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Abstract

Hybrid heterojunctions composed of semiconductors and metallic nanostructures have
perceived as a sustainable technology, due to their perfect effectiveness in improving,
renovating, and enriching the properties of the integrated components. The cooperative
coupling results in the variation of the system’s functional properties, by which the metal-
generated surface plasmon resonance can enhance the charge separation, light absorption, as
well as luminescence of the semiconductor. This phenomenon enables strong interactions with
other photonic elements such as quantum emitters. These multifaceted functionalities arise
from the synergic exciton-plasmon interaction between the linked units. Thereby, hybrid
systems become suitable for various applications including: solar energy conversion,

optoelectronic devices, light-emitting diodes (LED), photocatalysis, biomedical sensing, etc.

Au-ZnO nanostructures have received growing interest in these applications, where the
deposition of gold nanoparticles (GNPs) promotes the system’s response towards the visible
region of the light spectrum through their surface plasmon resonance (SPR). Based on a
specific size and purity of ZnO nanostructures, as well as the GNPs, and a definite inter-
distance between the nanoparticles, the properties of the ZnO nanostructures are varied,

especially the photoemission and photocatalytic ones.

In this context, we have focused on the construction of size-tunable ZnO nanocrystals
(NCs), then incorporated into GNPs solutions using a simple chemical way. This work is
divided into two parts: the first is to perform synthesis of pure ZnO NCs having excellent UV
photoluminescence. This was achieved through a low-temperature aqueous synthesis, resulting
in rough and amorphous structures. The synthesis was followed by a post-thermal treatment in
order to crystallize the obtained particles. The synthesis was followed by structural and optical
studies (SEM, TEM, XRD, photoluminescence). The photocatalytic activities of ZnO NCs
were studied through tailoring their ability to degrade the methylene blue (MB) dye. In
addition, the relationship between ZnO structures, luminescence, and photocatalytic properties

was explored in details.

In the second step, the obtained ZnO NCs were added to gold nanoparticles of various sizes
and volume fractions. The effective role of GNPs concerning their size, amount, and their

capping molecule on the photoemission of the ZnO nanostructures was emphasized through

il



the charge and/or energy transfer between the constituents in the hybrid system. In the same

way, the systems photocatalytic activities were examined after coupling ZnO to GNPs.

Further advancement in the integration of the ZnO NCs into PMMA polymer layers was
featured in order to obtain large area template of homogenous ZnO properties. The PMMA -
assembled ZnO nanoparticles could be promising substrates as catalysts for growing ZnO

nanowires, metallic nanoparticles and hybrid nanomaterials.
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Résumé en francais

L’ingénierie de nanomatériaux hybrides semi-conducteurs/plasmoniques représente une
technologie durable en raison de I’efficacité parfaite du couplage pour améliorer, rénover et
enrichir les propriétés des composants intégrés. Ce couplage a pour résultat la variation des
propriétés fonctionnelles du systéme, grace auquel les plasmons de surface générés par les
métaux peuvent améliorer la séparation des charges, I’absorption de la lumicre et la
luminescence du semi-conducteur. Ce phénomeéne permet de fortes interactions avec d'autres
¢léments photoniques tels que les émetteurs quantiques. Ces fonctionnalités aux multiples
facettes découlent de l'interaction synergique exciton-plasmon entre les unités liées. Ainsi, les
nanomatériaux hybrides conviennent a diverses applications, notamment: conversion de
I'énergie solaire, dispositifs optoélectroniques, diodes électroluminescentes (LED),

photocatalyse, détection biomédicale, etc.

Les nanostructures Au-ZnO suscitent un intérét croissant dans ces applications ou le
couplage de ZnO a de nanoparticules d’or (GNPs) favorise la réponse du systéme dans le
domaine du visible grace a leur résonance plasmon de surface (SPR). En fonction de Ia taille
de deux nanomatériaux, de la distance qui les sépare et leurs rapports massiques dans un

¢chantillon, les propriétés des particules hybrides peuvent varier.

Dans ce contexte, nous nous sommes concentrés sur la construction de nano-cristaux (NCs)
de ZnO purs de dimensions contrdlables, puis incorporés dans des solutions de GNPs par une

simple voie chimique.

Ce travail est divisé en deux parties: la premicre consiste a effectuer une synthése de
nanocristaux de ZnO (NCs) purs présentant d'excellentes propriétés de photoluminescence
dans ’UV. Ceci a été réalisé par une synthese a basse température, aboutissant a des structures
rugueuses et amorphes. La synthése a été suivie d'un traitement post-thermique afin de
cristalliser les nanoparticules obtenues. Une étude structurale et optique poussée a été établie a
la suite de la synthése (SEM, TEM, DRX, photoluminescence). Les activités photocatalytiques
des ZnO NCs ont été étudiées en mesurant leur capacité a dégrader le bleu de méthylene (MB).
De plus, la relation entre les structures en ZnO, la luminescence et les propriétés
photocatalytiques a été explorée en détail.

Dans la deuxieme étape, les ZnO NCs obtenus ont été couplés ajoutés a des nanoparticules

d'or de tailles et fractions volumiques variables. Le role effectif des GNPs concernant leur



morphologie, leur contenu et leur effet SPR sur la photoémission des nanostructures de ZnO
est souligné par le transfert de charge et/ ou d'énergie entre les constituants du systéme hybride.

De plus, ’activité photocatalytique du systéme hybride a été examinée.

Comme débouché et perspective de ce travail de these, l'intégration des ZnO NC dans une
couche nanoporeuse de polymere (PMMA) a été réalisée et caractérisée afin d'obtenir un
substrat de large surface a base de ZnO. Les ZnO NCs assemblés dans du PMMA pourraient
étre des substrats prometteurs en tant que catalyseurs pour la croissance de nanofils de ZnO,

de nanomatériaux métalliques et de matériaux hybrides.
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General Introduction

The research in this PhD thesis is focused on the investigation of the plasmon-exciton
interaction in particular in ZnO-Au hybrid nanomaterials in order to control both the
fluorescence and the photocatalytic features of ZnO nanostructures.

Chapter 1 gives an overview of the plasmon-exciton interactions between metallic
nanoparticles (MNPs) and luminescent semiconductors, focusing on the Au/ZnO materials,
their different fabrication methods as well as their important properties and applications. We
show here how considerable efforts have been made to enhance the photoluminescence (PL) of
the hybrid systems, as well as the photocatalytic activities in order to use them as
multifunctional materials in many scientific fields.

In chapter 2, we introduced a facile fabrication way of surfactant-free ZnO quantum dots
based on the synthesis method. This method is favorable among other methods as it is fast,
economical, and achieved without the addition of any ligand or organic linkers. Through this
chapter, we studied the influence of the reaction parameters that lead to the formation of highly
luminescent and well-crystalline ZnO nanostructures. The post-thermal treatment (annealing)
was found to be crucial in order to obtain crystalline and highly luminescent ZnO. We have
also examined the effect of different annealing temperatures of the obtained ZnO
nanostructures, emphasizing on the possibility of controlling the luminescent properties and the
photocatalytic activities of the formed nanostructures through this process. A critical annealing
temperature was optimum to obtain efficient ZnO nanoparticles.

Chapter 3 presents the optical properties of the hybrid nanomaterials attained by a simple
way, via coupling the synthesized ZnO NPs with gold nanoparticles (GNPs) of different
plasmonic properties. The ZnO luminescence was controlled through tuning the GNPs
properties (size, number), as well as the ZnO-GNPs inter-distance, which is attained by the
capping molecular link. ZnO emission resulted in two important phenomena; enhancement as
well as quenching. Both were obtained upon coupling ZnO NPs with GNPs under various
experimental conditions through the charge and/or energy transfer between both constituents.
Despite the progress in the hybrid interactions, it is still difficult to understand the exact
mechanism of the exciton emission evolution induced by the surface plasmons (SP) of the GNPs
because of the limited fundamental understanding of the exciton-plasmon interaction. In this
chapter, we aimed to show how does a chemical route of control for the synthesis parameters

of ZnO, GNPs, the hybrid NPs, and for the separating distance between the ZnO and GNPs can
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be an efficient and universal way to get strong or weak coupling, or un-coupling between the
exciton and the plasmons.

Finally, chapter 4 provides the major conclusions derived from the present work and a
reflection on some future insights. Thus, we presented various suggestions as further
experimental studies for exploiting the hybrid systems obtained in applications such as SERS

and catalysis.
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1. Chapter 1 State of Art

1.1 Introduction

The association of functional units, in order to design hybrid nanoparticles (HNPs), leads to
advanced materials with multiple performances, retaining the beneficial features of the
responsible compounds, or displaying special traits not seen in either components, thanks to

their organization and their molecular engineering [1-5].

Different hybrid combinations including metal/metal, metal/semiconductor, metal/magnet,
and magnet/semiconductor have been investigated [6—8]. Novel abilities could be realized at
the nanoscale heterojunction resulting from the large specific surface area, and/or the quantum
confinement effect. Figure 1 shows TEM images and schematic representations of a series of

different hybrid nanostructures.
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Figure 1 (a-d) TEM images showing the stepwise direct heterogeneous deposition of linear nanoparticle
heterotetramers: (a) Pt nanoparticles, (b) Pt—Fe3;O4 heterodimers, (¢) Au—Pt—Fe3;O4 heterotrimers, and (d) CuoSs—
Au-Pt-Fe304 heterotetramers. (e-h) TEM images and schematic representations showing a series of
metal/semiconductor heterodimers (same synthetic conditions for all steps) aimed at understanding the site-
selective deposition of Ag onto Pt—FeszO4 heterodimers: (e) Ag grown off Fe;O4 nanoparticles, (f) Ag grown off
Pt nanoparticles, (g) Ag grown indiscriminately off both Fe;O4 and Pt nanoparticles when both are present as a
physical mixture, and (h) Ag grown exclusively off the Pt domain when Pt and Fe;O4 are directly attached as
heterodimers. Adapted from ref. [9].

Hybrid heterojunctions are simple, flexible, allow the precise control over the particle’s size

and shape, and facilitate the fabrication of wide spatial architectures (0, 1, 2, or 3 dimension
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structures). Most of the resulting structures show improved optical, chemical, physical, and
mechanical properties of the materials. For example, in Pt/Ni alloy nanoparticles, Park et al.
showed that the catalytic behavior in the hybrid system is more efficient than that when Pt
nanoparticles were alone [10]. Another example is the Co core/Ag shell hybrid system
demonstrated by Wang et al. The localized surface plasmon resonance (LSPR) of the silver
(Ag) shell enhances the magneto-optical Faraday rotation of the Co/Ag system as a result of

enhancing the electromagnetic field [11]. This is shown in Figure 2.
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Figure 2 Calculated intensity of the electric field within the Co core in Co-Ag core-shell nanoparticles at resonance
(continuous violet line) and maximum Faraday rotation of Co-Ag nanoparticles embedded in oil (n = 1.5018)
(dashed blue line) as a function of the Co concentration. Calculations show an excellent agreement with the
experimental measurements (red dots). The error bars represent the standard error calculated by taking multiple
measurements. Adapted from ref. [11].

In another reports concerning hybrid nanostructures, Homaei et al. showed in their studies
that the immobilization of actinide by ionic exchange and hydrophobic interactions on gold
nanorods could significantly enhance its storage, stability at extreme pH, in addition to thermal

stability and resistance [12].

Adding up metals into semiconducting materials to form metal/semiconductor (M/SC)
heterojunction has been considered as a special category of the hybrid systems due to the
collective interactions computing the semi-conduction trait with the localized surface plasmon
resonance, where these two characters turn out to be crucial in constructing functional hybrids
used in different chemical, physical, and biological domains [13]. This type of arrangement
will lead to sum of applications that cannot be addressed by each element alone. In accordance

to theoretical studies, MNPs are polarized by the exciton through near-field coupling, where
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the MNPs recouple to the exciton altering their own optical properties as well as that of the
whole system. This coupling process is largely improved by the plasmonic fields at the junction

interface [14—16]. Figure 3 shows TEM images for Au-CdSe nanosystems.

Figure 3 (A-C) TEM images of CdSe-Au hybrid nanoparticles obtained by changing QAu from 2, 4 to 6 pmol,
respectively. The nanoparticles are seen as dimeric units, all with a similar size of ~3.4 nm for the CdSe
component. (D) High-resolution TEM image and a schematic drawing of the CdSe-Au hybrid nanoparticles.
Adapted from ref. [9].

1.2 Plasmonic-semiconductor hybrid nanomaterials

Because of their photostability and spectral tunability, hybrid nanomaterials consisting of
semiconducting nanostructures with plasmon-based metallic nanoparticles have attracted much
attention in recent years for their usage in light emitting displays, photovoltaics and

photocatalysis [8,17,18].

In general, semiconductors (SCs) are materials of electric conductivity ranging between that
of a conductor and an insulator, which can be roughly classified into either elemental or
compound systems. Alessandro Volta originally suggested the title ‘semiconductor’ in 1782

[19,20], whereas Michael Faraday gave the first experimental observation in 1833 [21].

SCs are capable of changing their properties to vary the construction and potentials of
current electronic and optoelectronic devices containing solar cells, photodetectors, and light-
emitting diodes (LED) [22,23]. Due to the presence of many atoms, the electronic energy levels

in bulk semiconductors split into a lower electron-filled band called the valence band (VB),
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and a higher electron-empty band called the conduction band (CB). These bands are separated
by the bandgap that refers to the energy difference between the VB upper boundary and the
bottom of the CB in the SC. When the electrons are stimulated by an external perturbation (e.g.
absorption of light energy or heat), and if this energy is bigger than or equal the fundamental
band gap energy of the semiconducting material, an electron (¢°) of effective mass (me”) rises
from the valence band to the conduction band leaving behind a positive hole (h") of effective

mass (mh").

Due to their charge, the e™-h" pairs are referred to charge carriers named the excitons of the
SC, where the average distance between an electron and a hole is the Bohr Radius (Rgonr).
When the size of the semiconductor is smaller than the Bohr radius producing a crystalline
matrix, the semiconductor is then called a nanocrystal quantum dot (NCQD) where its energy
levels are quantized according to the Pauli’s exclusion principle [24,25]. Due to its typical
dimension at the nanorange (usually between 1-10 nm), a quantum dot nanocrystal becomes a
set of atoms in a quasi-zero dimension, that have discrete energy levels with different quantum
numbers at the band edges of the valence and conduction bands. In this case, the excitons are
confined in all dimensions to a much smaller space due to few atoms present, thus the energy
of the band gap increases with the decrease in the QDs size to exceed the coulombic interaction
of the charge carriers, highlighting the “quantum confinement effect”. The Bohr radius allows
the examination of the influence of quantum confinement on the properties of the
semiconductor [26]. At the nanoscale, the QDs properties could be tuned by changing its size,
shape, composition, and surrounding environment [27,28]. The dependence on size is related
to the high surface-to-volume ratio, and early was discovered, experimentally, by a group of
scientists in semiconductor-doped glasses and in colloidal solutions [29-31]. Crystalline
quantum dots are sometimes referred to as artificial atoms because, in fact, an atom complies
with this criterion, but it is smaller in diameter. Scheme 1 illustrates the difference between
bulk, QDs, and atomic energy gap theory, and the band gap evolution in relation to the size of
semiconductor QDs. Nanocrystalline QDs are photostable, and they have wide absorption
edges, in addition to narrow and tunable emission [32]. The emission color of the nanocrystals

highly depends on the particle’s size [33,34].

Several types of semiconductors, such as sulfides (ZnS, PbS, and CdS), selenides (GaSe,
CdSe, and BiSe), and oxides (TiO2, WO3, ZnO, SnO;, and Fe>O3) are promising nanostructures

for their diverse environmental applications [35,36].

20



(a) (b)

Electron

.
represents a “hole” represents an electron
energy

S — Conduction band Energ‘l — I
" e —
— T —
- — —
L
z- e
Sy | ) ———
— — »
]
QDs Radius
Molecule Quantum dot Bulk solid

Scheme 1 (a) Schematic energy level structure of (left) molecular dyes, (center) quantum dots and (right) bulk
semiconductor. The dotted arrow indicates the electronic transition responsible for the luminescence [37]. (b)
Illustration of the increasing energy gap by decreasing the size of the QDs. Adapted from ref. [38].

Mostly, SCs are considered as poor conducting materials due to the high excitonic
recombination rate directly after excitation. They emit light instead of heat (favorable for light
emitting diodes and fluorescence applications), resulting in high-energy loss and low
photocatalytic activity [39—41]. Accordingly, it is a challenge to limit the recombination
mechanisms in order to force the generated electrons and holes cooperate in other processes
such as oxidation and reduction reactions. The redox reactions are valuable for photocatalytic
behavior, which is a trendy subject in the photovoltaic and solar cells domains [42—45].
Moreover, semiconductors have a narrow spectral response range, and mostly their charge
carriers could only be excited by UV light [46,47]. Therefore, most of the semiconductor
nanostructures have a weak interaction with visible light, which is a considerable energy

section in the solar spectrum.

To overcome these problems, several methods are adapted to increase the visible light
response of wide bandgap semiconductors. Forming heterostructures is one of the solutions for
this purpose [48,49]. Add to that, tuning the morphology [50,51], doping with metal or non-
metal elements [52,53], or integrating semiconductors with plasmonic metals such as Cu, Pd,
Pt, Ag, and Au could be beneficial [54-61]. The latter has attracted much attention within the
scientific community due to exhibiting exclusive properties. Its preparation act as a director for
the desired application (electronic, optical, or catalytic...), emerging in the area of research

over the scientific world.

The doping process leads to an n-type or p-type semiconductors as a result to the electron
oversupply (dopant is charge donor) or deficiency (dopant is charge acceptor) respectively,

depending on the nature of the atomic properties, where these properties could be controlled
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by adjusting the amount and positions of dopants in the semiconductor [62,63]. These
impurities are considered as activators that confound the band structures by devising quantum

states within the bandgaps, and will be auto-ionized due to the SC quantum confinement [32].

The metal/semiconductor (M/SC) link collects the semiconducting property along with the
surface plasmon resonance (SPR), creating new behaviors of the combined system where the
special band gap structures of semiconductors will be affected after the combination with noble
metals. The metallic nanoparticles have enormous power to assist the SC in forming functional
hybrids. Upon M/SC junction, the enhancement of the existing functionalities or exploring new
ones is deeply highlighted. The SC properties will be influenced when adjoining MNPs.
Similarly, the plasmonic properties of the metal will be also modified by the semiconductor
component [64-68]. This progress will reinforce the catalytic reactions useful in the
photodegradation of pollutants [69-71], production of hydrogen without the combustion
process that is usually used for this aim [72,73], and COz reduction to convert solar energy into
chemical one indeed in energy storage [74,75]. The variation of properties after coupling relies

on the ratio between components, their nature, and their energy levels and interactions.

To go further, after coupling between the semiconductor excitons and the plasmons of
MNPs that will produce more charges, the generated charges will provoke the photocatalytic
behavior by triggering the facial charges to participate in the redox reactions at the surface of
the system [53,76]. At the M/SC interface, the separation of the electron-hole pairs will increase
upon electrons irregularity after the formation of new electronic states in such systems. This
will entitle us to talk about electron transfer between the semiconductor and the metal causing

the production of current in the materials as well as enhancing the system’s conductivity [77].

In the M/SC coupling nanosystems, it is worthy to take into account the three following
terms: The work function of the components, their electronic affinity, and the Fermi levels in
their electronic states. The work function is the minimum energy needed to remove an electron
from a solid to a point in the vacuum outside the solid surface. The work function of a metal
(e®m) is the energy difference between vacuum energy and the Fermi level of the metal (Erm)
which is located in the band. However, for a semiconductor, the work function (e®s) is the
energy required to remove an electron from the semiconductor to the free vacuum level; it is
the energy difference between the SC Fermi level (Ers) and the vacuum level. The Fermi level

in a solid indicates the chemical potential of the lowest energy of free electron or the highest
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energy of free hole. In addition, the energy difference between the conduction band and

vacuum level is the electron affinity.

When metals are coupled to semiconductors, two distinct types of connections could be
observed; the Schottky and the Ohmic contacts. According to the work function of the metal
and the semiconductor, and taking into account the type of the SC (n-type or p-type), the M/SC
coupling is observed in different manners, where these junctions will reach an equilibrium after

electron-hole exchanges [78]. This is shown in Figure 4.

23



a) edm> eds b) edrm< eds

Vacuum energy ¥ 1 Vacuum energy

* 5. T '}‘ =1;- e __I?’.“ - Ene

= e o

a om

Ey
fr— \lacuum energy _\
Vacuum energy I £ ——
F T e‘m \\
emosevul / Es ik decdns mhadey ket E
£, o—— 4 ed,
}
Es " Ema
Ev \
Ey /
— W —»
n-type n-type
Semicanductor i Semiconductor Metal
c) edp< eds d) edpn> eds
Vacuum energy ¥ T Vacuum energy ¥ f
L e
ed, ]l ed
Ee I» : ed,, E, 7}. - —
@ ™
l Ena
vy .
v
Ey > . = Ena
Vacuum energy
\ Vacuum energy
E, e—i— _f 4
< _\ :
\ b, .
= E Le
v Ex - - - - - Eng
ed-ed, =€V, ek E )
4— W —
p-type p-type
Semiconductor Metal Semiconductor Metal

Figure 4 Band structures of metal-semiconductor junctions for (a,b) an n-type semiconductor and (c,d) a p-type
semiconductor in thermodynamic equilibrium. Adapted from ref. [79].

1. In the n-type semiconductor with e®m > eds, the fermi level of the metal is below that

of the semiconductor, and thus, the metal’s work function is larger than the SC electron

affinity. Electrons will transfer from the semiconductor to the metal, leaving positively

charged fixed dopants in the SC. This transfer provokes the redistribution of electron
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densities to minimize the interface energy, resulting in equilibrium and alignment in
the Fermi levels in the SC, in addition to dipole region at the interface. A depletion
layer (W) in the semiconductor will be created stimulating a potential between the two
constituents. In this type of junction, a Schottky barrier forms according to the classical
Schottky model at the junction interface [80]. This barrier height is described as the
difference between the work function of the metal and the electron affinity of the SC.
In another words, it is the gap between the metal’s Fermi level and the SC’s conduction
band at which the majority carriers reside [81]. The metal’s fermi level does not change
due to the massive free electron densities. The electrons transferring from the
semiconductor to the metal face a barrier of eVbi (Forward bias). On the other hand,
due to existence of this barrier at the junction, the reverse translation (Reverse bias)
needs more energy to move from the metallic to the semiconductor compound [82].

In another case, in n-type semiconductor, if e®m < eds, the junction is Ohmic. Thus,
the M/SC interface is barrier free. Therefore, the electrons can easily transfer from the
metal to semiconductor where the junction acts as a resistor.

In the p-type semiconductor with e®m > e®s, the barrier in this junction does not exist.
The metal acts as a charge that can produce more free space for charge transfer [82,83].
In p-type semiconductor, if e®n < e®ds, the bands twist to form a barrier for the hole
transport. The barrier height is given by the difference between the metal’s fermi level
and the SC valence band edge. Thus, electrons can transfer from the metal to the

semiconductor in the junction to make a negative charge depletion layer.

The electronic mechanisms at the metal/SC interface is important to fully understand the

coupling mechanism, which allow the control of the properties and functionalities of the

applications relying on these hybrid material’s junctions.

1.3 ZnO-Au: The studied plasmonic-semiconductor nanomaterial

1.3.1 ZnO nanostructures

Among various semiconductors, zinc oxide materials are special wurtzite n-type structures

that have attracted much attention by research, thanks to their various electrical, optical, and

physical traits. ZnO have a direct and a wide band gap besides the high exciton binding energy

and rich defect chemistry structures [84—-89]. Moreover, they adapt a strong oxidizing power

and superior UV emission characteristics, in addition to their high stability and room

temperature luminescence [90,91]. Experimentally available over different size ranges, ZnO is
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one of the few metal oxides that exhibit quantum confinement effects [92]. These features show
their promising and attractive materials that ensure efficient excitonic emission at room
temperature, making it suitable for short wavelength optoelectronic applications as ultraviolet
photodetectors, photovoltaic devices, sensors, solar cells, laser diodes and photocatalysis
processes [93,94]. The contribution of ZnO in biological operations is due to the zinc element,
since it is an essential feature for human beings, and its corresponding oxide (ZnO) is a
biocompatible material of low toxicity, bio-safe, and can serve for biomedicine applications

without further coatings [95,96].

Therefore, ZnO is considered as one of the most important promising nanomaterial
classified as the ‘future material’. The interest is concerned in the nanometric-sized particles
that exhibit special traits as excellent physical and chemical properties distinct and superior to
those of the bulk ZnO solids [97-101]. This difference is associated with quantum confinement
effects and increased surface atoms of the solid materials at the level of the nano-scale [102].
As a result, a higher surface-to-volume ratio is attained with reducing the dimensions of the
material, and the contributions of the nanoparticle’s surface to physico-chemical properties
become more important. Also, the defect contents and their optical properties are directly

affected by the reduction and variation of the size into the nanoscale [103].

In particular, ZnO quantum dots (QDs) are extraordinary nanostructures considered as a
new type of photocatalysts with a variation of utilization in the anti-bacteria, water purification
fields and optoelectronic applications [97,104,105]. The control over the materials shape, size
and crystal structure is crucial to manage the applications of ZnO quantum dots, and the
synthesis of new and original nanostructures is intensively requested in the research fields

[106].

Moreover, ZnO nanoparticles are characterized by their direct and wide bandgap. This
property is seriously considered for using ZnO as an alternative to other semiconductors that
were widely used before in optoelectronic domains as TiO2 and GaN. ZnO has a band gap of
value of 3.37 eV at room temperature and 3.44 eV at low temperatures [85]. This enables such
nanostructures to be applicable in the field of optoelectronics over the UV region including

photodetectors, lasers and light-emitting diodes (LED) [91,107-109].
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The free-exciton binding energy in ZnO is 60 meV [110,111]. Its large value reveals
efficient excitonic emission in ZnO at room temperatures and higher, making ZnO materials

talented for optical devices that depend on excitonic effects.

Generally, ZnO photoemission bands are marked by two peaks: The first is a confined peak
corresponding to the near band edge (NBE) emission in the ultraviolet region of the emission
spectrum. This peak characterizes the exciton radiative recombination of the electrons and
holes, and suggesting the formation of well-crystallized ZnO QDs [112]. The second peak is a
large defect level band (DLB) in the visible zone [113—115]. Photoluminescence behaviors are
highly dependent on the synthesis methods, crystallite size and structure, and the defect
contents and surfaces [116—119]. Fonoberov et al. announced that the nanostructure’s surface
highly affects the UV and visible emission of ZnO QDs although the exact roles of the surface
are still not clear [120]. Due to the strong luminescence in the UV and visible regions of the

spectrum, ZnO is considered as an appropriate material for phosphor applications.

The UV emission of ZnO nanomaterials, normally at ~380 nm, represents a relaxed state of
the excitons near the band edge, i.e. radiative recombination of electrons from the conduction
band with the holes in the valence band. Thus it could be attributed to the near band edge
emission or direct band-to-band transitions [112]. The nature of the UV-PL from ZnO QDs
itself is still a matter of controversy because some reports have proved that the UV emission
has a contribution with the surface impurities and defects [121], rather than the recombination
of confined excitons [122]. However, its origin could distinguish between quantum
confinement and surface-bound exciton states by measuring the radiative lifetime of the exciton
[120,123-125]. In ZnO QDs, UV emissions are size dependent due to the quantum confinement

by which their emission could be tuned as a function of the variation of size.

The origin and mechanism of the visible luminescence in ZnO QDs are not completely
understood. They are associated to the charge transitions from the defect energy levels, and
generally attributed to the oxygen vacancies [112,126,127], oxygen interstitials [128], zinc
vacancies [127], zinc interstitials [129,130], in addition to oxygen and zinc antisites (Oz, and
Zno) [127,131-135]. Zinc interstitials Zn; and oxygen vacancies (Vo) are the most cited
prepositions for the visible emission in the literature, where the latest results from the
recombination of electrons trapped in the singly ionized oxygen vacancy Vo with the
photoexcited holes [136]. Van Dijken ef al. [126] assumed that the photogenerated holes are
trapped at the surface, and then get back into the particle, to recombine with the trapped
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electrons at Voe center, resulting in the formation of double charged oxygen vacancy (Voee).
When the holes trapped at Voee center recombine with electrons in conduction band, the
emission would be in the visible region. Another possibility for the visible emission observed
is the surface (S) bonded to hydroxides (OH-S) as reported by Norberg et al. [137], in addition
to donor-acceptor complex recorded by Reynolds et al. [138], and Studenikin et al. [139].

The different predictions of the origin of defect visible emission make ZnO luminescence
as an argumentative subject that is considered as a matter of debate. Also, the emission
mechanisms of the QDs in association to their photocatalytic activities are not yet clear. Table
1 shows some of the reported emission colors for ZnO nanostructures and their corresponding

deep level transition.

Table 1 Reported emission colors from ZnO and deep level defect states responsible for this emission.

Luminescence color Proposed e transition Reference

Violet Znito VB [129,130,138,140]

Blue Zn;j to Vza [129,130]
CB to Vzu

Green CB to Vzi/Vo [112,127,141,142]
CBto Vzn & Vo

Yellow CB to O; [112,127,141-143]
CB to Vo/Li

Orange Zn; to O; [93,129,130,142]
CB to O;

Red Vzn and Zn; induced lattice | [127,129,130,144]
disorder along the c-axis

1.3.2 Gold nanoparticles

Metallic nanoparticles such as gold (Au), silver (Ag), copper (Cu), palladium (Pd), or
platinum (Pt) are light interacting materials due to their surface plasmons [145]. They are
highly developed in the current time due to their numerous applications in surface enhanced
Raman scattering (SERS) [146], chemical and biological sensing [ 147], nanoscale lasing [ 148],
plasmon enhanced fluorescence [149], amplification of non-linear optical signals [150], and

photocatalysis [58].
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GNPs are exclusive among all because they are easy to synthesize, highly stable, resistant
to surface oxidation, and do not suffer from corrosion in photocatalysis processes. Thus, they
are catalytically active. These traits, in addition to many other special characteristics, allow
them to be used in several advantageous applications especially in the biomedical fields such
as cancer therapy [151], DNA melting and assays [152], bio labeling [153], catalysis [154],

drug delivery and other applications.

1.4 New/Enhanced features brought by plasmonic-semiconductor
heterojunction

The combination of two different materials into a single system enhances the characters of
each component in addition to creating new traits. The difference in properties depends on the
chemistry of the compounds in addition to the type of the interaction between them. Besides,
inter-component structural or morphological characteristics of the constituents in the hybrid
systems are also important in determining their features and performances. The SC
characteristics depends on its energy band structures that will be affected after the combination
with metals except at the M/SC interface where the band structures are bent together. Thus, the
band gap energy of the SC could remain the same [22]. Contrarily, some main properties as
emission and photocatalysis of the SC will be affected by SPR coupling. On the other hand,
the hybridization of metals with a luminescent material will highly affect its plasmonic traits
such as absorbance, scattering and catalysis. The M/SC combination leads to an important
modification in their electronic, opto-electronic and magnetic properties [155-159]. Besides,
inter-component structural or morphological features of the hybrid nanomaterials are also

important in determining their properties and functionalities.

1.5 Tunable optical properties (absorption and fluorescence)
1.5.1 Heterojunction modified absorption of both materials

The creation of new electronic states in the M/SC interface and the electrodynamic effect
will lead to the modulation in the absorption properties of both compounds. This property is
highly affected by the distance between both constituents as described by He ef al. in Figure 5
[160].
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Figure 5 The signal light absorption spectrum of SQDs. The signal light absorption spectrum of SQDs for different
distance d. The inset shows a complex system composed of a SQDs to a MNPs. A SQDs with radius r is placed
in the vicinity of a MNPs with radius R. The center-to-center distance is d. Adapted from ref. [160].

As aresult of the doping plasmonic metals in the semiconductor forming the M/SC junction,

broadening and shifting in the plasmonic peak of the metal [161], as well as the excitonic

absorption peak of the SC were previously observed [42]. (Figure 6)
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Figure 6 UV—vis absorption spectra of pure CdS nanorods (blue curve), Au nanoparticles (red curve), and high
Au—CdS heterostructures (10.8 wt %, yellow curve). The green- and purple-dotted lines indicate the excitation
source of a 532 nm laser and a 405 nm laser, respectively. Adapted from ref. [162].

In the ZnO QDs/Au system, Rahman et al. observed red shift in the absorbance peak of ZnO
QDs in addition to the appearance of a weak peak in the visible region (Figure 7) [163]. The
latter is attributed to the LSPR of the spherical GNPs [164]. The presence of this band affirms
the presence of GNPs in the ZnO/Au hybrid system by which at smaller GNPs sizes this band
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becomes blue shifted. The red shift of the ZnO QDs with conjoining GNPs indicates the

interaction between ZnO and GNPs at the interface of the created heterostructures [165].
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Figure 7 Absorption spectra of ZnO QDs (16.7 uM) in the absence and presence of Au NP (0.67 uM) of five

different sizes. The inset shows the change in the surface plasmon band of Au NP upon interaction with the ZnO

QDs. Adapted from ref. [163].

As shown in the above figure, the PR peak of the GNPs was broadened and red shifted
towards higher wavelengths as reported before in similar heterostructures [166,167]. Because
metallic gold nanoparticles are considered as highly sensitive materials to the surrounding
medium and the size of the NPs [168,169], the PR peak will be influenced with its size, and
after adding the ZnO QDs over. Since the refractive index of ZnO NPs (nz,0=2) in the colloidal
gold solution is higher than that of water (nwater=1.34), the red shift in the PR band is noticed.

1.5.2 Heterojunction modified SC’s fluorescence

The optical properties of the SC will be highly affected in the presence of nearby metallic
nanoparticles in one system. The M/SC interface has an inevitable role on the optical response
of the SC nanoparticles, by which PL enhancement or quenching occurs at the metal’s surface
[170-174]. Mainly, there are two concepts stating the influence of the luminescence of the
semiconductor when coupled to metals; the luminescence enhancement and quenching that has
been generated since 1980°s [175-177]. Viste et al. had studied the effect of local surface
plasmon resonance of GNPs on the emission wavelengths of quantum dots [178]. The SC
emission properties depend on the characteristics of the adjoining MNPs [22]. However, this

influence is confusing and still under debate.
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Figure 8 Photoluminescence spectra for the (a) ZnO/Ag and (b) ZnO/Au nanoparticles under excitation at 325 nm.
(c) The ZnO UV-band intensity increases with increasing the metal nanoparticle concentration. Error bars
represent the standard deviation for three separate measurements. Adapted from ref. [179].

The semiconductor’s PL was enhanced in some studies due to its coupling to metallic
nanoparticles [171,180,181] (Figure 8). In contrary cases, PL quenching was observed after
metal doping of the semiconductor [164,182—185]. The enhancement and quenching in the PL
after doping metals into semiconductors depends on the configuration of the interaction, and
highly count on the competition between the modification of the radiative and non-radiative
decay rates, and the enhancement of the local excitation fields [183,186]. Although, these two
mechanisms are controversial issues that are still not well understood due to the complicated

coupling process, which is still under discussion.
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In general, the enhancement and quenching processes depend on the spectral compatibility
between the emission and the SP energy in the SC and metal respectively [187,188]. The
matching between energies lead to the effective resonant coupling which induces the PL
enhancement [180,189]. These processes also count on the separation distance between the
constituents [172,181,190,191], by which the enhancement process requires optimal distance
between the M and the SC. At big distances between the MNPs and the SC, the surface
plasmons are considered as fading waves that gradually collapse with distance, and thus the
emission enhancement decreases proportionally with distance. Similarly, at shorter distances,
the quenching by metal is superior to the semiconductor’s emission. For that, a specific gap
between the metal and the SC should be considered for SC emission evolution. The geometric
configuration of the metallic nanoparticles (e.g. size and surface shape) also plays a major role
in the SC’s emission variation [192—195]. Generally, rough surface metals with bigger sizes
enhances the luminescence of SC materials, whereas quenching luminescence occurs on
smaller flat surface metallic NPs as reported by Matsuda ef al. [195]. Mostly, three explanations

justify the PL enhancement and quenching.

1. The scattering process of the plasmon resonance of the MNPs in the hybrid system
enhances the luminescence, while its absorbance quenches the emission. This was
proposed by Lacowicz et al. in the radiating plasmon model [193].

2. PL enhancement is due to the increased excitation and radiative recombination rates
due to local field enhancement upon M/SC coupling, while the non-radiative energy
transfer to the metal from the SC is the cause of PL quenching [171,190,194,195].

3. Electron transfer from metal to SC is the main cause of PL enhancement, while the
reverse pathway (from SC to MNPs) is the origin of PL quenching [181,182,196].
Scheme 2 illustrates the SC’ PL enhancing and quenching processes by MNPs coupling.
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Scheme 2 A schematic diagram showing the PL enhancement (a) and quenching (b) processes. Adapted from ref.
[197].
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Holding the attention on the SC’s emission enhancement due to the favored circumstances
applied in the field of science nowadays, MNPs can strongly amplify the band edge
luminescence of the semiconductor when the optical transitions are improved. The
enhancement in the PL upon coupling with plasmonic metal nanostructures is associated to the
synergic resonant coupling interaction between the spontaneous recombination in the

semiconductor and the SP arising from the metal [180].

Energy transfer between the system’s constituents is a hypothesis for the exciton emission
amplification upon coupling [180,189,198]. In the report of Jin et al., they have announced the
giant enhancement of the band edge luminescence of ZnO NR after Pt sputtering through
energy transfer between the metal nanoparticles and the SC [199]. This mechanism is

illustrated in Scheme 3.
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Scheme 3 A schematic diagram for the coupling between bandgap and surface plasmon resonance, and carriers
transfer between the defect level and the Pt Fermi level. It results in enhanced bandgap emission and suppressed
defect emission. Adapted from ref. [199].

A strong resonant coupling takes place when the photon energy of the SC excitons matches
that of the SPR of the metal, enhancing the spontaneous emission rate in the SC in addition to
increasing the density of states. Thus, electrons in the CB and holes in the VB in the SC gain
much energy enhancing the radiative band gap emission. The non-radiative recombination
arising from the defect level to the valence band in such mechanism is altered by the interband
transition from the defect level to the metal fermi level due to the mentioned resonant coupling.
As reported by Lai ef al., a comparable enhancement strength was observed between silver and
gold nanoparticles capped on ZnO films. It was reported that the Ag-capped sample showed

larger emission enhancement than the Au-capped samples. The weak enhancement by gold was
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referred to the reflection of the laser beam by the coating which doubles the excitation path,
thus the enhancement is not significant as much as that observed in Ag-capped systems. The
enhancement in PL after Ag capping was associated to the matching between the plasmon
energy of Ag NPs with the emission band of the ZnO NPs creating a resonant coupling state

that significantly enhances the spontaneous recombination rate in the SC [180].

Neogi et al. have explained in their study on InGaN quantum well that the rate of
spontaneous emission is almost enhanced two orders of magnitude when coupled to a silver

surface plasmon [200].

1.5.3 SERS enhancement

The Raman scattering known as surface enhanced Raman scattering (SERS) effect support
knowledge about the progress in the sensitivity of chemical, biological and environmental

sensing devices by the increase in the Raman signals.

Indeed, the Raman scattering of the metallic nanoparticles could be adjusted in a way that
helps these nanostructures more efficiently being active in molecular detection, and greatly
effective in photovoltaics, solar cells, drug delivery, energy conversion and/or storage, in
addition to biotechnological applications [201]. Conducting metallic NP are able to localize
and powerfully enhance an incident electromagnetic field, which alter the charge density wave
at the interface, modifying the electromagnetic field generated by the surface plasmon
resonance [202]. These performances are outcomes of the producing carrier pairs by the surface
plasmon resonance effect, in addition to the enhancement of the efficiency of the electron-hole
separation, and increasing the light absorption [203,204]. Recently, SERS effects of different
geometries of metallic nanoparticles (e.g. Au or Ag NPs) have been demonstrated [205-207].
The SERS measurements of Au NPs were highly manifested by different researchers
[208,209]. The Raman spectroscopy of semiconducting materials as ZnO NPs has been also

previously reported [210,211].

Thus, developing substrates that combine SC with SP with high sensitivity and localization
of hot spots (regions where the electromagnetic field is locally concentrated), will induce high

SERS enhancement that is also important in research fields nowadays.

Sakano et al. explained the surface enhanced Raman scattering properties using Au-coated

ZnO nanorods hybrid systems [212]. They related the spatial configuration of the NP (size,
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shape, and aspect ratio), and its aggregation activity to tailoring SERS characteristics (Figure
9). The Au-coated ZnO nanorod arrays showed a high SERS behavior due to the intense local
electromagnetic fields stimulated by the surface plasmon polaritons at the surface of the MNPs,

where increasing the SC’s diameter further amplifies the SERS intensity validating better

enhancement.
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Figure 9 a) SERS spectra from Au-coated ZnO nanorods of 150 nm in diameter, Au thin film (5 nm thick), and a
bare Si substrate with R6G of 1uM. b) Comparison of SERS spectra of Au-coated ZnO nanorods of diameter of
400 and 150 nm with R6G of 1uM. Adapted from ref. [212].

In another reports, Han et al. showed that the SERS of metallic nanoparticles (MNPs) is
enhanced upon coupling with a semiconductor nanostructure improving the ability of detection
of different chemical and biological species. This enhancement depends on the charge transfer
(CT) mechanism between the metal and the semiconductor compounds. The charge transfer
pathway highly depends on the type of the metal, electromagnetic field effect, the detected
molecule, and the surrounding environment [213]. Scheme 4 represents the charge transfer in

several hybrid systems.

Cu ZnO Molecule

Scheme 4 The CT pathways in semiconductor—metal heterostructures (a) semiconductor-to-molecule-to-metal,
(b) metal-to-semiconductor-to molecule, (c) metal-to-molecule-to-semiconductor. Adapted from ref. [213].
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In Au-CdSe spherical nanoparticles, similar comebacks considering SERS were observed.
Govorov et al. showed that after coupling the GNPs with quantum emitter CdSe, the field
enhancement factor was improved compared to that of single GNPs. This enhancement was
shown to be widely affected by the size of the MNPs, their number, and distance between the

metal and semiconductor [214]. This is illustrated in Figure 10.
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Figure 10 Optical characteristics of assemblies with 54 Au NP and 1 CdSe NP. Inset: field enhancement factor
due to a single Au NP. Upper part: geometry of the complex. Adapted from ref. [214].

Another reports on the hybrid M/SC systems such as Au/CdSe nanowires (NW) junctions
showed that the gold nanoparticles (GNPs) are arranged homogeneously after its nucleation at
the lateral facets of the CdSe lattice defects, where SERS activity is notably enhanced upon

plasmon generation [215].

1.5.4 Stimulating charge transfer after photo-induced charge
separation

The M/SC hybrid nanosystems have gained much attention by several researchers, where
the hybrid nanostructure will endorse fast charge transfer upon light excitation, resulting in the

charge separation.

If the stimulating energy is in the visible range, the metallic nanoparticles will generate

charges that will then transfer to the SC band gap [8,11,52,216,217]. Upon UV excitation, an

37



opposite proposition occurs where the photoexcited charges will transport from the
semiconductor to the plasmonic metal systems, where only the semiconductor is excited
[78,218]. After simultaneous excitations of both components, the semiconductor will use the
SPR of the metal to enhance its light absorption, which is a valuable concept in photovoltaic

and photocatalytic applications. This will be illustrated in Scheme 5.
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Scheme 5 Schematic presentation of the electron transfer processes in Au-semiconductor heterostructures. For
Au-semiconductor heterostructure where (a) only Au is excited, (b) only semiconductor is excited, and (c) there
are simultaneous excitations of both Au and semiconductor. The electron transfer path 1 refers for semiconductor
excitation followed by electron transfer to Au, path 2 follows just the reverse process, and path 3 shows the
coupling of exciton of the semiconductor and plasmon of Au. Here, Eg, refers to the Au surface plasmon state and
EF refers to the Au Fermi level. Adapted from ref. [219].

In the hybrid Au/ZnO systems, Yu et al. have examined the photocatalytic activity by the
degradation of benzene molecules in two conditions. The first is under visible excitation of the

gold nanoparticles (Scheme 6), and the second is under the UV excitation of the ZnO SC
(Scheme 7) [65].

hv (Vis)

Scheme 6 Proposed mechanism of the photocatalysis of Au/ZnO nanostructures upon excitation of the visible
light. Adapted from ref. [65].
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H,0/0H" OH"

Scheme 7 Proposed mechanism of the photocatalysis of Au/ZnO nanostructures under UV light irradiation.
Adapted from ref. [65].

After visible excitation of the metal, the excited electrons will transfer from the GNPs into
ZnO SC. The electron loss in GNPs will operate in forming active species (as HO radicals) to
increase the photodegradation of benzene molecules. On the other hand, if the exciatation is
UV, the photoinduced electrons created in the ZnO conduction band will transfer into the
metallic NPs, decreasing the e-h" recombination rate. This will stimulate high efficiency
charge separation at the Au/ZnO interface, producing more reactive species that are further
used in the degradation of benzene. Other hybrid M/SC systems used such mechanisms to

degrade various molecules other than benzene such as Avans blue dye [163], methyl orange

(MO) [220], and oxalic acid [221].

At the M/SC interface, the energy bands will arrange to be well aligned after excitation,
facilitating the separated charge transfer between the metal and the SC according to the

stimulation (Figure 11).
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Figure 11 Two charge separation mechanisms in these hybrid heterostructures. Mechanism A starts by excitation
at the metal at 532 nm, thus forming hot electrons (¢”) and holes (h") in the metal. The hot electrons are then
transferred to the semiconductor’s conduction band. Mechanism B starts with excitation at the semiconductor at
405 nm, thus forming electron—hole pairs at the semiconductor. Photogenerated electrons are then trapped by the
gold. Adapted from ref. [162].

1.6 Applications of plasmonic-semiconductor heterojunctions

One of the motivation in implanting metallic nanoparticles into semiconducting materials is
the ability to adjoin the functionalities of each compound creating new performances that are

interesting outcome traits for light-involved applications.

1.6.1 Solar cells

Generation of electrical energy by the conversion of available solar energy using
photovoltaic cells is considered as a prosperous technology nowadays [222]. The main goal in
this process is to obtain the highest efficiency in a lower production cost. Hybrid M/SC such
as Au/ZnO nanoparticles have been the dominant technology in the photovoltaic industry,
where the process of material synthesis is often flexible, resulting a high quantum yield and
good stability nanomaterials. The surface plasmon resonance from Au nanoparticles was found
to improve the photoresponse of ZnO due to enhanced charge separation, and facilitating the
charge transport that are important mechanisms in solar cells. In addition, GNPs help in the

visible absorption of light.
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Figure 12 J-V characteristics of the bare ZnO-nanorod and ZnO/Au-hybrid DSSCs, measured at 1 sun, AM 1.5
G illumination, (b) short-circuit photocurrent density of the bare ZnO-nanorod and ZnO/Au-hybrid DSSCs
measured at different incident wavelengths and (c) optical absorptions of dye N719 in 0.1 mM KOH aqueous
solution for bare ZnO-nanorod and ZnO/Au-hybrid photoelectrodes. The optical absorption was measured by
removing the dye molecules from the respective photoelectrodes (size = 1 cm?) by dipping them in a 0.1 mM
KOH aqueous solution (2 mL) for 5 min. Adapted from ref. [80].

The best J-V characteristics is obtained in the hybrid systems, where the photocurrent is
improved after GNPs incorporation due to the absorption by the SPs of the metallic NPs, and
thus improving the overall power conversion efficiency. The improved performance could be
referred due to the Schottky barrier at the M/SC interface that controls the charge transfer

between constituents (Figure 12).
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Figure 13 Energy-band diagram depicting the possible electron-transfer path in the ZnO/Au-hybrid DSSC,
showing the Schottky barrier formed at the ZnO/Au interface. The dashed line in Au represents the position of the
Fermi level of gold after electron injection from dye N719. Adapted from ref. [80].

Coupling will induce charge transfer from the excited dye molecules to the MNPs at the
surface of the SC, to accumulate electrons in the GNPs, leading to the alignment which

facilitates the charge transfer until reaching equilibrium [17,80] (Figure 13).
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1.6.2 Catalysis-based applications

The hybrid heterostructures consisting of metal incorporated into semiconductor
nanomaterials can highly improve the photocatalytic performance of the latter by the aid of the

metal’s SPR [54-57] Scheme 8.

Scheme 8 Schematic Presentation of the Photocatalytic Degradation of Evans Blue at the ZnO—Au Hybrids
Surfaces. Adapted from ref. [163].

The metallic nanoparticles facilitate the charge separation through photoexcitation. Thus,
the hybrid system could be used to amplify the degradation of organic pollutants used for water
disinfection and air purification [223], photosynthesis of organic molecules arising from the
hot-electron effect due to the plasmonic local heating [224], photocatalytic reduction of carbon
dioxide by converting the solar energy into chemical one with the help of photocatalytic
reactions using hydrogen molecules [225], and hydrogen production from water splitting

highly needed issue in the future of energy [226].

In our work, we are interested in the photocatalytic activity of ZnO nanostructures and its
evolution after attachment of gold nanoparticles to form Au/ZnO hybrids. This activity will be

further discussed in the following chapters (2 and 3).

1.7 Engineering of plasmonic-semiconductor nanomaterials

As any given nanomaterial, hybrid nanoparticles are also synthesized by the two general
approaches: the chemical bottom-up way, and physical top-down mode. As described above,
based on the state of art about the plasmonic-semiconductor nanomaterials, three methods were

mainly adapted to fabricate the M/SC hybrid systems [227-233]:
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1. The first preparation is mixing the pre-grown semiconductor nanostructures into a metal
salt solution, and then the addition of appropriate reducing agent is followed. By this
strategy, the chemically reduced metal nanoparticles are supposed to be coupled to the
semiconductor [17,65,232,234]. The shape and size of MNPs could be highly
controlled through this process.

2. The second approach is the nucleation and growth of the oxide semiconductor (OSC)
at the surface of the pre-existing metal nanoparticles. The oxide SC starting material is
reduced, and then decomposed into OSC nanoparticles [155].

3. Another preparation method is the sequential approach, where coupling of the two
constituents that are both already previously prepared is adapted. In some cases of this
approach, additives as molecular linkers or stabilizers may be necessary to add

[64,163].

On the basis of this chapter and particularly this final section that shows some disadvantages
in the manufacturing of M/SC nanomaterials, we emphasize in the next chapters a new way to
fabricate ZnO-Au NPs. Precisely, we describe a chemical approach allowing to control the
coupling between Au and ZnO NPs in order to enhance both the optical and catalytic properties

of ZnO nanostructures.

1.8 Conclusion

According to the state of art presented, it is observed that many research papers have been
published on the fabrication of various aspects of metal oxides coupled to metallic
nanoparticles, to produce multifunctional systems that are effective in wide fields of

applications.

Since the last two decades, ZnO material was investigated in the scientific and technological
applications such as optoelectronic devices, photocatalytic applications, in addition to

piezoelectric and electronic devices as a fluorescent material.

ZnO is of high interest among all oxide semiconductors due to its low cost, low-toxicity,
ease of synthesis and the ability of its growing on various kinds of substrates such as glass,

ITO, Si/810,, etc.

As shown in the literature concerning ZnO nanomaterial and its coupling with noble metal,

more precisely with gold nanoparticles due to its stability, this offers additional behaviors on
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the ZnO nanostructures modulating its properties in a positive manner added on its special

traits.

For that, this hybrid system (GNPs coupled to ZnO nanostructures) is chosen for our
research study where the synthesis of ZnO nano-objects will be established through a simple
process. The optimization of parametric conditions will be intensively varied and studied to
obtain ultrasmall and pure ZnO NPs in an aqueous medium. The obtained nanoparticles will
be thermally treated (annealed) after synthesis at various temperatures to obtain different sizes
and morphologies of ZnO nanostructures. The emission properties of the fabricated ZnO will
be studied and applied in photocatalysis through the degradation of an organic dye under
different conditions (this will be discussed in details in chapter 2). Then, these particles will be
coupled to different geometries of gold nanoparticles in different manners to modulate the
optical properties of the crystalline ZnO NPs, where the luminescence enhancement and
quenching mechanisms will be studied depending on each parametric condition. The
photocatalytic activity will be investigated as well for the hybrid systems, to examine the
influence of the GNPs on the ZnO photocatactivity (will be detailed in chapter 3). The different
applications of the fabricated hybrid system will also be validated highlighting the importance

of our hybrid systems for surface-based devices.
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2. Chapter 2 Synthesis and characterization of pure ZnO
nanostructures highly efficient for photocatalysis
2.1 Introduction

In recent years, the fabrication of ZnO QDs with an efficient photocatalytic activity has been
emerging at the level of science and technology due to their unusual photonic functions,
triggering them to have valuable roles in fundamental studies and technical applications [1].
These semiconducting nano-scaled systems have received growing interest due to their optical
and electronic traits [2—5]. They have enhanced quantum efficiency and a tunable band gap [6],
which enable them to participate in wide fields of applications, favoring the catalytic,
optoelectronic and biomedical operations [7-9]. Also, luminescent QDs can be used as
chemical sensors, responding selectively to many influential metal cations and anions after

conjugating the QDs surface with a suitable ligand [10].

Many synthesis pathways were adapted to fabricate ZnO QDs. Some of these methods are
tabulated in Table 2.

Table 2 List of some synthesis methods for crystalline ZnO nanostructures

Synthesis Method Reference
Vapor phase oxidation [11]
Thermal vapor transport and condensation | [12,13]
(TVTC)
Micro-emulsion [14]
Polyol methods [15]
Sol-gel method [1,16-18]
Sonochemical or microwave-assisted synthesis [19-23]
Spray pyrolysis [24]
Chemical vapor deposition [25,26]
Thermal decomposition of organic precursor [27]
Direct precipitation [28]
Double solvothermal method [29]
Hydrothermal synthesis [30-36]
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Although these methods are very useful, yet most of these approaches require complicated
processes. They also involve complex and sophisticated equipment, toxic reactants such as
lithium hydroxide (LiOH) as an oxygen source [23,37], and deteriorating organic solvents such
as methanol, 2-methoxyethanol, or chloroform- instead of water. The synthesis of ZnO
nanostructures in alcoholic media has received extensive acceptance because of the faster
nucleation and growth of NPs in such solvents as compared to water. The latter was generally
avoided because it facilitates the transfer of the excited charge carriers of the corresponding
NPs to the surrounding molecules leading to its luminescence quenching. Due to the high
surface tension of ZnO QDs, surfactant-assisted synthesis that required capping or stabilizing
agents such as poly vinyl pyridine (PVP), polyethylene glycol (PEG), etc., were used in order
to obtain small, spherical, and non-aggregated nanoparticles [38,39]. The utilization of these
additives induces large amount of organic impurities complexing the chemistry of the reaction,
and restricting the accessibility to the nanocrystal surface. Hu ef al. used the vapor-phase
oxidation method to synthesize ZnO whiskers [11]. This process involves multi-steps to
achieve the final product, as well as hard reaction conditions that require high temperatures and
pressures to obtain ZnO nanostructures. This process is energy consuming, and the control over
the size of the produced nanocrystals is found to be difficult at such conditions. In another
reports, Rani ef al. have used methanol solvent through the sol-gel method to produce ZnO
nanocrystals [16]. This solvent is environmentally non-friendly as it is considered flammable
and poisonous chemical. Moreover, it is corrosive to some metals which bothers the doping of
the synthesized NCs by metals to enhance their luminescence or improve their applications.
On the other hand, Asok et al. have used microwave assisted synthesis to produce ZnO QDs
[23]. Although this process is time saving and could be achieved in few minutes, yet the starting
material LiOH used as an oxygen precursor is a toxic reagent, by which the lithium atom is
considered as highly reactive and flammable, especially under high power reactions as in the
microwave synthesis. Add to that, the high power synthesis stimulates the increase in the
heating rate resulting in the reaction overheating. This will lack the control over the

temperature, ending up in the formation of unstable products.

Among all the cited synthesis techniques, the hydrothermal method is a promising synthetic
pathway, because it is a simple apparatus process that could be carried out under moderate
conditions. Its obtained products more likely have different properties from those obtained at
high temperatures and pressures. Furthermore, it is economical, catalyst-free, and

environmentally the less hazardous synthesis protocol. Moreover, it is an easy way to control
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over the particle’s size and morphology, by which the nano-scaled particles of different
morphology forms could be realized by adjusting the reaction conditions, in the time where the

size and shape control has raised an extensive interest.

Lu et al. hydrothermally prepared crystalline ZnO powder using zinc nitrate and ammonia
at different temperatures. The effect of growth temperature and pH was studied, and the
obtained particles transformed from spherical to rod like microstructres with increasing the pH
in the reaction mixture. The small nanometric scaled particles were difficult to attain [33].
Baruwati et al. have reported the aqueous synthesis of ZnO in an autoclave at a temperature of
120°C using ammonium hydroxide to adjust the pH [32]. The supported method is relatively
time consuming since it needs an overnight drying to obtain the desired final product. Chen et
al. have synthesized different morphologies of ZnO nanoparticles using ZnCl; and NaOH in a
hydrothermal growth process, using several organic templates to control the size of the
obtained nanostructures [34]. Different morphologies of ZnO powders were synthesized by
Wirunmongkol et al., and the obtained particles were prism-like shape with hexagonal phase
of a large size about 0.3-0.5 um in width, and 0.5-0.7 um in length [35]. 10 to 20 nm ZnO
nanoparticles were precipitated at room temperature by Musi¢ et al. through the addition of
TMAH to an ethanolic solution of zinc acetate dehydrate. The pH of the reaction was indeed
high (~14) to obtain the desired size and shape [36]. Moussodia et al. have modified the ZnO
NPs surface by the silanization method in order to obtain a water soluble and stable product
useful for biological labels [40]. They covalently linked the ZnO surface by a PEG-siloxane
where the aim of the surface modification was to maintain the surface luminescence properties
of the synthesized ZnO QDs that may be struck and destroyed by the water molecules.
However, the initial synthesis was carried out in alcoholic medium, and the final obtained
product was not absolutely pure as they introduced organic molecules throughout the
fabrication process, in the time homogeneous and pure nanomaterials are needed as a result for
various applications. In another reports concerning the fabrication of water soluble ZnO QDs,
Fu et al. have synthesized water-stable ZnO QDs. The addition of oleic acid and/or
diethanoamine (DEA) was indeed to adopt high stability and water dispersion availability

preserving the intensity fluorescence property [41].

Despite the excessive efforts to fabricate ultra-small, efficient catalyst and luminescent
quantum dots in aqueous solutions, no research has so far achieved this performant product of

nanocrystalline ZnO QDs, via simple synthesis route and under soft conditions including
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temperature, pressure, time, equipment used, and materials. Precisely, “aqueous solution-
based” hydrothermal methods are commercially profitable for massive production with good
consistency and can be manipulated at easy settings. The hydrothermal aqueous route
represents a simple way for large-scale particles production at low cost without requiring
expensive and toxic raw materials or complex equipment. It is an attractive method of
fabrication because it is easy to perform, and allows tailoring the morphology of the desired
particles in a facile, cheap, and eco-friendly approach for ZnO QDs synthesis. Moreover,
previous reports have shown that nanocrystalline ZnO have two faults which limit their
functional applications [42]. They have proved that due to their large specific area and surface
activity, ZnO nanocrystals are unstable and have the ability to highly aggregate. Another
disadvantage was that the suspended nanocrystals could be quickly lost during the reaction
making the ZnO NCs not accessible for practical operations. Consequently, still scattered
reports of hydrothermal synthesis of stable ZnO QDs in aqueous medium are available in the

literature.

In most current fabrication methods, a high temperature procedure, either at high
temperature fabrication process or high temperature post-synthesis treatment of the ZnO is
needed for attaining good quality material [43]. On the other hand, applied science is currently
recommending plastics and flexible electronics [44—46], which emphasizes on the necessity of
adapting alternate treatment processes that ensure the synthesis of well crystalline ZnO

nanostructures keeping the temperature at the low value [47].

In the present research study, small, uniform and highly stable ZnO NPs were fabricated
using water as a non-contaminating solvent that acts as a self-capping, stabilizing and directing
agent, where the nanocrystals’ shape and size could be controlled. This method is a promising
alternative guide for preparation of pure ZnO NPs at a relatively low temperature using soft
conditions. It is simple, green, and high throughput method, in addition to the good stability
and purity of products, where these properties are necessary for photocatalytic and biological

purposes

Although, ZnO luminescence has been the subject of studies for several decades where the
mechanisms responsible for many of its emission properties in relation to its photocatalytic
activity are still a matter of discussion. To our knowledge, no reports in the literature have
succeeded to aqueously fabricate highly luminescent ZnO NPs with high photocatalytic

activities, since the photocatalysis (PC) and the photoluminescence (PL) are two processes that
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depend respectively on the separation and recombination of the photo-induced charge carriers
which are competitive mechanisms. In this work, we efficiently describe how imprinting
procedures can be adapted for ZnO NPs synthesis, serving as a model system for other oxide
nanostructures synthesized in water, and the optical characterizations could be successfully

attained.

2.2 Experimental part

In quantum mechanics, the optical and electronic characteristics of ZnO QDs are obviously
determined by the experimental conditions used in the fabrication method as the solvent,
heating temperature, time of the reaction, precursor’s concentrations, etc. These parameters
highly affect the final structure of the products (size, morphology, surface structure, etc.),
tailoring the materials properties. The aim of the present work is to investigate the influence of
synthesis procedures on the formation and properties of ZnO NCs with evident exciton
emission. Therefore the photoluminescence measurements were the guideline of setting up the
starting conditions of our reaction.

The characterization techniques are described in details in Appendix-B in chapter 5.

2.2.1 Synthesis process

The chemical reagents adapted as starting materials for the formation of ZnO QDs in this
synthesis process were zinc nitrate hexahydrate, 98% extra pure (Zn(NO3)2.6H>0) as zinc
precursor, and sodium hydroxide (NaOH) as an oxygen source purchased from ACROS
ORGANICS and FISHER SCIENTIFIC respectively. All these chemicals were used as
purchased without further purification. The water used throughout all the experiments was
adapted from a water purification system Milli-Di (9V-1W) as deionized water (> 1MQ.cm
@25°C).

2.2.1.1 Preparation of stock solutions (Zn and O sources)

The zinc nitrate stock solution and the sodium hydroxide stock solution were prepared in
deionized water. Three molar concentrations (0.1, 0.5 and 1 M) of each stock solution was
prepared. These aqueous solutions were prepared by constant stirring at 350 rpm using
magnetic stirrer without any heating step for ~30 min to completely achieve the suspension of

the precursors and to obtain clear and transparent solutions.
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2.2.1.2 Preparation of ZnO QDs seeds

Equal volumes of equimolar stock solutions were added up together in a flacon, i.e. a volume
of 0.1 M NaOH is added to the same volume of 0.1 M Zn(NO3)>.6H>0 to form the seed solution
A1’. The same process is repeated with the 0.5 M and 1 M for the seed solution A2’ and A3,
respectively, which contain equal molarities and volumes of Zn(NO3)2.6H>O and NaOH stock
solutions. After the addition of NaOH to the zinc nitrate solution, a direct formation of white
precipitate was observed. Then, the solution separated into two phases: a white bottom layer
including ZnO clusters embedded in a complex structure, and an upper suspension that was
nearly transparent including very small quantity of ZnO QDs. The quantity of the white
precipitate in A3’ was larger than that in A2’ and A1’ where the latter had a very low quantity
which was difficult to collect. This is related to the concentrations of the stock solutions used
by which the highest concentrations lead to the high production of ZnO powders. The samples
A1, A2’, and A3’ were heated at 80°C for 20 min with stirring at 350 rpm on a normal heating
plate. During the reaction, the solutions were covered to prevent the oxygen of the atmospheric
air to contribute in the reaction, minimizing the excess formation of defects in the crystal
structures. Annealing of the ZnO product after cooling to room temperature was indeed in order
to crystallize ZnO. The post-thermal treatment was achieved for 1 hr at 150°C even before
filtration of the obtained powders or after (see discussion part). The final obtained annealed
raw material solutions (before filtration) of initial starting materials concentrations of 0.1, 0.5,
and 1 M were named Al, A2, and A3, respectively. Figure 14 is shows an image of the
suspension A3 obtained to clarify the different supernatant and precipitate phases obtained in

the reaction.
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Figure 14 Image of the solution A3 after post-thermal treatment solution of as-synthesized QDs showing the two
separated gradations: the transparent supernatant phase and the bottom white precipitate.

The raw powders were extracted by filtration before any annealing of the solution. After
washing several times with D.I. water and isopropanol, the collected powders were annealed
at different temperatures to gain more purity, increase the number of the synthesized ZnO
nanostructures, and to enhance their crystallinity. The annealing was carried in an oven, for 1
hr and under air. The overall achieved powders were able to be embedded in several solvents
such as water, isopropanol, ethanol, and others..., depending on the desired application.
Through our study, the collected ZnO powders were dispersed in water. The whole synthesis

process is illustrated in Scheme 9.
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Scheme 9 Schematic diagram of the synthesis of ZnO NCs.

2.3 Results and discussion

2.3.1 Optimization of the synthesis reaction parameters

The interaction of materials with light is an important issue to study in order to qualify the
studied material. Light absorption and emission (either spontaneous or stimulated) were
intensively studied in quantum mechanics to optically characterize the transitions in the studied
material. Exclusively, photoluminescence could serve as interesting candidate for this purpose
because the luminescence is very sensitive to its surface state [48]. On this basis, our synthesis
process was optimized according to the PL measurements that could be beneficial for
characterizing the produced ZnO nanostructures. This process could supply a full study about
the investigated materials, and gives valuable information about the morphology, as well as the

optical and electronic properties of the materials. Add to that, it is useful in the field of
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photocatalysis by supplying information about the surface of the materials (defects, oxygen

vacancies, and recombination of photogenerated charge carriers...).

The photoemission study was aimed to examine the effects of the precursor concentrations,

reaction time, and reaction temperature on the particle size and structure of ZnO nanocrystals.

2.3.1.1 Effect of raw materials concentration

As mentioned in the synthesis process, different yield production was obtained using
different concentrations of zinc nitrate and sodium hydroxide as stock solutions. The simple
conventional heating at 80°C for 20 min of the starting materials did not allow the observation
of the exciton emission of the fabricated quantum dots (not shown here), unless an annealing
step of the solutions was applied. The PL measurements of the post-thermally treated solutions

are shown in Figure 15.
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Figure 15 Photoluminescence measurements of different samples of ZnO QDs solutions (Al, A2 and A3) after
annealing at 150°C (a) the full PL spectrum showing break line at the missing data points over the region of the
second order of the laser. (b) ZnO UV region of the PL spectrum, (c¢) zoom in the UV -region of the smoothed PL
spectrum of the solution Al (0.1 M raw materials).

Figure 15 shows the typical PL spectra of different synthesized ZnO samples (A1, A2, and
A3). From the PL results, it is clearly observed that the UV and visible PL intensities differs
from one solution to another. Accordingly, each sample adapts a particular size, number,
surface, and distribution of fabricated quantum dots. A2 has the highest emission intensities

among all, where A3 has intermediate luminescence intensities, and A1 showed the lowest

intensities.

ZnO photoluminescence here is marked by two regions. While the first is a confined peak
corresponding to the near band edge (NBE) emission in the ultraviolet region of the emission
spectrum, characterizing the exciton radiative recombination of the electrons and holes. The

second is a large intense defect level band (DLB) in the visible zone [49-51]. All solutions
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showed a broad peak in the visible region ranging from the green section to the orange zone of
the visible area, and centered at ~600 nm. The contributions of the green luminescence is
referred to the recombination of electrons in the singly ionized oxygen vacancies with photo-
excited holes in the valence band [52—54]. Whereas the orange luminescence is attributed to
the transition of electrons from the conduction band to the oxygen interstitials above the
valance band [55]. The visible emission includes the yellow luminescence also, which is related
to the presence of Zn(OH)> impurities at the surface of the NPs [56]. The presence of
compounds other than pure ZnO is indeed in our raw material solutions (Zns(NO3)2(OH)s.2H,O
in our case) since the interacting precursors did not transform completely into ZnO, in addition,

purification of the solutions was not carried on.

As shown in Figure 15(b), the intensity and position of UV emission was found to increase
with increasing precursor concentrations up to 0.5 M, beyond which the intensity and positions
diminishes for 1M precursor’s concentrations. Kumar ef al. has related the increase in the UV
emission intensity to the reduction in the size of the particles whereby smaller nanoparticles
involves more surface atoms that increases the rate of trapping of the photogenerated holes at

the surface enhancing the emission intensity [54].

A2 have the most intense and wider UV emission, indicating the heterogeneous forms of
the nanostructures. In addition, this sample showed the highest visible luminescence, thus it is
the richest in defects among all. Although, solution A3 exhibits a clear exciton emission blue
shifted with respect to that of A2 solution, in addition to moderate visible emission intensities
corresponding to moderate defect levels in the fabricated particles. The blue shift in the exciton
emission is referred to the size decrease. The smaller the nanoparticles are, the higher surface-
to-volume ratio they have, leading to novel applications in electro-optical devices, chemical
sensors, and making them more interesting in catalysis applications, where the photocatalytic
degradation behaviors become much efficient for active and smaller sized particles.

Add to that, the powders produced in the solution A3 were the highest among all, which
allowed the collection of more powders after filtration of the samples for further solid
characterization indicating that sample A3 has the highest yield of production.

These output characters were the motive to adapt the synthesis of ZnO nanocrystal quantum
dots using 1M stock solution precursor concentrations as starting materials. These conditions

will be used in the coming studies and in the hybrids in the next chapters.
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2.3.1.2 Role of synthesis time, temperature, and post-thermal
treatment

Figure 16 displays typical UV photoluminescence spectra of the ZnO QDs formed when
IM Zn(NO3)2.6H20 and NaOH stock solutions are the starting materials in the synthesis

process.
(a) (b)
8x10* f——rs ,
= 80° - - -Water
7%10° E'EY.‘?, i q i~ ——2n0 (t,,,=20 min) 2.0x10* 4
Y " ——2ZnO (t,,,=60 min) m
- 1 1 —
S 6x10°4 ' ' Raman peak 5 1.5%10* -
§ 5%10* 4 i -~ ofwater @ :
:E' 1 ' || é‘
2 4x10% 4 " \‘ 2 1.0X104“
£ 3x10° 4 - - AR SN0 £
& 2x10* /L 200 (t,,,=20 min) & 5.0x10° ]
1x10* 4
0 ZnO (t,,,=60 min) 0.0 .
340 350 360 370 380 390 400 410 420 340 350 360 370 380 390 400 410 420
Wavelength (nm) Wavelength (nm)
(c) (d)
4 | —— Before annealing T. =80° e T = 80°C (T,=150°C) = .
FHENES After annealing 380 nm 5"“_—28 n(:in 3.0x10* 4 —T,,=110°C E’I‘:]zo L
2 2.5¢10* o D ——T,,=150°C
T € 2.5x10*
> >
S 2.0x10* Soot0r]  Tm80C )
2> After > + annealing. T, =150°C
215610 gefore g A 2 1.5x10'1 (380 nm) (380 nm)
= annealing (Vo= ) c
= 1.0x10* 4 : = 1.0x10% T, =110°C
5.0x10° - 5.0x10° -
0.0 e - ; ; - - 00 ; . : . . . .
340 350 360 370 380 390 400 410 420 340 350 360 370 380 390 400 410 420
Wavelength (nm) Wavelength (nm)

Figure 16 UV zone of the photoluminescence spectra of ZnO nanostructures in solution (a) effect of the time of
the reaction carried on at 80°C, (b) Effect of the reaction temperature on the ZnO UV -emission lasting for 20
minutes, (¢) Effect of 150°C annealing on the ZnO synthesis reaction done at 80°C for 20 minutes, (d) Sum-up of
the reaction temperature conditions to obtain UV -exciton emission.

2.3.1.3 Effects of synthesis time

For examining the reaction time on the nanostructures of ZnO, the reaction temperature was
fixed at 80°C, and the reaction time was prolonged from 20 min to 1 h, where the UV exciton

luminescence of the ZnO nanostructures was examined.

The PL measurements of the as-synthesized NPs prepared at 80°C during 20 and 60 min
reaction time show no obvious UV emission relative to the exciton luminescence in either

condition. The only observed peak in the UV region is the Raman scattering of the water
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solvent at ~365 nm (3372 cm™!) while no emission band for ZnO NPs was observed (Figure 16
(a)). The peak located at 365 nm was identified to be a Raman signature of water, since this
peak was also detected even from the deionized water alone. Therefore, extending the reaction
time does not enhance the crystal growth of ZnO nanostructures to evidence their exciton
emission. Energy transfer could also take place quenching the ZnO exciton emission, by which
the water molecules may highly react with the NCs in the solution, transforming all the
excitation energy between the surface water units to obtain the Raman scattering, preventing
the ZnO electron excitation process as well as its luminescence. Consequently, the absence of
this peak has been attributed to the overlapping of the Raman of the -OH group of the water
solvent with the exciton of the ZnO NPs preventing its luminescence. In addition, ZnO NPs
are considered as donors because they normally have luminescence in the UV-Vis region, while
water is considered as an acceptor because it absorbs in the UV-Vis-NIR region. As reported
by Meyer et al. and Dulub et al., electron-hole pairs are generated in ZnO nanostructures upon
UV illumination in the photoluminescence measurements, where the water molecules are
physisorbed on the surface of the particles. The nearby water molecules on each neighboring
ZnO NCs create a hydrogen bond between them, stimulating the dissociation of water units,
which in turn capture these pairs at the same moment, leading to the decrease in the carrier
density in the ZnO NPs. As a result, a gradual decay of the current through the charge transfer
occurs, preventing the emission of the nanostructures [57-59]. In this context, the major
concern in ZnO NPs is the diminishing luminescence of the nanoparticles due to the effect of
the water solvent where the exchange of the ionic species at the oxygen defect levels in ZnO
NPs leads to a slow photo-response [60]. Mahamuni ef al. and Jin ef al. referred the quenching
of UV luminescence to the poor crystalline quality of the as-synthesized nanoparticles [61,62].
Vanheusden et al. and Hosono ef al. also attributed that the UV-PL quenching is resulting from

the poor quality of ZnO nanostructures [63,64].

In conclusion, the reaction time in our experiments has no considerable effects on building

up ZnO NCs to differentiate its photoluminescence in such conditions.

2.3.1.4 Effects of synthesis temperature

In fact, 80°C temperature is below the normal boiling temperature of water (100°C). For
that, higher synthesis temperatures were adapted in order to decrease the effect of water

molecules on the ZnO luminescence. Two curing temperatures above 100°C (110°C and
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150°C) were investigated to test its effect on the luminescence of the as-prepared

nanostructures through similar synthesis processes lasting for 20 min.

As shown in the PL results in Figure 16(b), increasing the synthesis temperatures allowed
us to identify the ZnO exciton luminescence peak. Obviously, it could be identified that by
increasing the reaction temperature from 80°C to 150°C passing through 110°C, the Raman
peak intensity of water decreased while ZnO peak prevails, thus the exciton emission becomes
more and more clear. As a result, it could be concluded that the temperature is a key factor in
our reaction, where the effect of adsorbing solvent is less effective with increasing
temperatures. We also suggest that, temperature increase allows the formation of ZnO
nanostructures of better crystallinity. TEM images over the supernatant obtained by 80°C and
150°C reaction temperatures (without annealing) highlighting the sizes of the particles are
shown in Figure 17. The particles seem to grow and become more crystalline and organized

for higher synthesis temperatures.

Figure 17 TEM images on for the supernatant part of the solutions synthesized at (a) 80°C, (b) 150°C.

Concerning the effect of the reaction time and that of the temperature on the desired reaction,
we found that boosting the reaction time at 80°C had no significant influence on the

characteristics of the obtained ZnO nanostructures, however raising the reaction temperature
had.

Although, it is well known that with increasing temperature and/or time of the reaction
results in unfavorable grain growth of the particles, increasing the average crystallite size of
the reaction products [65]. Yet, the smaller the nanoparticles are, the more interesting they are

in catalysis applications where the photocatalytic degradation behaviors become much efficient
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at smaller sizes, by which the active surface atoms increases triggering the surface to gain much
tension, and therefore offering higher catalytic efficiency [66—68]. Also, the low reaction
temperatures make the products attractive for microelectronics and plastic electronics
applications [69]. For this reason, ZnO NPs obtained in our reaction at lower temperatures
might be more interesting, dealing with smaller nanocrystals. As an indication of the smaller
NPs sizes obtained at 80°C temperature reaction is the quenching UV luminescence, referring
to Biju et al. whom they reported that smaller NPs will have higher surface over volume ratio

favoring the quenching effect [70,71].

Thus, to avoid exciton emission quenching of the small sized ZnO nanostructures
synthesized at 80°C, the bond between the hydroxide of the solvent with the NPs should be
broken. For this aim, the solution was annealed for one hour at a temperature 150°C on a normal
heating plate. As a result of the annealing process, the excess solvent is evaporated, and thus

the quenching effect is eliminated. Add to that, the crystallinity of the NPs is enhanced.

PL measurements applied on the annealed solutions are shown in Figure 16(c), stating the
emergence of the excitonic peak at ~380 nm after post thermal treatment of the particles.
Consequently, the quenching luminescence of the small sized NPs synthesized at 80°C is

avoided after post-thermal treatment.

Accordingly, to detect the exciton emission of small ZnO NPs synthesized in water, the
synthesis should be adapted by two conditions: even at a temperature smaller than the normal
boiling temperature of the solvent with a post-thermal treatment (T=80°C + annealing), or at a
temperature higher than the solvent’s boiling temperature without any further operations. It is
worth to note that the exciton emission of the annealed ZnO synthesized at 80°C shown in
Figure 16(d) exhibits the most intense UV peak among others. This is referred to the fact that
the annealing process promotes the removal of additional complex impurities in solution by
transforming the residual Zn(OH); and ZnNO3 complexes into ZnO nanoparticles. Thereby,
increasing the latter’s density number in solution. The resulted small red shift in the exciton

emission may be linked to the slight aggregation caused by annealing.

In this simple strategy, the characteristics of the ZnO nanoparticles could be controlled

throughout the synthesis process according to the aimed appliances.
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2.3.2 Structural properties

Tuning the physical and chemical properties of the fabricated ZnO nanostructures through
the chemical reaction synthesis has gained attention and reported by adapting different ways
such as controlling the ZnO growth using dopants, or by thermal annealing of the pure ZnO
nanostructures [72,73]. This latter is favorable since the physical and optical properties of the
initial synthesized nanostructures could be mainly conserved. Thus the effect of annealing

process on the as-synthesized ZnO samples was examined.

2.3.2.1 TGA Analysis

Thermogravimetric analysis of the synthesized ZnO powders at 80°C for 20 min before
annealing has been investigated to examine their thermal behavior by probing the thermal
decomposition and stability of our product with temperature. The chemical and physical

manners could also be examined by TGA.
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Figure 18 TGA measurements of the powders synthesized at 80°C representing the percentage of weight loss with
its corresponding derivative.

The TGA profile shown in Figure 18 states a continuous loss of weight with five alterations
occurring at approximately 70, 130, 144, 210, and 250°C, followed by almost a flat terrain up
to 600°C. Heating up to 250°C distracts nearly 41% of the total mass. Hence, annealing at
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250°C could be considered as an optimum temperature for annealing which will help to

guarantee the formation of stable ZnO nanostructures.

Therefore, the obtained powders were annealed at different temperatures below (at 80, 100
and 150°C) and beyond 250°C (at 500 and 800°C) to examine the annealing effect on the

progress of the synthesized nanostructures.

2.3.2.2 XRD analysis

It is known that XRD pattern analysis allows the identification of various material
properties. On this basis, XRD measurements were performed for ZnO powders synthesized at
80°C and annealed at various temperatures in order to investigate their structures and
crystallinity. The corresponding XRD patterns are shown in Figure 19. Table 3 showed that the
raw synthesis product is mainly composed of Zns(NO3)2(OH)s.2H>O crystalline structure,
which is embedded with only 9% of amorphous nanoparticles. The formation of nanoparticles
and the amorphous feature can be attributed to both broadness and weakness of peak intensities
in the 20 range 10-18 Degree (Figure 19(a)). Subsequently, a thermal annealing allowed the
destruction of Zns(NO3)>(OH)s.2H20 phase and a complete disappearance above 250°C giving
rise to 100% ZnO nanoparticles. Thus, the ZnO percentage in the obtained powders increased
from 9% without post-thermal annealing into 10, 30, 75, and 99% for the following annealing
at 80, 100, 150, and 250°C, respectively. Moreover, with increasing the annealing
temperatures, the amorphous ZnO became crystalline, in relation with the appearance of

narrow, intense peaks, which were attributed to ZnO crystalline nanostructures.
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Table 3 Percentage of ZnO composition in the raw synthesis product and the lattice parameters (a, b and c) of
ZnO samples before and after annealing at different temperatures.

ZnO annealing XRD
temperature (°C)
%Zn0O | a=b c
(nm) | (nm)
Bulk ZnO [75] 0.3249 | 0.5206
n/a 9% 0.3313 | 0.5273
80 10% 0.3248 | 0.5195
100 30% 0.3252 | 0.5207
150 75% 0.3251 | 0.5209
250 99% 0.3247 | 0.5202
500 100% | 0.3246 | 0.5201
800 100% | 0.3243 | 0.5197

In addition, the ZnO phase displayed the same structure for all the samples. Precisely, the
five observed diffraction peaks after annealing including (100), (002), (101), (102) and (110),
match well the wurtzite hexagonal structure of the ZnO NPs, having predominantly (101)
preferred orientation as a result of minimizing the internal stress and surface energy through
this plane [74]. After raising the annealing temperatures beyond 150°C, no peaks
corresponding to impurities were observed in the patterns, confirming the high phase purity of

the samples due to the deduction of chemical residues and impurities.
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Figure 19 XRD measurements of the powdered ZnO NPs synthesized at 80°C and annealed at different
temperatures: (a) XRD patterns, (b) the variation of the (101) plane peak intensity and position with increasing
the annealing temperatures, (c) the evolution of the crystallite size as a function of annealing temperature, (d)
illustration of the variation of the cell volume and number of atoms per unit cell as a function of crystallite size.

The lattice constants ”a”, ”’b” and ”’c”” were assessed from the hkl Miller indices in the XRD

patterns using the formula associated to the hexagonal systems:

1/d? = 4/3 ((h? + hk + k?)/a?)) + 1%/c? (1)
Using Bragg's law
nA= 2d sinf (2)

with the first order approximation n = 1, and assessing 0 for each plane from the XRD patterns,
then,
d=A/2sin6 €)

Hence, the lattice constant “a” for the (100) plane is calculated by:

a=2d/\3 4)

For the (002) plane, the lattice constant “c” was calculated by:
c=2d (5)
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The obtained values of “a” and “c” of the different ZnO samples correspond to ZnO bulk

structure [75], as shown in Table 3.

Figure 19(b) illustrates the evolution of the (101) preferred lattice plane of the ZnO nano-
objects (before and after annealing at different temperatures). As the annealing temperature
rises, a slight increase in the 20 position of the (101) plane was observed with an increased
peak intensity, in relation with better crystallinity and higher amount of crystalline ZnO

nanoparticles oriented at this plane direction as assessed before.

The variation of the full width half maximum (FWHM) obtained from the XRD
measurements gives a reflection of the structural distribution, in addition to the surface state of
the material related to the grain distortion, dislocation density and residual stresses. Tung ef al.
refers the linear increase of the FWHM is an implication of the increased point defects and
hardness which in turns affects the crystallinity and grain boundary (2D defects) mobility of
the particles [76]. In other reports, Kim et al. stated that defect rich materials with structural

disorder widen the XRD peaks [77].

The crystallite size of the mostly crystalline nanoparticles annealed at 150, 250, 500 and

800°C depicted in Figure 19(c) were estimated using the Scherrer equation:

_ KA
- B cos B

(6)

where D is the crystallite size, K is a numerical factor referred to the crystallite-shape constant
(0.94), 4 is the wavelength of the X-rays, £ is the full-width at half-maximum (FWHM) for the
most intense peak (101) in radians and 6 is the Bragg angle. The crystallite sizes were 35, 50,
and 57 nm for the samples annealed at 150, 250, and 500°C respectively, to reach a size higher
than 100 nm, after annealing at 800°C.

The cell volume and the number of atoms for the ZnO samples with hexagonal form depicted

in Figure 19(d) were estimated using the following respective equations [78]:

Vzgzﬁazc (7)
"= 4_n(2)3 g
T o3v\2 ®)

As the crystallite size increased, the cell volumes decreased followed by the increase in the

number of atoms. These theoretical results are in agreement with the percentage composition
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measurements (derived from the XRD) of crystalline ZnO with respect to the complex

structures initially obtained after synthesis.

2.3.2.3 XPS analysis

The surface structures of the ZnO nanocrystal samples before and after annealing at 250°C

were investigated by XPS, and the corresponding experimental results are shown in the XPS

spectra show that the nanoparticles were composed of zinc (Zn) and oxygen (O) atoms.

3.5x10°
3.0x10°+

(@)

o 2.5%10°

2 2.0x10°

=

3 1.5x10°
1.0x108+

3p

50610° | €N €

N 1
0.0 4=

~Zn

L ZnLM M
—

&

aaaaa

= ‘OZ'Z«;L
" 7Ok

g

f

[ ]

/

0 200 400

600 800

Binding Energy (eV)

1000

3.0x10°

2.5x10%

S

-~

Counts

1.0x10%4

5.0x10%+
525

2.0x10°4

1.5x10%4

(b) 52|9 16eV

| 531.33ev

015

Tana=250°C

_Wa |

530 535

540

Binding Eneregy (eV)

545

Counts /s

1.2x108

1.0x108 1
8.0x10°%
6.0x10°

4.0x10°

2.0010°{

(c) , 102029 ev

&
<
|

| 1021.07 ev

[\
/

/] \_ Tom=250°C

Zny,

1043.38 |eV

Znygs

[ 1044.18 eV | |

Wa

0.0 : r T T T r
1015 1020 1025 1030 1035 1040 1045 1050
Binding Energy (eV)

Figure 20 (a) XPS measurements of the synthesized ZnO NCs before (black curve) and after annealing at 250°C
(red curve), (b) O, spectrum, (¢) Znzp, spectrum.

The XPS survey spectrum of ZnO NCs before and after annealing at 250°C are illustrated

in Figure 20.

Figure 20(a) displays Zn and O peaks [79]. The binding energies at 531.33 and 529.16 eV

were attributed to Ojs relative to the ZnO (Zn-O bonding) before and after annealing at 250°C,

respectively [80]. The small red shift in the Zn-O bonding for the non-annealed powders may

be attributed to the presence of bound oxygens such as hydroxyl groups or O* ions in the

regions that are deficit in oxygen [81]. Whereas, the peaks located at 1021.07 and 1044.18eV
for non-annealed ZnO, and at 1020.29 and 1043.38 eV for 250°C annealed ZnO NCs, are

respective peaks referred to Znaps2 and Znapi2. The transformation of the Znops/2 into lone and

sharp peak after annealing confirms that the Zn group is in the completely oxidized state [82].

2.3.2.4 SEM analysis

Scanning electron microscopy were performed to overview the morphology of the

synthesized nanostructures. Indeed, after the deposition of the samples on a conductive

substrate, the nanoparticles will be slightly aggregated due to the change in their surrounding

environment.
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Figure 21 SEM images of the synthesized ZnO NCs: (a) before annealing (n/a), annealed at (b-g) 80, 100, 150,
250, 500 and 800°C, respectively. The scale bar in images (a-c) is 5 um, (d-f) 500 nm, and (g) 2 pm.

Figure 21 shows the SEM morphologies of the samples before and after annealing at
different temperatures (from 80°C to 800°C). SEM images also confirm the increase of ZnO
nanoparticles size with increasing the annealing temperature. Indeed, without annealing we
only observe the Zns(NO3)2(OH)g-2H>O microstructure. ZnO nanostructures are very small at
this condition and they are embedded inside. When the temperature increases,
Zns5(NO3)2(OH)s-2H0 is annealed. We can observe ZnO as small nano-objects on the surface
of melted microstructure in Figure 21(b). From Figure 21(b) until Figure 21(g), only ZnO

nanoparticles appeared with a continuous increased size respectively.

Precisely, the nanoparticles became gradually more numerous, crystalline and bigger when
annealed. After excessive increase in the annealing temperatures to 500°C and 800°C, the size
further increased, whereas the density of particles started to decrease. This may be linked to
the effect of sintering of the nanoparticles at high temperatures. At 800°C, coalescence of the
nanostructures could occur, ending up in bigger nanoparticles (larger than 100 nm). At the
same time, 500 and 800°C could be high enough to recrystallize the nanoparticles, retaining

the high crystallinity behavior observed by XRD.

2.3.2.5 TEM analysis

For a better investigation of ZnO photoluminescence characteristics, in addition to SEM,
samples were also observed by TEM. Subsequently, their absorption spectra were then

collected by UV-Vis spectrophotometry measurements. Figure 22 shows the TEM micrographs
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of the ZnO nanostructures. The nanoparticles are necessarily little aggregated after deposition

on the TEM grid.

(d) 250°C

100 nm

— 100 nm

Figure 22 (a) Bright field TEM image of the as-prepared ZnO NCs before annealing. ZnO sample annealed at
80°C (b) TEM image (c) Diffraction of the crystal, (d-f) TEM images of the annealed samples 150,250, and 800°C
respectively. The scale bar in images (a-b) is 5 nm and in (d-f) is 100 nm.

In Figure 22(a), the non-annealed sample showed the Zns(NO3)2(OH)s-2H>0 microstructure
as observed and discussed before in the SEM images of Figure 21(a). We can guess the
presence of ZnO nanostructures of very small size (< 1 nm) as black dots doping the
microstructure. After post-thermal treatment at 80°C, the TEM image of the corresponding
sample shown in Figure 22(b) revealed an increase in the crystallinity that was also significant
in the crystal diffraction image in Figure 22(c). The as-synthesized and annealed sample at
80°C showed a very small sized particles (<1 nm). Here, we can talk about ZnO nanoclusters.
Above 80°C as annealing condition, the nanocrystals started growing until reaching the
nanoscale. Thus, the produced nanoparticles gradually coalesced and aggregated as
temperature increased until reaching a large size of ~200 nm at 800°C. The observed evolution

in size here is in consistent with the trend observed in the XRD and SEM measurements.
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2.3.3 Optical properties

To complete the insight over the characteristics of our products, further examination of the
synthesized products as solutions was carried on. To make it possible, the synthesized powders
were dispersed in water to adapt a suitable environment for characterization with an ultrasonic

aid to achieve un-aggregated and homogeneous nanostructures.

2.3.3.1 Absorption measurements

UV-Vis absorption measurements were performed on the as-synthesized samples of Figure
21. Figure 23(a) shows an absorption (Abs.) band centered at 365 nm for the non-annealed
sample, which is a characteristic peak of ZnO NPs (blue shifted with respect to the value of
bulk ZnO “385 nm” might be due to a high quantum confinement effects) [83]. After annealing
at 80, 100, 150, 250, and 500°C, the absorption peaks of the samples shifted to 375, 378, 371,
375, and 378 nm, respectively. One can note the Abs. band broadness at 800°C due to the non-
homogenous size presence. From there, we conclude that the thermal annealing is a critical
parameter that mainly affects both the structural and optical properties of ZnO nanoparticles

[84].
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Figure 23 (a) UV-Vis absorption spectroscopy of the as-prepared non-annealed (n/a) ZnO NPs and after annealing
at different temperatures, (b) zoom in the UV region of the ZnO nanocrystals annealed at 80°C, and (c)
magnification of the UV-Vis absorption spectra of the ZnO nanocrystals annealed at 800°C.

When the electrons of the material absorb light energy at specific wavelength, they will go

to the excited state with respect to their ground state with an energy equals to their band gap

energy which can be determined by the absorption wavelength.

Based on the Abs. band, we calculated the optical band gap energy according to the relation

of photon energy in quantum mechanics through the following relation:

h
Eg =~ 9)
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where Eg is the optical band gap energy (in eV), h is Plank’s constant (6.626x1073* I.s), ¢ is the
velocity of light (2.99x10® m.s") and X is the wavelength absorption peak value (in nm). The

optical band gap energies are listed in Table 4.

Table 4 Absorption peak position and the optical band gap energy of the ZnO samples without and with annealing
at different temperatures.

ZnO annealing UV-Vis Absorption
temperature (°C)
Wavelength Optical band

absorption peak gap

(nm) (eV)
n/a 365 3.40
80 375 3.31
100 378 3.28
150 371 3.34
250 375 3.31
500 378 3.28

A gradual decrease of Eg from 3.4 to 3.28 eV is observed with increasing annealing
temperatures. The highest value of 3.4 eV determined at 80°C, is higher than the theoretical Eg
value of ZnO (3.34 eV). This result could indicate the quantum confinement that appears when
the nanoparticle’s size matches or it is lower than the Bohr radius of the material as assessed
before. The band gap energy of the ZnO NPs annealed at 800°C could not be determined due
to the largely wide absorption band that does not allow a precise determination of the band gap

energy.

2.3.3.2 Photoluminescence measurements

After Abs. measurements, the photoemission of the samples (with the same annealing
parameters) was tested under 365 nm UV-lamp and the images are shown in Figure 24. One

can observe UV and visible emission of ZnO nanoparticles in the images.
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Figure 24 Photoemission colors under 365 nm UV lamp light of ZnO NCs annealed at different temperatures.

In a research work concerning the importance of water soluble ZnO QDs combined into
biological systems, Lu ef al. have recommended the different color emission of the QDs rather
than the blue emission [85]. Since the UV irradiation of the biological cells reveals a blue light
[85,86], it is worth to introduce different color emitters in such systems in order to distinguish
between the obtained emissions. This results in enhanced investigations in biological labeling
applications. The different colours obtained by our fabricated products reveal various optical
properties, in relation with different dimensions of the nanoparticles. This could highly serve

the above mentioned application as well as many other operations.

The UV energy belongs to the band gap emission in ZnO referring to the recombination in
the near band edge (NBE), where the visible emission mainly originates from the intrinsic
defect energy levels. Similarly, for our fabricated samples, ZnO nanostructures exhibited an

intense UV peak accompanied by a broad visible peak as shown in Figure 25(a).
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Figure 25 Photoluminescence of ZnO NPs dispersed in water: (a) the full PL spectrum of all samples before and
after annealing and showing break line at the missing data points over the region of the second order of the laser,
(b) a zoom in the ZnO UV region of the PL spectrum showing the maximum position of the UV emission
wavelength, (¢) a zoom in the ZnO UV region of the PL spectrum of the non-annealed (n/a) ZnO and the annealed
ZnO at 80 and 100°C.
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The above PL measurements showed no considerable UV peak for the non-annealed sample
due to its amorphous structure in addition to the Raman peak of water as discussed above.
However, the UV luminescence was clearly identified after annealing of the powders revealing
the exciton emission of ZnO nanoparticles (Figure 25(c)). Upon annealing, the PL band

position shifted from ~378 nm to ~381 nm, indicating a gradual increase in size.

One can also see in Figure 25(b) an increase of the intensity of UV emission band when
temperature increased from 80°C until 250°C. Above this value, the intensity gradually
decreased. The emergence in the UV-PL intensity with the annealing temperatures up to 250°C
is attributed to the annealing process, which acts as impurity removal and then increase the
ZnO amount in the dispersed powder, increasing the radiative recombination of their excitons.
However, it was previously shown in the TGA measurements in Figure 18 that no mass loss
was observed above 250°C, thus higher annealing temperatures will have no deal with the
purification of the particles or transforming complexes into nanostructures. Therefore, the
excessive increase in the annealing temperatures increase the particle’s size, affect the crystal
itself, and deform its structure until coalescence as shown in TEM and SEM images. As a

result, the radiative recombination decreases, which reflects weaker UV emission band.

The broad visible PL band related to the defects in all samples, is ranged from green to
orange emission regions with different intensities depending on the annealing temperature. The
small shoulders included in the defect level band contributes to the noise interference and the
technical imperfections.

As assigned before, the green emission corresponds to the intrinsic defect energy levels
(oxygen vacancies Vo resulting from the recombination of photo-generated hole with the singly
ionized charge state of this defect, and/or zinc vacancies Vzi). Green defect emission peaks
were also observed in comparable synthesis [29]. The orange emission is related to the excess
of oxygen as interstitial defects [87-90], in addition to zinc interstitials and surface dislocations
[91,92]. In some reports, yellow emissions were also observed and attributed to the oxygen
interstitial defects as well as to the presence of Zn(OH)> and other impurities at the surface of

the NPs [56].

In our case, the defect level peak position was approximately the same for samples annealed
in the range 80-500°C, which indicates the constant local environment of the defect centers in
our samples [93,94]. Annealing at 800°C showed a slightly different contribution of the defects

which is related to the variation in the crystal environment due to the fusion of nanoparticles at
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this temperature. We could also expect the distortion of the atomic distribution inside the

crystal at high temperature, which caused such defect evolution.

The present small peaks at 730 nm and the other at ~755 nm correspond to the second order
of the water solvent peak and the UV emission of the ZnO nanoparticles, respectively. The

latest peak was also reported by Tonon ef al. [95].

As a conclusion, the thermal annealing is necessary to obtain crystalline and efficiently
photoluminescent ZnO nanostructures. Nevertheless, the temperatures must be ranged between
250 and 500°C holding proper purity and size of the NPs.

2.3.3.3 Photocatalytic activity

The purpose of the current study is to degrade different kinds of organic pollutants. For this

aim, we used methylene blue (MB) dye as a model pollutant.
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Scheme 10 Schematic representation of the photocatalytic activity of the ZnO NPs by degradation of methylene
blue (MB) dye. (The photoluminescence of ZnO NPs is also indicated). The TEM image corresponds to the
synthesized ZnO NPs annealed at 250°C. The inset in the TEM image is the SEM image of the same sample.
Due to the small size of ZnO nanoparticles (< 1 nm at 80°C), that we were able to fabricate
in the present work, which is required in photocatalysis analysis, we investigate here the
performance of our samples as catalysis. The catalyst was mixed with MB aqueous solution,
then irradiated with a wavelength of 365 nm at various time intervals. In the absence of the
ZnO photocatalyst, the irradiated MB solution was found to be stable even after 120 min and

the color of the MB solution remained the same. The corresponding absorption spectra of MB

alone under UV irradiation is shown in Figure 26(a).
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Knowing that each annealing temperature corresponds to a critical size and number of ZnO
nanoparticles, the degradation efficiency was estimated by measuring the absorbance of MB in
the presence of ZnO (before and after annealing). After the addition of ZnO nanoparticles, the
solutions exhibited various photocatalytic activities. The height of the MB absorbance band
centered at 664 nm decreased, which indicates the contribution of ZnO to the degradation of
MB. At the end of reaction, the solutions turned colorless indicating the total consumption of

MB in the dispersions. The MB degradation in the presence of the various ZnO samples studied
before, are represented in Figure 26(b-h).
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Figure 26 Optical absorption spectra showing (a) the evolution of MB absorption in the absence of a catalyst under
different irradiation times until 120 min, the inset shows the different irradiation times, (b-h) the degradation of
MB using ZnO NPs at different irradiation times until 140 min: (b) non-annealed (n/a) ZnO NPs, the legend in
(a) shows different irradiation times of the MB/ZnO solution and belongs to the other curves, (c-h) annealed ZnO
NCs at 80, 100, 150, 250, 500, 800°C, respectively.

The photocatalytic efficiency of these samples is illustrated via the percentage of

degradation of MB dye and calculated using the following equation:
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Absto —AbStf

Degradation (%) = ( ) X 100 (10)

Absto
where Abs;, is the absorbance value of MB at t= 0 min of the photo-reaction, and Abs; y is the

value of absorbance at the final time of the reaction t=140 min. The results are tabulated in

Table 5.

The amount of the ZnO catalyst was 4 mg in all the samples, the percentage of ZnO weight
in the powders used was estimated from the percentages obtained through the XRD

measurement, and the results are listed in Table 5.

Table 5 Photocatalytic activity of ZnO samples representing the percentage of degradation of MB with the
photodegradation rate and the relative regression coefficient.

ZnO Photocatalysis
annealing
temperature
(°0)
mass of % of MB Photodegradation | Regression
7ZnO degradation rate coefficient
(min™) (R?)
(mg)
n/a 0.36 13.69774 1.18 x 107 0.92254
80 0.4 6.578583 8.02138 x 10 0.91903
100 1.2 16.81652 1.13x 107 0.87755
150 3 86.2676 8.22x 107 0.9416
250 3.96 98.0041 9.38x 1073 0.89676
500 4 94.90976 7.39x 103 0.88006
800 4 66.97948 5.99x 107 0.99313

The decrease in the MB absorbance became more efficient when the annealing temperature

increases up to 250°C. Beyond this temperature, the degradation of MB started to decrease.

Referring to the photocatalysis concept of ZnO, electrons and holes are generated on the
conduction and valence bands, respectively, after illumination with sufficient UV light
(equation 11), where the efficiency of the photo-induced charge carriers count on the intensity
of incident photons with energy higher than or equals to the ZnO bandgap energy [96]. At the

surface of the ZnO, oxygen acceptors could be reduced at the conduction band resulting in the
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formation of superoxide radical anion (03~ ), which may produce hydroxyl radicals (HO¢) (see
equations 12 and 13). While the holes in the valence band react with the adsorbed water to
form reactive hydroxyl radicals (HO¢) (equation 14). The resulted radicals can directly oxidize
the organic pollutants and have a powerful ability to degrade an organic dye of MB (equation

15) [97,98]. The mentioned reactions are summarized below:

Zn0+hv - e~ +h* (11)
e+ 0,- 0;° (12)
0,°+ H,0 - HO® (13)
h*+ H,0 » HO® (14)
0,°/HO* + MB — oxidation products (15)

As a result, the nanocrystals with smaller sizes have more energetic surface electrons and
should have better photocatalytic activity. At the same time, the sample containing more of
well dispersed and non-aggregated nanoparticles can absorb more light, which increases the
photocatalytic activity. On this basis, ZnO nanoparticles annealed at 250°C showed the highest
photocatalytic activity, in relation with high number of well dispersed nanoparticles in this
case. On the other hand, at higher annealing temperature, the size increase lead to the decrease

in the photocatalytic activity.

The photocatalytic degradation kinetics of MB in the presence of ZnO follows Langmuir-
Hinshelwood kinetic model [99]:

r == [kKc/(1+Kc)] (16)

where r is the photodegradation rate, C is the reactant concentration at irradiation time t, k is
the reactant rate constant and K is the adsorption coefficient of the reactant. Kc is nearly 1 at
very small ¢ leading to pseudo-first order kinetics equation, and therefore the rate expression
is given by the equation:

N = Kyppt (17)

Cc

where Cy is the equilibrium concentration of MB (t=0 min) and C is the concentration at time
t, and Kapp is the apparent pseudo-first order rate constant. The plot of the kinetic analysis of

the ZnO NPs annealed at different temperatures is shown in Figure 27(a) stating a linear

relationship between the MB concentration and the irradiation time.
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Figure 27 (a) 1% order equation of the kinetic reaction of different sizes of ZnO NPs annealed at different
temperatures plotted by In(Co/C) versus irradiation time and (b) comparative photodegradation rates of MB dye
with different sizes of ZnO NPs annealed at various temperatures.

The photodegradation rate is computed as a function of increasing annealing temperature of
ZnO in Figure 27(b). It is observed that the degradation rate is similar for the non-annealed and
both the annealed ZnO ones at 80 and 100°C. Further increase in the annealing temperatures
significantly increased the photodegradation rate to reach its maximum at 250°C. After this
temperature, the photodegradation rate decreased. The kinetic rate constant and the linear

regression coefficient (R?) of all ZnO NPs are also listed in Table 5.

To better understand these observations, we tried to discuss the relation between ZnO
photocatalytic efficiency and its amount in the powder dispersed in water for analysis. To make
it possible, we described the ZnO mass change as a function of annealing temperature in
relation to the photodegradation rate in the following manner:

(1) Without and with annealing at 80°C, ~9% (0.36 mg ZnO/4 mg) of ZnO
nanostructures are present in the powder sample.

(11) Annealing at 80 to 250°C, ZnO percentage increased from 10% (0.4mg ZnO/ 4mg)
to ~99% (3.96 mg).

(ii1))  From 250 to 800°C, ZnO percentage reached 100% (4 mg ZnO/4 mg) and remains

constant.
Therefore, the PC activity of all samples could be discussed according to these three zones.

In the first range (1), knowing that the non-annealed samples are smaller in size, they allowed

higher % of MB degradation than those annealed at 80°C due to higher surface area.
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In the second zone (ii), when the annealing temperature was raised, both the size and the
number of nanoparticles increased, creating a competitive role between the dimension effect
and the volume fraction effect; bigger nanoparticles should have less photocatalytic activity.
In contrast, a dispersion containing higher concentration of nanoparticles should have higher
one. In our experiments, we observed an increase in the PC activity until reaching nearly an
ideal photodegradation (100%) at an annealing temperature 250°C. Here, the density effect

dominated the size effect leading to better photocatalytic activity.

In the last region (iii), the amount of ZnO nanoparticles is the same (4 mg), while their size
increased with annealing effect. Due to the size effect at a constant number of particles, the

photocatalytic activity gradually decreased.

Scheme 11 shows the simplified illustration of the number and size of ZnO nanostructures
at each annealing temperature to relate with the photocatalytic efficiency of the ZnO NCs. Each
gray sphere corresponds to a particle of the ZnO NCs.
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Scheme 11 Schematic representation of the ZnO nanocrystals with annealing temperatures showing the size and
number effect on the photocatalytic activity. The gray spheres represents the ZnO NCs.

In most photocatalysis studies, TiO2 is widely used for this aim. However, ZnO is an
effective alternative due to its comparative band gap energy and lower cost of fabrication
[100,101]. In addition, ZnO is considered higher photoactive than TiO; as reported by several
scientist [ 102—105]. The higher photoactivity is referred to the higher efficiency to provoke the
formation of photoexcited charge carriers [100,106]. The photocatalytic activity highly
depends on the exposed surfaces of the catalyst which enhance its degradation efficiency
[107,108]. Since the contaminant molecules to be degraded should adsorb on the catalyst

surface for the above mentioned reactions to occur. Therefore the catalyst surface area plays a
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decisive role for the photocatalyst’s efficiency, which is determined through the method of
preparation of the catalyst. Previously, few reports were investigated using ZnO nanostructures
aiming for the degradation of methylene blue under irradiation of UV light [109—112]. Talebian
et al. reported the efficient photocatalytic activity of ZnO thin films by the degradation of MB
dye after UV light illumination for 240 min [109]. Delgado et al. reported the synthesis of ZnO
thin film by sol—gel process. The photocatalytic activity of ZnO over the degradation of MB
was achieved within 5 h of UV light irradiation [112].

As the nanoparticles adapt higher surface to volume ratio compared to nanowires and thin
films that are widely used in photocatalysis, ZnO NPs could be appropriate applicant for the
adsorption of contaminants to achieve higher degradation rates with less irradiation times
compared to other morphologies. This was evidence in our samples were the MB was
completely degraded using the proper ZnO catalyst annealed at 250°C adapting the best
surface, size, number and crystallinity of particles. ZnO here exhibited a high photodegradation

rate within ~100 min UV light irradiation to completely degrade the MB due in the solution.

Based on all the previous studies over the ZnO NCs stated that 250°C is the perfect
annealing temperature for which highly luminescent and catalytically active pure ZnO NCs,
where all previous studies over the ZnO NCs stated that 250°C is the perfect annealing

temperature to obtain highly luminescent and catalytically active ZnO NCs.

2.4 Conclusion

In this work, we have profitably synthesized highly confined, photo-stable, and regular ZnO
nanocrystals by a facile, low cost, free-additives, and ecological synthesis method, where the
dimensions and the configuration of the produced nanoparticles are well supervised to a high
extent by the annealing process. This synthesis could be derived by adapting two synthesis
temperatures, a lower one from the boiling temperature (T) of the solvent with a post-thermal
treatment, or a temperature higher than the solvent’s boiling T. XRD results confirm the
formation of ZnO NC with hexagonal wurtzite structure. The application of the as-synthesized
particles could be controlled by the post-thermal treatment, where the obtained crystalline NPs
can be greatly used in a wide fields of biological, photocatalytic, optical, and electronic
applications. The post-thermally treated particles exhibit different emissions according to the
size of the nanocrystal. The PL spectra give peaks at the UV region corresponding to NBE

emission and visible emission peaks at green to orange luminescence regions corresponding to
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various defect levels in ZnO nanoparticles. The annealing at 250°C guarantees the formation
of high density number of homogeneous NCs with a strong UV emission. The photocatalytic
activity of the synthesized NCs was enhanced after annealing of the particles (annealing
enhances crystallinity). The samples annealed at 250°C also adapted the highest
photodegradation activity (~98%) with the highest rate of degradation (0.00938 min'') among

all other samples.

The as-synthesized particles will be coupled to metallic gold nanoparticles in order to
examine the evolution of the optical properties of the synthesized nanocrystallines after the
exciton interaction with different composition content of the metal plasmons. This will be
discussed in chapter 3. The effect of gold nanoparticles morphology on the hybrid interaction
is going to be investigated. The inter-planar distance between the exciton and plasmon in the

hybrid system will be controlled by a chemical way apart from the modelled theories.

We trust that our approach can be accommodated as a reference strategy for the fabrication

of other semiconducting nanoparticles with such controllability and efficacy.
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3. Chapter 3 ZnO-Au heterojunction enhanced the

fluorescence and photocatalytic properties of ZnO NPs

3.1 Introduction

Nowadays, hybrid nanomaterials especially plasmonic-semiconductor ones show unique
and enhanced performances as the metallic and metal-oxide nanoparticles [1-6]. Thus, the
addition of impurities into the ZnO nano-objects leads to the evolution of its structural,
photoelectric, and photocatalytic properties [7-10]. Coupling the ZnO photocatalysts with
other semiconductors [11-13], addition of carbon materials [14—18], or loading the ZnO with
metals [19-24], are examples of doped impurities into ZnO.

Metallic nanoparticles are characterized by their surface plasmon resonance (SPR), which
highly affect the exciton abilities of a semiconductor. Therefore, SPR-mediated emission has
been effectively emerging, and commit to expand highly the fields of nanomaterials, especially
the nano-optics research field. This is due to the collective oscillations of the free electrons
relative to the metallic nanoparticles, which possess great potentials to enhance the efficiencies
of semiconductor materials and devices. Plasmonic metals in combination with light emitters
provide one of the important designs of functional nanomaterials that harmoniously interact by
various mechanisms. Upon this interaction, the physical properties of the metallic nanoparticles
could be modified, characterized by the SPR shift, and conversely, the photoemitter
characteristics could be tuned, such as luminescence enhancement or quenching as a result of
surface plasmon-mediated emission interaction, as well as the photocatalytic activity of the
whole system. Therefore, the properties of both constituents may be modified, resulting in new
characteristics that differs from the traits acquired by each material alone. The advanced and
new functionalities make these hybrid systems useful in diverse domains, most importantly in
photocatalysis [25-27], optoelectronics [28,29], biomedicine [30], etc. So far, Linsebigler et
al. [31] have proved that the coupling of an exciton with SPR materials would affect the
separation, pathways and the recombination rates of the photoexcited charges due to the
formation of the Schottky barriers at the metal/semiconductor (M/SC) interface. These barriers
are resulted from different band alignment and diverse work functions of both constituents. On
this basis, the harmonious exciton/plasmon mixture is an important scientific concern, which

investigates particular morphology and composition dependent properties, and often exhibits
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multiple performances in addition to tunable and novel physical and chemical characteristics
[32-34].

As they are highly stable nanomaterials, and acquire unique potentials in electronics,
catalysis, chemical sensing, optics and biology [35-38], gold nanoparticles after coupling to
ZnO nanostructures produce an effective hybrid system based on the exciton-plasmon
cooperation. The coupling interaction between gold nanoparticles and ZnO nanostructures
have been studied by several researchers, mainly to examine the sensor applications [39—43],
as well as the photocatalytic activity of the hybrid systems [44—51]. This exciton-plasmon
interaction was also found to highly affect the near band edge (NBE) emission efficiency of
the semiconductor, where previously, PL enhancement or quenching was observed after doping
metallic nanoparticles (e.g. Au, Ag) to ZnO [33,52-54].

The extent to which the exciton-plasmon coupling could be cooperative is found to be
distance dependence in a way that the enhanced electric field near the metal nanoparticles can
fade with junction length between the two materials [55-58]. Thus, the inter-distance between
SC and metal nanoparticles was believed to manage the competition between enhancing and
quenching the PL of the SC. Kulakovich ef al. [59] and Chen et al. [60] have reported that a
space of 10 nm between the semiconducting material and the metal is an optimal gap. At short
distances, the metal quenches the PL. Whereas, at larger pathways, the SP of the metal decays
since it is considered as a fading wave, which vanishes with distance, and thus, quenching may
occur. In this context, based on many theoretical researches, the gap distance (heterojunction)
separating the metal from the semiconductor has been widely studied to optimize a suitable
distance allowing to obtain the highest PL enhancement required in the technology of
optoelectronic devices [61,62]. Researchers working on the development of the
semiconductor’s emission have introduced a spacer into the hybrid system to supply the
suitable length in order to boost the SC’s photoluminescence [33,52,63]. As an example,
Lawrie et al. have imported MgO spacer layers between GNPs and ZnO to control the latter’s
NBE emission enhancement. Chen et al. also included polystyrene-block-polyacrylic acid
(PS154-b-PAAG60) to augment the ZnO PL through citrate-capped GNPs. However, the
attachment of additional molecules (organic/inorganic) into the hybrid system seems to
influence the properties of the materials, and paves the way of possible side reactions to occur
in the system. These additives are unfavorable, which bothers some applications based on the
hybrid systems, indeed to be composed of pure components, especially in the biomedical

applications where less chemical input is required.
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In our work, we aimed to extend the absorption of the hybrid system into the visible region
through the SPR effect of gold nanoparticles. They act as “antennas” for light, where at the
nanoparticle’s surface, they afford fluctuate electric fields oscillating with similar frequency of
the incident light under resonance conditions, and adapting higher intensities by several
magnitudes [64,65]. This results in an improved band gap emission of the ZnO nanostructures
without further addition of organic linkers or spacers, as well as deriving efficient
photocatalytic activity. Moreover, the PL property was highly dependent on the characteristics
of the GNPs used. The effect of the interfacial gap between the coupled nanomaterials has been
devised chemically, i.e. by changing the surfactant type used in the GNPs synthesis, which
alters the heterojunction distance without the addition of any supplementary molecules. Since
the surfactant acts as a capping agent, it forms a shell-like around the nanoparticles, and
therefore creates a specific distance between ZnO and GNPs nano-objects. To our knowledge,
no work was reported in literature for ZnO-GNPs coupling based on the effect of regulating
the used capping agent as a beneficial spacer for better PL enhancement.

The present study provides an efficient chemical way to fabricate plasmon-mediated exciton
of ZnO-GNPs systems that could control the photoemission of the semiconductor to a high
extent as well as its photocatalytic properties, creating an opportunity to apply our products in

various applications.

3.2 Experimental part

3.2.1 Reagents

In this current work, all the purchased reagents were used without any further purification.
Hydrogen tetrachloroaurate (IIl) trihydrate 99.99% (HAuCls.3H>O) and (1-hexadecyl)
trimethyl-ammonium bromide 98% (CH3(CH2)1sN(CH3)3Br) was purchased from Alfa Aesar.
However, sodium borohydride (NaBH4) was purchased from Merck KGaA.

3.2.2 Synthesis of gold nanoparticles (GNPs)

The colloidal synthesis of CTAB-capped gold NP seeds in solution was established by the
chemical reduction method [66], using NaBH4 as a reducing agent and CTAB surfactant. In

the simple synthesis, four different sizes of GNPs were prepared by the subsequent
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modification of the ratio of common tetrachloroauric acid gold precursor (HAuCls) to the other
used reagents. Different aqueous acidic gold concentrations of 5x10° M, 8x10° M, 10> M and
102 M were prepared by gentle stirring. After their total dissolving, the obtained solutions were
added directly into 0.2 M of CTAB aqueous solution and stirred well to guarantee the total
capping of the gold solution with CTAB surfactant molecules. Finally, a fresh solution of 0.01
M of NaBH4 was added to the CTAB-capped gold solutions, in order to obtain final GNPs of
significantly different sizes of respective names; (G1, G2, G3 and G4). These solutions were
settle down at room temperature for at least three hours in order to reach a complete reduction.
The synthesis pathway is illustrated in Scheme 12. The obtained suspensions have different

colors indicating the difference sized GNPs.

CTAB-capped GNPs

= ’
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Scheme 12 Schematic representation of the synthesis of the CTAB-capped gold nanoparticles of different sizes
using 5x10 M, 8x10-° M, 10°M and 102 M of gold precursor concentration for G1, G2, G3 and G4 respectively.

According to this synthesis method, G1 was synthesized in different ways, yet conserving
the volumes of the constituents as before. Gold nanoparticles were obtained after modifying
the order of addition of the capping and reducing agents into the gold precursor. CTAB-free
gold nanoparticles were synthesized through the direct reduction of the gold precursor by
NaBHa4, in the absence of the capping agent, following by the capping of CTAB after being

reduced.

3.2.3 Coupling ZnO to GNPs

The hybrid exciton-plasmon nanostructures have been synthesized by mixing the ZnO and
GNPs solutions for 1 hour at 350 rpm. The previously prepared ZnO NPs were coupled into:
1. CTAB-capped gold nanoparticles of different sizes.
2. CTAB-capped gold precursor of concentration 5x10° M, reduced by NaBH; after

coupling.
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3. CTAB-free gold nanoparticles of precursor concentration 5x107 M.
4. CTAB-capped GNPs of precursor concentration 5x10° M after being reduced by
NaBHa.

Since some characterization techniques such as photoluminescence measurements depend
on the number of the detected particles of the SC (section 5.1.1 in Appendix-A), the volume of
ZnO NPs dispersion solutions was fixed in all the experiments as 1 ml. Then, the GNPs were
added in different volumes in order to obtain a proportional ratio (R) with ZnO NPs, where
R=Vgnps/Vzno. The GNPs/ZnO ratio was varied by 0.1, 0.5, 1 & 2, representing the respective
addition of 0.1, 0.5, 1, and 2 ml of GNPs to 1 ml of ZnO dispersion. This leads to loading the
ZnO NPs dispersions with 10%, 50%, 100% and 200% GNPs, respectively. At the end, a
compensating amounts of deionized water were added to reach a total final volume of the

solution (3 ml), to avoid any effect of concentration-dependent analysis (not in all studies).

3.3 Results and discussion

3.3.1 Role of the semiconductor part (ZnO size) in the
interaction with GNPs

In order to understand the effects of ZnO properties in the coupling, as first investigations,
the fabricated CTAB-capped gold nanoparticles (G1) were coupled to ZnO nanoparticles of
different sizes i.e. ZnO nanocrystals annealed at different temperatures, according to the
previous chapter. The coupling between ZnO and G1 was attained in a volume ratio of RGi/zno=
0.1. Therefore, the ZnO solution was embedded by 10% of gold G1. The different ZnO samples
annealed at temperatures ranging from 80 to 800°C and introduced into G1 solution were then
studied by photoluminescence measurements. For these samples, no significant change in the
ZnO visible emission was observed after addition of GNPs. Therefore, we only focused on the
changes in the ZnO UV emission. The modification of the NBE emission intensity of the
Au/ZnO samples with respect to the bare ZnO was highlighted by the modification factor (F)
and was represented by:

F= Ali/Alzo (18)

where Al is the maximum UV-PL height intensity of the hybrid solution contained the GNPs
loaded ZnO ([Imaxwv)-lo] of the hybrid system), and Alzno is the maximum UV-PL height
intensity of the pure ZnO without any addition of GNPs ([Imaxuv)-Io] of the bare ZnO used).
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Therefore, F=1 is the characteristic factor for ZnO before the addition of Au NPs (R=0). I[f F>1,
we can consider that the ZnO exciton emission is enhanced by GNPs, whereas, if F<I, then the
emission is quenched.

The UV-PL modification factor (F) of different ZnO NPs coupled into G1 was estimated

from their relative PL spectra of each hybrid sample, and the results are illustrated in Figure
28.
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Figure 28 UV-PL modification factor of the hybrids after the addition of G1 in a ratio Rg1/z.0=0.1 to ZnO
nanoparticles of different sizes. The different sized gray spheres represent ZnO NPs of specific size and the gold
spheres capped with the green shell represent the gold nanoparticles capped by the CTAB respectively. Only
one sphere from each hybrid system is represented for simplification. ZnO NPs of different sizes were obtained
by annealing ZnO nanocrystals of small size at different temperatures ranging from 80 to 800°C.

As observed in Figure 28, the enhancement efficiency increased with boosting the annealing
temperatures up to 250°C. Above this value, the enhancement started decreasing with the
excessive annealing above 250°C. GNPs quenched the 80°C annealed ZnO emission, however,
increasing the annealing temperatures into 100°C induced the GNPs to slightly enhance the
ZnO emission. Due to the presence of the hydroxynitrate microstructures that encapsulate ZnO

nanocrystals (as seen in chapter 2, figures 21 and 22) when annealed at 80 and 100°C, we
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weren’t able to determine ZnO size at these 2 points. For this reason, we didn’t show in figure

28 the diameter of ZnO below 150°C.

On this basis, we can divide our analysis into three behavior ranges:
1. The quenching at the smallest ZnO nanoparticle size, i.e. at low annealing temperatures
<100°C.
2. The raised enhancement efficiency at 100-250°C.

3. The drop down enhancement efficiency at 500-800°C.

These preliminary results can be explained based on a state of art summary of the literature

on plasmon-exciton interaction in the following manner:
During the PL measurements, the excitation wavelength (325 nm) is sufficient to induce
electrons from the valence band (VB) of ZnO NPs into the conduction band (CB), leaving
behind positively charged holes, and creating electron-hole pairs, which could spontaneously
recombine, represented by the NBE exciton emission.

On the other hand, it is well known that gold nanoparticles have localized surface plasmon
resonance in the visible region of the electromagnetic spectrum [67]. They are considered as
an electron reservoir that have a big ability to accept electrons. Consequently, the photo-excited
electrons presented in the CB of the ZnO NPs can easily transfer to the attached gold
nanoparticles. We expect that the corresponding charge pathway could be in competition with
the exciton radiative emission.

As stated before in chapter 1, the contact between the semiconductors and metal
nanoparticles is either Schottky or Ohmic, depending on the type of the semiconductor, and the
work functions of both constituents [68]. Normally, when materials having different work
functions are coupled together, a Schottky barrier will form, and the electrons will transfer from
the lower work function material to the higher work function material [69—73]. The work
function of ZnO nanoparticles is 4.2 [74], and for GNPs is 5.1-5.2 [75,76]. Therefore, after
excitation, the charge is proposed to transfer from ZnO into GNPs, which proposes the
quenching of the ZnO luminescence. Fageria et al. reported that the fermi level of GNPs is
higher than that of ZnO NPs due to its larger work function. Under UV radiation, the electrons
flow from the CB of ZnO NPs into the surface of attached GNPs after inhibition of the e-h"
recombination in the ZnO, so that PL quenching could be observed [23].

On another hand, Wei ef al. assumed that the surface plasmons from metallic nanoparticles

can excite semiconductors, and the inverse is correct [77]. The absorption of gold nanoparticles
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involves components from the excitation of both the interband transitions and surface plasmons
at wavelengths less than 500 nm, while surface plasmons apart, dominantly absorb at
wavelengths longer than 500 nm. Add to that, gold nanoparticles have a filled d-level in their
electronic configuration (Au® 1s? 252 2p® 3s? 3p® 4s? 3d'% 4p® 552 4d'° 5p° 6s! 4f14 5d!°). This
filled d-orbital below the fermi level supports a big number of electrons for the interband
transitions under UV excitation [78,79]. Therefore, 3.81 eV is enough to excite the GNPs
interband. However, for the metal to couple with a semiconductor, the resonant frequencies
must match each other. Thus, the photon absorption of the metal nanoparticle must be
correlated with respect to that of the semiconductor in order to investigate their spectral
overlap. The visible emission of the ZnO NPs here (500-800 nm) is indeed overlapped with the
absorption of the SPR of the GNPs.

In this context, GNPs can be charge donors, as well as charge acceptor materials depending
on the interaction conditions with the coupled molecules. This allow the possibility of either
PL enhancement of the linked ZnO NPs or PL quenching phenomena, after exciton-plasmom
interaction.

After UV excitation of the hybrids, GNPs are induced to loos ¢ and release them in the
solution, to become positively charged. They will also have the affinity to acquire electrons in

order to attain their equilibrium state, as they have a great ability to gain electrons [80].

As reported by Lai ef al., the enhancement in the UV-PL intensity in the SC is associated to
the increase in the concentration of the free carriers, resulting from the resonant coupling
between the radiative recombination in the semiconductor and the SP arising from the metal.
In addition, PL enhancement could be resulted from the charge and/or energy transfer between
the plasmon of the metal and the exciton of the semiconductor used [63]. The latest hypothesis
can be explained as a result of increased light absorption by ZnO due to the scattering by GNPs
explained by Atwater ef al. [81]. Moreover, in the presence of photo-excited charges on the CB
of the ZnO NPs, an efficient energy transfer could take place between ZnO NPs and GNPs by
exciton-SP resonant coupling, that accumulate the surface electron density within GNPs [82].
As a result, hot electrons presenting on high energy states of the GNPs can highly transfer into
the CB of the ZnO NPs, thereby increasing the number of photo-excited electrons, which
involve the high emission represented by the PL enhancement [83].

Furthermore, the quenching of the exciton emission could be attributed to the destruction of
electron-hole recombination in the ZnO nanostructures. The photoexcited electrons present at

the conduction band (CB) of ZnO could easily transfer into the gold nanoparticles, and the
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exciton recombination in ZnO NPs decreases, leading to the PL quenching. Moreover, the
surface electrons in the GNPs can easily trap the holes in the ZnO NPs, and therefore, charge
carrier recombination in ZnO would reduce as reported by Jin et al. [84].

In the previous chapter, the XRD measurements showed that the purity of the ZnO NPs is
different depending on the annealing temperature, while before annealing,
Zns5(NO3)2(OH)s-2H20 crystalline structure was the major composition of the product, that
contain only 9% of amorphous ZnO nanoparticles. Consequently, annealing supported the
sintering and elimination of the microstructure phase to completely vanish above 250°C
indicating 100% pure ZnO NPs. This is the temperature threshold by which the excessive
annealing can lead to the sintering of the nanoparticles, thus increasing their final size. The
presence of the complexes acts as a barrier for the complete coupling of the ZnO to the GNPs.
For that, ZnO annealed at 80°C showing 90% of the microstructures that could be at a large
distance from the attached GNPs in addition to the distance honored by the CTAB capping the
GNPs. The large distance lead to the fading of the PR wave, and thus, quenching of the ZnO
luminescence was obtained. This was obvious after coupling the gold nanoparticles into the
synthesis raw material of ZnO NPs explained in Figure 52 in section 5.1.4 of Appendix-A.

Increasing the annealing temperature into 250°C have proportionally decreased the
composition of the complex microstructures till total disappearance, and therefore the distance
created by the complex was also decreased. Herein, a harmonious coupling between GNPs and
ZnO NPs is proposed, resulted from the Schottky Au—ZnO contact that enables the injection
of electrons from gold to ZnO nanostructures. This results in an enhancement of the ZnO
luminescence. Moreover, as the annealing temperature increased to 250°C, the quantity of the
microstructures as well as the ZnO-GNPs separation distance decreased. Then, the coupling
between the materials in the hybrid becomes more synergic. Proportionally, the PL
enhancement increases.

ZnO samples annealed above 250°C presents 100% pure ZnO NPs (no presence of the
microstructures). Increasing the annealing temperatures have greatly increased the size of the
Zn0O. Therefore, in this range, the enhancement evolution is controlled by the size effect. As
the size of the ZnO increases, the surface to volume ratio decreases. Therefore, surface
recombination of the charges becomes weaker as the photoexcited charges become far from
the surface, facilitating the interfacial charge transfer into the GNPs, which in turns decreases
the enhancement efficiency of the ZnO exciton emission. Moreover, as the size of ZnO NPs

increases, their absorption peak position is red-shifted into higher wavelengths as observed in
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chapter 2. Hence, the absorption peak becomes far from the excitation wavelength, decreasing
the initial radiative recombination of pure ZnO as well as that after coupling with G1.

From all the above results, it could be concluded that for better PL enhancement of ZnO
NPs, gold nanoparticles must be coupled into 100% pure ZnO NPs with a moderate size. Here,
annealing the ZnO nanostructures at 250°C ended up into the smallest 100% pure materials,
where the post-thermal treatment decreased the raw material microstructures and yielded in
proper sized ZnO NPs, which aids in the enhancement of the ZnO PL.

On this basis, different ways of exciton-plasmon interactions will be studied using the pure

ZnO samples annealed at 250°C due to the high PL enhancement that they provided.

3.3.2 Role of the plasmonic part (GNPs size or number, capping)
in the interaction with ZnO nanocrystals

Due to the proper size and purity in addition to high photoluminescence and best
photocatalytic activity, ZnO NPs annealed at 250°C was selected to be coupled to gold
nanospheres of different diameters to elucidate the surface plasmons effects in the plasmon-
exciton interaction. Then, for all GNPs sizes, different routes of coupling were adapted to
monitor the ZnO PL quenching/enhancement. Figure 29 represents the SEM and TEM images

for the selected ZnO NPs for coupling, as well as their extinction and the PL spectra.
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Figure 29 ZnO NPs annealed at 250°C (a) SEM-FEG image and (b) TEM image and (c) extinction (black) and
average photoluminescence (red) of three PL spectrum measured separately (laser power is slightly different).

The UV-Vis absorption of a water solution of ZnO was recorded, before and after loading
the solution with gold nanoparticles. As formerly explained in chapter 2, the extinction
spectrum of the bare ZnO NPs (before the addition of GNPs) indicates a sharp absorption peak
at 375 nm. This peak is correlated to the exciton band (ground excitonic state) of ZnO
nanostructures [85]. Additionally, photoluminescence (PL) was measured with a UV excitation
wavelength of 325 nm. ZnO photoluminescence showed two UV emissions, one at ~366 nm
that was attributed to the Raman peak of the water solvent (see section 2.3.1.3 in chapter 2),
and the other is positioned at 377 nm. The latter peak was referred to the exciton radiative
recombination (see section 2.3.1.4 in chapter 2).

On the other hand, the synthesis of different sizes of GNPs was achieved, as assessed in the
experimental part. The obtained solutions are named G1, G2, G3 and G4 corresponding to the
initial gold precursors concentrations 5x10° M, 8x10° M, 10° M & 102 M proportionally,
marked by different colors previously observed in Scheme 12.

SEM images for the CTAB-capped GNPs were examined after centrifugation of the NPs in
order to remove the CTAB from the samples. The pure NPs were then dispersed in water, and
further diluted in order to deposit the GNPs on Si-substrates by spin-coating, to be ready for
imaging. 10 uL of each solution were spin-coated at a speed of 1000 rpm and acceleration 3000
rpm/sec. The SEM images for the four different samples are shown in Figure 30. All
nanoparticles show spherical morphology. Some aggregations are indeed observed after the

extraction of the nanoparticles from a solution medium, and their deposition on substrates.
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Figure 30 SEM images of the fabricated gold nanoparticles after centrifugation and dispersion in water (a) G1,
(b) G2, (c) G3, (d) G4. The scale in all images is 200 nm.

One can see the gradual increase of the GNPs size from G1 until G4. The average size
estimated from the SEM images relative to G1, G2, G3 and G4, is respectively 25 nm, 29 nm,
66 nm, and 77 nm.

The extinction spectra of G1, G2, G3 and G4 are also shown in Figure 31.
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Figure 31 Extinction spectra of the CTAB-capped gold nanoparticles produced using 0.2 M of CTAB as a capping
agent (a) G1 of [HAuCly]= 5x10° M, (b) G2 of [HAuCls]= 8x10° M, (c) G3 of [HAuCL]= 10°M, (d) G4 of
[HAuCls]= 102 M (smoothed curve).

The visible absorption represents the surface plasmon resonance (SPR) band of the
fabricated GNPs that are sensitive to the morphology of metals. The surface plasmons (SP) of
G1 and G2 are nearly similar of respective values 525 nm and 523 nm lying in the spherical
morphology zone of the absorption spectrum which is confirmed by their SEM images in
Figure 30(a and b). Referring to Mie theory, the SPR position and intensity highly depend on
the size, shape, composition, and dielectric constant at metal surface, which will affect the
electron charge density on particle surface [86]. After increasing the concentrations of the gold
precursor ([HAuCls]), the size of the GNPs is supposed to increase conserving the spherical
morphology at a constant CTAB concentration. A gradual increase in the intensities of
absorption, and a red shift in the position of the SPR peaks was observed. For G3 and G4, SPR
bands changed to a broad shoulder instead of a peak absorbing at 575 nm and 580 nm,
respectively. The size increase of spherical gold nanoparticles was obvious in the SEM images
illustrated in Figure 30 and can explain this peaks broadness. The highest concentrations of

gold precursors yielded in the appearance of a sharp peak and a shoulder one, correspondingly
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at 395 nm and 485 nm for G3, and at 390 nm and 460 nm for G4 (not shown in the extinction
spectra for an obvious observation of the plasmon band, see Figure 51 of Appendix-A for the
complete spectra). The formation of these new peaks were attributed to the complexation
formed between the positive head group of the CTAB surfactant ( N*(CH3)3) and the ionized
species of the acid gold precursor (AuCls’) by electrostatic interaction. The formation of
[AuBr4] complexes were also resulted after the solution became oversaturated. As shown in
Scheme 12, G1 and G2 exhibited a transparent pink color solutions with G2 is slightly more
intense than G1. Yet, G3 displayed a transparent dark yellow color, and G4 showed a turbid
dark orange-to brownish solution. Nikoobakht et al. [87] and Khan et al. [88] have reported
the formation of these peaks. Khan et al. assigned that the formed CTA-AuCls complex capped
inside the CTAB micelles is insoluble in water, which leads to the formation of the yellow
color and the surfactant-gold ions precipitate. Moreover, Pérez-Juste et al. correlated the color
and the formed precipitate to the adsorbed AuCls™ onto the CTAB head [89]. The formation
mechanisms of the resulted complexes from the interaction between HAuCls and CTAB

through ligand exchange reactions are summarized as follows.

CH3(CH,)15(CH3)sN* Br <> CH3(CHa)15(CH3)sN* + Br (19)
HAuCly — AuCly + H* (20)
[AuCL] + 4Br — [AuBry] + 4CI 1)
CH3(CHa)15(CH3)sN* + AuCly — CH3(CHa)15(CH3);sN—AuCly (22)

Equation (21) is a fast reaction that produces [ AuBr47] responsible for the orange color by a
multi-step ligand exchange reaction that occurs in less than a minute [90].

Subsequently, the obtained GNPs were added into a constant solution volume of the ZnO
NPs shown in Figure 36. The volume of the added GNPs was varied in all sets to obtain a
GNPs/ZnO volume ratio of 0.1, 0.5, 1 and 2. Therefore, 16 different hybrid samples were
obtained. The extinction and the PL behavior of the hybrid nanosystems were studied. The
results are depicted in Figure 32.
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Figure 32 Extinction spectra of ZnO NPs solution before and after the addition of GNPs (a) G1 (Rg1/z:0=2), (b)
G2 (RG2/zn0=2), (¢) G3 (RG3/2z00=2), (g) G4 (RG4/2z00=0.1), the inset in (d) is the zoom in UV region of the extinction
spectrum of coupling G4 to ZnO NPs in a ratio Rc4/zn0=2.

To examine the contribution of the peak corresponding to GNPs absorption in the hybrid
systems, only the hybrid having Rgneszno= 2 for coupling ZnO with G1, G2 and G3 are
represented. The extinction spectrum of the hybrid system corresponding to G4 coupled to ZnO
is represented by the hybrid ratio R= 0.1 in order to identify the position of the peak related to
ZnO NPs absorption, and R= 2 (inset of the figure) to clarify the SPR absorption peaks.

After the addition of four different sizes of GNPs onto the ZnO NPs dispersions, the
extinction spectra displayed new behaviors in correlation to bare GNPs (previously illustrated
in Figure 31) and ZnO ones. The evolution in the absorption peaks of the hybrid results from
the interface interaction between GNPs and ZnO NPs, in addition to the novel size and structure
of the hybrid constituents [91,92]. This revealed a successful hybridization, i.e. strong plasmon-
exciton coupling.

The SPR of G1 and G2 in the hybrid interaction transformed into a broad shoulder instead
of a peak, red-shifted with respect to that of pure gold, both located at 540 nm. Concerning G3,
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the CTA-AuCls complex band disappeared after coupling and the SPR of G3 blue-shifted by
20 nm to absorb at 555 nm. Finally, G4 exhibited a red shift in the CTA-AuCls complex,
preserving the 580 nm absorption peak, accompanied by a new shoulder at 695 nm. The
evolution of the SPR bands relative to the GNPs is attributed to change in its local environment
due to ZnO presence in its surrounding medium. This shift confirms the surface modification
of GNPs by ZnO NPs. The ZnO corresponding absorption peak intensity was enhanced through
the addition of G1, where increasing the GNPs size lead to its gradual decrease.

As assessed before, ZnO emission has a confined peak located in the UV and visible regions.
The UV emission corresponds to the near band edge (NBE) emission, whereas the visible broad
emission refers to the defect luminescence. The UV emission of the ZnO NPs is ranging in the
absorption region of the GNPs interband, and the visible emission of the ZnO NPs is
overlapped with the absorption of the SPR of the GNPs. Thus, the interaction lead to the
synergic coupling between the exciton of the ZnO and the SPR of GNPs that could resonantly
absorb the ZnO visible emission, resulting in plasmon excited gold nanoparticles. This entitles
us to talk about charge and/or energy transfer between the ZnO GNPs that cause the

modification of ZnO luminescence.
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Figure 33 UV-zone of the PL spectra (right), and the UV-PL modification factor (left) of ZnO NPs solutions
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before and after the addition of (a,b) G1, (c,d) G2, (e,f) G3, and (g,h) G4.
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The PL observations in Figure 33 (a, ¢, e and g) showed that coupling ZnO NPs with gold
nanoparticles, in all ratios for all GNPs sizes, are found to enhance the ZnO UV emission
compared to that of the pure ZnO, except for G4 which had opposite response. However, using
G1 and G2 nanoparticles, the intensity of the ZnO UV-band remained nearly constant after
raising the volume ratio of GNPs in the hybrid solutions above 0.1. Yet, increased loading of
G3 gold nanoparticles into ZnO resulted in the decrease of the PL Intensity. On the other side,
embedding ZnO with G4, having the highest size among all GNPs, the UV-PL at R=0.1 was
similar to that of pure ZnO (inconsiderable decrease in the exciton emission). The further
increase in G4 gold NP content leads to the quenching of the UV emission of ZnO to reach a
complete suppression of the UV luminescence to the noise level.

Figure 33 (b, d, fand h) represents the UV-PL modification factor of ZnO NPs upon adding
GNPs respectively, G1, G2, G3 and G4 in different numbers (Ratios). G1 and G2 showed
nearly similar responses of non-affected enhancement efficiency upon increasing the GNPs
content. This indicates that there is a threshold of recombination in the ZnO NPs that can not
be exceeded. Contrarily, increasing G3 number in the hybrid solution negatively affects the
UV-PL enhancement factor in the enhancement zone. Individually, increasing G4 loading
quenched the ZnO exciton emission. This phenomena is due to the fact that larger GNPs are
deficit in €7, and cannot serve them into ZnO NPs to enhance their PL, which in turns may
acquire their deficiency in electrons from the ZnO NPs when loaded in high quantities.

To summarize, GNPs of small dimensions (< 70 nm) and present in small amounts in ZnO-
Au hybrid systems gave rise to PL enhancement. From there, it may be expected that charge
transfer from small GNPs to ZnO is behind this successful coupling.

It is worthy to note that the hypothesis of the possibility that the UV-PL enhancement
emission is induced by the stabilizing agent CTAB is excluded because we measured the PL
of ZnO NPs solution in the presence of CTAB without GNPs. The results in section 5.1.5 of
Appendix-A show that CTAB solution alone prevents the ZnO NPs to even absorb or emit
light. As a result, the enhancement was not resulted from the contribution of CTAB, but from

the SPR effects of the GNPs.
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Figure 34 UV-PL modification factor of ZnO NPs solutions before and after the addition of increased sizes
GNPs G1, G2, G3, and G4 for all GNPs/ZnO ratios.

These findings may be attributed to the lower absorption of the GNPs with increasing their
size. When the light absorption is weaker than scattering, the electron transfer from GNP to
ZnO becomes lower, leading to less radiative recombinations as reported by Mahanti et al.
[93], and thus the PL enhancement decreases with GNPs size, till quenching at G4. After the
GNPs become larger, their surface energy (surface/volume ratio) drop down with size.
Consequently, the number and mobility of the GNPs surface electrons will decrease with GNPs
size. Therefore, less electrons are transferred into the CB of ZnO NPs. This will minimize the
latest exciton recombination, to finally decrease the enhancement efficiency. In addition, G1
and G2 are relatively similar in size (25 nm and 29 nm respectively, derived from the SEM
images). Their small sizes allow these GNPs to attach totally over the ZnO surface. Herein, at
small GNPs sizes, and taking into consideration the spectral overlap between ZnO emission
and GNPs absorption mentioned before, when the light of the exciton emission from ZnO is
incident on the GNPs, the high-density electrons in the small GNPs form an electron cloud and
fluctuate. The electrons then concentrate at the interface between the metal and ZnO, proceeded

by a band bending in ZnO side. Consequently, an easy electron transfer from the GNPs to ZnO
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NPs could occur. After boosting the volumes (number) of G1 and G2 in the hybrids, no
significant impact over the charge transfer into ZnO surface is observed. Thus, PL enhancement
is not affected. Therefore, ZnO has a threshold emission satisfied by the small quantity of GNPs
which induced the saturated recombination in the hybrid samples, after which the further
addition of GNPs could no more enhance the NBE emission.

Adding to the fact of G3 that has less surface electrons than G1 and G2 due to its bigger
size, then less electrons could be transferred into ZnO compared to G1 and G2. Augmenting
the number of G3 could lead to a competitive mechanism between the charge transfer from
GNPs into ZnO, and the inverse pathway to return the electrons into GNPs. Therefore, the PL
enhancement efficiency decreases with G3’s number.

The exaggerated increase in the size of G4 let the NPs have very weak surface electrons
which could not transfer into the ZnO NPs. At small ratios, the presence of GNPs has no impact
over the ZnO emission. At higher G4 numbers, with small surface energy, the GNPs could
highly be able to gain electrons, and thus these electrons could be acquired from the ZnO CB
after excitation. Add to that, as the number of GNPs increases, the CTAB quantity will
increases with respect to the content of the whole solution. Thus, the possibility to prevent ZnO
NPs from absorbing and emitting light increases. Moreover, big sized GNPs could trap the
holes in the ZnO surfaces. All these factors lead to favoring the charge transfer from ZnO CB
into GNPs, resulting in a quenching of its luminescence.

The charge transfer from GNPs into ZnO NPs is induced by the energy transfer from ZnO
NP into GNPs. In another words, ZnO NPs have a visible luminescence referring to the defect
emissions ranging from 500 nm to 800 nm (see section 2.3.3.2). This emission range is
overlapped with the absorption range of the loaded GNPs. Consequently, the visible
luminescence could be absorbed by the GNPs. The absorption of GNPs to the visible
luminescence could act as an internal visible excitation of the GNPs, leading to the generation
of the hot electrons over the surface of the GNPs, which could be transferred into the CB of
the ZnO NPs, and thus, increasing the radiative recombination in the ZnO NPs reflected by the
PL enhancement. This phenomena is known by the PIRET effect (Plasmon Induced Resonance
Energy Transfer).

The enhancement of the UV PL by GNPs under UV irradiation is illustrated in Scheme 13.
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Scheme 13 The mechanism of the UV-PL enhancement of ZnO NPs by GNPs under UV-irradiation.

As the size of GNPs increases, the interfacial interaction between ZnO and GNPs decreases,

and thus, less energy is absorbed by the GNPs, and therefore less PL enhancement is observed.

In the PIRET effect, five process will occur to enhance the the PL of ZnO NPs by the GNPs:

1.

Under UV irradiation, UV and visible luminescence will be results in the ZnO NPs,
related to the exciton and defect luminescence respectively.

The defect luminescence will be absorbed by the GNPs (energy transfer).

SPR will be generated over the surface of the GNPs.

The SP could be transferred into the CB of the ZnO NPs to increase the number of e’
in this band.

Radiative recombination will increase in the ZnO NPs due to the higher number of e

in the ZnO NPs, and thus, PL is enhanced.

This enhancement effect is validated by the distance between GNPs and ZnO NPs created by

the CTAB capping agent, which weakens the schottky barrier effect (previously explained),

to allow the indirect charge transfer from GNPs into ZnO NPs under UV irradiation, through

the energy transfer.
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The distribution of the CTAB-capped gold nanoparticles loaded over ZnO NPs was evaluated
by SEM imaging (Figure 35). The image clarifies the distance created by the CTAB between
AuNPs and ZnO NPs. The small particles corresponds to the GNPs, and the larger ones
correspond to the ZnO NPs since the ZnO NPs used have larger size than the GNPs used.

Figure 35 SEM image of the CTAB-capped GNPs loaded over ZnO NPs (annealed at 250°C). The inset shows a
zoom in a specific region to clarify the contact between ZnO NPs and capped gold NPs.

In view of this, we could conclude that the coupling ZnO NPs with the smallest size of CTAB-
capped GNPs ([HAuCls] = 5x10° M) in a ratio Raonpyzno= 0.1, are the best experimental
parameters to adapt a suitable binding aspect between ZnO NPs and GNPs surfaces and to
enhance the ZnO emission better. However, increasing the size and number of GNPs in the
hybrid solutions negatively affects the PL enhancement especially at very high GNPs sizes

which suppresses the luminescence of ZnO NPs.

3.3.3 Photocatalytic performance of ZnO-GNPs

For a better understanding of the optical properties of the studied hybrid systems and also
to evaluate their performance as catalysts, the samples were evaluated by photocatalysis. The
main objective behind this study was to elucidate the merit of the plasmon-exciton junction in

the photocatalysis activity of ZnO. To make it possible, we measured the ability of the ZnO
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NPs before and after coupling with GNPs to degrade methylene blue (MB) dye, under UV light
irradiation (365 nm). The photocatalytic (PC) process was well described previously in chapter
2, and the charge transfer between ZnO and GNPs was also detailed. The charge transfer and

PC activity is illustrated in scheme 13.
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Scheme 14 Schematic representation of the charge transfer and the photocatalytic activity of CTAB-capped gold
nanoparticles of different sizes loaded into ZnO NPs (DL: defect luminescence).

It is worth to note that the concentration of the used catalyst here (in the hybrid systems) is
two times diluted with respect to that used in chapter 2 due to the additional solutions of GNPs
and compensating water. The comparison of the photocatalytic activities between both

concentrations of the same ZnO catalyst (annealed at 250°C) is illustrated in Figure 36.
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Figure 36 Absorption of ZnO (Tny=250°C)-MB mixture with UV irradiation for different irradiation time intervals
lasting for 140 min using (a) diluted solution of ZnO catalyst, and (b) concentrated solution of the same ZnO
catalyst, (c) the variation of InCo/C of both catalysts concentrations with irradiation time lasting for 140 min, (d)
% degradation of MB by different concentrations of ZnO catalyst.

The ZnO catalyst is diluted by water (no GNPs), and in this case, the MB molecules was
slowly degraded. This is shown in Figure 36(a) by the small decrease of the absorption intensity
of the MB in the presence of diluted ZnO NPs at 664 nm, which corresponds to the absorption
wavelength of the MB dye. The degradation percentage of MB observed in Figure 36(d) has
decreased from 98% using the concentrated solution of the ZnO catalyst until 17% after
dilution. This indicates that the photocatalytic activity depends on the concentration of the

catalyst used.

Subsequently, ZnO catalyst was then loaded by the fabricated GNPs. As a result, ZnO
catalyst was diluted by the GNPs and water in the same factor. The photocatalytic activities of
ZnO/CTAB-capped GNPs hybrid systems were also evaluated through the degradation MB
under UV irradiation. In particular, the photocatalytic activities of GNPs/ZnO were
investigated considering the four different sizes of the CTAB-capped gold nanoparticles (G1,
G2, G3 and G4), deposited in different volume fractions on ZnQO, to obtain various GNPs/ZnO
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ratios (taking into consideration the addition of compensating volume of water to reach an
equal total volume for all samples). The photocatalytic experiments were carried in the same

way proceeded for the non-modified ZnO, that were previously studied in chapter 2.

The results in terms of MB degradation assembled by the G1/ZnO-MB mixture absorption,

as a function of irradiation time were reported in Figure 37.
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Figure 37 Absorption of G1-loaded ZnO (Tann=250°C)-MB mixture with UV irradiation for different irradiation
time intervals lasting for 140 min at different GNPs/ZnO ratios (a) RGi/z:0=0.1, (b) RG1/2:0=0.5, (¢) RG1/z00=2, (d)
% degradation of MB using the three ratios G1/ZnO mixed with MB as a function of irradiation time.

The absorption intensity at 664 nm relative to the MB absorption slightly decreased with
UV irradiation in all ratios as seen in Figure 37(a, b and c¢). Moreover, the % of degradation of
MB investigated in Figure 37(d) shows that the photocatalytic activity of the G1/ZnO catalyst
decreased in comparison to that of bare ZnO catalyst for all G1/ZnO ratios except for R=0.1
which was nearly similar to the bare ZnO. The decrease of the % degradation of MB was more
efficient with increasing the loading content of G1, where the MB degradation decreased
further after increasing ratios from R=0.1 up to R=2. Therefore, G1 nanoparticles suppressed

the ZnO photoactivity with increasing the volume fraction of G1 in solution.
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This may be attributed to the fact that the higher amount of the GNPs is, the more doping
species are creating chemical or physical defects in the nanocrystal. These defects could act as
trapping sites for the photogenerated electron-hole pairs, which in turn reduce the
photocatalytic activity that depends on the separation of these charges. The decreased
separations of the photoexited charges means the recombination of these charges. This was

confirmed by the enhanced photoluminescence of the hybrid using G1 (Figure 33 (a and b)).

G2 NPs were also loaded into the same ZnO in four different ratios, and the hybrid’s
photoactivity against MB dye was also evaluated. The results are shown in Figure 38. As
observed in Figure 38(a, b, ¢ and d), the four hybrids were able to make degradation of the MB
dye where its absorbance was decreasing with increasing the irradiation time. The %
degradation of the hybrids were lower than that of the bare ZnO NPs. One can also observe
that the % degradation of MB is similar to that of bare ZnO NP when loaded in a ratio 0.1, 0.5
and 1. This % decreased with the further increase in G2 NPs in the solution to R=2. The main
reason here is similar to that explained using G1, and could also be referred using G2. Also,
the relative PL activities that showed enhancement of the ZnO photoemission in the presence

of G2, confirm the proposed hypothesis.
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Figure 38 Absorption of G2-loaded ZnO (Tann=250°C)-MB mixture with UV irradiation for different irradiation
time intervals lasting for 140 min at different GNPs/ZnO ratios (a) RG2/700=0.1, (b) R62/200=0.5, (C) Reazno=1, (d)
Ra2/z00=2, (€) % degradation of MB using the four ratios G2/ZnO mixed with MB as a function of irradiation
time.

The photoactivity of G3-loaded ZnO NPs was also studied and shown in Figure 39.
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Figure 39 Absorption of G3-loaded ZnO (Tann=250°C)-MB mixture with UV irradiation for different irradiation
time intervals lasting for 140 min at different GNPs/ZnO ratios (a) Rg3/2:0=0.1, (b) Rs3/2z00=0.5, (¢) Ra3z/izno=1, (d)
Re3zn0=2, (€) % degradation of MB using the four ratios G3/ZnO mixed with MB as a function of irradiation
time.

The MB absorption at 664 nm observed in Figure 39(a, b, ¢ and d) also decreased with UV
irradiation in the presence of the four hybrids (four different G3/ZnO ratios). The %
degradation of MB at R=0.1 and R=0.5 are similar to that of bare ZnO, which decreases with

the further increase of gold NPs contents.

The study of the G4-loaded ZnO NPs photoactivity of was also shown in Figure 40.
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Figure 40 Absorption of G4-loaded ZnO (Tann=250°C)-MB mixture with UV irradiation for different irradiation
time intervals lasting for 140 min at different GNPs/ZnO ratios (a) Rg4/z.0=0.5, (b) Rgazn0=1, (¢) RGazn0=2, (d)
% degradation of MB using the three ratios G4/ZnO mixed with MB as a function of irradiation time.

It is clearly observed that the G4 NPs quenched the ZnO photoactivity for all ratios.
However, raising the quantity of G4 NPs has increased the photoactivity of the hybrids. This
was shown by the augmented % degradation of MB with G4/ZnO ratios.

The photodegradation rates of the hybrids were shown for each GNP size as a function of

golds loading contents. The results are depicted in Figure 41.
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Figure 41 % degradation of MB using GNPs/ZnO catalyst in different sizes at (a) Rgnpsiza0=0.1, (b)
Ranpsizno=0.5, (¢) Ranpsizno=1, (d) Ranps/zno=2.

At low GNPs contents, i.e. R=0.1 shown in Figure 41(a), the photoactivity was nearly
similar before and after the addition of the fabricated GNPs, since we observe a non-
considerable change in the % degradation of MB.

Intensifying the amount of GNPs in the solution to reach R=0.5 (Figure 41(b)), lead to similar
results except for G4 which showed a high quenching of the photocatalytic activity after its
addition into the ZnO solution.

Boosting the GNPs number into the solution to have R=1 adapts the same results, but with
enhanced activity of G4 in comparison to the same hybrid of R=0.5.

The enhancement of the G4 was more clear after the increase of the GNPs amount into the

solution at R=2.

Therefore, increasing the GNPs amount in the solution could not enhance the photocatalytic
activity of the ZnO catalyst. Yet, the photoactivity of the hybrids is markedly affected. It is
likely that the GNPs surrounding the ZnO nanoparticles hinders the reaction between O; or OH

133



Extinction (a.u.)

species on the hybrids surfaces and the photogenerated charges. CTAB-capped GNPs could

also act as barrier between ZnO and the surrounding media to reduce the generation of O; or

OH species, causing the limitation of the PC activity. These hybrid nanoparticles would

significantly expand the applications of ZnO for the UV protection of a wide range of materials

by empowering the effectiveness of the blocking UV radiation useful in cosmetic domains.

3.3.4 Other strategies of plasmon-exciton coupling

3.3.4.1 Real-time synthesis of GNPs over ZnO NPs: real-time
interaction

The gold precursor of concentration of 5x107> M is capped with CTAB, then attached into

ZnO NPs in the solution. The solution containing HAuCl4 and CTAB only (before reduction)

was added into the ZnO NPs solution in different volumes to reach the volume ratios 0.1, 0.5,

1 and 2 with respect to ZnO. The solutions were stirred well to guarantee the attachment of the

HAuCl4 and CTAB mixed solution into ZnO. Then, the reducing agent NaBH4 was added into

the whole solution to reduce the gold precursor loaded in the ZnO into the nanoparticles form

to reduce the GNPs attached over the surface of ZnO NPs. This method allows the increase of

the size of the GNPs over ZnO surfaces. The size of the GNPs increases with increasing the

volume of the HAuCls-CTAB complex solution over ZnO. The fabricated GNPs are finally

named S1, S2, S3 and S4 of respective size increase. The obtained hybrids were examined by

UV-Vis spectrophotometry in addition to the photoluminescence measurements. The results

are shown in Figure 42.
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Figure 42 Different sizes of GNPs (S1, S2, S3 and S4) coupled into ZnO surfaces in real time, obtained by the
reduction of the CTAB-capped gold precursor after being loaded into ZnO NPs (a) extinction spectrum, (b) UV
region of the PL spectrum and (¢) UV-PL modification factor. The different dimensions of the green shell capped-

golden spheres represents the CTAB-capped GNPs of different sizes.

134



Figure 42(a) represents the extinction spectrum of different sizes of the hybrid. For the
smallest obtained GNPs (S1) on ZnO surfaces (S1/ZnO), an intense peak at 375 nm
corresponding to the absorption of ZnO NPs was observed in addition to a very weak shoulder
at 521 nm associated to the PR peak of SI. The intensity of the ZnO peak is higher in
comparison to bare ZnO. This intensity decreased with increasing GNPs size to reach a very
small and broad shoulder for S4/ZnO, conserving its maximum at 375 nm, whereas the
intensity of the PR peak increased with ratio. The PR peak position revealed to the spherical
morphology of the obtained GNPs. As the GNPs size increased for S2 in the hybrid, the PR
peak is red shifted into 529 nm. The further increase in the gold nanoparticle’s size blue shifted
the PR peak into smaller wavelengths with increasing amplitude, indicating the quantum
confinement of the GNPs obtained. The evolution of the extinction spectra after reducing the
gold precursor over ZnO indicates the successful coupling between GNPs and ZnO NPs.

As observed in Figure 42(b), the photoemission of ZnO was both enhanced and quenched
depending on the GNPs size. The enhancement was only observed at the smallest gold size
(S1), where higher GNPs sizes quenched the ZnO luminescence. As the size of the GNPs
increases, the surface effect controls the charge transfer in the hybrids. Therefore, at small sized
GNPs (S1), more energetic electrons are present over S1 surface dye to their high mobility
resulted from the decreased surface-to-volume ratio. This could increase the probability of
transferring the excited electrons from the GNPs surface and interband into ZnO NPs leading
to NBE emission enhancement. Whereas at higher gold sizes, the probability of transferring
electrons from GNPs into ZnO decreases, which become in competition with transferring the
electrons from ZnO surfaces into GNPs due to the mentioned surface effect. Therefore, the
photoexcited charges transfer from the ZnO CB into the attached GNPs to reach an equilibrium
state, leading to increased quenching with boosting ratios.

Since the conditions of the excitation source was constant during all the PL. measurements
here, the observed evolution in the PL intensity for the different samples can be referred to the

change in the properties of the gold loaded ZnO NPs, indicating their evolution of size.

3.3.4.2 Capping GNPs after reduction

The pure GNPs without CTAB (named Aul) were then capped by CTAB after being
reduced. The modified GNPs were attached into ZnO NPs at R= 0.1. The extinction and PL
measurements were performed (Figure 43 (a&b) respectively). The UV-PL modification factor

in comparison to uncapped GNPs (Aul) was examined after coupling into ZnO (Figure 43 (¢)).
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Figure 43 CTAB-capped Aul (modified Aul) coupled into ZnO at R=0.1; (a) Extinction spectra, the inset
represents the extinction spectra of bare ZnO as well as the bare gold nanoparticles used (Aul=CTAB), (b) UV
zone of the PL spectrum, (c) evolution of the UV-PL modification factor (F) with respect to ZnO after the addition
of Aul with and without CTAB capping.

As shown in Figure 43(a), the absorption peak relative to the ZnO NPs was more intense
than that of pure ZnO. Which means that the GNPs forces the ZnO to absorb more in the UV
region. In addition, the ZnO exciton emission was highly enhanced in the presence of the Aul
capped by CTAB, as observed in Figure 43(b). Therefore, charge and/or energy were
transferred from GNPs into the CB of the ZnO NPs, increasing the latter’s radiative
recombination, which in turns increases the ZnO PL. Therefore, the presence of the CTAB
molecules was crucial in the ZnO luminescence enhancement. This was clearly observed in
Figure 43(c), stating the comparison of the UV-PL modification of the coupled Aul into ZnO
NPs before and after addition of the CTAB into the GNPs. To be accurate, the quenching of
the ZnO was observed in the absence of CTAB molecules. Whereas, the addition of the CTAB
highly induces the enhancement of the ZnO UV emission.

Subsequently, as a connection platform between ZnO NPs surfaces and GNPs, the capping
agent for GNPs has a crucial function in the charge transfer between the nanoparticles in the
hybrid system. Several researchers studied the exciton-plasmon distance [59,60]. Thus, it is
important to understand the effect of these agents on the luminescence of ZnO NPs, and the
chemical control of the proper distance between the ZnO and GNPs to obtain a higher

enhancement.

3.3.4.3 Tailoring the heterojunction distance between ZnO and
GNPs: Free capping hybrid nanoparticles

The smaller sized GNPs (of initial precursor concentration 5x10~ M) was now synthesized
in the absence of CTAB. The SEM image of the obtained pure nanoparticles is shown in Figure
44.

136



Figure 44 SEM image of the fabricated pure GNPs (Aul).

The SEM image reveals the spherical morphology of small sized GNPs (Aul) arranged in
clusters.

The extinction spectrum of the fabricated pure GNPs named Aul is also given in Figure
45(a). Different amounts of pure Aul NP were loaded into ZnO NPs to obtain different
Aul/ZnO ratios, and their influence on the ZnO behavior was examined by measuring the

extinction and photoluminescence activities of the hybrids illustrated in Figure 45(b, c, d).
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Figure 45 (a) Extinction spectrum of the synthesized pure gold nanoparticles Aul of initial gold precursor
concentration [HAuCls]= 5x10~ M, hybrids after loading the ZnO NPs with different densities of pure GNPs
(Aul) to have consecutive ratios of R=0.1, 0.5, 1 and 2 (R=0 represents the bare ZnO NPs without any addition
of GNPs) (b) Extinction spectra, (¢) UV-zone of the photoluminescence spectra and (d) UV-PL modification
factor.

Wavelength (nm)

Aul have a SPR absorption at 521 nm (Figure 45(a)), which signifies a spherical
morphology of the obtained NP. In this case, the synthesized gold nanoparticles as well as ZnO
NPs are pure. Therefore, both constituents may be in direct contact to each other in the absence
of ligands or any molecular linkers between them. Hence, no space is present between ZnO
NPs surfaces and the attached GNPs, facilitating the charge transfer between both constituents.

As shown in Figure 45(b), in comparison to the absorption of bare ZnO, the hybrids show
importantly a weaker extinction that conserves its maximum at 375 nm regardless of the GNPs
loading content. This implies that the addition of this GNPs does not affect the absorption of
Zn0O. The weak peak at 555 nm is referred to the PR corresponding to the GNPs, which is
broader and red shifted with respect to that of the used GNPs (Aul). GNPs are considered as
highly sensitive materials to the surrounding medium. After the addition of the ZnO NPs
solution, initially having a refractive index different from that of the water solvent containing

the GNPs, ZnO will change the surrounding environment of the GNPs, resulting in a
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modification of the medium’s dielectric constant. Consequently, the SPR will be surely
modified, transforming into weaker and broader band [94]. The intensity of the SPR peak in
the hybrids decreased with decreasing the Aul loading content (number) to disappear at R=0.1.
This is due to the dilution effect that prevents the identification of this peak.

Figure 45(c) illustrates the UV photoemission spectra of ZnO NPs before and after the
addition of different quantities of Aul. The effect of Aul amount (Aul/ZnO ratio) on the ZnO
photoemission behavior was studied by measuring the photoluminescence of the hybrids. All
hybrid nanostructures yielded in weaker emission profiles compared to bare ZnO. The UV-PL
modification factor (F) was estimated from the PL spectra (Figure 45(d)). As assessed before,
F=1 is the characteristic factor for ZnO before the addition of Au NP. After adding Aul in
different ratios, F decreased continuously with increasing Aul/ZnO ratio until reaching values
smaller than 1 indicating the luminescence quenching effect.

After UV irradiation, ZnO NPs have photoexcited electrons in the CB. GNPs interband is
also excited, inducing GNPs to release electrons in the solution and become positively charged
after losing electrons in the medium. As the number of excited and positively charged GNPs
attached into ZnO NPs increased, more electrons are transferred from ZnO to these GNPs.
Besides, the probability of GNPs trapped holes in ZnO nanostructures due to direct contact is
emerged, leading to increased quenching.

The decrease in the quenching efficiency after further addition (200%) of GNPs into the
solution is referred to the increase of released electrons in the solution excited from the GNPs
interband, and thus, ZnO may acquire these electrons to make recombination with its holes,
and therefore, the radiative recombination probability increases, decreasing the quenching
efficiency.

Herein, another reason for quenching is the lack of separating distance between the surfaces
of both constituents, which allow the charge transfer from ZnO NPs into GNPs, which
elaborated the probability of the PL quenching. The direct contact between Aul and ZnO NPs
is clearlt observed through the SEM image of a hybrid sample showing the coupling of pure
GNPs (Aul) with ZnO NPs.
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Figure 46 SEM images of the Aul loaded over ZnO NPs annealed at 250°C (R=0.5). The inset shows a zoom in
over a specific zone of the Aul loaded over ZnO.

One can see the direct contact of the small spherical gold nanoparticles over the ZnO
nanostructures. Pure AuNPs modify the morphology of ZnO NPs over substrates, changing

their initial structures.

3.4 Conclusion

In this chapter, a chemical route to design plasmon-exciton junction in ZnO-Au NPs was
described. The optical characterization of the obtained hybrid systems was investigated by UV-
Vis absorption, and photoluminescence measurements. By a simple loading of different sizes
and quantities of GNPs in a solution, we have realized a controlled emission of ZnO NPs of
well-known size and distribution. The SPR of GNPs mediating the exciton emission of the ZnO
NPs play an important role in the enhancement and quenching of the UV luminescence of ZnO
semiconductor. It is necessary to purify the ZnO NPs to obtain enhanced luminescence after
coupling with GNPs, by which the raw material synthesis inhibits the synergic interaction
between the GNPs and ZnO NPs, thus quenching the latter’s emission. Moreover, the distance
separating the GNPs from the surface of the ZnO NPs is also a key factor in controlling the
enhancement of the ZnO exciton emission. This inter-distance could be controlled by the size

of the capping agent molecule used through the synthesis of GNPs. During the experimental
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work, the PL alteration was highly influenced by the size and number of GNPs, in addition to
the order of addition of the gold’s capping and reducing agents. Assembly of small sized GNPs
capped after the reduction of the gold precursor into the formed nanoparticle, and coupled into
pure ZnO (annealed at 250°C to obtain optimum size and number), has led to the best
enhancement efficiency at a volume ratio of Ronpsiza0=0.1.

Further experimental studies are necessary in the future to better control the coupling
mechanism. As a perspective, the effect of the morphology of GNPs could be investigated.
Tuning the heterojunction distance via other ways, working on other plasmonic materials could

be promising for the present study.
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4. Chapter 4 Conclusions and perspectives

4.1 Conclusions

This PhD thesis was devoted to investigate a simple chemical way for controlling the
photoluminescence and the photocatalytic activity of plasmonic-semiconductor nanomaterials.
A model system of Au-ZnO was investigated to this aim. This material was managed to adapt
several applications especially for UV lasers and photovoltaic devices, as well as for
photodegradation of organic molecules in aqueous suspensions needed for environmental
appliances. This aim was achieved by the modification of the ZnO surfaces with plasmonic
metal gold nanoparticles deposition. A wide overview of different semiconductors associated
to metallic nanoparticles was introduced in the first chapter, and their characteristic properties
were highlighted too.

Chapter 2 introduced a facile and reproducible low temperature-aqueous way to fabricate
highly luminescent and photoactive ZnO NPs as the semiconductor part to be used in the hybrid
systems in the next chapters. The produced ZnO were of rough and random morphology having
amorphous structures. Consequently, a post thermal treatment at various temperatures ranging
from 80 to 800°C was necessary to obtain photoluminescent crystalline nanostructures. The
size, morphology, crystallinity, and the luminescent properties as well as the photocatalytic
ones were controlled by the annealing process. The 250°C annealing temperature was an
optimum temperature to crystallize well the obtained ZnO nanostructures and to have the
strongest photoluminescence efficiency as well as high photocatalytic activity. The
photocatalysis features of the obtained ZnO NPs were tested by photo-degradation of
Methylene Blue (MB) dye. The samples annealed at 250°C also adapted the highest
photodegradation activity (~98% in ~100 min). This property showed size dependency in
addition to number and crystallinity of the nanostructures. Such facile synthesis method is very
relevant for practical applications of low cost UV laser devices and catalysts based on the
fabrication of highly luminescent and photoactive semiconducting materials.

Chapter 3 introduces a simple route to control both the photoluminescence and the
photocatalytic characteristics of the ZnO nanostructures obtained in chapter 2 through their
coupling with gold nanospheres. In the field of energy and environmental applications, ZnO is
very suitable semiconductor serving for both fluorescent and photocatalytic efficiencies.

However, its wide band gap induces the ZnO nanostructures to absorb only in the UV region
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which limits the photocatalytic and photovoltaic processes. In addition, the fast recombination
reduces the ZnO photoactivity by competing the charge transfer into the adsorbed species,
which are aimed to be degraded. In this context, this chapter explored different strategies to
solve these problems that limit the elaboration of ZnO in several applications. The surface
modification of ZnO nanostructures with noble metal nanoparticles (GNPs) was investigated.
To make it possible, ZnO NPs of different dimensions as obtained in chapter 2, were coupled
to CTAB-capped GNPs. The highest PL enhancement was obtained using the ZnO NPs
annealed at 250°C; which showed smallest 100% pure nanocrystalline structures. Accordingly,
we selected these ZnO NPs for the next studies as a standard semiconductor to examine its
exciton interaction with different gold nanoparticles. Different sizes and amounts of CTAB-
capped GNPs were coupled to these ZnO NPs, and different PL behaviors were adapted by the
Zn0O nanostructures. PL enhancement and quenching phenomena were observed depending on
the size and number of the attached GNPs. The best PL enhancement was achieved using the
smallest size and amount of GNPs of initial acid gold precursor concentration 5x10~> M. This
gold concentration was then preferred to couple with the chosen ZnO (annealed at 250°C). The
PL enhancement efficiency was then controlled by the way of the GNPs synthesis; i.e. by
altering the order of addition of the capping agent (CTAB) and that of the reducing agent
(NaBHa4). It was also concluded that the CTAB was creating a beneficial distance between the
ZnO nanostructures and the GNPs. This distance was excessively reported by theoretical
studies, motivating the researchers to put molecular links in the heterojunction gap to promote
the exciton enhancement. This chapter shows that the ZnO-GNPs inter-distance can be
controlled chemically by the CTAB capping agent without the addition of further ligands, and
thus, less chemical input is attained, leading into accessible pure hybrid NPs. The higher purity

of NPs is useful for several applications especially in biomedicine and photocatalysis.

4.2 Future work and perspectives

Fluorescent nanomaterials are considered as the dynamos for analysis in various fields of
current lab-on-chip (LOC) devices [1]. These systems enable new structural and functional
biomolecule studies, enhance chip-based bioanalytical assays, in addition to many other
applications [2]. On this basis, ZnO NPs were self-assembled inside PMMA holes on Si-
substrates. Consequently, large area template of homogenous properties ZnO NPs was

obtained. The resulted substrate could be promising as catalysts for growing ZnO nanowires,
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hybrid materials, aiming afterwards to use this system as a fluorescent material in bio-labeling
or catalysis operations.

These systems can be obtained by embedding the optimized ZnO NPs annealed at 250°C,
into PMMA synthesized in MIBK solvent, following by spin-coating on silicon substrates at
different evaporation rates ranging from 250 rpm to 10,000 rpm. The samples were then
examined by photoluminescence measurements. The results are shown in the Appendix-A (in
Figure 54 of section 5.1.6). The ZnO mass was also varied and spin-coated over Si wafer at
speed 250 rpm after loaded into PMMA holes in order to examine the role of the ZnO mass.
The PL results are shown in Appendix-A (in Figure 55 of section 5.1.7).

ZnO monolayers were grown on Si substrates using another approach. The second strategy
was adapted from our previous studies [3—6], which is described in details in (section 5.1.9) of
the Appendix-A. Finally, the obtained monolayer of ZnO NPs-loaded PMMA was evaluated

by photoluminescence measurements as illustrated in Figure 47.
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Figure 47 Room temperature average photoluminescence spectrum of ZnO NPs embedded PMMA nanolayer over
Si substrate taken at four different positions. The inset corresponds to the PL measurements of the silicon (Si)

substrate as a reference.

As observed in the PL spectrum, the obtained ZnO NPs have a UV emission at 393 nm,
which corresponds to the exciton emission. The peak above 400 nm is due to noise interference
and technical imperfections. The obtained ZnO-loaded PMMA system was consequently
observed by optical microscopy and AFM; the corresponding images are depicted in Figure

48.
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Figure 48 Optical Dark-field (a,b) and AFM (c) image of ZnO NPs-loaded PMMA nanolayer on Si substrate. (a)
PMMA layer without ZnO and (b,c) PMMA nanoholes embedded with ZnO NPs, (d) AFM profile of (c).

One can see the presence of ZnO NPs as bright dots localized in the PMMA nanoholes in
Figure 48(b) and Figure 48(c). In addition to the production of pure and size-tunable ZnO with
a step synthesis process, this result reflects the major novelty because there are no approaches
in the literature allowing the assembly of pure, stable and highly luminescent ZnO NPs on large
area. It represents a stage forward in the current fabrication processes of nanomaterials that
could be promising in biological, photocatalytic, optical, and electronic era. Further
experimental studies including the control of the spin-coating parameters, type of substrate (Si,
ITO or glass), and the polymer used (PVP, PEG, AG, etc.) are necessary to be investigated in
the future, in order to attain a full insight over the growth control of the ZnO NPs into specific
shapes and sizes. Besides, gold and/or silver precursors will be added into the zinc nitrate
solution. Then, growing the hybrid ZnO-Au/Ag will be attained in the same manner. This
creates an effective hybrid exciton-plasmon hybrids on the surface, beneficial for many

applications especially in catalysis.
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The fabricated layers could be also promising as SERS substrates. In the future, we aim to
perform SERS measurements on the obtained chips after coupling with GNPs using the same

self-assembly process.
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5. Chapter 5 Supplementary information

5.1 Appendix-A

5.1.1 Effect of dilution in PL measurements

The PL measurements highly depend on the number of particles detected. To clarify this
behavior, one type of ZnO NPs dispersions (annealed at 250°C) were diluted by different
volumes of D.I. water and characterized by PL. S5Smg of the ZnO powders were dispersed in 2
ml water. The obtained solution was highly concentrated solution, which was turbid and white
colored. Then, 0.5 ml of the obtained solution were diluted 50 times to obtain a clear solution.
Then, this solution was diluted in three various dilutions factors (Df). 0.1 ml, 1 ml and 2 ml
water were added respectively, to separate ZnO solutions in order to have the proportional
dilutions Df1, Df2, Df3. (Df0) represents the clear dispersion solution before the addition of
the water. Then, after stirring the solutions, PL measurements were performed, and the UV-PL
intensity height (AI) for each sample was estimated by the following formula Al= Iimax- lo, where
Imax 1s the maximum intensity of the NBE emission, and Iy is the initial intensity. The difference
represents the height of the UV emission at the maximum. The diluted samples were then
ultrasonicated in an ultrasonic bath for 15 minutes to. The same dilutions were repeated, but
these samples were normally stirred instead of ultrasonication. The results of the diluted
samples are shown in Figure 49 that displays the variation of UV-PL intensity height (Al), as
a function of increasing dilution factors Dfl, Df2, Df3 corresponding to the addition of 0.1, 1
and 2 ml of D.I. water into the clear dispersion solution (Df0).

It is clearly observed that increased dilution factor of the solutions leads to a progressive
decrease in the exciton emission height intensity. This confirms that the photoluminescence is
a particle number-dependent measurement, where after dilution, the number of emitters

aligning in the path of incident radiation is reduced, causing a decrease in the PL intensity.
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Figure 49 The variation of UV-PL intensity height (Al) as a function of increasing dilution factors Dfl, Df2, Df3
corresponding to addition of 0.1, 1 and 2 ml of D.I. water to the clear dispersion solution representing Df0 as a
reference. The black squared line represents the variation of Al of the diluted solutions that were normally stirred,

In Figure 49, the black squared line represents the variation of Al of the diluted solutions
that were normally stirred, and the red-circled line represents the variation of Al of the diluted
solutions after ultrasonication in an ultrasonic bath for 15 minutes. After ultrasonication of the
diluted samples, a pronounced exciton emission in comparison to the stirred ones was observed
for all dilution factors. Hence, the ultrasonication affects the PL measurements of ZnO
nanocrystals. Generally, ultrasonic radiations are powerful enough to dissociate the particles,
and thus produce more fine particles having higher surface/volume ratio. Consequently, after
the excitation by the PL laser, the incident radiation is then able to excite larger number of
dissociated particles, which increases the exciton recombination process translated by an
increase in the PL intensity.

In fact, the solution with Df1 is more concentrated than that with Df2 and consequently Df3.
The exciton emission is strongly enhanced for the concentrated solutions, i.e. the efficiency of
enhancement of the more concentrated solution was higher than the diluted ones, where the
enhancement efficiency was found to be weaker with dilution. This is resulted from the fact
that in the concentrated solution, the particle-particle distance is small, and thus, there is a
probability for the particles to absorb the emitted light from the neighboring particles. As a
result, excitation is doubled through this process, producing more photoexcited electrons,

which increases the exciton emission, and the PL is then pronounced.
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5.1.2 Reproducibility (Stability of dispersions)

In order to examine the stability of dispersion of the ZnO NC in the solution, six different
samples of the same type of dispersion of ZnO NC that were annealed at 250°C (4 mg powders
dispersed in 15 ml of water) were prepared. PL measurements were performed on 1 ml of each
solution. The PL measurements showed that the samples have relatively the same spectrum
with an inconsiderable difference in the PL intensities. This means that the solutions were well

dispersed and homogeneous. The PL results are shown in Figure 50.
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Figure 50 (a) Typical PL spectrum of the repeated samples of ZnO NC annealed at 250°C then dispersed in water,
(b) zoom in the UV region of different repeated samples of ZnO NC solutions.
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5.1.3 Raw materials ZnO coupled into different CTAB-capped

GNPs
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Figure 51 Full range (UV-Vis) extinction spectrum of CTAB-capped gold nanoparticles (a) G1 of [HAuCl4]=
5x107° M, (b) G2 of [HAuCl4]= 8x103 M, (¢) G3 of [HAuCl4]= 103 M, (d) G4 of [HAuCls]= 102 M. The inset
in each spectrum illustrates the CTAB (green lines)-capped GNPs (golden spheres).

5.1.4 Raw materials ZnO coupled into different CTAB-capped
GNPs

The coupling of the non-filtered raw materials ZnO nanostructures, after annealing at 150°C,
into different sizes gold nanoparticles in different loading content, lead to the ZnO quenching
luminescence in all conditions. The ZnO samples here contain microstructure complexes
obtained through the ZnO synthesis. The quenching is attributed to the presence of the
microstructures which created a huge distance bothering the synergic coupling between the
ZnO NPs and the attached GNPs. Add to that, GNPs could trap the photoexcited holes in the
ZnO NPs to decrease its radiative recombination, thus quenching its luminescence. It is clearly
observed in Figure 52(a, b, ¢ &d) that all the hybrids showed similar trends in the evolution of
the UV-PL modification factor. As the GNPs/ZnO ratio increased from 0.1 to 0.5, the
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quenching efficiency increased, which decreased after further addition of GNPs into higher

ratios.
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Figure 52 UV-PL modification factor of the raw material synthesis ZnO NPs annealed at 150°C upon coupling
with different ratios Ronpsraw zno= 0.1, 0.5, 1 and 2 into CTAB-capped gold nanoparticles ; (a) G1, (b) G2, (c) G3
and (d) G4.

The excessive addition of GNPs into the raw materials ZnO, the dispersion is then diluted
by the GNPs solution. So, the microstructures may be separated from the ZnO NPs, and
consequently, the ZnO-GNPs inter-distance decreases, leading to decreased quenching
efficiency. The probability of the ZnO nanostructures to capture electrons from the solution
released by the excited GNPs interband increases, which may also decrease the quenching

efficiency.

5.1.5 CTAB-capped ZnO NPs (no GNPs)

As observed in Figure 53(a), after the addition of CTAB solutions in both concentrations, the
ZnO NPs are not able anymore to absorb light. One can see that the peak at 375 nm relative
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to ZnO absorption has disappeared after the addition of pure CTAB. Moreover, ZnO exciton
emission also faded in the presence of the CTAB solution as shown in Figure 53(b).
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Figure 53 ZnO NPs before and after the addition of 0.2 M CTAB solution (a) extinction spectrum and (b) UV
zone of the photoluminescence spectrum.

Therefore, the PL enhancement after coupling the CTAB-capped GNPs into ZnO NPs is
resulted from the GNPs interference and not from the CTAB singly. Consequently, the proper
inter-distance created by the CTAB between ZnO and GNPs resulted in the PL enhancement.
This distance controls the charge-transfer between GNPs and ZnO NPs due to SP effect of the
gold mediating the exciton emission of ZnO NPs. Therefore, CTAB may efficiently support

this transfer between the ZnO and GNPs surfaces.

5.1.6 ZnO NPs embedded PMMA holes
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Figure 54 (a) Room temperature average PL spectra of ZnO dispersion embedded in PMMA holes with MIBK
solvent. The average spectra for samples spin-coated over different speeds are taken over 5 different positions,
except for the samples of 10000rpm speed that illustrates the average PL of 4 positions, (b) zoom in the PL spectra
of the speeds higher than 250 rpm.

As the spin-coating speed increased, the average PL intensity decreased due to decreased

thickness of the samples. The excessive increase in speed of spin-coating (10,000 rpm) lead to
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re-augmenting the PL intensity with respect to others although the samples adapted ultra-thin

surface thickness.

5.1.7 Role of ZnO mass embedded in PMMA holes
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Figure 55 Room temperature PL spectrum of ZnO NPs embedded in PMMA dissolved in MIBK sol=vent, spin-
coated over ITO substrate at a spin-coating speed 250 rpm.
The PL intensity of the spin-coated ZnO loaded PMMA is proportional to the mass of ZnO

dispersed in the solution.

5.1.8 Different stabilizers mediated the heterojunction distance

Different precursors were examined by PL and UV-Vis (figure 54) absorbance in order to
select the best agent for ZnO NPs, to stabilize them without affecting their absorption or
emission of light. It is clear from the above results that tripotassium citrate (Kscitrate) is the
best stabilizing agent that do not absorb or emit light in the same region as the ZnO. So it could
be used as a stabilizer for the ZnO. The measurements were done over 1 ml of the solution

initially containing 2 mg of the precursor dissolved in 2 ml water.

160



3.5x10*

0.20

(a) —PVA (b) ——PVA
:-@\3.0)(104' / — PVP — \ — PVP
= | «’r\\ = 50.15 —PEG
o 2.5x10* | \ —— Kjcitrate ‘\“; —— Kcitrate
= | ‘ \\ 0]

4 | \
%2.0x10 | o~ §0_10-
S 1.5x10*1 ||/ R £ N
= | a JETH
= 1.0x10% | 2 0.054/ N
& | % - e
5.0x10°] / & Sy S
o/ D R g N
J ( w — 0.00 J~—= PR e O

270 300 330 360 390 420 450
Wavelength (nm)

0.0-55 T T T —
350 400 450 500 550 600
Wavelength (nm)

Figure 56 Different stabilizers as PVA, PVP, PEG, Kscitrate (2 mg) dissolved in 2 ml water (a) Room temperature
PL spectra, (b) UV-Vis absorption spectra.

5.1.9 Large area monolayer of ZnO NPs

A polymer/zinc nitrate dispersion was formed by mixing solutions of Zn(NO3)2.6H,0 and
poly-methyl methacrylate (PMMA). The zinc nitrate solution was prepared by the dissolution
of 20 mg of zinc precursor in 1ml of ethanol. Then, 1.5 ml of PMMA solution was added to
the zinc nitrate and stirred for half an hour. Upon spin-coating of the obtained PMMA/zinc
nitrate dispersion on a silicon (Si) substrate (speed=10,000 rpm, time = 30 sec and acceleration
= 3000 rpm/sec), Zn>*-loaded PMMA micelles are formed on the whole substrate. Then, a drop
of 0.1M NaOH solution was deposited on the obtained substrate, and the Si-wafer was heated
at 80°C for 20 min to obtain the ZnO nanostructures. Arsenic-doped silicon substrates (As-Si)
that were used for coating the ZnO-loaded polymer dispersions, were purchased from Silicon
materials society (100 orientation, ~525 ohm resistivity). These substrates were cleaned in an
ultrasonic bath by soap, then by water followed by acetone during 5 minutes for each step, and

finally rinsed with 2-propanol so that they are ready for spin-coating.

5.2 Appendix-B

5.2.1 Characterization techniques:

To characterize our product, several analytical methods were used to have an idea about its

composition, morphology and structure.
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5.2.1.1 Photoluminescence (PL)

PL, which is a contactless and non-destructive method, was carried out to investigate the
photophysical and photochemical properties of semiconductor materials, in addition to
estimate their electronic structure. In this process, light is focused on a sample to photoexcite
the materials after the absorption of light and conferring the excess energy inside. This excess
energy will be consumed through emission of light translated by photoluminescence. The

typical photoluminescence process is illustrated in Scheme 15.
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Scheme 15 Simplified mechanisms of semiconductor (electronic bands; left) and molecular based
excitation/emission processes (discrete energy levels; right). Adapted from ref. [1].

The photoexciatation induces electrons in the material to move into excited states. When
these electrons return to the equilibrium state, they release the excess energy gained through
emission of radiative and non-radiative light. The photoluminescence energy corresponds to
the difference between the ground and excited states. The energy difference between the
conduction and the valence bands is the band gap energy and the PL intensity reflects the
number of photo-generated charge recombination in the materials, illustrated by the radiative

process that is related to the quantity of emitted light.

Photoluminescence measurements (PL) were carried out to estimate the optical
characteristics of the ZnO exciton recombination using a He-Cd laser of wavelength 325 nm
and photon energy 3.82 eV. The spectra were acquired in the range of 340-950 nm. The
transmitted light was dispersed by grating and analyzed by a CCD camera. The measurements
were performed at room temperature (RT), and the PL data were collected under the same
conditions, i.e. light path, excitation power, acquisition parameters, exposure time, and split

front entrance, to exclude any other effect on the PL measurements.
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5.2.1.2 UV-visible absorption spectroscopy

UV-Vis absorption measurements were achieved to see the absorption of the NPs using a
UV-Visible spectrophotometer Specor 205 from Analytic-Jena, where the transmitted light was
dispersed and analyzed by a CCD camera with a resolution of 1 nm. These measurements allow
us to characterize the optical properties of ZnO NPs giving information about the homogeneity
and the size of the NC from their band gap width and the position of the peaks corresponding
to the absorption of ZnO. In our experiments, the volume of the ZnO measured was 1ml in all
experiments held in plastic PMMA cuvettes. The absorption data were investigated under the

same parameters, i.e. wavelength range, speed and integration time.

5.2.1.3 X-Ray diffraction (XRD)

XRD is a non-destructive technique normally used to study the chemical composition,
crystallographic structural and physical properties of solid materials. A constructive
interference occurs when the electrons of arranged atoms interact with X-rays at specific
angles. At certain incident angles called Bragg angles, parallel X-rays are diffracted by atomic
planes that can be used to measure the inter-planar distance between rows of arranged atoms
by the following Bragg’s law:
2dsin0 =nA (23)
where d is the distance between atomic layers, 0 is the Bragg angle, and A is the wavelength of
the X-ray.

The diffraction of these X-rays at the Bragg angles manifests the crystal structure of the
analyzed compound. Each material has particular diffraction patterns that identify it according

to known database that varies according to different structures.

X-Ray diffraction (XRD) measurements were performed using a powder diffractometer
(X'pert PRO PANalytique) in reflection mode to study the structure of ZnO samples. The
measurements were made under a voltage of 45 KV and an intensity of 50 mA, in an angular

range of 0 to 60° (0° <20 <60°) using a copper source of A = 1.54056 A.

The measurements were done through collaboration with « Laboratoire de
Cristallographie, Résonance Magnétique et Modélisation CRM2. UMR 7036, Institut Jean

Barriol ».
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5.2.1.4 Transmission electron microscopy (TEM)

TEM is a microscopic technique where a beam of electrons interacts with an ultra-thin
specimen, to pass by it and transmit through, to form an image. The image is then magnified
and adjusted onto an imaging device. Transmission electron microscopy could be managed
through three different operating modes (imaging, diffraction and energy dispersive
spectroscopy analysis (EDS)). This microscopy allows us to have a deep study over the inner
structure of the fabricated nanostructures including the topology, morphology, composition,
and crystallographic information of the studied material. High resolution transmission electron
microscopy (HRTEM) is an imaging mode of the transmission electron microscope (TEM) that

allows materials imaging at the atomic scale.

Transmission electron microscopy (TEM) investigations were carried out using a JEM -
ARM 200F Cold FEG TEM/STEM operating at 200 KV and equipped with a spherical
aberration (Cs) probe and image correctors (point resolution 0.12 nm in TEM mode and 0.078
nm in STEM mode). During the preparation of the samples a drop of each suspension was
deposited on the TEM grid, in order to be ready for imaging. The measurements were done
through collaboration with « Centre de Compétences en Microscopies, Microsondes et

Meétallographie (CC3M), Institut Jean-Lamour Campus ARTEM »

5.2.1.5 Scanning electron microscopy (SEM)

The scanning electron microscope (SEM) is a microscopy that produces images of a sample
by scanning it with a focused beam of high-energy electrons. The incident electrons
thermoelectrically emitted by an electron gun interact with the atoms in the sample, producing
various signals, which in turn give several information about studied materials. These
information include: surface topography, external morphology (texture), quantitative and
qualitative chemical composition, homogeneity, crystallinity and orientation of materials [2].
This method provides a large global view of the particle’s size examining their interactions and
aggregations. The importance of SEM characterization emerges due to the versatility of its
various modes of imaging, the excellent spatial resolution, the relatively straightforward
interpretation of the acquired images, and its high level of automation besides its high

throughput.
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In this manuscript, SEM images were acquired using HITACHI SU8030 SEMFEG, with a
typical accelerating voltage of 15KV having a large specimen stage with 110 mm traverse
range in both of XY direction and a maximum 150 mm diameter sample exchange chamber as
standard. The images were elaborated after depositing a drop of the suspension on a silicon
substrate and drying at room temperatures. The measurements were done through collaboration
with « Lumiére, nanomatériaux, nanotechnologies (L2n), Institut Charles Delaunay (CNRS),

Université de Technologie de Troyes (UTT) ».

5.2.1.6 Photocatalysis

The photocatalytic activity was investigated using 1 ml of methylene blue (MB) dye solution
(5x10* M) and 1 ml of a ~0.267x107 g/L ZnO catalyst solution in a 1.0 cm quartz cuvette
under UV irradiation using high intensity mercury-xenon lamp with a mercury line filter of 365
nm light segment. The absorbance of the blank reference sample (MB blue irradiated in the
absence of the catalyst) was determined using a specific volume of the dye. The quartz cuvettes
were 0.4 centimeter apart from the light source in order to avoid the diverging of light through
the filter. During irradiation, the solution of ZnO/MB was magnetically stirred and the
absorbance of MB was measured by UV—visible spectrometry after the addition of the catalyst
for studying the reaction kinetics. The amount of ZnO NCs and that of MB dye were kept
constant through all the experiments. The measurements were done through collaboration with
« Lumiére, nanomatériaux, nanotechnologies (L2n), Institut Charles Delaunay (CNRS),

Université de Technologie de Troyes (UTT) ».

5.2.1.7 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is generally used to determine the evolution of the
material’s weight in relation to the change in temperature. The derivative weight loss can
indicate the point at which the weight loss is mostly evident. This method gives basic
information about the solvent residues, absorbed contents, and degradation temperatures.
Thermal decomposition of the as-prepared samples was performed using a TA Instruments
TGA 2050 Thermogravimetric Analyzer, coupling the heating rate with the mass loss. The
thermal evolution of the natural materials was followed from room temperature up to 600°C
under nitrogen atmosphere, with a ramp of 10°/min. The software used to extract the data is

TA universal analysis.
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5.2.1.8 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy, also called electron spectroscopy for chemical analysis
(ESCA), is a quantitative spectroscopic technique used to quantify the chemical composition
of surfaces by examining its elemental contents with their chemical and electronic states. The
spectra are achieved after submitting X-ray beam under ultrahigh vacuum (UHV) to a specimen
accompanied by extracting electrons from the valence layers leading to the transitions of
electrons from the internal bands to occupy the generated vacancies. The spectra are achieved
by measuring the number and kinetic energy of the electron transitions. The kinetic energy of
the ejected photoelectrons is then analyzed and transformed into a binding energy for the
specific atomic orbital of an electron by the following relation [3]:

Eg=hv—¢— Eg (24)
where Eg is the electron binding energy (eV), h is the Planck’s constant (eV.s), v is the
frequency of the incident radiation (s™), ¢ is the surface work function (eV), and Ej is the
kinetic energy of emergent electron (eV).

XPS measurements for our samples were collected by using a VG Multi Lab 2000 instrument
with Al K alpha (Ko=1486.6 ¢V) X-ray source. The measurements were done in «Wuhan
University of Technology, State Key Laboratory of Advanced Technology for Materials
Synthesis and Processing» through the collaboration with Dr. Wen Luo and Prof. Ligiang Mai.

5.2.1.9 Atomic Force microscopy (AFM)

The AFM is one of the foremost tools for imaging, measuring, and manipulating matter at
the nanoscale. The information is gathered by "feeling" the surface with a mechanical probe.
The information is gathered by "feeling" the surface with a mechanical probe. Piezoelectric
elements that facilitate tiny but accurate and precise movements on (electronic) command
enable the very precise scanning. With an AFM, it is possible to image an object’s surface
topography with extremely high magnifications. Furthermore, the magnification of an AFM is
made in three dimensions: the horizontal X-Y plane and the vertical Z dimension. An atomic
force microscope (AFM) measures the topography of a surface by bringing a cantilever beam
into contact with a sample and measuring the deflection of the cantilever as it is scanned across
the surface. The cantilever is typically silicon or silicon nitride with a tip radius of curvature
on the order of nanometers. When the tip is brought into proximity of a sample surface, forces
between the tip and the sample lead to a deflection of the cantilever. As the tip scans a surface

to be investigated, interatomic forces between the tip and the surface induce displacement of
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the tip. A laser beam is transmitted to and reflected from the cantilever for measuring the
cantilever orientation. In a preferred embodiment, the laser beam has an elliptical shape. The
reflected laser beam is detected with a position-sensitive detector, preferably a bicell. The
output of the bicell is connected to a computer to analyze the data and to obtain then a
topographical image of the surface with an atomic resolution. AFM can be operated in a number
of modes, depending on the application. In general, possible imaging modes are divided into
static (also called contact) modes and a variety of dynamic (non-contact or "tapping") modes

where the cantilever is vibrated.

A Nano-R2t AFM, operated in contact mode, performed the AFM measurements for our

samples, and the obtained images were color-balanced using the imageJ software.

5.2.1.10  Optical microscopy

Optical microscope uses visible light and a system of lenses to magnify the images of small
objects. The diffraction of light by the nanoparticles is detected by the light microscopy since
the size of the nanoparticles to be detected is smaller than the wavelength of the visible light.
The nanoparticles appear as bright and colorful. The light diffraction reveals the physical and
spectral characterisics of the detected nanoparticles. The most common types of microscope
are the bright and dark field microscopes, depending on the used specimens where the samples
are deposited on. i.e., transparent substrates are often observed under a bright field microscope,
whereas, substrates that absorb or reflect light are observed under a dark field microscope. The
change in the scattering color gives information about the size and homogeneity of the studied
samples.

Our samples were deposited on Si-wafers. Dark-field images were obtained by using a

straight BX51 Olympus optical microscope using a Halogen source.
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Résumé de la these intitulée :
Synthése par voie chemique de nanoparticules hybrides plasmoniques-
semiconductrices a couplage fort pour la photocatalyse

Par : Issraa Shahine

Les hétérojonctions hybrides composées de semi-conducteurs et de nanostructures
métalliques ont été percues comme une technologie durable en raison de leur efficacité parfaite
pour améliorer, rénover et enrichir les propriétés des composants intégrés. Le couplage
coopératif a pour résultat la variation des propriétés fonctionnelles du systéme, grace auquel la
résonance de plasmon de surface générée par un métal améliore la séparation de charge,
I’absorption de la lumiére et la luminescence du semi-conducteur. Ce phénomeéne permet de
fortes interactions avec d'autres éléments photoniques tels que les émetteurs quantiques. Ces
fonctionnalités a multiples facettes découlent de l'interaction synergique exciton-plasmon entre
les unités liées. Ainsi, les systémes hybrides conviennent a diverses applications, notamment:
conversion de l'énergie solaire, dispositifs optoélectroniques, diodes électroluminescentes

(LED), photocatalyse, détection biomédicale, etc.

Les nanostructures Au-ZnO suscitent un intérét croissant dans ces applications, ou le
couplage entre des nanoparticules d’or (AuNPs) et ZnO NPs favorise la réponse du systéme a
la région visible du spectre lumineux grace a leur résonance plasmonique de surface (SPR).
Basées sur une taille et une pureté spécifique de nanostructures de ZnQO, ainsi que sur les AuNPs
et une inter-distance précise entre les nanoparticules, les propriétés des nanostructures de ZnO

varient, en particulier celles de photoémission et de photocatalyse.

Dans ce contexte, nous nous sommes concentrés sur la construction de nanocristaux de ZnO
(ZnO NCs) de taille ajustable, puis incorporés dans les solutions AuNPs par un moyen
chimique simple. Ce travail est donc divisé en deux parties: la premiere consiste a synthétiser
des ZnO NCs purs présentant une excellente photoluminescence UV. Dans la deuxiéme étape,
les ZnO NCs obtenus ont été ajoutés a des nanoparticules d'or de différentes tailles et fractions

volumiques.

Dans la premiere partie, nous avons concentré nos efforts sur la fabrication de points
quantiques luminescents et de catalyseurs extrémement petits et efficaces dans des solutions
aqueuses, par voie de synthése simple et dans des conditions douces (la température, le temps,

I'équipement utilisé et les matériaux). Ces parametres affectent fortement la structure finale des



produits (taille, morphologie, structure de la surface, etc.) en adaptant les propriétés des
matériaux. Ainsi, dans la présente étude, des nanoparticules de ZnO de petites tailles, uniformes
et hautement stables sont fabriqués en utilisant de 1’eau comme solvant non contaminant qui
agit comme un agent auto-coiffant, stabilisant et dirigeant, permettant de contrdler la forme et
la taille des nanocristaux. Cette méthode est un guide alternatif prometteur pour la préparation
des ZnO NPs pur a une température relativement basse dans des conditions douces. Il s’agit
d’une méthode simple, verte et a haut débit, ainsi que de la bonne stabilité et de la pureté des

produits, ou ces propriétés sont nécessaires a des fins photocatalytiques et biologiques.

Sélective, cette réaction se fait par simple mélange de volumes égaux de solutions aqueuses
meres équimolaires de précurseur de zinc (ZnNO3.6H>O) dans un précurseur d’oxygene
(NaOH), puis le mélange est chauffé 20 min sur une plaque chauffante normale a 80°C. La

synthese est suivie par filtration pour extraire les ZnO NPs obtenus de la solution.

L'analyse thermogravimétrique (TGA) des poudres de ZnO synthétisées a été réalisée pour
examiner leur comportement thermique en sondant la décomposition thermique et la stabilité
de notre produit avec la température. Le profil TGA indique que la température de 250°C peut
étre considérée comme une température optimale pour le recuit, ce qui contribuera a garantir
la formation de nanostructures de ZnO stables. Par conséquent, les poudres obtenues ont été
recuites a différentes températures inférieures (a 80, 100 et 150°C) et au-dela de 250°C (a 500
et 800°C) pour examiner l'effet de recuit sur I'évolution des nanostructures synthétisées. Le
traitement post-thermique vise a cristalliser les particules obtenues. Les produits recuits sont
ensuite suivis d’études structurelles et optiques (MEB, TEM, DRX, photoluminescence). Les
activités photocatalytiques des ZnO NCs sont étudiées en adaptant leur capacité a dégrader le
colorant bleu de méthyléne (MB). De plus, la relation entre les structures du ZnO, la

luminescence et les propriétés photocatalytiques sont explorées.

Les modeles de DRX correspondants ont montré que le produit de synthése brut est
principalement composé de structure cristalline de Zns(NO3)2(OH)s.2H>0, qui est incorporée
dans seulement 9% de nanoparticules amorphes. Par la suite, le recuit thermique a permis la
destruction de la phase Zns(NO3)2(OH)g.2H>O et une disparition compléte au-dessus de 250°C
donnant lieu a 100% de nanoparticules de ZnO. En augmentant les températures de recuit, le
ZnO amorphe devient des structures cristallines. Ceci est également confirmé par les images
MEB et TEM pour les échantillons recuits. Les profils d'extinction des échantillons montrent

un pic d'absorption dans la région UV. Les résultats de photoluminescence montrent deux pics



d'émission: Une dans la région UV correspondant a 1'émission d'exciton et une seconde dans la
région visible attribuée a la luminescence du défaut. Les activités photocatalytiques des
¢chantillons testées via la dégradation du colorant bleu de méthyléne (MB) montrent également

l'efficacité des nanostructures de ZnO en tant que photocatalyseur.

Sur la base de toutes ces études sur les ZnO NCs, 250°C est la température de recuit idéale
pour laquelle on obtient la plus haute photoluminescence et principalement des catalyseurs
ZnO purs a activité catalytique. Ainsi, ces échantillons ont été sélectionnés pour constituer des

couples en AuNPs dans la suite de la these.

Dans la deuxiéme partie, le role effectif des AuNPs concernant leur taille, leur quantité et
leur molécule coiffante sur la photoémission des nanostructures de ZnO est souligné par le
transfert de charge et/ou d’énergie entre les constituants du systéme hybride. De la méme
manigére, les activités photocatalytiques des systémes sont examinées aprés couplage de ZnO

aux AuNPs.
Pour ce faire, deux types d'AuNPs sont synthétisés.

1. Les premierees AuNPs sans coiffage sont synthétisées par réduction directe (par
NaBHy4) du précurseur d'or sans addition de ligands, pour obtenir des AuNPs pures.

2. Deuxiémement, les AuNPs coiffées de CTAB de différentes tailles sont synthétisées
par la méthode de réduction chimique en utilisant NaBH4 comme agent réducteur et le

tensioactif CTAB.

Apres avoir meélangé les différentes tailles de AuNPs (pure et coiffée CTAB) dans
différentes fractions de volume en un volume constant des ZnO NPs, les activités
photoluminescence et photocatalytique des échantillons hybrides ont été examinées, en plus de
la caractérisation structurelle par imagerie MEB. Le role de la partie semi-conductrice et celui

de la partie plasmonique sont toutes les deux étudiées.

Les images MEB des échantillons hybrides montrent que les AuNPs purs sont en contact
direct avec les surfaces des ZnO NPs et que la présence de AuNPs sans recouvrement est
détruire des structures des ZnO NPs. De plus, des nanoparticules pures éteignent la
photoluminescence des ZnO NPs sous irradiation UV par transfert de charge direct des surfaces

de ZnO aux AuNPs. Ce transfert a été facilité par le contact direct des AuNPs sur les surfaces



de ZnO. D'autre part, I'agent de coiffage CTAB crée une distance entre les surfaces AuNPs et
les NPs ZnO.

Les observations de PL montrent que le couplage de ZnO NPs avec des nanoparticules d’or
coiffées de CTAB, dans tous les rapports et pour toutes les tailles d’AuNPs, augmente
I’émission UV de ZnO par rapport a celle de ZnO pur, a I’exception de la taille plus grande des
AuNPs ayant une réponse opposée. Les AuNPs de petites dimensions et présents en petites
quantités dans les systémes hybrides ZnO-Au donnent lieu a une amélioration des PL. A partir
de 1a, on peut s’attendre a ce que le transfert de charge de petits AuNPs vers ZnO soit a I’origine
de ce couplage réussi. Le transfert de charge des AuNPs vers les ZnO NPs est induit par le
transfert d'énergie du ZnO NPs vers les AuNPs. En d'autres termes, les ZnO NPs ont une
luminescence visible faisant référence aux émissions de défauts. Cette plage d’émission
chevauche la plage d’absorption des AuNPs chargés. Par conséquent, la luminescence visible
pourrait étre absorbée par les AuNPs. L’absorption des AuNPs par la luminescence visible
pourrait agir comme une excitation visible interne des AuNPs, conduisant a la génération
d’électrons chauds a la surface des AuNPs. Ceux-ci pourraient étre transférés dans la bande de
conduction (CB) des ZnO NPs, augmentant ainsi la recombinaison radiative dans les ZnO NPs
reflétée par I'amélioration de PL. Ce phénomene est connu par l'effet PIRET (Transfert
d'énergie par résonance induite par Plasmon). Cet effet d'amélioration est validé par la distance
entre les AuNPs et les ZnO NPs créés par 1'agent coiffant CTAB, afin de permettre le transfert
de charge indirect des AuNPs aux ZnO NPs sous irradiation UV, par le biais du transfert
d'énergie. Les résultats de photocatalyse mesurés en vue de la dégradation du colorant bleu de
méthyléne (MB) montrent qu’un nombre optimal de chaque taille d’ AuNPs devrait €tre ajouté
dans les ZnO NPs afin d’augmenter I’activité¢ du PC. De petits volumes d’AuNPs coiffée par
du CTAB de petite taille peuvent augmenter 1'activité de la PC sur les échantillons, alors que
de plus grandes quantités de plus grands AuNPs coiffée par du CTAB sont nécessaires pour

augmenter l'activité de la PC.

Ce travail montre que l'inter-distance ZnO-AuNPs peut étre contrdlée chimiquement par
l'agent coiffant CTAB sans I'addition de ligands supplémentaires, ce qui permet d'obtenir moins
d'apport chimique, conduisant a des NPs hybrides purs et accessibles. La pureté supérieure des

NPs est utile pour plusieurs applications, notamment en biomédecine et en photocatalyse.

D'autres ¢tudes expérimentales sont nécessaires a l'avenir pour mieux controler le

mécanisme de couplage. En perspective, 1’effet de la morphologie des AuNPs pourrait étre



¢tudié. Régler la distance des hétérojonctions par d'autres moyens, travailler sur d'autres

matériaux plasmoniques pourrait &tre prometteur pour la présente étude.

De plus, les nanomatériaux fluorescents sont considérés comme des dynamos pour 'analyse
dans divers domaines. Ces systémes permettent de nouvelles études structurelles et
fonctionnelles de biomolécules, améliorent les analyses bioanalytiques, ainsi que de
nombreuses autres applications. Sur cette base, les ZnO NPs sont auto-assemblés dans des trous
de PMMA sur des substrats en Si. L’avancée de 1’intégration des ZnO NPs dans les couches
de polymeére de PMMA est décrite afin d’obtenir un modé¢le a grande surface de propriétés de
ZnO homogenes. Les nanoparticules de ZnO assemblées avec du PMMA pourraient constituer
des substrats prometteurs en tant que catalyseurs pour la croissance de nanofils de ZnO, de
nanoparticules métalliques et de nanomatériaux hybrides, visant ensuite a utiliser ce systéme

comme matériau fluorescent dans des opérations de bio-marquage ou de catalyse.

Ces systémes peuvent étre obtenus en incorporant les ZnO NPs optimisés recuits a 250°C
dans du PMMA synthétisé dans un solvant MIBK, puis par dépdt par centrifugation sur des
substrats de silicium a différentes vitesses d’évaporation allant de 250 rpm/min a 10,000
rpm/min. Les échantillons sont ensuite examinés par des mesures de photoluminescence. La
monocouche obtenue de PMMA chargé des ZnO NPs est évaluée par des mesures de
photoluminescence. Le systtme de PMMA chargé en ZnO obtenu est par conséquent observé
par microscopie optique et AFM. Outre la production de ZnO pur et réglable en taille avec un
processus de synthese par étapes, ce résultat refleéte la grande nouveauté, car aucune approche
dans la littérature ne permet l'assemblage des ZnO NPs purs, stables et hautement luminescents
sur une grande surface. Il s'agit d'une étape dans les processus de fabrication actuels de
nanomatériaux qui pourrait étre prometteur a 1'ére biologique, photocatalytique, optique et

électronique.
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