on Figure 5.20f).
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Figure 5.20 (a) SEM images of Au@Pd-TiO2, (b, c, d,) the merged and corresponding elemental
mappings of Ti, Au, and Pd. (e, f) two profiles showing the growth of Pd directly on TiO2 and the Pd
protrusions on gold and the lack of uniformity.

We then increased the amount of PdCl2 to 1.0 uymol to study the influence of the
amount of precursor. The result in Figure 5.21 shows the thickness of the Pd shell
(~0.7 nm) does not increase as expected. However, a higher palladium precursor
concentration resulted in the formation of a few free big clusters and small
clusters/dendrites around the Au core. This result could certainly be beneficial for the

photocatalytic generation of H2 thanks to the high active surface area developed.
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Figure 5.21 TEM images of Au@Pd-TiO2 (a, b) NPs and size distributions (c). Experimental conditions:
First step deposition, [TiO2] = 5.5 mM, [KAuCls] = 0.5 mM, 50 vol.% methanol as a hole scavenger,
applied power is 56.1 mW and exposure time is 4 min. Second step deposition: 1.0 pymol of PdCl2
(dissolved in pH2 HCI aqueous solution) was added; then this solution was irradiated for another 4 min
by the laser with an applied power of 56.1 mW.
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As when depositing Ag on Au-TiO2, we also used the big size Au particles for Pd
deposition. The Au-TiOz2 particles starting from a 1.1 mM TiO2 concentration, had a
mean diameter of Au particle of 16.2 (4.1) nm with a 75 % yield of heterodimers (Figure
5.22). After the second-step deposition, the diameter of the metallic particles increased
to 18.8 (4.2) nm and the heterodimer yield remained the same. The average Pd shell
thickness (1.3 nm) is still lower than the predicted value (3.7 nm, Appendix 1.4), but is
at least better than the previous result (0.6-0.7 nm). It looks like whenever the TiO2
concentration is decreased, we favor both the NHDs vyield (first step) and the shell
thickness (second step). However, dilution means a longer mean free path and

probably a longer reaction time to get a thicker shell on the one hand.
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Figure 5.22 TEM images of Au-TiOz2 (a) and Au@Pd-TiOz (c) NPs and corresponding size distributions
(b and d). Experimental conditions: First step deposition, [TiO2] = 1.1 mM, [KAuCls] = 0.5 mM, 50 vol.%
methanol as a hole scavenger, an applied power of 56.1 mW, and an exposure time of 4 min. Second
step deposition: 0.5 ymol of PdClIz (dissolved in pH2 HCI aqueous solution) was added; this solution
was then irradiated for another 8 min by the laser with an applied power of 56.1 mW.

On the other hand, the control of this Pd shell thickness proved to be very important

to get both a satisfactory cocatalyst effect and absorption due to the SPR of Au

221

References page 224



Chapter 5 Photodeposition of Au@Au, Au@Ag, and Au@Pd Core-Shell Structured Bimetallic
Nanodots on TiO2 Nanoparticles

nanoparticles. It was reported'® that optical and physical properties of the Au NDs were
completely shielded for a Pd thickness of 2.5 nm; then a Pd shell with a 0.5 -1.6 nm
thickness as that obtained here might be much more interesting for the
functionalization of Au/TiO2 when considering both SPR aspect and Pd catalysis. The
synthesis of this thin Pd shell on gold has been very difficult to achieve up to now by

ordinary methods of core-shell preparation as mentioned by Tanaka.®

5.5.3 Conclusion

In this section, the photodeposition of Pd on Au-TiO2 heterodimers was performed
by a two-step deposition. The Pd shell was successfully deposited on the Au resulting
in Au@Pd bimetallic core-shell structure onto TiO2 particles. Compared to the
deposition of Au and Ag on Au-TiOz2 heterodimers, the issue stems from the complexity
of the palladium precursors. The solubility of Na2PdCls in H20 is not so good and
complexation equilibria of Na2PdCls in water are strongly dependent on pH and pCl,
resulting in the formation of potential different forms of the palladium chloride aqua
complexes, [PdCIn(H20)s-n]>" (n = 0 - 4). These uncontrolled factors made the
obtained Pd shell thicknesses at variance with expectations. Nevertheless, the thin
palladium shell we synthesized (0.6-1.3 nm thick) is a favorable condition to improve
the photocatalytic activity as reported in the references and we do not need to increase

the Pd shell thickness blindly.

5.6 Conclusion

In this chapter, bimetallic core-shell structured Au@M-TiO2 (M=Au, Ag, Pd) have
been synthesized by a two-step photodeposition method using a UV laser as a light
source. The Au particles were first photodeposited on the surface of TiOz2, followed by

the deposition of another metal on the as-prepared Au-TiOz2 heterodimers in the second
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step. The characterizations including TEM, UV-vis spectroscopy, and EDS mapping
were performed and the results confirmed the existence of a core-shell structure. For
the Au@Au core@shell, the Au shell can be precisely controlled by varying the gold
precursor concentration; the maximum thickness we obtained is 2.9 nm and the size
and thickness of the Au core and shell fit our expectations. For the Au@Ag system, it
was very easy to produce some tiny Ag particles on the surface of TiO2 particles and
the Ag shell obtained was limited to around 1 nm thickness, less than expected, which
results from the low electronegativity of Ag (1.9) compared to other Au (2.4). For the
Au@Pd system, Pd showed a non-isotropic growth on the Au core resulting in a
nonuniform Pd shell which was due to the big lattice mismatch between Au and Pd.
The results of this study provide useful information for the design of functionalization

of plasmonic photocatalysts by the formation of a core@shell structure.
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Chapter 6 Selective Photodeposition of Au Nanodots on Janus-Type Cu2-S/CulnS2 Heteronanorods

6.1 Introduction

Colloidal metal-semiconductor hybrid nanocrystals (NCs) used as photocatalysts
for solar-to-fuel conversion have been of particular interest in recent years since they
usually exhibit more appealing photocatalytic performance than either side on their
own due to the synergistic effects of each component, wherein the semiconductors
provide tunable optical bandgaps and the metals offer superior reducing and catalytic
properties.’ Moreover, the coupling of metal nanodots and semiconductors allows
the formation of a Schottky junction that promotes charge separation and transfer,
thereby improving photocatalytic efficiencies.'® To date, most metal-semiconductor
systems are based on either metal oxides or Cd-based chalcogenides. Though metal
oxides (e.g., TiO2, WOs3, ZnO) exhibit excellent stability and photocatalytic activities,
they have large bandgaps and are therefore active only at short wavelengths, thus
being less efficient under sunlight irradiation.” 3 Instead, Cd-based chalcogenides
have suitable bandgaps and good photocatalytic efficiencies. However, they are highly
restricted in practical applications due to their intrinsic toxicity and poor photostability
because of the accumulation of holes during photochemical reactions.>

Cu-chalcogenide NCs are alternative semiconductors for coupling metal nanodots
for the construction of highly efficient photocatalysts due to their lower toxicity,
excellent photocatalytic activities, size, and composition-tunable bandgaps that match
well in the solar range. The most commonly reported metal-Cu chalcogenide hybrid
NCs are those metal nanodots decorated on binary Cu-chalcogenides, such as
Au-Cu2S heteronanodimers,” Pt-Cu2-S hybrid nanoplatelets,®® Pt-Cu2-xSe and
Au-Cu2-xSe heteronanodimers,’® dual plasmonic Au@Cuz2-xE (E= S, Se) core@shell
superparticles, -2 and Au-Cuz-xTe disk-on-dot heterostructures.'® With the advanced
development of synthesis methods combined with a wealth of Cu-chalcogenide
libraries, metal nanodots have also been successfully expanded to some more
complicated structures, e.g., Au deposited on ternary CulnS2,'#'® CuGaS»,"”
CuFeSe2'® nanoparticles and quaternary Cu2ZnSnS4 nanostructures.'®??2 Though the
presence of metal nanodots on Cu-chalcogenide NCs improves their photocatalytic
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performance several times, the efficiency is still lagging far behind compared to
prototypical metal-decorated Cd-based semiconductors. For example, Amirav’s group
recently reported that the Pt-tipped CdSe@CdS nanorods show a record 100%
photon-to-hydrogen production efficiency under visible light illumination.?3

The key factor that influences charge separation is the control of the flow of
photogenerated electrons and holes. Compared to single component Cu-
chalcogenide semiconductors, the design of axially segmented heteronanocrystals
(HNCs) with a type-Il band alignment would be more attractive since this configuration
allows an efficient spatial separation of electron-hole pairs under light irradiation. With
a highly selective deposition of metal nanodots on the segmented nanostructure, it is
expected to further control the flow of charge carriers. However, most up-to-date metal
nanodot depositions are only limited to single component Cu-chalcogenide NCs and
those on multi-component segmented Cu-chalcogenide HNCs have never been
reported so far. This is mainly because Cu-chalcogenide HNCs are hard to be
synthesized due to the fast diffusion rate of Cu* in the crystal lattices?* as well as the
difficulties in balancing the reactivities of multiple cations to anionic precursors.?®

In this work, we present a laser-based photodeposition approach to study the
nucleation and growth of Au nanodots onto binary-ternary Janus-type Cu2_xS/CulnS:2
HNCs in toluene. Compared to single component Cu-chalcogenides, the Cua-
x3/CulnS2 heteronanostructures have a sharp heterointerface and can form a typical
type-Il heterojunction, which is an ideal model to study the selective deposition of
metal nanodots. To start, colloidal Cu2_xS/CulnS2 HNCs were prepared by a two-stage
seeded-injection method reported in previous literature.?® Subsequently, the Au
nanodot was introduced onto the Cu24S/CulnS2 heteronanorods by photodeposition.
The geometric distribution (e.g., number and location) of Au nanodots as well as their
sizes can be well controlled by tuning laser power, exposure time, hole scavengers,
and precursors concentration. Ex-situ transmission electron microscopy (TEM)
tracking demonstrates that the deposition of Au nanodots on the HNCs exhibits
pronounced selectivity and experiences a gradual transition from Cu2S tips to CulnS2
parts. Experiments show that photodeposition is an efficient route to synthesize Au-
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Cu2_xS/CulnS2 heterotrimers with versatility and predictability. The Au introduction and
selective decoration will lead to an understanding of the primary physical mechanisms
of charge carrier dynamics and design principles for achieving efficient photocatalytic

activity which is important for developing more efficient and stable photocatalysts.

6.2 Experimental part

6.2.1 Chemicals

Indium nitrate hydrate (In(NO3)3-x H20, 99.9%), copper acetylacetonate (Cu(acac)z,
97%), copper(l) acetate (CuOAc, 97%), 1-dodecanethiol (1-DDT, = 98%), oleic acid
(OA, 90%), oleylamine (OLAM, 70%), Potassium gold chloride (KAuCls, 99.995%),
dodecylamine (DDA, 98%), anhydrous toluene, methanol, butanol, chloroform and

ethanol were purchased from Sigma-Aldrich and used as received.

6.2.2 Synthesis of Cu2-xS/CulnS2 HNCs

The Cu2S/CulnS2 HNCs were synthesized by a two-stage seeded-injection
method according to the previously reported procedures.?® Cu2-xS seed NCs were
prepared by heating a mixture of Cu(acac)2(0.79 g, 3 mmol), 15 mL of OLAM, and 15
mL of 1-DDT at 200 °C under N2 protection for 2 h, followed by naturally cooling down
to room temperature. The products were purified by the addition of an excess of
isometric methanol and butanol solution and centrifuged at 2750 rpm for 10 min. The
purification procedure was repeated 3 times. The Cuz2-xS NCs were then redispersed
in 12 mL of anhydrous toluene and stored in a glovebox for further use.

For a typical seeded-injection reaction, 1 mL of the as-preformed Cu2—«S NCs seeds
stock solution was precipitated again according to the washing step mentioned above.
The black precipitate was redispersed in 5 mL of 1-DDT. In the meantime, a mixture
of In(NOs3)3-x H20 (0.06 g, 0.2 mmol) and 4 mL of OA was degassed for 30 min at
120 °C before heating to 240 °C under Nz protection. At this temperature, the as-
prepared CuzS NCs seeds solution was rapidly injected into the hot In(NO3):—-OA
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solution and the mixed solution was allowed to react for 40 min. The reaction mixture
was then naturally cooled down and washed with an excess of ethanol, followed by
centrifugation at 2750 rpm for 10 min. The washing steps were repeated 3 times. The
HNCs were finally redispersed in 5 mL of toluene and stored in a glovebox for further

use.

6.2.3 Phase Transfer of KAuCls from Water to Toluene

The phase transfer of KAuCls from water to toluene was performed according to a
previously reported approach.?’2® To start, an 8 mM KAuCls aqueous solution was
prepared by dissolving KAuCls (30.2 mg, 0.08 mmol) in 10 mL of deionized water.
Then, 2 mL of this as-prepared KAuCls solution, were mixed with 2 mL of ethanol
containing DDA (28 mg/mL). The mixture was vigorously shaken until a homogeneous
solution was obtained and the solution was then let stand for 1 h. Subsequently, 2 mL
of anhydrous toluene, were added into the mixture to allow the phase transfer from
water to toluene. After 30 min, the upper layer, viz., toluene, turned from transparent
to light yellow, indicating the successful phase transfer. The Au precursors in toluene
were carefully extracted using a pipette and were bubbled by argon for 10 min. Given
the 100 % efficiency of the phase transfer, the obtained 8 mM KAuCl4 toluene solution

was diluted to 4 mM for further experiments.

6.2.4 Laser-induced deposition of Au Nanodots onto

Cu2—xS/CulnS2 HNCs

The Cuz2-xS/CulnS2 HNCs solution was diluted by a factor of ten in toluene under
argon protection. Typically, 100 uL of the diluted HNCs solution were mixed with 749
L of anhydrous toluene, 51 uL of the 4mM KAuCls-toluene solution, and 100 uL of
methanol in the dark. The mixture was transferred to a 1 cm path length sealed quartz
cuvette and stirred at 300 rpm until the end of the experiments. The size of the laser

in front of the cuvette was adjusted to be circular and 1 cm in diameter to be sure that
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the whole solution was completely exposed to the laser light. The excitation power and
exposure time were finely tuned according to the experimental needs. Once the
experiment was done, the reaction was quenched by turning off the laser and adding
1 mL of acetone. The product was collected by centrifugation at 4000 rpm for 10 min
and washed once by addition of 1 mL of isometric methanol and butanol solution,
followed by centrifugation at 4,000 rpm for 10 min. The yield precipitate was
redispersed in 0.5 mL of chloroform. All experiments were performed at room
temperature. The beam power range at the exit of the laser head varies from PL =0 to
362 mW when changing the driving current, with a maximum current of 5.0 A. With a
transmission of the setup of Pi/PL = 79%, the power range incident to the cuvette is Pi
= 0 to 286 mW. Considering the transmission of the cuvette Pi/Pi = 48% when filled
with Cu2-xS/CulnS2 HNCs solution, the beam intensity estimated in the middle of the

1
2(PiPt)§ _ 2P X55%
Tw? Tw?

cuvette is[ = = 0 to 507 mW/cm? for a beam diameter 2w =1 cm.

6.2.5 Characterization

Samples for transmission electron microscopy (TEM) analysis were prepared by
drop-casting a solution of NCs onto carbon-coated 200 mesh copper/nickel TEM grids.
A few drops of chloroform were cast on the same side of the grid to wash away some
remaining metal salts. TEM analysis was performed with three machines, a JEOL
JEM1400 Plus microscope operating at 120 kV, an FEI-Technai 12 microscope
operating at 100 kV, and an FEI Technai 20 microscope operating at 200 kV. High-
resolution TEM (HRTEM), high-angle annular dark-field scanning TEM (HAADF-
STEM), and elemental mapping were performed on a Talos F200X (Thermo Fisher
Scientific) or JEOL 2100 operated at 200 kV. The elemental maps were collected in
an area of 1024 x 1024 pixels with an acquisition time of 5-10 min using Esprit software
from Bruker. The elemental quantification is done by adding up all the counts in the
entire spectrum for each channel and all pixels within the area of interest. Samples for

X-ray diffraction (XRD) analysis were prepared by uniformly spreading dried NCs
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powder (~0.1 g) over a silicon wafer. XRD analyses were performed with a Bruker D2

Phaser, equipped with a Co Ka x-ray source with a wavelength of 1.79026 A.

6.3 Photodeposition of Au NDs on long Cu2-xS/CulnS:
HNCs

The Cu2-S/CulnS2 HNCs were synthesized by a two-stage seeded-injection
method. Then the Au nanodots were introduced on Cu2-S/CulnS2 HNCs by laser-
beam induced photodeposition. The nucleation and growth of Au nanodots onto
binary-ternary Cu2—S/CulnS2 heteronanocrystals (HNCs) in toluene were carefully
studied. The effects of the hole scavengers and Au precursors, illumination power, and
exposure time on geometric distribution (e.g., number and location) of Au nanodots as

well as their sizes were investigated and are detailed.

6.3.1 Characterization of Cu2—xS/CulnS2 HNCs

Colloidal Janus-like Cu2-xS/CulnS2 HNCs were synthesized by the fast injection of
a solution of as-preformed Cuz-xS seed nanodisks dispersed in dodecanethiol into a
hot indium oleate solution at 240 °C, while keeping the reaction at this temperature for
40 min (See Experimental part for details). High-angle annular dark-field scanning
TEM (HAADF-STEM) image of Cu2—S/CulnS2 HNCs shows pronounced contrast
differences within single HNCs (Figure 1a). Corresponding two-dimensional
elemental mapping (Figure 1b) reveals that the contrast differences come from two
distinct components, viz., binary Cu2—S (brighter part) and ternary CulnS2 (darker part).
The Cu2-S part has a monoclinic low chalcocite crystal structure with a Cu/S ratio of
1.6 £ 0.1, while the CulnSz2 part has a hexagonal wurtzite crystal structure with a nearly
stoichiometric composition. The X-ray diffraction pattern of the HNCs (Figure 1c) is
dominated by the diffraction peaks of the hexagonal wurtzite CulnS2 without obvious
contributions from the Cu2-xS tips, which is likely due to the small volume of the Cuz-
xS tip compared to that of the elongated CulnS:2 part, as well as the similar hexagonal
closed packed S?” sublattice in low-chalcocite Cu2-xS and wurtzite CulnS2, as verified
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previously.?® The Cu2-xS/CulnS2 HNCs show a featureless absorption across a broad

spectral range that covers the whole visible region, demonstrating that these

nanomaterials can be used as efficient sunlight absorbers. (Figure 1d).
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Figure 1. (a-b) HAADF-STEM image (a) and corresponding elemental mapping (b) of Cu2-,S/CulnS:2
HNCs. (c-d) XRD patterns (a) and absorption spectrum (b) of Cu2-xS/CulnS2 HNCs (red line). The grey
line in Figure 1c represents the hexagonal wurtzite CulnS: diffraction pattern (JCPDS Card 01-077-
9459). Figure 1b is adapted from the ref.26

6.3.2 Laser-induced photodeposition of gold on Cu2_xS/CulnS;

HNCs

The photodeposition experiments were conducted inside a 1 cm path length sealed
quartz cuvette containing oleic acid/dodecanethiol capped Cu2-xS/CulnS2z HNCs,
dodecylamine (DDA)-modified KAuCls precursors in toluene, and methanol (MeOH)
as hole scavengers. A laser with a continuous wavelength of 473 nm was used as an
irradiation source to allow an efficient excitation of Cu2xS/CulnS2 HNCs due to their
broad absorption spectral range extended to ~800 nm (Figure 1d). After exiting from
the laser head, the beam size is amplified to about 1 cm in diameter by passing through
a cylindrical lens and another lens with a focal length of 70 mm. The enlarged beam
is then sent to a 1x1x4 cm3 sealed quartz cuvette with a solution volume of 1 mL. The

solution is stirred continuously with a speed of 300 rpm under illumination at room

237
References page 256



Chapter 6 Selective Photodeposition of Au Nanodots on Janus-Type Cu2-S/CulnS2 Heteronanorods

temperature to ensure a homogeneous dispersion throughout the whole reaction

process.

6.3.2.1 Effect of the hole scavenger on Au photodeposition

Instead of conventional lamps, the use of a focused laser beam promotes the
generation of a tremendous rate of electron-hole pairs. Apart from the electrons which
may recombine with holes, many of them participate in the chemical reduction of Au3*
to Au® nanodots on the surface of Cu2—«S/CulnS2 HNCs. The excessive consumption
of electrons leads to an imbalanced charge equilibrium due to the unreacted holes
within the HNCs. In this case, a hole scavenger has to be added to the solution to
avoid the accumulation of holes that are not conducive to the photostability of HNCs.
In addition, the hole scavengers when consuming holes and thus reducing the
recombination of electrons and holes improve the deposition efficiency. In the reaction
system, MeOH was selected as a hole scavenger because of its high hole-trapping
efficiency and good miscibility in nonpolar toluene, demonstrated in the
photodeposition on Cd chalcogenide nanocrystals and TiO2 particles.?®*3! Figure 2
shows the photodeposition of Au nanodots on Cu2-,S/CulnS2 HNCs in the presence
of different amounts of hole scavenger (0, 5, 10, 15% volume percentages). In the
absence of MeOH, less than half of the HNCs show an Au deposition with a size of
6.1 £ 1.2 nm (Figure 2a). The ratio of HNCs with a single Au nanodot significantly
increases in the presence of MeOH and reaches a maximum of 73% for 10% MeOH.
Interestingly, the Au size increases to 7.5 + 1.3 nm with the addition of MeOH,
confirming the important role of the specific hole scavenger in photodeposition.
Moreover, when deposited on the CulnS:2 elongated part, most Au nanodots locate on
the side, in sharp contrast with the Au photodeposition on Cd chalcogenide nanorods

which typically takes place at the tips.3'-34
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@oru @1Av [J2A0 @>2Au MeOH_5% MeOH_10% MeOH_15%

Figure 2. TEM images of starting material and (a-d) Au-Cu2-,S/CulnS2 HNCs obtained in the presence
of different amounts of hole scavengers (MeOH, various volume percentages from 0 to 15%) in the
reaction solution. Three-dimensional color pie chart (upper panel of each TEM image) of the number of
Au nanodots on Cu2-S/CulnS2 HNCs. The percentages of Au nanodot distributions are estimated by
counting more than 200 nanoparticles. The laser power (PL, exit laser head), the concentration of

KAuCls, and deposition time are 100 mW, 0.204 mM, and 32 min, respectively.

In the following, we perform experiments varying light intensity, gold precursor
concentration, or exposure time with a fixed 10% vol. of methanol in the reaction

medium.

6.3.2.2 Effect of the laser beam intensity on the Au photodeposition

Light intensity is an essential parameter for the electron-hole pair production rate
which directly affects the photodeposition rate of Au nanodots on Cu2-xS/CulnS2 HNCs.
We studied the influence of laser beam intensities on the photodeposition and varied

the beam intensity I inside the cuvette from 28 to 420 mW/cm? (PL = 20, 50,100, 200,
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and 300 mW) while the concentrations of hole scavenger (MeOH, 10%), Au precursor
(0.204 mM) and HNC substrate, as well as the irradiation time (16 min), were fixed
unless otherwise noticed. As expected, the size of Au nanodots on HNCs indeed
gradually increased from 5.5 to 7.5 nm with the increase of illumination power (Figures

3 and 4a).

(b) 50 mw

| § Q\
WL

(c) 100 mw
W?% -

fy-

Figure 3. (a-d) TEM images of Au-Cu2-,S/CulnSz HNCs obtained under different illumination intensities.

The laser power (PL) varies from 20 to 300 mW.

Figure 3 shows that in a single image, we can see the different stages of reaction
achievements with the different nuances of grey of the HNCs (€), @); we will come

back on this issue in section 6.3.2.4.
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Figure 4. (a-b) Size (a) and distribution (b) of Au NDs on HNCs under different laser powers. (c)Three-
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dimensional color pie charts of the distribution of Au NDs on Cu2-,S/CulnS2 HNCs. The percentages of
Au NDs distributions are estimated by counting more than 200 nanoparticles. The volume percentage

of MeOH, concentration of KAuCls, and deposition time are 10%, 0.204 mM, and 16 min, respectively.

The interface diameter (Ds) of Au on Cu2-xS and the diameter of Au nanodots on
CulnS2 (D) were measured respectively because the Au nanodots decorated on Cuz-
xS side resemble caps while the Au nanodots on the CulnS:2 side are approximately
spherical, illustrating a difference in wettability on the two surfaces. Moreover, as the
power increases the ratio of single metal nanodots decreases from 78% to 66% while
that of the multiple metal nanodots however experiences a slight increase from 0 to
10% (Figure 4b,c), which is completely opposite to the case of Au-tipped CdSe-CdS
nanoheterodimers,3! suggesting that the photodeposition on Cu2-xS/CulnS2 HNCs is
fundamentally different from that on Cd-based HNCs. Additionally, a note should be
taken that the locations of Au nanodots on the HNCs differ at low and high illumination
powers. At low power, the majority of Au nanodots are generally located at the tips of

the Cu2-«S part of HNCs while these metal dots seem to move to the side of the CulnS2
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part of HNCs at high illumination power (Figure 3). The variation of the overall length
of the HNCs with the power (Figure 5a) is null while surprisingly, at first sight, the size
(diameter and length) of Cu2xS gradually increases with the laser power (Figure 5b).

The underlying reasons for these phenomena are discussed separately in Section
6.3.2.6.
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Figure 5. (a) Average length of the HNCs after deposition at different illumination powers. (b) The
average diameter (red spheres, left Y-axis) and length (blue squares, left Y-axis) of the Cu2-xS after

deposition at different illumination powers.

6.3.2.3 Effect of Au precursor on Au photodeposition

To further control the growth of Au nanodots, the concentration of the Au precursor
([Au®*]) was finely tuned while the other parameters were kept the same (10% vol.
MeOH, power of 100 mW at exit laser, and exposure time of 16 min). TEM images in
Figure 6 clearly show that the size of Au nanodots increases with the [Au3*]. Similar
to the influence of illumination power, at low [Au®*], most Au nanodots (6.3 *+ 1.4 nm)

locate on the tip of HNCs, specifically on the Cu2-xS end (Figure 7).
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Figure 6. (a-d) TEM images of Au-Cu._xS/CulnS2 HNCs obtained for different concentrations of
Au precursors. The concentration varies from 0.068 to 0.272 mM. The volume percentage of MeOH,

power at exit laser, and exposure time are 10%, 100 mW, and 16 min, respectively.

When the [Au3*] reaches 0.136 mM, the single Au ND deposition shares a nearly
equal probability of growing on either side of the Janus structures (52% on Cu2S
parts and 48% on CulnS2 parts). Moreover, the contact angle of Au nanodots on the
Cu2-xS side turns out to be < 90° while that on the CulnSz2 part is > 90°. As the [Au®*]
increases, nearly no individual Au nanodots are present on the Cu2-xS parts, and
almost all of them are on the side of CulnS2 and exhibit an average size of ~7.5 nm
(Figure 7). Additionally, the contrast of Cu2—«S becomes darker compared to that of
the elongated CulnS2 (as in Figure 3c). As in the case of high intensity, we also
observe with increasing gold precursor concentration that the resulting HNCs show
this dark contrast of the Cu2—S parts concomitantly to the disappearance of the
corresponding Au nanodots. This tends to indicate a change in the composition of this
same Cu2-xS zone possibly with the formation of an Au-containing alloy even if Au2S
via cation exchange has been observed.?> Additionally, the size of these Cu2-,S zones
also slightly increased (Figure 8b), a phenomenon already observed when varying

the laser powers.
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Figure 7. (a-b) Size (a) and distribution (b) of Au nanodots on HNCs with different gold precursor
concentrations. (c)Three-dimensional color pie chart of the number of Au nanodots on Cux-
xS/CulnS2 HNCs. The percentages of Au nanodot distributions are estimated by counting more
than 200 nanoparticles. The volume percentage of MeOH, P, and deposition time are 10%, 100

mW, and 16 min, respectively. The concentration varies from 0.068 to 0.272 mM.
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Figure 8. (a) Average length of the HNCs after deposition at different gold precursor concentrations.
(b) The average diameter (red spheres, left Y-axis) and length (blue squares, left Y-axis) of the

Cu2-«S after deposition at different gold precursor concentrations.
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6.3.2.4 Effect of the exposure time on the Au photodeposition

To understand the overall process of photodeposition, ex-situ TEM measurements
were performed at different exposure times while all the other parameters were kept
the same (10% vol. MeOH, PLof 100 mW, and [Au®*] of 0.204 mM). For very short
times (< 4 min), tiny single dots (5.3 nm) can be found on the Cu2-S tips (Figure 9a,
b). With the increase of illumination time up to 8 min, the size of the Au NDs reaches
~7.5 nm and individual Au nanodots (~6.5 nm) start to grow on the side of elongated
CulnS2 (Figure 9¢). Longer illumination time leads to the formation of multiple Au NDs.
For example, at 16 min, the ratio of single, two, and multiple Au NDs reaches ~67%,
23%, and 3%, respectively (Figure 10c). For illumination time > 16 min, no Au NDs
can be found anymore on the Cu2-S side of the NHCs, and the size of the Au NDs on
the CulnS2 side gradually increases up to ~8 nm at an irradiation of 64 min (Figure
9d- f and Figure 10a).

At 16 min of exposure, Figure 9d shows the presence of different types of nanoobijects:
€ CuinS2 grown on their own (they are not really cylindrical), @ Cu2—S/CulnS2 HNCs
with one Gold nanodot growing on the copper sulfide tip, € Cu2—S/CulnS2 HNCs
which seem to have the copper sulfide tip completely covered or alloyed with gold (see

once again the difference of darkness of tips with sample €)), @ Cu2-S/CulnS2 HNCs

with one gold ND growing on the copper sulfide tip and one on the CulnS2 one, ©

Cu2-xS/CulnS2 HNCs which seem to have the copper sulfide tip completely covered or
alloyed with gold so that it now looks like a nail head.
These interesting transitions indicate that the nucleation and growth of Au
nanodots on Cuz-xS/CulnS2 HNCs may proceed in two ways
(i) two sequential deposition steps, i.e., selective deposition of Au on Cuz2-xS
tips followed by the growth of Au on the side of CulnS2 parts or
(i) assuming two growth laws with a rate much larger on Cu2—S than on
CulnSa2.
Moreover, with the increase of the exposure time, the volume as well as the contrast
of Cu2—S part in HNCs gradually increase (Figure 11b). This phenomenon has also
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been observed while intensifying the illumination power and increasing the gold ions
concentration. It indicates that the Cu2-xS part in HNCs should experience an obvious
change of composition either by incorporating Au into Cu2—S or by converting Cu2—S
into Au2S via cation exchange under laser exposure at room temperature® or

completing the deficient composition of this tip leading to a Cuz-x Aux S/CulnS2 object

on which gold NDs are then susceptible to photonucleate and grow leading to (5}

Figure 9. (a-f) TEM images of Au-Cu2S/CulnS, HNCs obtained under different illumination times.

The illumination time varies from 1 to 64 min.
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Figure 10. (a-b) Size (a) and distribution (b) of Au nanodots on HNCs with different exposure times.
(c)Three-dimensional color pie chart of the number of Au nanodots on Cu,-,S/CulnS; HNCs. The
percentages of Au nanodot distributions are estimated by counting more than 200 nanoparticles.
The volume percentage of MeOH, P, and [KAuCls] are 10%, 100 mW, and 0.204 mM, respectively.
The exposure times vary from 1 to 64 min.
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Figure 11. (a) Variation of the average length of the HNCs after deposition with the exposure time. (b)
The average diameter (red spheres, left Y-axis) and length (blue squares, left Y-axis) of the Cuz-«S after
deposition at different exposure times.

6.3.2.5 Structural characterization of Au-Cu2-xS/CulnS2 hybrid HNCs

To reveal the underlying mechanisms of the selective photodeposition of Au
nanodots on the Cu2-xS/CulnS2 HNCs, high-resolution TEM images of the Au-Cuz-
x3/CulnS2 hybrid HNCs with different photodeposition times were performed. As
demonstrated by Figure 12a, before photodeposition, the Cu2-S tip of the HNCs have
the monoclinic low chalcocite crystal structure while the elongated CulnS2 rods have
the hexagonal wurtzite crystal structure, which is consistent with previous reports." 26
In the initial photodeposition step (~ 8 min), small single nanodots with a size of ~7 nm
are successfully deposited on the side of Cu2—«S tips. These individual nanodots are
highly crystalline with a crystal lattice d-spacing of ~0.2 nm which can be indexed to
the (200) plane of cubic Au metals (Figure 12b). Interestingly, when keeping
photodeposition for another few minutes, the Au nanodots on the Cu2-S tips
disappear accompanied by an obvious increase of the contrast and a crystal lattice d-
spacing change from 0.34 to 0.38 nm (Figure 12c), indicating a non-negligible change
of composition in Cu2-xS tips either by the diffusion of the mobile Au atoms into Cuz-
xS or by the conversion of Cu2S into Au2S via cation exchange assuming anyway an

oxidation process at this point. Indeed, a closer look at the part Cu2-xS tips discloses
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a new lattice fringe with a d-spacing of 0.29 nm, which can be referred to as the (111)
plane of Au2S (Figure 12c¢,d). With an increase in photodeposition time (~32 min),
extra single Au nanodots are observed on the side of elongated CulnS2 nanorods, as

evidenced by the high-resolution TEM image in Figure 12d.
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Figure 12. (a) High-resolution TEM image of Cu2-,S/CulnS2 HNCs. The Cu2-,S tip (blue square) and
elongated CulnSz rod (red square) can be indexed to monoclinic low chalcocite and hexagonal wurtzite
crystal structures, respectively. (b) High-resolution TEM image of Au-Cu2-xS/CulnS2 hybrid HNCs with
a photodeposition time of 8 min. Single nanodots (orange square) are deposited on the side of Cuz-,S
tips. The crystal lattice d-spacing of the nanodots matches well with the (200) plane of cubic Au
nanoparticles. (¢) High-resolution TEM of Au-Cu2—S/CulnS2 hybrid HNCs with a photodeposition time
of 16 min. The Au nanodots on the side of Cu2-,S disappear while the contrast and d-spacing (blue
square) of the Cu2-S tips increase. The crystal lattice d-spacing of some part (green square) of Cuz-,S
tips matches well with the (111) plane of cubic Au2S. (d) High-resolution TEM of Au-Cu2—S/CulnS:
hybrid HNCs with a photodeposition time of 16 min. An extra Au nanodot (orange square) deposits on

the side of the elongated CulnS:2 part.

To further determine whether Au forms a shell around Cu2-«S or penetrates in the
Cu2-S layer, a two-dimensional elemental mapping was carried out to measure the

composition of Cu2-«S tips shown in Figure 12c. Before electron beam illumination,
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the Au-containing Cuz-xS tips show a strong contrast compared to the elongated
CulnS2 in the HNCs (Figure 13a). However, after 8 min the initial flat surface of the
Cu2-xS part turns to be irregular, which can be attributed to the structural re-
arrangement in a form of phase separation of metallic Au leaking out from the Auz2-S-
Cu2-xS or the alloyed CuxAuyS2 tips. This can be easily understood since Au2S has a
metastable crystal structure and can be readily reduced to metallic Au under a strong
electron beam illumination (Figure 13b, Figure 14), which has also been observed in
a previous report.3® This poor stability of Au-containing Cu2-xS tips under electron
beam illumination makes the identification of their structure and composition extremely
challenging. Nevertheless, we noticed that after the leakage of metallic Au from the
Cu2-xS tips, a weak contrast remains in the HNCs though their volume decreases as
evidenced by the line scan of single Au-Cu2—S/CulnS2 hybrid HNCs shown in Figure
15. It suggests that the Cu2—S are partially exchanged by Au2S, being highly
consistent with the high-resolution TEM images shown in Figure 12c,d. Further
delicate in-depth elemental mapping is needed to unmask the detailed composition of

Au-containing Cuz-«S.

50 nm

Figure 13. STEM images of Au-covered CuS,-CulnS: a) just before the accumulation for EDS
mapping; b) after the last accumulation. Red arrows in a) indicate the separation between the
CulnS2 component and the gold-containing Cu2xS one. Red arrows in b) indicate the separation
between the CulnS, component and the Cu>«S one. The orange cap schematizes the gold deposit

formed after the electron beam interaction.
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Figure 14 additionally shows the different elemental mappings of the same region
as in Figure 13. We retrieve the presence of S and Cu (Figure 14e,f) all along the rod
length with respectively higher content on the corresponding parts. Indium is also
selectively located on one part of the rods and the gold dot/cap does grow on the

opposite side of Indium (Figure 14i).
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Figure 14. STEM image (a, b), and corresponding elemental mapping (c-g) of Au-Cu>-,S/CulnS;
HNCs. (a) is captured at the beginning of the scan and (b) is after an 8 min scan. (i) is the line-

scan distribution profile.

If we add the copper profile to Figure 14i we obtain Figure 15 which effectively
shows a crossing between the ratios of copper and gold (zoom in Figure 15b) but the

accumulation process of the technique cannot help in the discrimination. Figure 15¢
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also confirms that gold is only present where there is an excess of copper and no

indium.

i
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f ”‘WW
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Figure 15. Elemental concentration profiles along one Au capped Cuz-xS/CulnS; HNCs. (a) all rod
b) only the copper-gold side; c) profile showing two gold dots on two different rods.

We also performed EDS profiles on HNCs bearing an identified gold nanodot on the
pure copper side (Figures 16 a,d, and b,e). They confirm as HR-TEM not only the
presence of the gold ND on the Cu2xS side but also (Figure 16c) the size increase of

this dot under the electron beam.
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Figure 16. STEM image before electron beam interaction and Elemental concentration profiles
along Au capped Cu2-xS/CulnS2 HNCs bearing an identified gold nanodot (a,d) and (b,e). (c) Same

STEM image after 8 min accumulation showing the size increase of the gold nanodots.

6.3.2.6 Formation mechanism of Au photodeposition on Cu2xS/CulnS:2

HNCs

According to the results shown above, we propose that the formation mechanism
of Au photodeposition on Cu2-xS/CulnS2 HNCs follows the three sequential stages

listed below (Figure 17).

Stage 1: In the initial step, [Au®*] is preferentially reduced to Au® and deposited on Cus-
xS tips. On the one hand, it may be due to the high number of defects on the Cu2S
sides as a result of the high mobility of Cu* in the crystal lattice.?* On the other hand,
it could be possible due to the low lattice mismatch between Cu2S and Au which allows
the epitaxy growth of Au nanodots on the surface of CuzS, as evidenced by the fact

that the (102) planes of the hexagonal Cu2S and the (111) planes of cubic Au have the
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same distance d = 2.4 A3"The growth of the Au nanodots is proportional to the
illumination time and highly consistent with the calculations.

Stage 2: Under continuous irradiation, Au nanodots are unstable on such a surface
and tend to either form a shell around the Cu2S and block deposition on this side or
merge with Cu2-xS to reduce the surface energy and internal defects. The
incorporation of Au into Cu2—xS leads to an increase of bandgap and band re-
alignment with CulnS2,3 which leads to the formation of type-Il heterostructures.
Stage 3: Along with the incorporation of Au into Cu2-xS, the surface energy and internal
defects decrease and the alloyed CuxAuySz2 tips are no longer competitive to allow the
deposition of Au nanodots. In contrast, the newly-formed staggered band alignment
between the alloyed CuxAuyS2 and CulnS2 promotes the photogenerated electrons
flow from CuxAuyS2 to CulnS2 and the photodeposition of the Au nanodots along the

side of the elongated CulnS2 parts.

- -

+ Au
Cu,.S

—
—
/

Figure 17. lllustration diagram of the Au photodeposition on Cu._,S/CulnS; HNCs.

6.3.3 Conclusion

In summary, we have developed a laser-based photodeposition approach to study
the nucleation and growth of Au nanodots onto binary-ternary Cu2—S/CulnS2

heteronanocrystals in toluene. The geometric distribution (e.g., number and location)
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of Au nanodots, as well as their sizes, can be well controlled by tuning the
concentration of the hole scavengers and Au precursors, illumination power, and
exposure time. Ex-situ TEM tracking demonstrates that the deposition of Au nanodots
on the HNCs exhibits pronounced selectivity and experiences a sequential transition
from Cu2-xS tips to CulnS2. Individual Au nanoparticles prefer to first nucleate and grow
on the tips of Cu2—S parts. Under continuous irradiation, Au nanodots are forced to be
dissociated and merged with Cu2—S to reduce the energy of the surface and internal
defects. The incorporation of Au into Cu2-xS leads to an increase in bandgap and band
re-alignment with CulnS2, which gives rise to a true type-ll heterostructure. This
staggered band alignment promotes the photogenerated electrons to flow from Cuz-
x> to CulnS2 and accelerates the photodeposition of Au nanodots on the side of
elongated CulnS2 parts. The Au introduction and selective decoration will lead to an
understanding of the primary physical mechanisms of charge carrier dynamics and
design principles to achieve efficient photocatalytic activity which is important for

developing more efficient and stable photocatalysts.
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In this thesis, we worked on the following objectives:

(1) to introduce monometallic (Au, Ag, and Pd) and bimetallic core-shell (Au@Au,
Au@Ag, and Au@Pd) nanodots (NDs) on the surface of TiO2 nanoparticles (NPs) by
photodeposition method in a simple cuvette setup using UV laser as a source;

(2) to photodeposit Au NPs on the Janus-type Cu2xS-CulnS2z heteronanorods in
organic media with a blue laser as a light source;

(3) to investigate the growth law of the metal NPs during the photodeposition process

and built a growth model.

To fulfill these goals, in chapter 1, a bibliography study on principles and recent
advances in the photodeposition of metals on colloidal semiconductor nanocrystals
was done. Then, two different cuvette setups were built with UV (364 nm) and blue
(473 nm) lasers as sources for photodeposition (chapter 2). The setup configuration
and laser control for the photodeposition were introduced. In chapter 3, Au-TiO2
nanoheterodimers (NHDs) were synthesized successfully and a close to 100% yield
of Au-TiO2 NHDs was achieved by managing the concentration of KAuCls and TiO2.
Especially, the adsorption mechanism of methanol and gold precursor on TiO2 during
photodeposition was investigated. It was illustrated that the photodeposition of metals
onto TiO2 was driven by physisorption by fitting the experimental data. The final size
of Au NDs can be accurately predicted in particular the growth completion. In chapter
4, Other metal Ag and Pd NDs were deposited on the surface of TiO2, and Ag-TiO2 and
Pd-TiO2 are also synthesized. The effects of the hole scavenger, laser power, and
exposure time on the size and distribution of metal particles are discussed. The growth
of Ag and Pd NDs is also in agreement with the model developed for gold. In Chapter
5, the project was extended from monometallic photodeposition to bimetallic core-shell
NPs photodeposition. Au-TiO2 NHDs were used as templates, Au, Ag, and Pd cations
could be reduced on the Au site by a second step photodeposition process, forming a
core-shell structure attached to the surface of TiO2. For the Au@Au core@shell, the

Au shell can be precisely controlled by varying the gold precursor concentration and
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the size and thickness of the Au core and shell fit our expectations. For the Au@Ag
system, the Ag shell obtained was limited to around 1 nm thickness which was less
than expected, which results from the low electronegativity of Ag (1.9) compared to
other Au( 2.4). For the Au@Pd system, Pd showed a non-isotropic growth on the Au
core resulting in a nonuniform Pd shell which was due to the lattice mismatch between
Au and Pd. In chapter 6, Au NDs were introduced onto Cu2-xS/CulnS2 heteronanorods
by photodeposition in toluene. We studied the nucleation and growth of Au NDs and
the geometric distribution (e.g., number and location) of Au NDs as well as their sizes
can be well controlled by tuning laser power, exposure time, hole scavengers, and

precursors concentration.

From the perspective of the project, some more work needs to be done to solve the
multi-particle problem since the results of Ag NDs deposited on TiO2 and Au-TiOz are
not very ideal, PVP could be present during the deposition process to solve this
multinucleation problem of silver. Beyond the photoreduction of metal ions on
semiconductors, research about introducing metal oxides (e.g., NiO, CoOx, MnOx,
and RuOz2) on TiO2 by photo-oxidation needs to be studied. M1-TiO2-M2 (M1: metal
oxide; M2: noble metal) photocatalysts modified with binary cocatalysts could also be

considered.
For the deposition of Au NDs onto Cu2-xS/CulnS2 heteronanorods in toluene, different
long nanorods should be applied and used for investing the effects on deposition and

clearing the mechanism of the evolution in the deposition process.

Last but not least, some catalytic performances of as-prepared catalysts should be

tested shortly.
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Appendix 1 Prediction of metal size deposited on TiO2 nanoparticles

A1.1 Concentration of TiO2 particles

The TiOz2 particle is a polyhedron with (11£2), (11£2), and (18+4) nm in half-axis lengths.

Assuming ellipsoidal TiO2 NPs, the volume of one particle is
Vrio, = % xmx11x 11 x 18 = 9.12 x 10~24m3.

Using prip, = 3.9g/cm? for the density of anatase, so the mass of a single TiO2 particle
is
Myrio, = Prio, X Vrio, = 3.9 X 9.12 x 1078g = 3.56 x 1077 g.

When the TiO2 concentration is 5.5 mM (atomic concentration), the total mass of TiO2 in
a 1mL solution is
Mrio, = Crio, X VsoixMrip, = 5.5 X 1 X 79.87 x 107¢g = 4.39 x 10~*g.
So in 1mL and 5.5 mM TiOz2 solution, the number of TiO2 NPs is

mrio, _ 4.39x107*
M(1)Tio, 3.56x10717

= 1.23 x 1013,

NTio2 =

Thus, the number density of TiO2 nanoparticles is
D30, = 1.23 X 103 /mL.

A1.2 Estimation of the size of Au NDs deposited on TiO2

particles

The contact angle of a gold nanodot onto TiOz2 is around 140° as illustrated below.

Gold

Figure A1.1 Picture of Au deposited on TiO2

In this case, the volume of the spherical cap is given by V = nD3I'(0)/8 where I'(0) =
(g —cosf + §c053 9). With a 140° contact angle, one finds I'(0)=1.2829. This calculation

refers to Henry’s report.

For a solution with a volume V,,, = 1mL and given concentrations of TiO2 and Au®* are
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crio, (MM)and c,,s+(mM), respectively, if we assume the Au** consumption is 100%, so the

total mass of reduced Au is
Muy = 100% X Vgop X Cppst X Mgy = 1 X a3+ X 1.97 X 107%g = 1.97 X ¢ 5+ X 107g.

Assuming the Nanoheterodimers (NHDs) yield is €, so the number of Au particles is

cTi0,%1.23x1016

=&X X
NAu € Vsol c 5

= & X Cryp, X 2.24 x 10'2,

Then the mass of a single Au particle is

-4
m _ Mgy _ 1.97XCAu3+X10 g _ CAu3+ % 8 79 % 10_17g
AU ™ Ny T exCrip,x2.24x1012 T exCrip, ' :

Then we can deduce the diameter of the Au particle,

mlAu = VlAu X 193g/Cm3

C
AT 0879 x 10717g = 1.2829 x ©D3/8 x 19.3
&EX CTi02

C
D =208 x * |42 pym.
eXCrio,

For example, assuming the NHDs yields € are 50% and 100%, when the concentration of
TiO2 is 5.5mM and Au®* is 0.5mM, the estimated size of the Au particles should be

3 0.5
Ds=50% = 20.8 X m =11.78 nm
3 ’ 0.5
D8=100% == 208 X m == 935 nm.

A1.3 General method to estimate the size of the metal (Au,

Ag, Pd) NDs on TiO:2 particles

For a solution with a volume V,,;= 1 ml and given concentrations of TiO2 and metallic
precursor cro,(MM) and ¢y (mM), respectively, if we assume the precursor consumption is
100%, so the total mass of reduced metal is
my = 100% X Vgop X g3+ X My = €3+ My
Assuming the Janus yield is €, so the number of metal particles is

cTio,XDTio, _ VsolXCTio,X€XDrig,
NM:‘SXVSOlX cs == 55

Then the mass of a single metal particle is

_mpy 5.5 Xmpy
MM =5, =V Crio, XDig.
M s0lXEXLTi0, X TiO,
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Here, for the volume of a single metal particle, we also use the same method as Au, V; =

nD3T(0)/8. one finds I'(0)=1.2829 when the contact angle is 140°.

Then we can deduce the diameter of the metal particle,

myy = Viy X py  With,
5.5 X cyy3+ X My

L = 1.2829 x tD3/8 x p
Vot X & X Crio, X D0, M

1

Dy = 2.22 X 3\/ Syt M = [9.6 x (M>§] nm

PMXVso1XEXCTio, XDrig, PMXEXCTi0,

a) When the metal is Au, M,, = 196.97 g/mol, ps, = 19.30g/cm?3,
1

Dy, = [20.8 x | —Au™* §]
Au ' EX CTiOz nm

b) When the metal is Ag, M,, = 108.87 g/mol, psy = 10.49g/cm?,

1

D,, =[20.9 _Cagt ’ m
9 X
Ag [ EX CTL'OZ ] n

c) When the metal is Pd, Mp; = 106.42 g/mol, ppg = 12.02g/cm3,

1
de2+ 3

Dpg =[199 X | ——— ] | nm
pa = 1199 % ()

A1.4 Estimation of the metal size of the second-step

deposition

R, M: Au, Ag, Pd
Tm=Rs-Ry

Figure A1.2 Scheme of metal deposited on Au-TiO2

First, we assume that the Au-TiO2 was synthesized in a 1 mL solution when the
concentration of TiO2 is cr;o,(MM) and the diameter of Au particles on TiO2z is 2R1 (nm), the
NHDs yield of Au-TiOz2 is €. Then a pmol of the metal M precursor was added for the shell
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formation and assuming the M precursor consumption is 100%, then we started the
deduction.
The volume of the bimetallic core-shell structure is composed of the volume of the Au

core and the M shell, so the volume of a single M shell is,

nD,3T(0)  7wD3r(6)
Vi M shett = Vl(core— shett) — V1 au core = 28 - 18 =4.03 x (RS - Rig)

As the NHDs yield of Au-TiOz2 is €, so the number of core-shell structured metal particles
is
Ti0,XDTio, _ CTioy*€XDrio,

N, =eX V., X =
M shell sol 55 55

The mass of the metal M shell should be this,

My shett = Ny shetr X Vi msheur X Py = 0.73 X cry0, X € X Drig, X py X (R — R?)
My shent = @ X My, X 107

Thus, we can deduce Rz is,

1

M1xaxMy )\

R, = + R7 nm
Crio, X € X Py

888 X a X My,
Crio, X € X Py

The thickness of the M shell is,

1/3
Dcore—sheu = 2R; = ( + 8R'f> nm

1
MlxaxMy, )73
Tcore—shen = R — Ry = Crio XSXpM+R1 — Ry|nm
Ti0,

a) When the metal is Au, M,, = 196.97 g/mol, ps, = 19.30g/cm?3,
1 1
888X axMy  \3 [(9.06x10°xa _ \"
Dcore—shetr = + 8R; = + 8R; nm
Crio, X € X Pay Crio, X €

b) When the M metal is Ag, M,, = 108.87 g/mol, ps, = 10.49g/cm?,

1
888 X ax M 3
49 4 8Rf)
Crio, X € X Pag

c) When the M metal is Pd, Mp,; = 106.42 g/mol, ppy = 12.02g/cm?3,

<9.22 X 103 X a

/3
+ 8R13> nm
CTiOZ X &

Dcore-shett = <

1
888 x o X M, /s (786x10° x a
+ 8R3 =

/3
+ 8R13> nm
CTio, X € X Pag

D _ (
Core—shell
CTiOZ X &
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The TEM analyses were performed on three machines, a JEOL JEM1400 Plus
microscope operating at 120 kV, an FEI-Technai 12 microscope operating at 100 kV,
and an FEI Technai 20 microscope operating at 200 kV. High-resolution TEM (HRTEM),
high-angle annular dark-field scanning TEM (HAADF-STEM), and elemental mapping
were performed on a Talos F200X (Thermo Fisher Scientific) and a JEOL 2100
operating at 200 kV.

The UV-vis absorption spectra were recorded with a SHIMADZU UV-3600 UV-Vis-
Nir spectrophotometer using 10 mm cuvettes.

X-ray diffraction (XRD) measurements were carried out at room temperature with a
PANalytical X'pert Pro MPD diffractometer using a Cu Ka1 radiation, A = 1.540 598 A.
and Bragg-Brentano geometry. 2 theta was in the range between 8° and 80° with a

step size of 0.02°.
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Titre : Synthése d'hétérostructures métal-semiconducteur
par photodéposition laser

Résumé :

Un montage utilisant des cuvettes et des lasers UV et bleu comme sources de lumiére a été construit pour effectuer la photodéposition de nanodots
métalliques (NDs) sur des nanoparticules (NPs) de TiO2 et des nano-hétérostructures de type Janus de Cuz-xS-CulnS2 en solution aqueuse et
organique respectivement. Trois types de NDs métalliques différents, a savoir Au, Ag, Pd, sont introduits en surface des NPs de TiOz, et des NDs
d'Au sont déposés sur Cuz-xS-CulnSz2. Plusieurs techniques, dont le TEM/HRTEM, la cartographie EDS et la spectroscopie UV-vis, sont utilisées
pour caractériser la taille, la morphologie et la distribution des NDs métalliques. Les nanohétérodiméres (NHDs) Au-TiO2 sont synthétisés avec
succés ; un rendement de NHDs Au-TiO2 proche de 100% est obtenu en gérant la concentration des NPs TiOz et du précurseur d'or. En particulier,
le mécanisme d'adsorption du méthanol et du précurseur d'or sur le TiO2 pendant la photodéposition est étudié. En comparant les données
expérimentales obtenues dans des microcanaux et des cuvettes, le modéle établi décrit le processus dynamique global de la croissance des NDs
d'Au sur le TiOz, de la loi de croissance en t ' a 'achévement. La taille finale des NDs d’Au peut étre prédite avec précision par le modéle, en
particulier la fin de la croissance. De plus, des NPs d'Ag et de Pd d'autres métaux ont été déposées sur la surface de TiOz, et des NHDs d'Ag-TiO2
et de Pd-TiO2 ont également été synthétisés. Les effets du piégeur de trous, de la puissance du laser et du temps d'exposition sur la taille et la
distribution des NDs métalliques sont étudiés. De plus, la croissance des NDs d'Ag et de Pd suit le modéle proposé pour la croissance de I'Au. Le
projet est étendu a la photodéposition de NDs bimétalliques coeur-coquille ou Au, Ag et Pd sont introduits sur des NHDs Au-TiOz2 par une seconde
étape de photodéposition, formant une structure coeur-coquille a la surface des NPs TiO2. Pour le systeme Au@Au core@shell, la coquille d'Au
peut étre contrdlée avec précision en faisant varier la concentration du précurseur d'or ; la taille et I'épaisseur du cceur et de la coquille d'Au
correspondent a nos attentes. Pour le systtme Au@Ag, la coquille d'Ag obtenue est limitée a environ 1 nm d'épaisseur, ce qui résulte de la faible
électronégativité de I'Ag (1,9) par rapport a I'Au (2,4). Pour le systéme Au@Pd, le Pd présente une croissance non isotrope sur le coeur d'Au, ce qui
entraine une coquille de Pd non uniforme en raison de l'important décalage de réseau entre Au et Pd. Enfin, des NDs d'Au sont introduits sur des
hétéro-nanorods de Cuz-xS-CulnS: par photodéposition dans le toluéne avec un laser bleu. La nucléation et la croissance des Au NDs sont étudiées
et la distribution géométrique (i.e., le nombre et la distribution) des Au NDs, ainsi que leurs tailles, peuvent étre bien contrélées en réglant la
puissance du laser, le temps d'exposition, les piégeurs de trous et la concentration des précurseurs.

Mots clés : Meétal noble, laser, photodéposition, hétérostructures, oxyde
meétallique et semi-conducteurs sans cadmium

Title : Synthesis of Metal-semiconductor Heterostructures by
Laser Photodeposition

Abstract :

Cuvette setup with UV and blue laser as light sources are built to perform photodeposition of metals nanodots (NDs) onto TiO2 nanoparticles (NPs)
and Janus-typed Cu2xS-CulnS2 nano-heterostructures in aqueous and organic solution respectively. Three different metal NDs, i.e., Au, Ag, Pd, are
introduced on the surface of TiO2 NPs, and Au NDs are deposited on Cu2xS/CulnSz. Several techniques, including TEM/HRTEM, EDS mapping,
and UV-vis spectroscopy, are performed to characterize the size, morphology, and distribution of the metal NDs. Au-TiO2 nanoheterodimers (NHDs)
are successfully synthesized and a close to 100% yield of Au-TiO2 NHDs is achieved by managing the concentration of TiO2 NPs and gold precursor.
Especially, the adsorption mechanism of methanol and gold precursor on TiO2 during photodeposition is investigated. By comparing the experimental
data obtained in microchannels and cuvette setups, the established model describes the overall dynamic process of Au ND growth on TiO2 from 1/3
growth state to completion. The final size of Au NDs can be accurately predicted by the model in particular the growth completion. In addition, other
metal Ag and Pd NPs were deposited on the surface of TiO2, and Ag-TiO2 and Pd-TiO2 NHDs are also synthesized. The effects of the hole scavenger,
laser power, and exposure time on the size, and distribution of metal NDs are investigated. Moreover, the growths of Ag and Pd NDs both follow the
proposed model for Au growth. The project is extended to bimetallic core-shell NDs photodeposition and Au, Ag and Pd are introduced on Au-TiO2
NHDs by a second step photodeposition, forming a core-shell structure on the surface of TiO2 NPs. For the Au@Au core@shell, the Au shell can
be precisely controlled by varying the gold precursor concentration and the size and thickness of the Au core and shell pretty much fit our expectations.
For the Au@Ag system, the Ag shell obtained is limited to around 1 nm thickness which results from the low electronegativity of Ag (1.9) compared
to other Au (2.4). For the Au@Pd system, Pd shows a non-isotropic growth on the Au core resulting in a nonuniform Pd shell due to the big lattice
mismatch between Au and Pd. Finally, Au NDs are introduced onto Cu2-«S/CulnSz heteronanorods by photodeposition in toluene with a blue laser.
The nucleation and growth of Au NDs are studied and the geometric distribution (e.g., number and location) of Au NDs, as well as their sizes, can
be well controlled by tuning laser power, exposure time, hole scavengers, and precursors concentration.

Keywords : Noble metal, Laser, photodeposition, heterostructures, metal oxide, and
cadmium-free semiconductors
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