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Resumen

Las nanoparticulas de seleniuro de plata (Ag,Se) fueron sintetizadas con éxito mezclando nitrato de
plata (AgNOs) y acido selenoso (H.Se0s) que actian como fuentes de Ag y Se, respectivamente. En
presencia de fructosa y almidén como agentes reductores y estabilizantes, respectivamente. El
proceso mediado por la sonoquimica se realizd usando agua como solvente a temperatura
moderada, satisfaciendo los principios de la Quimica Verde. Se realizé un estudio de deteccidn sobre
el impacto de los pardmetros experimentales, como la naturaleza de los monosacaridos, las
cantidades de mono y polisacaridos y el tiempo de reaccién, sobre el tamafio, la forma y la
estabilidad coloidal de las nanoparticulas sintetizadas de Ag,Se que, a su vez, impactan sus
propiedades dpticas. La morfologia de Ag.Se NPs sintetizadas se ha caracterizado por microscopia
electrénica de transmision (TEM) y las fases a y B del Ag,Se se determinaron mediante la técnica de
difraccién de rayos X (XRD). Ademas, las propiedades dpticas de Ag,Se se estudiaron mediante
espectroscopia UV-Visible y el andlisis elemental se realizé6 de forma no destructiva utilizando la
técnica microscopia electrénica de barrido con EDS. En comparacion con los métodos anteriores, el
presente método ambientalmente benigno arroja luz sobre una ruta novedosa, simple y de bajo
costo para sintetizar nanomateriales valiosos que pueden tener una amplia gama de bio-
aplicaciones.

PALABRAS CLAVE: Quimica Verde, Seleniuro de Plata, Nanoparticulas, Fructosa, Almiddn,
Sonoquimica.



Abstract

Silver selenide (Ag.Se) nanostructures have been successfully synthesized by mixing silver
nitrate (AgNOs3) and selenous acid (H2Se0Os) acting as Ag and Se sources, respectively. In the
presence of fructose and starch play the role of reducing and stabilizing agents, respectively.
Sonochemistry-mediated process was performed using water as the solvent at mild
temperature satisfying the principles of Green Chemistry. A screening study was carried out
regarding the impact of experimental parameters, such as the nature of the mono-
saccharides, the amounts of mono- and poly-saccharides, and reaction time, on the size,
shape and colloidal stability of the as-synthesized Ag,Se NPs which, in turn, impact their
optical properties. The morphology of the as-synthesized Ag,Se NPs has been characterized
by transmission electron microscopy (TEM) and both a- and B-phases of Ag,Se were
determined by X-ray diffraction (XRD) technique. Besides, the optical properties of Ag,Se
were studied by UV-Visible spectroscopy and the elemental analysis was performed non-
destructively using SEM-EDS technique. Compared with previous methods, the present
environmentally benign method sheds light into a novel, simple and low-cost route to
synthesize valuable nanomaterials that may have a wide range of bio-applications.

KEYWORDS: Green Chemistry, Silver selenide, Nanoparticles, Fructose, Starch,
Sonochemistry.
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Chapter 1

Introduction

Nanoscience and nanotechnology involve research and technological developments at
atomic, molecular, and macromolecular levels, providing fundamental knowledge to
understanding phenomena and materials at the nanoscale. These technological
developments result from the convergence of traditional fields of science under the same
principle in order to create structures and functional systems with novel properties to
improve the quality of life through sustainable development. The application of
nanomaterials may bring significant enhancement in industry, agriculture, medicine, and
the environment (1). Over the las two decades, the use of the nanoparticles has attracted
particular attention due to their shape and size-dependent properties which differ from
ones of their bulk counterpart. Among semiconductor nanomaterials, silver selenide
(Ag2Se) is one of the most widely investigated chalcogenide materials due to its applications
electronics and biomedical field. Ag.Se nanostructures are well-known to possess unique
electronic and structural properties (2). Silver selenide typically exists as orthorhombic-
phase with high electrical conductivity and, at a temperature above 407° K, as a cubic-phase
with superionic characteristics. This phase transition is known to be a reversed process (3).
High-quality Ag,Se nanoparticles can be constructed by “top-down” techniques, producing
very tiny structures from bulk materials through the physical manipulation of mater.
“Bottom-up” is the other approach to create nanostructures atom by atom or molecule by
molecule. However, these complicated and expensive methods involve either toxic
chemicals and high capital costs, generating hazardous toxic byproducts that are not
environmentally friendly. As an alternative solution to this concern, the “Green chemistry”
provides 12 principles as a guide in implementing less harmful synthesis (4).

The biosynthesis of nanoparticles that uses naturally occurring reductants and capping
agents has caught the attention of the scientific community. Among these natural reagents,
plant materials, microorganisms or their extracts have proven efficient in the synthesis of
inorganic nanoparticles (NPs), usually in a nontoxic aqueous medium. The green synthesis
of NPs provides advantages over the traditional physical and chemical methods as it is
simple, cost-effective, with a renewable natural source, relatively easy to reproduce, and
results in a more compatible and stable product (4). Many techniques have been employed
in green technology, including biological methods, ultrasound energy, direct laser or
microwave irradiation, or the use of Tollens reagent for the synthesis of controllable shape
and size nanoparticles. However, nanoparticles are naturally unstable and tend to
aggregate due to the onset of strong Van der Waals forces between particles (5). Reducing
and capping agents provide stable passivation of the particle surface, preventing the
agglomeration as well as the uncontrollable growth of particles. Among the materials used



as stabilizers, natural polymers provide an excellent steric hindrance effect along with
potent stability (2). Besides, simple sugars, used as nontoxic reducing agents is a cheap and
abundant natural source for the synthesis of inorganic NPs. This reducing character is
achieved in their open-chain form and maximized with the ionization of the sugar (6). The
green approaches are used to produce nontoxic and biocompatible nanoparticles applicable
in the industry and biomedical field. Therefore, from a green chemistry perspective, three
main steps in the preparation of nanoparticles should be consider: the solvent medium,
reducing agent, and nontoxic stabilizing matrix (7).

The present work is focused on the green synthesis of silver selenide (Ag.Se) nanoparticles
under sonochemical irradiation in aqueous solution. D-fructose is employed as the reducing
and copecipitating agent, replacing toxic and harmful agents, such as hydrazine, sodium
borohydride, and dimethylformamide already reported in the literature. Finally, starch acts
as a stabilizing agent offering like a template for the growth of the nanoparticles.

Literature Review
Nanoscience and Nanotechnology

Currently, nanoscience and nanotechnology play an important role in terms of scientific and
industrial research and development. It’s about scientific/technological disciplines dealing
with the study, design, synthesis, and application of the matter at the nanometric-scale.
When introducing Nanoscience and Nanotechnology concepts, it is important to distinguish
the terms that compose them: "science" and "technology". The first is the ordered sets of
knowledge that studies, searches and interprets natural, social, and artificial phenomena
and the laws that govern these phenomena; the second refers to the set of instruments,
methods, and techniques designed to solve specific problems. On the other hand, "nano" is
a prefix unit that means "one-billionth part" (10-°). At this dimension, the physical, chemical
and biological properties of materials change tremendously depending on their shape and
size as well as their composition and structure (8). According to the Standardization
International Organization (9), "nanoscale" is the range of sizes between “1 - 100 nm”.

Although several possible definitions exist, a current and complete definition considers
Nanoscience as the study of phenomena and manipulation of matter at atomic, molecular
and macromolecular levels where the properties differ significantly from their bulk
material. On the other hand, Nanotechnology is the design, characterization, production,
and application of structures, devices, and systems, whose shape and size are controlled at
a nonmetric-scale. Therefore, nanoscience is concerned with understanding effects such
induced by features, such as size, surface tension or stickiness, and its influence on the



properties of the material. This fundamental knowledge is exploited by nanotechnology to
create materials with desirable and novel properties (10,11).

It is not clear when humans began to take advantage of nanomaterials. It is known that in
the 4™ century A.D. glasses containing nanosized metals were fabricated by Roman
glassmakers. An important piece from this period is the Lycurgus cup made from soda-lime
glass containing gold and silver NPs, whose color changes from green to a deep red when a
light source is placed inside (Figure 1a). Moreover, the variety of beautiful colors of the
windows of the medieval cathedrals are due to metal NPs present in the glass (Figure 1b).
In the 18™ and 19" centuries, a photography film technology was developed that depended
on the production of light-sensitive silver NPs. These films are an emulsion that contains
silver halides which are broken down by the effect of the light source in the silver NPs
becoming the pixels of the image. In the late 18" century George Eastman, who would later
found the Kodak Corporation, made photography accessible to many by the manufacturing
of a thin flexible film that could be rolled (12).

Hluminated from
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Figure 1: Image of (a) Lycurgus cup and (b) gothic stained glass window in Cologne Cathedral. Adapted from (5).

In 1960 Richard Feynman, a theoretical physicist at Caltech, first introduced the idea of
nanotechnology at a meeting of the American Physical Society in his visionary speech,
entitled "There is a lot of space at the bottom." Although, he never explicitly mentioned
“nanotechnology,” Feynman hinted that eventually, it would be possible to manipulate
matter on a tiny scale to create a “nano-factories” (13). In 1979, inspired by Feynman's
revolutionary ideas, Erick Drexler expanded the concepts of molecular fabrication towards
the understanding of protein function. As a result, the field of nanotechnology was created
(14). Ever since then nanotechnology has become an interdisciplinary field.



Nowadays, nanotechnology impacts the human daily life. This new technology involves
chemists, physicists, biologists, and engineers under the same principle and method in the
development of structures and functional systems with unique capabilities and potential
benefits. Furthermore, it has become a foundation for different areas such as biomedicine,
health care, industrial applications, and electronics. The in-depth study of nanomaterials
and nanostructures is an important source for establishing new concepts, techniques and
methods which yield the progress of science creating new opportunities for practical
applications. (15,16).

Silver selenide semiconductor nanoparticles

Among all semiconductor materials, silver chalcogenides have drawn immense attention by
the scientific community due to their large spectrum of applications including
biological/chemical sensors, solar cells, nanoscale electronic devices and catalysis (2).
Semiconductor nanostructures often refer to as nanoparticles, quantum dots, nanocrystals,
etc. They fall within the intermediate state of matter between the bulk phase and molecular
regimen. Properties of nanomaterials can be modified by tuning their size giving rise to
novel phenomena. In semiconductors, crystallite size is strongly related to their optical and
electronic properties due to the increased surface area, so the quantum effects become
progressively important with the reduction in size (17,18).

Ag,Se known as naumannite is a semiconductor material rarely found in nature as a mineral.
It belongs to I-VI compounds with an optical band-gap between 1.2 and 1.8 eV (19). Silver
selenide is a mixed ionic conductor with a phase transition at atmospheric pressure from a
low-temperature orthorhombic phase (B-Ag,Se) with a narrow direct band-gap of 0.07 —
0.15 eV at 0 K, and a high-temperature cubic phase (a-Ag,Se, > 407 K) (20). The
orthorhombic phase (Figure 2a -b) is the most accepted crystal structure of Ag,Se due to its
relative high Seebeck coefficient (thermoelectric power, -150 uV/K) at 300 K, an unusually
low lattice thermal conductivity coupled with high electrical conductivity (21). B-Ag.Se
compound exhibits photocatalytic activity and super hydrophobic characteristics; this
compound has been used as a photosensitizer in photographic films, thermos-chromic
materials for non-linear optical devices, and photovoltaic cells (22).



(a)

Figure 2: Orthorhombic phase (8-Ag.Se). (a) Frontal view and (b) lateral view. Adapted from (23).

Nanofabrication methods

Physical manipulation of matter at nanoscale is the heart of nanoscience and
nanotechnology. Nanofabrication aims to building structures at the atomic level in large
guantities at a relatively low-cost. Nanofabrication methods can be divided into two main
approaches: Bottom-up and Top-down methods.

» Bottom-up methods

Bottom-up approach deals with strategies to self-assemble and self-organize building blocks
of atoms or molecules into multifunctional nanostructural materials through
supramolecular interaction (i.e., hydrogen bonding, metal coordination, van der Waals,
electrostatic, m-it, hydrophilic-hydrophilic, and hydrophobic-hydrophobic interactions) in
controlled chemical reactions (24). The result is a set of identically structures with fewer
defects and homogenous chemical composition. The bottom-up approach has the potential
to assemble functional multi-component devices, without waste or the need to develop or
eliminate parts of the system. Some of the most prominent bottom-up methods include
atomic layer deposition, sol-gel, molecular self-assembly, chemical vapor deposition,
microemulsion (25).

» Top-Down methods

Top-down approach has evolved from the conventional lithography technology. The
principle behind this method is to take a bulk material and modify or break it into desired
structures; it normally involves cutting, grinding or etching out some materials to make the
final ones. The key to these strategies is that the pieces are both patterned and built-in
place, so no assembly step is needed (26). Top-Down approaches include various methods
such as chemical etching (acids), mechanical etching (UV-light, X-rays, electron beams),



scanning probe lithography, nanoimprinting lithography, and block copolymer lithography
(25).

Green Synthesis

The biosynthesis of nanoparticles is essential in developing sustainable technologies,
especially for the environment, due to its cost-effectiveness and eco-friendly character
offering a serious alternative to chemical and physical methods. Green synthesis, based on
the twelve principles of Green chemistry (27), interconnect nanotechnology and
biotechnology for the synthesis of biocompatible stable NPs. Plant extracts,
microorganisms, and viruses or their extracts are used as biological routes, due to their
antioxidant and reducing properties for a large-scale production of NPs. Nanoparticles
synthesized via green technology are superior to their counterparts obtained traditional
methods thanks to diverse aspects, such as simple reproducibility, greater stability and
appropriate dimensions. Furthermore, green technology consumes less energy, uses
ecological, non-toxic and safe reagents generating environmentally benign products and
byproducts (4).

» Biological method

The potential of organisms in the synthesis of NPs ranges from a simple prokaryotic cell to
eukaryotic cells and plants. Bio-based protocols have been followed for the synthesis of
stable and well-characterized NPs considering critical parameters, such as kind and
genetically properties of organisms, conditions of cell growth, enzyme activity, ideal
reaction conditions, and the appropriate biocatalyst state. The morphology and size of the
NPs can be controlled by substrates concentration, pH, temperature, light, reducing agent,
and reaction time (28). These processes are divided into two categories depending where
are formed NPs in the microorganisms. There are intracellular pathway, if the
microorganisms promote the NPs in their inside or extracellularly pathway if production of
the NPs is out of the microorganisms (29).

> Irradiation method

Diverse kinds of radiations can be used to synthesize NPs. Direct laser irradiation technique
produces well-defined NP populations in terms of shape and size, which can be altered by
modulating the laser power. Particle size increases at low laser power in short reaction
times, while it decreases at high laser power (30).

Microwave irradiation method is a less-time consuming approach for the production of NPs
with a low size dispersion, although a precise control in morphology is not achieved (31).



Microwaves act as high-frequency radiation fields, which are capable of heating any
material that contains electrical charges such as polar molecules or conductive ions.
Conductive and semiconductor samples heat up when the ions and electrons they
contained form an electric current and energy loses due to the electrical resistance of the
material. Moreover, liquid solutions produce a decrease in temperature fluctuation
medium, providing a homogeneous environment for the NP nucleation and growth (32).

» Sonochemical method

Ultrasound energy has been widely used to generate particles of a much smaller size and
higher surface area than those reported by other methods. The chemical effects of
ultrasound energy arise from acoustic cavitation, i.e. the formation, growth, and collapse of
bubbles in a liquid. The bubble collapse generates a localized hotspot through adiabatic
compression or shock wave formation whiting the gas phase of the collapsing bubble. The
extreme conditions formed in the hotpots have been experimentally determined, the
temperature of ~5000 K, pressures of 1800 atm, and cooling rates of 10 K/s. These extreme
conditions could be advantageous for the fabrication of materials with different structures
and properties (33).

> Tollens method

A simple one-step process, the Tollens method has been used for the synthesis of controlled
NPs. This technique involves the reduction of a precursor (i.e. Tollens reagent) by an
aldehyde. In the modified method, the controlled size and shape are directly proportional
to the ammonia concentration, and the nature of the reducing agent. Thus, reducing agent
and lowest ammonia concentration resulted in the smallest particle size with an intense
maximum plasmon absorbance (28,34).

Reducing and Capping agents
» Starch as a protective agent

Starch is a widely available biopolymer that occurs in nature as semicrystalline granules.
Starch granules have a complex structure comprising both crystalline and amorphous
regions. Starch is a complex homopolymer composed of two polysaccharides, amylose and
amylopectin. They are built of a-D-glucopyranosyl units but differ in both structure and
function (35). The relative weight percentage of amylose and amylopectin in natural starch



differ between 18% to 33% amylose and 72% to 82% amylopectin. However, high-amylose
starch contains ~70% amylose, unlike genotypes which contain less than 1% (36).

Amylose (Figure 3a) is a linear polymer of (1->4) linked a-D-glucopyranosyl residues with
the average molecular mass of ~10%to 103 kg mol? (35). Ideally, the linear fraction consists
of molecules structurally identical, varying only in the chain length (37). Amylopectin (Figure
3b) is a highly branched polysaccharide composed of hundreds of shorts a- (1->4)- glucose
chains, interlinked through a- (1->6)-bonds. The molecular mass of amylopectin is around
10° kg molt. Amylopectin molecules differ in molecular size, number and length of branches
per molecule, distances between them and the arrangement of branches into a pattern
(35,36).
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Figure 3: Chemical structure of (a) Amylose and (b) Amylopectin.

Natural starch exhibits several crystalline structures that differ in the packing density of the
single or double helices and water content (37). The amylose fragment is associated with
two polymorphic forms, the so-called A- and B-types, which consist of parallel double-
stranded helices, right-handed or left-handed with parallel or antiparallel packing. Each turn
of the helix contains six a-D-glucose units (38). C-structure can be considered as a mixture
of both A- and B-type polymorphs. Besides, in natural starch, a V-type structure is formed
by amylose-lipid complexes. The chain conformation consists of a single helix left-handed
and six glucose units per helix turn (35,36). The relative amount of crystalline structures is
influenced by the ratio of both amylose and amylopectin, molecular mass, length of the
external chains of amylopectin, degree of branching and therefore, the origin (37).

Starch as a “green” capping agent is the best candidate for the environmental benign
synthesis of nanoparticles because it provides stable passivation of the surface preventing
the aggregation of the nanoparticles. Starch, in particular, amylose, act as a protective
polymer influencing the particle size and morphology of the resulting NPs (39).
Biodegradable and biocompatible nanomaterials based on starch or starch mixture with
polymers are readily available and can be widely used by nanotechnology and implemented
in the food industry, agriculture and biomedical fields (40).



» Simplest sugars as reducing agents

Monosaccharides are single carbon chains of 3 to 7 in length with various adjacent hydroxyl
groups (Table 1). The general structure or molecular formula is Cx(H20)y, hence the name of
carbohydrates.

Table 1: Monosaccharides

Trioses Tetroses Pentoses Hexoses Heptoses
Carbon atoms 3 4 5 6 7

Hexoses, such as glucose and fructose can exist in isomeric form due to the oxidation of a
hydroxyl group into a keto (ketones) or aldehyde (aldoses) groups (41,42). Structurally,
monosaccharides of five or six carbon units can occur in both straight-chain form and cyclic
form, the so-called furanose and pyranose rings, respectively. Carbohydrates and some
organic compounds display stereoisomerism and optical isomerism. Stereoisomers, have
the same molecular formula but a different arrangement of atoms in the space whereas,
optical isomer have non-superimposable mirror images (enanantiomers). Stereoisomers
that are not enantiomers are called diastereomers (41,42). Carbohydrates have the
conformation D- or L- depending on the orientation of the OH group of the chiral carbon.

CH,OH .
CH-OH CH>OH
H O - < O
H H O
OH -
OH OH H OH
(a) OH (b) OH H

Figure 4: Chemical structures (a) D-Glucose and (b) D-Fructose.

D-Glucose can form a- or B-D-glucopyranose configuration when the oxygen of the OH
group of the 5™ carbon adds to the carbonyl carbon to form a hemiacetal (Figure 4a).
Fructose, a six-carbon ketose forms five-membered fructofuranose rings. D-fructose form
a-D-furanose configuration when the oxygen of the OH" group binds with C2 producing a
hemiketall (Figure 4b) (42).

A reducing sugar contain a great variety of hydroxyl and carbonyl groups; these groups
provide carbohydrate-coated NPs a unique H-bonding capability in assembling to a



supramolecular architecture (7). The reducing character of sugars is achieved by reacting
with water to give rise to the open-chain form containing the aldehyde group. Thus, mono-
and disaccharides are renewable, inexpensive, non-toxic reducing agents for the green
synthesis of nanoparticles.

Applications of Ag,Se nanoparticles
» Photovoltaic devices

Quantum confinement in nanocrystals indices unique optic and electronic properties that
enhance the conversion of energy in the production of renewable cost-effective solar fuels
(Hz, CO, CH30H, CxHyOz, CnHan+2) (43). Quantum dot-based solar cells have the ability to
convert sunlight into electricity (clean energy). However, the limitations encountered with
photovoltaic devices are conversions efficiencies. The most effective way to overcome
these limitations is to combine polymers with inorganic semiconductors, providing an
interface for efficient charge transfer because of the nanoscale nature of light absorption
and photocurrent generation in solar energy conversion (44). Nanostructured-photovoltaic
devices exhibit several advantages such as energy saving, high efficiency, and high stability
which make them more and more useful in many applications.

» Light-emitting devices

Recent advances in quantum dots as alternative light-emitting elements and processing
technologies have enabled numerous photonic applications to become a reality. Quantum
dot-based light-emitting diodes (QLEDs) can have their color properties tuned by simply
changing de size of the quantum dot used (45). This unique capability to use a single
material for a range of different colors could present a cost-savings measure on an industrial
scale. The most promising application is the flat-panel display technology, due to the
advantages of solid-state, self-emission, full-color capability and flexibility of QLEDs
encapsulated within organic polymers (16).

» Catalysts

Nanoparticles have a high specific surface area (m?/g) which provides a higher catalytic
activity. Nanotechnologies allow synthesizing metal NPs in solution in the presence of a
surfactant to form highly monodispersed films of the catalyst NPs on a support structure.
This approach enables more uniformity in the size and chemical structure of the as-
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synthesized NPs, which in turn enhance the catalytic activity and reduce the generation of
by-products. Also, it is possible to engineer NPs with specific or selective activity (10).

» Biological Applications

The advent of nanotechnology in the field of health sciences gives rise to a large number of
diagnostic and therapeutic applications. Nanomedicine is the scientific revolution and
technology of the 21° century, with economic implications that exceed 100 billion euros
(46). Today, humanity is experiencing a progressive increase in diseases such as diabetes,
Alzheimer's, Parkinson's, cancer and cardiovascular pathologies. Treatments for such
diseases are expensive and remain ineffective in advanced stages. Nanomedicine is shown
as an alternative in the search for new and rapid diagnostic and therapeutic methods that
are efficient and specific at low cost. The most significant scientific advances within
nanomedicine are:

Nanodiagnosis

The medical diagnosis using nanosystems has allowed an effective detection of diseases or
cellular malfunction in vivo and in vitro (47), allowing the design of customized treatments
for specific diseases, increasing therefore the patient’s chances of recovery (48). In
diagnostic nanosystems used in vivo, the biocompatibility of the material and its stability in
physiological conditions play an important role when interacting with a certain pathogen or
cancer cell avoiding its function being altered by the host's defenses. On the other hand, in
vitro systems exhibit greater design flexibility, in less time, high sensitivity and precision.

Quantum dot labels have been successfully used in a wide number of bioanalytical
purposes, such as immunoassays, DNA detection and binding assays using fluorescent tags
for targeting molecules. Fluorescence immunoassays detect the binding between
fluorescent-biomarker and the analyte molecule attached to a substrate. QDs-biomarkers
have been successfully used as a substitute for organic fluorophores and colorimetric
reagents in the detection of specific protein as well as cells of interest in immunoassays.
Also, they could enable the detection of hundreds to thousands of molecules
simultaneously (49).
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Controlled drug delivery systems

The biggest disadvantage of therapeutic drugs is the low specificity, causing damage to
healthy tissue that are adjacent to the affected cells. Nanotherapy or controlled drug
delivery systems aims at developing a vehicle (functionalized NP) which contains both
therapeutic agents and recognition elements to locate and release drugs exclusively in
affected cell areas, minimizing side-effects. Besides, these systems protect the drug from
degradation before reaching the site of action. In this way, the administered doses could be
lowered while keeping the same efficacy or even improving it (48).
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Problem Statement

The production of inorganic nanoparticles is currently of great interest to the scientific
community as a result of scientific and technological advances in different fields. Due to
these advances and the growing demand of nanomaterials in the modern industry, there is
an increasing need to synthesize nanomaterials while considering the environmental
aspects.

"Greener" processes or biosyntheses are a revolutionary alternative in response to
environmental pollution problems associated with toxic wastes and byproducts generated
by conventional methods which require and/or give rise to toxic substances. The twelve
principles of Green Chemistry have become the base guide for the design and development
of environmentally-benign and sustainable methodologies, through the use of renewable,
biodegradable, and biocompatible reagents which, in turn, reduce the toxicity of the newly
synthesized nanomaterials and the impact of their byproducts on the health and the
environment.

To achieve this goal, the implementation of techniques, such as sonochemistry, is crucial in
the development of new methodologies. The effects produced by the ultrasound are due
to the creation, expansion, and explosion of small bubbles (cavitation) in the irradiated
liquid. The cavitation phenomenon induces high temperatures and pressures in defined
spots, conditions that promote chemical reactions. The ultrasound radiation favors the rate
of the reaction, reduces the production of waste and unwanted byproducts, avoids
purification processes, and the improves the yields of the products in wet conditions.

In this context, this project proposes the green synthesis of semiconductor nanoparticles of
silver selenide, using mono- and poly-saccharides as reducing and stabilizing agents,
respectively, and the extensive characterization of their corresponding optical, structural
and chemical properties using instrumental analysis techniques.
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General and Specific Objectives
General objective:

To perform the green synthesis and characterization of silver selenide (Ag:Se)
semiconductor nanoparticles using fructose and starch as reducing and stabilizing agents,
respectively, under ultrasonic irradiation and perform their full characterization from
chemical, structural, morphological and optical points-of-view.

Specific objectives:

e To synthesize and characterize Ag,Se NPs with controlled size and morphology,
using the ultrasound technique.

e Toinvestigate the impact of the concentration of the reducing agent on the size and
the shape of the Ag,Se NPs.

e Tocharacterize the optical properties of these Ag,Se NPs using UV-Vis spectroscopy,
their size and shape using transmission electron microscopy, and their structural and
crystalline features using X-ray diffraction.

e To determine the elemental composition of Ag;Se NPs using a SEM-EDS.

13



Chapter 2
Methodology

Synthesis of Ag,Se NPs

The Ag,SeNPs were prepared in a colloidal solution; thus a well-known and efficient method
was employed. Ultrasonic synthesis method applies sound energy for an effective
dispersion of Ag,SeNPs within the liquid phase. The application of ultrasound waves to
nanomaterials improve the colloidal synthesis of uniform and highly crystalline NPs. Next,
the sonication-assisted method is explained in detail.

Sonication

Sonication is an energy-efficient and cost-effective tool, widely used in toxicological and
environmental applications to powder fragmentation or re-disperse stock suspensions to
their nanoscale components. However, the erratic application of ultrasonic treatments,
combined with a non-standardized process can influence the variability of the final result
producing complex physical and chemical phenomena.

For a better understanding, some relevant terms are presented. NPs are defined as ultrafine
particles with size-dependent properties, characterized by having at least one dimension
ranging from 1 nm to 100 nm. A Primary particle is a subatomic entity which may form larger
particle structures. There are two kinds of larger particle structures: aggregates and
agglomerates. An aggregate is a collection of several primary particles, strongly fused,
sintered or metallically bonded, whose bonds are difficult to break down. On the other
hand, an agglomerate is a junction of primary particles and/or smaller aggregates by weak
bonds. Therefore, agglomerates can be separated using sonication energy in order to obtain
primary particles. The dissociation of agglomerates in a solvent creates a colloidal
suspension where the particles are homogeneously distributed.
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Figure 5: Graphical description of (a) cavitation process and (b) sonication configurations. Adapted from (50).

The sonication process is generated by sound waves that propagate through the liquid
media in alternating low- and high-pressure cycles, generally in a frequency range between
20-40 kHz. During the low-pressure cycle known as rarefaction, microscale vapor bubbles
are formed due to the cavitation process shown in Figure 5a. The created bubbles are
dissociated during the high-pressure cycle (compression) generating a local shock wave that
delivers a great amount of mechanical and thermal energy. There are various forms in which
ultrasonic waves are generated. For example, direct immersion of the probe into the
suspension (direct sonication) reducing the physical barriers to wave propagation, or
introducing the sample in a bath or cup horn (indirect sonication) where the sound waves
travel through the liquid medium as show in Figure 5b. The ultrasonic device produces
vibrational energy from electrical power with the use of a piezoelectric transducer. This
transducer responds with a change of volume when AC current is applied. The oscillation
frequency in some cases is fixed by the device. Thus, a change in the instrument power
configuration produces a change in the amplitude of the probe. The power value presented
on the instrument display reveals the consumed power from the electrical source. But, the
consumed power does not reflect the amount of power released to the medium. The power
consumption in some systems is self-adjusted in order to keep the vibrational frequency at
a constant value depending on the resistance from the sonicated medium. The
fragmentation effect produced by ultrasonic energy depends on the energy amount that is
released to the medium. However, only a portion of energy delivered is used in the
production of aggregates and primary particles. Besides, an excess of energy may result in
a re-agglomeration of fragmented clusters or physicochemical alterations on the material’s
surface (50).
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Lyophilization/Freeze Drying

Lyophilization also called freeze-drying, is a process involved in the removal of solvent
(water) from sensitive products after being frozen. This process improves the stability
without changing the product properties in such way, so the product can be easily preserved
in long-term state and by adding water it can be easily reconstituted. The fundamental
principle that governs this process is known as sublimation, a physical phenomenon that
consists of a change of state from a solid-state to a vapor-state. Water sublimation occurs
at pressures and temperatures below the triple point, that is, 4.579 mm Hg and 0.0099 °C.
The lyophilization technique consists of three separate and interdependent processes:

Freezing

Freezing is a crucial stage to establish the microstructures of the dry sample. For a complete
solidification, the temperature must be low enough to freeze the sample. Since
lyophilization is a change of state, the product must be pre-frozen correctly. The final
temperature and the pre-freezing method can affect the ability to successfully lyophilize
the sample. For example, small ice crystals suitable for preserving structures but difficult to
lyophilize are the result of rapid freezing. While large ice crystals are the result of slow
freezing.

The products are frozen depending on their eutectic point or glass transition point. The
eutectic point is the one in which the solid, liquid and vapor phase coexist. The eutectic
products are composed of substances that freeze at temperatures below to the solvent
temperature (eutectic temperature). Therefore, before starting the process it is important
to pre-freeze the products below the eutectic temperature. In contrast to the eutectic
products, the suspension undergoes glass formation as its viscosity increase with
temperature decrease. As a consequence, a vitreous solid is produced at the glass transition
point.

Primary drying

Once the product is pre-frozen, the optimal conditions are established to remove ice from
the product by sublimation, which results in a dry and structurally intact product. This
requires the control of the system parameters (temperature and pressure). Molecules
usually migrate from the high pressure to low pressure. Considering that the vapor pressure
and the temperature are correlated, it is important that the ice collector has a higher
temperature than the product. Additionally, for optimum drying, lyophilization
temperature must be equilibrated between the temperature at which the frozen product
maintains its integrity and the temperature at which its vapor pressure is maximized.
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Secondary drying

Although a complete sublimation process has been carried out, the product still has a
percentage of residual moisture, thus continuous drying is required to decrease the
moisture to optimum values. This process is known as desorption since the low levels of
water present in the product are desorbed. The desorption process is carried out at
temperatures higher than the surrounding, but adaptable to the product sensitivity.
Therefore, the storage temperature increase and the chamber pressure is minimized (51).

Instrumentation
Ultraviolet-Visible spectroscopy (UV-Vis)

Ultraviolet-visible (UV-Vis) spectroscopy is a quantitative analytical technique used in the
primary characterization of the as-synthesized NPs. It is an efficient, simple, and applicable
technique to different kinds of NPs. This technique is associated with the absorption of
near-ultraviolet (180-390 nm) and visible (390-780 nm) radiation by chemical species. The
near-ultraviolet and visible regions of the electromagnetic spectrum provide a precise
amount of energy that results in electronic transitions from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). The energy difference
between HOMO and LUMO is called the band gap. Each wavelength of light is associated to
a particular energy. Therefore, a specific amount of energy delivered is capable to induce
just one electronic transition, and the wavelength will be absorbed (52,53). The energy gap
(54) could be estimated by the wavelength value corresponding to the intersection point
using the following equations:

C
Eg hz ev
1240
o= ¢

Where:

E 4, Band-gap energy (eV)

h, Planck’s constant (6.626 x1073* ] - s)

A, Wavelength (nm)

¢, Speed of light (299792458 x10'7 nm/s)
1eV,1.6 x10719 )
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The greater the gap between energy levels, the greater the energy required, the shorter the
wavelength. UV-Vis spectroscopy applies this concept to create the spectrum. On the
devices, the output from the light source produces a beam focused to a prism that divides
the incoming beam into its light beams of different wavelengths in the range from 200 to
800 nm. The light beam travels through the transparent cuvette which contains the liquid
sample. Then, the detectors transform the incoming light into a current, with which the
chart recorder creates a plot where a higher current means a greater intensity. The blank is
a sample that contains everything except the analyte of interest, the solvent. The
absorbance is calculated by the following equation:

I,
A= logw 7

The absorbance (A) is a measure of the amount of light absorbed for each wavelength, I,
is the intensity of light from the reference cell (blank) and I is the intensity of light from the
sample cuvette. The higher the value, the greater the absorbance of a particular
wavelength. The Beer-Lambert Law states the absorbance is proportional to the
concentration. Therefore, it is possible to measure the concentration of the sample in
solution by a calibration graph. The Beer-Lambert Law is expressed by the following
expression (53):

A=¢cxCx*l
Where:

A, Absorbance

&, Molar absorptivity, constant for a particular substance at given wavelength (L mol™' cm™1)
C, Concentration of the solution (mol L™1)

1, Dimension of the cuvette (cm)

X-ray diffraction (XRD)

X-ray diffraction is a non-destructive analytical technique widely used for the identification
of phases present in the crystal material (qualitative analysis), and the determination of
their corresponding amounts (quantitative analysis), unit cell dimensions and crystallite
sizes or preferential orientation. XRD technique is based on constructive interferences of
scattered monochromatic X-rays and crystalline material (55). The geometrically
interpretation of the XRD phenomenon has been well-stablished by W.L. Bragg. The
geometrical conditions of diffraction and the determination of Bragg’s law is detailed in
Figure 6.
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Where:

n, Order of diffraction

A, Wavelength of the incident beam (nm)

d, Distance between the crystal planes (nm)
0, Angle of the diffracted beam (degree)
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Figure 6: Schematic representation of geometrical conditions for diffraction. Retrieved from (56).

Bragg’'s equation is generally used to determine the distance between the planes of a
crystalline structure. As well, it is possible to measure the angles at which constructive
interference occurs. The result of the measurement is the so-called diffractogram. The
diffraction pattern is a useful tool to identify crystalline structures and spatial groups of the
present phases. Each phase produces a distinctive pattern that allows its identification. In
some cases, multiple phases are identified in a system, the distinctive patterns of each
phase overlap and the intensity of the diffraction peaks of the different phases are directly
proportional to their amounts. The principal components of XRD diffractometers consist of
three basic elements: X-ray tube, sample holder and X-ray detector. X-rays are generated
inside the sealed tube by heating a filament to generate electrons. The as-generated
electrons are accelerated in a high potential field and directed to a target material, which
then emits X-rays. Once electrons have enough energy to displace the inner shell electrons
of the target structure, characteristic X-ray patterns are generated (56,57).
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Transmission Electron Microscopy (TEM)

Electron microscope (EM) is a valuable instrument in the development of scientific theory
and it contribute notably in nanotechnology and related areas. EMs were developed due to
the magnification and resolution limitations of the traditional Light microscopes. The
Transmission Electron Microscope (TEM) was the first type of EMs to be developed,
following the same principle of their optical counterpart, except that TEM uses a focused
electrons beam instead of light to observe and characterize the object on a nanometer (nm)
and micrometer (um) scales. TEM analysis provides information about the topography,
morphology, chemical composition and crystallography of an object (58).

Electron gun
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Figure 7: Schematic representation of a Transmission Electron Microscopy (TEM). Retrieved from (59).

The principle of operation of a TEM (Figure 7) is the electron scattering that is the base of
image generation. The electron beam from the electron gun is focused into a small, thin
beam by the use of the condenser lens, which restricts the size of the beam. The beam then
hits the specimen and transmits parts of it depending on the specimen thickness. The
objective lens focuses the transmitted parts into an image on a phosphor screen. The image
that then passes through the intermediate and projector lens is fully enlarged. The screen
detects the incoming image when the electrons hit it and light is generated, which allows
to see the image. The dark-field of the image is a product of diffracted electrons while a
light-field is produced by electrons scattered through the sample (59).
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Scanning Electron Microscopy (SEM)

Scanning electron microscopy has become a versatile advanced instrument for material
characterization. SEM scans a focused electron beam over the solid specimen to create an
image. The high-energy electrons of the beam interact with the surface of the material,
generating several signals collected by detectors and used to get information about the
surface topography, crystal structure, and orientation of the sample components. Areas
ranging from 1 um - 5 um in thickness can be scanned using conventional SEM. The data are
collected from a selected area of the surface, and a detailed 2D image is generated that
exhibit the spatial variations in the properties.

The SEM instrument is based on the principle that the primary electrons generated by the
electron gun are accelerated and hit the sample surface, interacting with the near-surface
area to a certain depth in different ways. The primary electrons carry significant quantities
of kinetic energy, which is dissipated inside the sample generating a variety of mixed signals
by the electron interaction. These signals include secondary electrons (SE), backscattered
and diffracted backscattered electrons, photons, visible light, and heat.

In the case of SEM, the two types of electrons used for imaging samples are secondary and
backscattered electrons. Secondary electrons that are a result of inelastic interactions
between the incoming electron beam and the specimen display the morphology and
topography of samples. Unlike the secondary electrons, the backscattered electrons,
reflected after the stable interactions between the beam and the specimen, exhibit the
contrasts for the rapid phase discrimination. Photons or characteristic X-rays are produced
for each element present in the mineral after its excitation, by the beam (60-62).

Energy-dispersive X-ray spectroscopy (EDS or EDX) is involved in the identification of the
elemental composition of a sample by using scanning electron microscope. The elemental
microanalysis is determined by the characteristic X-rays emitted from a specimen being
examined. The elemental analysis is achieved in a spot mode in which the beam is localized
on an area of interest within the field of view, the so-called point analysis, and the specific
X-ray intensity is measured. The intensity of the characteristic X-ray peaks recognized in the
EDS spectrum is not a quantitative measure of the element concentration, although relative
guantities can be estimated from relative peak heights (63,64).
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Chapter 3

Results & Discussion

Experimental procedure
Materials

For the preparation of silver selenide colloidal nanoparticles, selenous acid, H,SeOs (99%,
Sigma-Aldrich), and silver nitrate, AgNO3(99%, EMSURE), were the precursors, D(+) fructose
from Sigma-Aldrich was the reducing agent, soluble corn starch from Sigma-Aldrich was the
stabilizing agent, and distilled water was the solvent. All chemicals were used without any
additional chemical purification.

Green synthesis of silver selenide NPs

The green synthesis of Ag,Se NPs, was carried out by a facile co-precipitation method.
Selenous acid (0.44 g) and AgNOs (1.73 g) were separately dissolved in deionized water at
room temperature.

The preparation of Ag.Se NPs and the associated control experiments are described in Table
2. For Ag.Se NPs preparation, 5 mL of 1.7 mM H;SeOs and 10 mL of 3.4 mM AgNOs were
added into a 300 mL glass beaker with a ratio of 1:2. Immediately, starch and fructose at
different concentrations was added to the reaction mixture and ultrasound irradiation was
carried out with ultrasonic processors (DAIGGER GE 505, 500 W, 20 kHz) immersed directly
into the reaction solution (Figure 8). The operating condition was 59-s pulse on and 5-s pulse
off time with amplitude of 70% for 30 min. The formation of Ag,Se NPs was confirmed by
the appearance of brown solution with the lapse of time.

Table 2: Reaction parameters for the production of Ag,Se NPs. The total reaction volume 100 mL.

N° COMPOSITION V(DW) S F V(Ag') V(Se*) TIME
mL mgmL? mgmL? mL mL min
Eiax | AgNOs; + HSeOs + F+S 85 10 5 10 5 30
Ei> | AgNOs + H,SeOs+F +S 85 10 10 10 5 30
Eis | AgNOs3+ H,SeOs+ F+ S 85 10 20 10 5 30
Ei.a | AgNOs3+ H,SeOs+ F+ S 85 10 40 10 5 30
Ci1 | AgNOs + H,SeOs + F 85 10 0 10 5 30
Ci2 | AgNOs + H,SeOs3+ S 85 0 10 10 5 30
C1.3 AgN03 + HzSEOg 85 0 0 10 5 30

V: volume; DW: distilled water; F: fructose; S: Starch; E: experiment; C: control.
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Figure 8: Schematic diagram showing the method of synthesis of Ag.Se NPs. Adapted from reference (65).
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Visual results of Ag.Se NPs

The initial prediction of the formation of Ag,Se NPs is the visual color change of the samples
after sonication. It clearly shows that the starting colorless reaction mixture becomes brown
under sonication in the presence of fructose and starch as reducing and stabilizing agents,
respectively (Figure 9a). For comparison purposes, an aqueous solution of 10 mL of AgNOs
and 5 mL of H,SeOs, was exposed to ultrasound energy, used as a control (Figure 9b). No
change in color in this solution was observed, confirming also the effectiveness of fructose
and starch as green agents that promote the production of Ag,Se NPs.

Sonication !
(30 min) '

I

Reducing and
Stabilizing agents

10 mL of AgNO; Change in color from colorless
(a) + to brown
5 mL of H.SeO3 (formation of NPs)
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(30 min)

10 mL of AgNO; No change in color
(b) * (no formation of NPs)
5 mL of H,Se03

Figure 9: Pathway for the synthesis of Silver selenide NPs (a) sample E1-4 and (b) control reaction.

As the fructose concentration increases from 10 mg mL™* to 40 mg mL?, a greater color
intensity of the samples is observed (Figure 10a). Therefore, it is estimated that the
production of nanoparticles would be higher with the maximum fructose concentration. In
addition, no sample shows precipitation. On the other hand, as shown in Figure 10b, control
samples without fructose do not show a color change after being subjected to ultrasonic
irradiation, unlike the control sample Ci.1 with 40 mg mL? of fructose that has an orange
color due to the formation of nanoparticles.

Figure 10: Color pattern of silver selenide nanoparticles under 30 min of ultrasound irradiation (a) different fructose
concentration and (b) control experiments.
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UV-Vis study of Ag,Se NPs

UV-Vis spectrometry is one of the most useful technique to ascertain the formation and
stability of nanoparticles, in agueous solution in the present case. In order to study the size
distribution and colloidal stability of Ag.Se nanoparticles, UV-Vis spectra were recorded
using a LAMBDA 1050 UV-Vis Spectrophotometer (175 to 3300 nm), PerkinElmer®. The
samples were placed in a quartz cuvette for analysis whereas distilled water was used as a
reference solvent.

The formation of Ag,Se NPs was confirmed by the appearance of the absorbance band and
wavelength position in the visible region at 385 nm - 446 nm, similar to those reported in
literature (2,66) (Figure 11a). In this range, single absorption peak give information of shape,
size and size distribution represents the characteristic absorbance band of spherical and
aggregated NPs (67,68).

In order to confirm the role of fructose in the reduction process, if we increase the fructose
concentration, there is increase in wavelength up to 413 nm as shown in Figure 11a. The
same experiment was carried out in absence of fructose. The corresponding UV-Vis
absorption spectra is shows in Figure 11b. The highest intensity absorbance of Ag.Se NPs
was observed at 40 mg mL? fructose concentration, whereas below 10 mg mL? the
formation of the absorption band was not observed, therefore there was no reaction and
no nanoparticles were synthesized. The intensity and wavelength were changed when the
fructose concentration is low or high, due to either the insufficient presence of reducing
agent or the formation of clusters. The variations in the intensity of absorption values signify
changes in the particle size (69).
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Figure 11: UV-Vis spectrum of as-synthesized Ag.Se NPs (a) different fructose concentration, (b) control experiments
detailed in Table 1.1.
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After confirm the production of NPs and the efficiency of fructose in the reaction, the
stability of Ag,Se NPs stored at room temperature was monitored. The UV-Vis spectrums
were recorded for 15, 30, and 60 days (Figure 12). It is observed that post 15 days there is
a slight increase in the intensity of the absorption band that may due to a change in the
nanoparticles concentration or cluster formation. After 30 and 60 days, there is a minimal
increase in the absorption band intensity that confirms the stability of Ag,Se NPs for a long
period of time.
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Figure 12: UV-Vis spectrum of Ag,Se NPs under sonication for 30 min and stored at room temperature for 15, 30, and
60 days.

XRD

X-ray diffraction (XRD) analysis on thin films of Ag,Se NPs was carried out to identify the
phase structure and determine the crystallite size using PANanalytical brand 6 - 26
configuration (generator-detector) X-ray tube, copper at A= 1.54059 A and EMPYREAN
diffractometer.

The XRD patterns of silver selenide NPs under ultrasound energy are showed in Figure 3.6.
Ag>Se NPS can exist as either orthorhombic and cubic phase. According to Kumashiro et al.
(70) all samples during the cooling process, undergo an a = B phase transition. As Ag,Se is
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a non-stoichiometric compound in both phases can exist dissolved silver atoms with Ag,Se
as a single phase. In addition, they mention that the silver solubility is higher in the a-phase
than the B-phase (70). Therefore, excess of Ag will be dissociated in AgNPs and/or
segregation of metallic silver. As shown in Figure 13, the characteristic diffraction peak
observed at 26= 36.1°, 44.1°, 52.3°, 64.5° correspond to (002), (112), (022), (222) planes
which conform the cubic phase a-Ag,Se (JCPDS, 98-003-3627). The additional diffraction
patterns observed at 26= 25.8°, 31.8°, 33.3°, 34.8°, 39.5°, 40.1°, 43.5°, 46.6°, 50.9°, 54.6°
correspond to (012), (102), (112), (121), (031), (122), (210), (004), (221), (222) planes which
can be indexed to orthorhombic phase B-Ag,Se with the naumannite structure conforming
P212:21 (19) space group (JCPDS, 98-001-5213). The prominent peak at 26= 37.6°
corresponding to (111) plane suggest the presence of elemental silver, as well as, short
peaks from selenium that was reduced to their elemental form in the final sample.

The presence of both orthorhombic- and cubic-phase of silver selenide is due to the acoustic
cavitation phenomenon which causes the formation of vapor bubbles that after collapses
producing localized hot spots with temperatures up to 5000 K, high pressure (<20 MPa),
and very high cooling rates (71). In other words, this method offers optimal conditions for
the formation of both phases at the same time. Furthermore, some diffraction peaks
present widening by the overlapping phases mainly due to the small particle size show
confirmed by TEM micrographs (Figure 14).
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Figure 13: XRD diffractogram of E;.3 sample. The red and blue vertical lines correspond to the cubic and orthorhombic
phases of Ag.Se, respectively.
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Crystalline size
In order to obtain information about the crystallite size, the broadening of diffraction peak
in the XRD is related with the particle size by Debye-Scherrer equation (72):

_ Ki
" Bcos©®

Where,

A, X-ray wavelength (0.154059nm)

B, The line broadening at half maximum (FWHM)
K, Constant related to crystalline shape = 0.93
L, Linear dimension of the particle

For this estimation, the most intense diffraction peak at 26= 31.8" corresponding to (102)
crystallographic plane was used. FWHM (26) = 0.310, the wavelength of X-rays (1) is
0,154059 nm. Taken into account that the values of FWHM and peak position (20) must
be in radians, the crystallite size:

_ 0.93 * 0.154059
~ 5.4x1073 * cos(0.55)

L=265nm

The crystallite size obtained through the Scherrer formula is related with the TEM
micrographs where the range of the average particle size is between 11.26 to 27.55 nm.
This result is consistent with the particle size already reported (71,73) .

TEM

The most straightforward way to stablish the size, shape and morphologies of produced
nanoparticles was using Transmission Electron Microscopy, TEM (FEI, TECNAI, G2spirit twin,
Holland).

TEM micrographs at 200 nm and 500 nm scale were subjected to particle size distribution
through the use of Imagel software. This software generates a .CSV files with information
about the area of the as-synthesized nanoparticles. Ag.Se NPs are round-shaped. Therefore,
the diameter is calculated from the area formula of a circle.

A = mr?
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The diameter is calculated using the relationship: d = 2 = r. Then, through the use of
OriginPro software, a histogram with the diameter data is generated, which is fitted with
Gaussian function to determine the average size of the NPs.

Table 3: Particle size distribution of Ag.Se NPs analyzed in figure 6. For each micrograph is detailed the average size, total
counts, and the range of size at which the largest number of nanoparticles belong.

Figure 6 Average size (hnm) Total Counts Range of size
(a) 11.26-27.58 38 [5-30nm] 78%
(b) 17.49 - 27.55 27 [10-40 nm] 51%

The results obtained from TEM images show that the as-synthesized Ag.Se NPs are round
in shape with a broad size distribution. The corresponding size distribution for the Ei
sample is 7-27 nm as displayed in Figure 14 (a) and (b).

Counts
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Figure 14: TEM micrographs of Ag.Se NPs in colloidal solution. The first column is the TEM images at different magnification
where the NPs are the black spots. The second column contains the histograms plots with the average sizes values of silver
selenide NPs.

In the presence of starch only (sample preparation Ci-2), the micrographs (Figure 15 (a) and
(b)) show that the synthesized particles morphology changes from spherical to cubic and
rod shaped nanocrystals with a large particle size, as compared to Figure 14. It is clear that
large aggregate nanostructures were formed in the absence of fructose as a reducing agent.
It might be attributed to the fact that starch is a natural polysaccharide that can be
decomposed in amylose and amylopectin, natural polymers formed by long chains of a-D-
glucose molecules. a-D-glucose, similar to D-fructose, is a natural sugar that acts as a
reducing agent in the production of nanoparticles (74). Therefore, the starch, after its
possible degradation, might have acted as the reducing agent instead of solely the
stabilizing agent. As a consequence, aggregated cubic and rod nanoparticles of different
sizes were formed, since there is little to no stabilizing matrix that controls the NP features
(size, shape, stability). These results confirm the role of fructose as a strong reducing sugar
and the starch as a stabilizing matrix in the production of nanoparticles with optical and
structural controllable properties.
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Figure 15: TEM images of Ag,SeNPs prepared in absence of reducing agent.

SEM - EDS

The elemental analysis/mapping of Ag.Se NPs were performed non-destructively using SEM
(TESCAN, MIRA 3) equipped with energy-dispersive X-ray spectrometry EDS (Bruker Nano
GmbH, Quantax). The samples were prepared by casting one drop of the NP solution on a
carbon coated cupper grid and drying at room temperature.

The energy dispersive X-ray spectrometry (EDS) technique was employed to study the
chemical composition and purity of Ag.Se material. The EDS spectrum, taken from a
selected area of SEM image, shows prominent elemental peaks related to silver, selenium,
carbon and oxygen in the as-synthesized Ag,Se NPs (Figure 16). The C and O detected in the
spectrum that arise from mainly the stabilizing agent (starch) and residual reducing agent
(fructose). The identification line for the major emission energy of selenium is observed in
the range of 1.2 - 1.6 keV while the one of silver is observed in the range of 2.6 - 4 keV.
These observed peaks of selenium and silver, due to their presence in Ag.Se NPs,
corroborate elemental peaks reported in literature (2,75). Therefore, the EDS spectrum
confirms the presence of silver and selenium atoms in the as-synthesized Ag,Se NPs.
Moreover, silver and selenium are in 2:1 proportion, which suggests the chemical formula
Ag,Se.
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Figure 16: (a) SEM image; (b) figure gives a selected area for EDS measure and elemental analysis; (C) EDS spectrum of
Ag,Se nanoparticles.
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Chapter 4

Conclusions & Outlook

Conclusions

The aqueous green synthesis of silver selenide nanoparticles described in Chapter 3 was
successful as it demonstrated the efficiency of fructose and starch as reducing and
stabilizing natural agents, respectively, in the presence of silver and selenium precursors.
Among the different sources of selenium, selenous acid (H.SeOs), sodium selenite
(Na2SeO0s), and selenium tetrachloride (SeCls), only the first one gave rise to the desired
nanomaterials. Similarly, different natural sugars like glucose, fructose and sucrose were
screened with different concentrations of starch for their ability to promote the synthesis
of Ag,Se NPs. In this regard, the best results were obtained with selenous acid.

The easiest evidence of the formation of Ag,Se NPs was the visual color change of the
samples under ultrasound irradiation in the presence of both starch and fructose. In order
to confirm the presence of as-prepared NPs, the UV-Vis spectra show the absorbance band
and wavelength position in the visible region in the range of 385-446 nm. The highest
intensity absorbance was observed at the maximum fructose concentration (40 mg mL™),
whereas, below 10 mg mL*%, no formation occurred. The XRD patterns show the presence
of both orthorhombic and cubic phases of silver selenide, as well as, some prominent peaks
that suggest the presence of elemental silver and elemental selenium in the final sample.
The widening of the major peaks is attributed to the overlapping phased mainly due to the
small size of the NPs that was determined using the Scherrer equation. The crystallite size
is comparable to the NP size that was determined from TEM micrographs displaying NPs
ranging from 11.26 to 27.55 nm. Moreover, TEM images confirm the production of uniform,
monodispersed and spherical Ag.Se NPs only in the presence of both natural agents,
fructose and starch.

On the other hand, the elemental analysis performed using SEM-EDS technique
corroborated the previous results. In addition to C and O peaks due mainly to starch, the
EDS spectrum showed the prominent elemental peaks related to silver and selenium atoms
in a 2:1 ratio confirming, once again, the obtained of Ag,Se NPs.
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Outlook

To corroborate once more the results obtained previously, X-rays photoelectron
spectroscopy analysis should be carried out in order to estimate the stoichiometry,
chemical state, and electronic structure of the elements present in the as-synthesized silver
selenide NPs. Moreover, mechanistic aspects that explain the formation of these stable NPs
should be explored. Additionally, biological tests should be performed on Gram (+) and
Gram (-) bacteria in order to prove the antibacterial properties of Ag.Se nanoparticles.

On the other hand, the methodology should be optimized based on new reaction
parameters: other Se and Ag precursors along with other sugars should be screened. On the
other hand, one may think to increasing the reaction time while constantly stirring to work
under homogenous solution and same temperature.
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