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Abstract

Silver nanoparticles (Ag-NPs) are species that exhibit the surface plasmon resonance
(SPR) effect. In this work, such plasmons were utilized in two different applications: the
enhancement of Raman spectra via surface-enhanced Raman scattering (SERS), and the
degradation of organic molecules using photocatalysis. To achieve these purposes, two
novel glass compositions were synthesized, one using lead phosphate (PBTN), and other
using sodium phosphate (NBTN). Both contain titanium oxide in their compositions,
and the effect of the insertion of this compound on the thermal properties and chemical
structure of the glasses was investigated through thermal analysis, Raman spectroscopy,
X-ray diffraction, and photoluminescence spectroscopy. Silver nanoparticles were, then,
synthesized on the surface of NBTN glasses using Nat/Ag® ion exchange followed by
controlled thermal treatment, and electron microscopy techniques, alongside UV-visible
spectroscopy were employed to confirm the synthesis. SERS experiments were conducted
using crystal violet as analyte, and it was possible to detect it on the glass surface up to
a lower limit of 107° mol/L using NBTN-Ag120 sample. Photocatalysis tests were run
using the glass samples in powder and bulk forms. The photodegradation of methylene
blue was assessed. While in the former, 57.8% of degradation was obtained, in the latter,
an even greater amount of dye was degraded, 77%. In both cases, tests using no glass
sample and using NBTN glass containing no Ag-NPs were conducted. It was proven that
the vitreous substrate acts as a photocatalyst on its own. Moreover, the degradation
percentage was greater when the nanoparticles were present in the material, showing that
plasmonic mechanisms were responsible for the enhancement in the overall process. The
solid materials developed during this work and herein presented are good candidates for

devices in both fields of sensing and photocatalysis.

Keywords: phosphate glass, ion exchange, silver nanoparticles, plasmonics, SERS, photo-

catalysis.






Resumo

Nanoparticulas de prata (Ag-NPs) sdo espécies que exibem o efeito de ressonincia plasmo-
nica de superficie (SPR). No presente trabalho, estes plasmons foram utilizados em duas
diferentes aplicagoes: a amplificagao de sinais de espectros Raman por meio de espalha-
mento intensificado por superficie (SERS) e a degradac¢ao de moléculas orgénicas usando
fotocatalise. Para alcancar esses objetivos, duas novas composicoes vitreas foram sintetiza-
das, uma usando fosfato de chumbo (PBTN), e outra usando fosfato de sédio (NBTN).
Ambas contém oxido de titdnio em suas composigoes, e o efeito da insercao deste composto
nas propriedades térmicas e na estrutura quimica dos vidros foi investigado por meio de
analise térmica, espectroscopia Raman, difragdo de raios-X e espectroscopia de fotolumines-
céncia. Nanoparticulas de prata foram, entao, sintetizadas na superficie dos vidros NBTN
usando-se a troca idnica Na® /Agt seguida de tratamento térmico controlado, e técnicas
de microscopia eletronica, junto a espectroscopia no UV /Visivel, foram empregadas para
confirmar tal sintese. Os experimentos de SERS foram conduzidos usando cristal violeta
como analito, e foi possivel detecta-lo na superficie dos vidros a um limite inferior de
107% mol/L usando a amostra NBTN-Ag120. Os testes de fotocatalise foram realizados
usando amostras de vidro na forma de p6 e de mondlito. A fotodegradacao do azul de
metileno foi avaliada. Enquanto na primeira forma, 57,8% de degradacao foi alcancada, na
segunda, uma quantidade ainda maior de corante foi degradada, 77%. Em ambos os casos,
testes sem amostra vitrea e usando amostras de vidro sem Ag-NPs foram conduzidos.
Foi constatado que o substrato vitreo atua sozinho como fotocatalisador. Além disso, foi
mostrado que a porcentagem de degradacao foi maior quando as nanoparticulas estavam
presentes no material, demonstrando que mecanismos plasmoénicos foram responsaveis
pela intensificacao do processo de fotocatalise. Os materiais desenvolvidos durante este
trabalho e aqui apresentados sao bons candidatos a dispositivos em ambos os campos de

sensores e fotocatalise.

Palavras-chaves: vidros fosfatos, troca ionica, nanoparticulas de prata, plasmonica, SERS,

fotocatélise.
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Glass and plasmonics: introduction

In the same sense that photonics corresponds to the study of manipulation of
photons and their interaction with matter, plasmonics refers to the study of plasmons, the
collective oscillation of outer shell electrons in metallic structures, and their applications.
Metals are the most common type of material in which plasmons are studied, and there are
two different effects that arise from the interaction between electromagnetic radiation and
plasmons: surface plasmon polaritons (SPP) and localized surface plasmons (LSP). SPPs
are the propagation of an electromagnetic wave in the metal-dielectric medium interface
and occur on flat surfaces of macroscopic metals. On the other hand, LSPs occur on the
surface of nanoparticles and are non-propagating due to the dimensions of these materials.
When the interacting radiation wavelength is resonant with the LSP of the nanoparticles
in study, the former is absorbed, and the result is an increase in the amplitude of the

oscillation of the surface electron density [1].

Plasmonics, albeit not being recent, is currently a rapidly growing research field,
due to the simplicity and ready availability of methods of material synthesis and to its
wide range of applications, such as solar cells [2, 3], plasmonic waveguides [4], and imaging
[5]. Sensing is one of the main areas where plasmonics is employed. The localized surface
plasmons of metal nanoparticles are responsible for the enhancement of signals in Raman
scattering and luminescence spectra. Hence, SERS is a very powerful tool in the detection

of compounds in small concentrations.

Glass is a strong candidate for active substrate for both SERS and photocatalysis
due to its facile synthesis and easy shaping and large-scale production. Nanoparticles
must be synthesized inside the glass, so it can be employed in SERS experiments. This
imposes another advantage: the nanoparticles need not be stabilized as they are in liquid
suspensions. When they are on the glass surface, they can be in direct contact with the

analyte, and the interaction may happen without competition with stabilizing agents.

Nanoparticles are used in glasses since Antiquity. Gold nanoparticles, for example,
were used to give glass a red tint for decorative purposes. However, there are much
broader applications in technology currently being studied. Quantum dots doped glass
systems are largely studied due to their promising full emissions in the visible spectrum for

application in light-emitting devices [6] [7]. Metallic nanoparticles, in turn, can be inserted
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into glasses for many optics-related uses, ranging from simple mirrors, solar concentrators,
and photovoltaic devices for energy generation [8] to nonlinear optical properties studies
of glass systems [9], SPR based sensors [10], and enhancement of luminescence of rare
earth ions [I1].

In the photocatalysis context, metal nanoparticles can be used to harvest visible
radiation via their localized surface electron resonance and then excite charge carriers
(electron-hole pairs) to drive chemical reactions. It is an interesting approach because the
excitation wavelengths can be tuned by controlling the size, shape, species of nanoparticles,
and the medium they are inserted [12]. Plasmonic photocatalysis is researched in either
suspension or semiconducting media [I3], looking to increase performance of water-splitting

reactions as a potential solution to the global energy crisis [14].

Moreover, the target molecules of this project are organic compounds classified
as emerging pollutants. These chemicals are a nuisance for entire ecosystems when they
reach water streams, and they cannot be treated by wastewater treatments currently in

use. Some examples of emerging pollutants include pesticides and dyes.

Attempting to perform plasmonic photocatalysis on the surface of glasses is a
daring challenge, but if such attempt is proven successful, it will be a major step towards
green solutions for clean energy generation and emerging pollutants, great problems that

the world is currently facing.
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CHAPTER 1

Glass as a technology

1.1 Glass: the first material

Glass is widely known for its transparency, shine, and durability. These properties
make glass one of the first materials to be exploited by early civilizations millennia ago. It
can be found in nature in the form of obsidian, tektites, and fulgurites, for example. But
it started to be fabricated by humans very early in history. Ancient Egyptians are known

to melt raw materials to produce glass for decoration pieces [15].

Domestic utensils, such as plates and cups, windows, chandeliers, and many other
decoration objects are present in the daily lives of many people. From greenhouses to

lightbulbs, glass found other applications beyond decoration based on its properties [16].

Most glass objects and instruments have silica or sand (SiO2) as raw material.
Some other compounds may be added to the composition to reach some desired properties,
as is the case with lead glass, which has high refractive index and brilliance; due to this,
glassware made of lead glass was erroneously called "crystal". Other types of silica-based
glass include the borosilicate glass used in laboratory glassware due to its higher chemical

resistance, and the aluminosilicate glass used in halogen lamps [17].

1.2 Glass and optical devices

One of the main technological applications of glass is in optical devices. Ranging
from mirrors and reflective surfaces to telescope and microscope lenses and optical fibers,
different glass compositions have been developed and studied to adjust their properties

according to the desired application.

Its wide use in optical devices made glass less of a decorative use material to become

a subject of study and research in science and technology. Besides mirrors and lenses, glass
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can be used as a waveguide or as part of optical probes, in solid-state lasers, luminescent

screens and the widely known optical fibers used in telecommunications systems.

These applications expanded the research in glass science beyond the well-known
silicate glass to other classes such as tellurite (TeOq-based), phosphate (P2Oj5-based),
vanadate (V20Ojs-based), chalcogenide (sulfide and selenide-based, for example), halide

(F~ -based, for example) and even metallic glass [17].

1.3 Thermodynamics and kinetics of glass formation

Glass can be defined in many ways depending on the approach and concepts
adopted by each author. A more archaic concept is to say that glass is a transparent solid
obtained by fast-cooling a melt. This concept, however, does not suffice to define what

glass really is. Among all definitions of glass found in literature, two will be highlighted:

 'Glass is a non-crystalline solid that exhibits the glass transition phenomenon" (J.
Zarzycki) [1§]

o "Glass is a solid having a non-crystalline structure, which continuously converts to a

liquid upon heating" (A. Varshneya) [17]

The first one, even though being succinct, requires a further explanation of the
term "glass transition". Albeit a fundamental phenomenon in glass science studies, it can

be withdrawn from glass definition, as it is done, in an elegant fashion, by Varshneya.

A more complete definition is given by Zanotto, which explores all its fundamental
characteristics: "Glass is a nonequilibrium, non-crystalline condensed state of matter
that exhibits the glass transition phenomenon, whose structure is similar to its parent
supercooled liquid, and whose fate is to spontaneously relax towards this state and, in the

limit of infinite time, to crystallize." [19)]

In all these definitions, a clear distinction is made between glass and crystalline
solids, in a manner that the word "solid" is avoided in the last statement in order to
structurally oppose crystals and glasses. The main characteristic of a crystal is the long-
range order of atoms in symmetrically repeated structures called lattices [20]. Although

maintaining a short-range order, glasses lack symmetry and lattice arrangement.

To understand the definition of glass transition, it is necessary to observe the
behavior of the enthalpy of a substance with temperature: the lower the temperature, the
lower its enthalpy; when a phase transition occurs, there is a break in the continuity of
the curve (in order for the transition to happen); when it is a solid-liquid transition, the

break corresponds to T}, the melting temperature of the substance. This can be seen in
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Figure [I[} when the temperature is decreased from A to B, the substance crystallizes at
T'm, and its enthalpy drops from B to C; lower temperatures yield lower enthalpies (C
to D). When crystallization is prevented after the material reaches T'm, the substance
goes to a state known as supercooled liquid (SCL). This is not a phase transition since
there is no discontinuity, and is represented in Figure (1| by the line going from B to E.
Decreasing the temperature in the SCL state yields an increasing viscosity, to an extent
that the atoms 'freeze" and there is a change in the rate of enthalpy variation (point E in
the graph). This is the so-called vitreous state: the supercooled liquid turned into a glass
(line from E to F).

.
Ed

A
Liquid

Enthalpy

L
Ead

Tq Tm Temperature

Figure 1 — Theoretical temperature-enthalpy plot emphasizing the glass transition phe-
nomenon and its temperature.

Glass transition is the phenomenon through which the viscosity of a material in
the supercooled liquid state increases to an extent that its particles cannot rearrange
themselves and there is a change in the rate of enthalpy variation (in fact, this is true for
any state function dependent on temperature: volume, entropy, Gibbs energy). It is not a

phase transition.

The glass transition is defined based on the rate of change of a property (enthalpy,
for example). Hence, it can be better explained in kinetic terms. Furthermore, it cannot
be defined by an exact temperature value. It is rather a temperature range, and its value
changes according to the rate of temperature decrease: the faster the supercooled liquid is

cooled, the higher will be the glass transition temperature.

The viscosity n of a fluid (a glass-forming melt, for example) is described by the
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equation

dv

— 1.1
I (1.1)

in a situation where the fluid flows in layers in the x-direction. F' is the force acting

F=nA

between the layers, A is the surface area of the layers and v is the velocity of the fluid.
The temperature dependence of viscosity follows the equation

U,
p— 1'
n = 1y exp ( kBT> (1.2)

where 7 is a constant and Uy is the enthalpy of activation of the viscous flow [16]. This
equation shows that a lower temperature yields a higher viscosity. Hence, decreasing the
temperature of a supercooled liquid will invariantly increase its viscosity. If this decrease

is performed to avoid the crystallization, the viscosity will tend to infinity, n — oo.

Phase transitions happen at fixed temperature-pressure pairs, with its phases in
equilibrium. Therefore, the chemical potentials across the transition must equal, ;1 = 1;.:-
The chemical potential dependences with temperature and pressure are derived from the
fundamental equation of chemical thermodynamics (du = VdP — SdT') and correspond

to, respectively

o
3T = -S (1.3)
o
9P = 1% (1.4)

From these relationships arises the Clausius-Clapeyron equation,

@ o AStr o AHtr
dT AV,. TAV,

(1.5)

that defines a phase transition in a temperature-pressure plot (phase diagram).

A transition L — M can be called a phase transition if the first or second derivative
of the equation 1, = jt; s is not continuous. From the equations[I.3]and [I.4} the following

equations can be derived
Our,  Opnr
op ~op (19)

a,UL a,LLM . _AHtr

or or T,

For first-order phase transitions (crystallization, vaporization), AV;,. and AH,, are non-

(1.7)

zero, meaning that the slopes of the curve at each side of the transition are different, and
the curve is, therefore, discontinuous. The same approach can be verified for second-order

phase transitions (crystal phase transition), where the second derivatives are non-zero [21].

Even though the glass transition shown in Figure [1| may seem discontinuous, it

is just a simplification. In reality, the curve in the temperature-enthalpy plot is smooth,
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making the curve from SCL to glass continuous [22, [I7]. This fact can be used to explain the
use of the expression "nonequilibrium state" in the definition of glass. The glass transition

is not a phase transition, and therefore, involves states that are not in equilibrium.

Being in a nonequilibrium state means that glasses will be converted to their most
stable form. In other words, the glass will relax towards the supercooled liquid and the
crystalline solid, respectively, at a given temperature, after an interval of time. That said,
the structural relaxation time 7 is defined as

_n(T)

-5 (1.8)

in which G is the shear modulus (measurement of the response of a material to shear

stress, the force applied in the same plane of its cross section).

The glass transition can be more precisely defined as the phenomenon at which the
observed time of cooling of a supercooled liquid, t.,, (time of observation of the cooling
experiment), is in the same order of magnitude as the structural relaxation time, 7 [19].
Furthermore, in order to induce glass forming, ¢.,, << 7, in a manner that the cooling rate
must be high enough to "freeze' the particles in the liquid state. Otherwise, if tep, >> 7

the material will follow the path of crystallization.

The structural relaxation time is a function of viscosity, which, in turn, is a function
of temperature. Depending on the initial temperature of a glass-forming melt, its 7 will be
different. Hence, the glass transition does not happen at a fixed temperature, but it varies
according to that initial temperature and the cooling rate. A larger cooling rate yields a

higher value for the glass transition temperature 7.

1.4 Glass structure and glass forming theories

The glass structure differs from its analogous crystal structure in the fact that it
lacks long-range order and repetition of a defined lattice. Zachariasen was one of the first
to describe the structure of glass [23]. Figure [2| shows his representation of a crystal and a
glass of same composition. Clearly, there is a short-range order in both cases, but in the

second one, such order is lost due to differences in bond lengths and angles.

Zachariasen then proposed in his paper four rules for glass formation in oxides
(with composition A,,0,,) [23]:

* An oxygen atom is linked to no more than two atoms of type A;
o The coordination number of A is small;

o The formed polyhedra have shared vertices, not edges nor faces;
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e At least three vertices are shared.

ol Go Rl

(a) (b)

Figure 2 — (a) 2D Representation of a crystal of Al,Og; (b) 2D representation of a glass of
the same composition. Extracted from [23].

However, these rules only considered oxide glasses. Other theories were developed
to include all types of glasses. Stanworth used the electronegativity criterion to assess the
capacity of a compound to form a glass [24]; Sun used the bond strength criterion [25];
and Dietzel used a quantity called field strength for a cation [26] [17]. Based on all these

criteria, the many compounds used to form glasses can be divided in three categories:

o Glass formers: usually more covalent character, high atom connectivity, capacity to

form a network;
« Glass modifiers: usually more ionic character, capacity to break the glass network;

o Glass intermediates: depending on the experiment conditions, can act as either a

glass former or modifier.

It is currently known that any substance can form a glass: inorganic and organic
compounds, ionic salts and metals (even water can form a glass). The experiment conditions
to make this happen (mainly the cooling rate), though, cannot always be achieved with
ordinary laboratory equipment. Thus, the above categories are considered to produce

glasses using feasible conditions.

The cooling rate is a fundamental condition in glass forming experiments, since

it is the factor that determines whether a glass or a crystal is formed from a liquid.
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Crystallization is a phase transition that happens in two steps: nucleation and growth. If

one can prevent one or both steps from occurring, then glass forming is favored.

Nucleation is the process of formation of particles aggregates, precursors of crystals.
These nuclei are periodic and symmetric like crystals, but they do not have a preferred
growth direction (crystal habit). The nuclei formation is governed by two processes:
diffusion of particles between the nucleus and the liquid matrix and the energy generated
for the nucleus formation. These impose two barriers in nucleation: a kinetic and a
thermodynamic, respectively (otherwise, the simple vibration of atoms within the liquid

would promote crystal nucleation) [I7]. The nucleation rate is expressed by

I =nvexp (_NW*> exp <_AGD> (1.9)

RT RT

in which n is the number of atoms, v is the atomic vibration frequency, IV is the Avogadro
constant, W* is the work of nucleation (thermodynamic barrier) and AGp is the activation
energy to cross the liquid-crystal interface (kinetic barrier). W* is the maximum value of

W, the change in energy due to phase transition, which equals
4
W= gwr?’AGc + 4mrio (1.10)

where the first term is due to the formation of a phase with lower energy and volume (AG,
is the energy of crystallization, and AG. < 0) and the second term corresponds to the
formation of a crystal-liquid interface (o is the interface energy). This equation considers
the formation of spherical nuclei with radius . When the first term dominates (for large
values of r), stable nuclei are formed, and when the second dominates (small values of ),
they are dissolved again in the matrix. Therefore, W* corresponds to a critical value of r.
Equation [1.9 can be converted to

(1.11)

( W*+AGD> A ( 16 7m3>
[=Iyexp | ———2%D _

kT ) n P\ 3 AG?
where A is constant. The viscosity comes from the activation energy AGp, which is
proportional to n [15]. Finally, the crystallization energy can be related to the enthalpy
of fusion, AHy, and the melting temperature, 7T,,, of the substance considered, and AG,

(considered for a temperature change AT from melting) can be replaced in Equation m

A 16 w03 /T \2
== D Lm 1.12
1 eXp( 3 AH? <AT> > (1.12)

Crystal growth occurs by deposition of atomic layers on nuclei of critical size. It is

to give

driven by the rate of diffusion of atoms from the liquid matrix to the interface with the
nuclei, and the energy changes when the substance goes from liquid to crystal phase [22].

The crystal growth rate can, then, be expressed by

o, AGp AG,
U = av' exp <— k:BT> [1 — exp (kBT>] (1.13)
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where a is the jump from the liquid matrix to the nucleus surface and v/ is the atomic
vibration frequency of this jump. Inserting the diffusion coefficient D in this formula (which
is related to a, v/ and the kinetic exponential), and then inserting the matrix viscosity
(related to D) gives

D AG, kgT AG.
=" 11— = 1— 1.14
o= P li-en(55)| - e (55)] 0

where f is the fraction of the surface available for crystal growth (again in this case AG,
can be converted to AH; and T,,) [L7].

Equations and are both dependent on temperature. Figure [3] shows both
rates plotted against temperature. To evaluate the crystallization process in a glass-forming
melt and thus avoid it, these can be combined, describing the volume fraction of crystals

formed, according to the following equation

V. t t 3
Ve~ exp [—/ I, (/ UdT) dt’] (1.15)
%4 0 v

in which 7, is the nucleation rate per unit volume [15]. Integrating over time gives

Ve
=1 e (—gL,U3t4>. (1.16)

This formula gives rise to the time-temperature-transformation (TTT) curve, shown in
Figure 4. With known I, and U at a specific temperature (below 7,,), the time ¢ to

generate the desired volume fraction of crystals can be calculated.

Figure 3 — Plots of nucleation and crystal growth against temperature. Three different
regions can be identified: (I) The nuclei are formed but do not grow, (II)
crystallization happens and (IIT) there is no nucleation, so there is no growth,
even though it is possible (extracted from [22]).
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Temperature
=3

Time of Heat Treatment

Figure 4 — Time-temperature-transformation curve for a generic glass-forming melt (ex-
tracted from [15])

Plotting this curve for a particular glass composition is a laborious task, since the
nucleation and growth rates must be known for several values of temperature. But once it
is done, the cooling rate necessary to synthesize a glass sample can be easily extracted
from it. First, a threshold value for volume fraction of crystals in the glass must be defined
(the glass sample to be synthesized must contain less than that fraction of crystals). Then,
the critical cooling rate (minimum rate required to produce the desired glass sample) can

be calculated via the expression [15]
ar 1, -1,
—_—=— 1.17
dt ty ( )

1.5 Structural connectivity in phosphate glasses

The structure in phosphate glasses is composed by tetrahedra in which the central
phosphorus atom is coordinated to four oxygen atoms. These [PO,] units are connected to
each other through either three, two or one bridging oxygen to establish the glass network
[27]. Such patterns, listed below, can be named using the symbol Q", where n denotes the

number of bridging oxygens.

o Q° The four oxygen atoms in the tetrahedra are terminal (non-bridging), and the

glass structure is composed by isolated [POy] units. Compounds that possess this
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type of connectivity are called orthophosphates.

o Q! There is one bridging oxygen connecting two [POy] units, and the remaining
bonds in the central phosphorus are with terminal oxygen atoms. Compounds with

such structure are called pyrophosphates.

e Q? The phosphate tetrahedra are composed by two bridging oxygens and two
terminal oxygens. Compounds with this connectivity pattern are denominated

metaphosphates.

e Q? Only one oxygen is terminal, while the other three are bridging, connecting
neighboring tetrahedra. Compounds with this type of structure are known as ultra-

phosphates.

A structure where all four oxygen atoms connect two phosphate atoms is not
possible, because one oxygen is necessarily double-bonded to the central phosphorus.
Furthermore, when there is more than one terminal P-O bond, there is resonance between
the double-bonded oxygen and the single-bonded, negatively charged oxygens within the
structure. That way, all terminal P-O bonds are essentially equal. All types of phosphate

network structure are illustrated in Figure [3]

Figure 5 — Schemes showing the connectivity patterns in phosphate compounds and glasses.

In comparison to silicate glasses, phosphate-based compositions have lower char-
acteristic temperatures (glass transition, crystallization, and melting), which enables
for glass synthesis at milder conditions. Other advantages of phosphate glasses include
high transparency (transmittance) from ultraviolet to near infrared region (300-3000 nm)
and capacity to incorporate large amounts of lanthanide ions, transition metal ions, and

nanoparticles. They find a wide range of applications, from photonics to biomedicine [28].

One disadvantage of this class of oxide glasses is its low chemical stability, meaning
that phosphate glasses are very susceptible to reaction with water (due to its double-bonded
oxygen atom), followed by breakage of the network and degradation. However, this can be
contoured by addition of compounds that promote a higher connectivity of the structure,

such as transition metals [29].
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CHAPTER 2

Metal nanoparticles

2.1 Nanotechnology

Nanoparticles have been observed in human history much before they were given
that name. One famous example is the Lycurgus cup, shown in Figure[6] in which depending
on the illumination it exhibits either a green or red color. This effect is due to the presence
of silver and gold nanoparticles in the glass composition. Cups and other decoration
utensils such as the ones depicted in Figure [7, were made with what was called "cranberry
glass" in the British Victorian Era by adding gold salts to the glass melt. The reason for

this exquisite red tint, though, was not known then.

Figure 6 — Lycurgus cup, depicting the death of King Lycurgus. The cup is a piece from
4th Century Roman Empire. The glass exhibits the dichroism effect due to
silver and gold nanoparticles dispersed in it. In reflected light, it exhibits the
color green, whilst in transmitted light, the color red. It is currently displayed
at the British Museum in London. ©British Museum.
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Figure 7 — Set of cups from the German Bohemian era made of cranberry glass. CC BY-SA
3.0, https://commons.wikimedia.org/w/index.php?curid=8946999.

The effective study of colloidal metal particles and their properties started in the
19th Century. Michael Faraday synthesized gold nanoparticles in suspension and studied
the dispersion of light in this medium [30], pioneering in the optical investigations of
colloidal suspensions. Richard Feynman is considered the father of nanotechnology due to

his ideas of manipulating matter at the atomic scale [31].

Nanoscience and nanotechnology, the study of properties and applications of
materials with dimensions in the nanometers scale, are very broad fields, encompassing
chemistry, physics, biology, computer science and many other areas of knowledge. The size
and shape dependence of the physical and chemical properties of nanomaterials makes

them a central topic of interest in current research.

2.2 Synthesis of metallic nanoparticles

There are two main approaches for controlled synthesis of nanoparticles: top-down
and bottom-up. In the first class, the NPs are "broken down" from macroscopic materials.
The techniques are mainly physical methods, such as lithography or laser ablation [32] [33].
The second class involves chemical processes, and the NPs are built up from atomic units.
Chemical vapor deposition (CVD), plasma spray, electrochemical, thermal reduction are
some methods of synthesizing nanoparticles in suspension or in a solid substrate [32].
Chemical processes all involve the nucleation and crystal growth steps previously described
[34].

The solution-phase synthesis is one of the most common methods to generate metal
nanoparticles. A reducing agent and a stabilizing agent are both necessary to promote the
reduction of the metallic species and to control its size and shape. Stabilization happens
via binding on the nanoparticle surface, which can be either physical adsorption or a

chemical bond. However, the access of the surface for some applications, such as catalysis,
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is hindered by these stabilizing agents. Hence, in this project, an in situ generation of

Ag-NPs on the surface of the vitreous matrix was proposed.

2.3 Surface plasmon resonance

The colors of metal nanoparticles, among other properties, are highly dependent on
their size, and the difference in relation to their macroscopic counterparts is due to surface
plasmons. Plasmon is the collective oscillation of the electron density within a material. In
very small particles, these plasmons are localized and generate an oscillating electric field,

as depicted in Figure [8) which can interact with incoming electromagnetic radiation.

Localized surface plasmons (LSP) have a natural frequency of oscillation, which
is different for each metal species. Metal nanoparticles absorb electromagnetic radiation
to excite the LSPs when the wavelength of the former approaches that of the latter, and
in the resonance region this absorption reaches its maximum; as a result, the oscillation

amplitude increases [34].

Figure 8 — Localized surface plasmon illustration. Adapted from [35]

The results of the localized surface plasmon resonance (LSPR) effect can be seen
in Figure |§] In tetrachloroaurate aqueous solution (yellow, to the left), absorption in the
visible region is due to electronic transitions between orbitals with d character. In the gold
nanoparticles suspension (red, to the right), absorption happens because of the SPR effect.
The wavelength of the SPR absorption band depends not only on the size and shape of
the nanoparticles, but also on the dielectric medium in which they are contained and the

temperature. Hence, this band can be tuned according to the desired application.
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Figure 9 — UV-Vis absorption spectra of a solution of tetrachloroaurate ions and a sus-
pension of gold nanoparticles. In the first case, the absorption is consequence
of electronic transitions, while in the second, it is due to surface plasmon
resonance.

2.4 Nanoparticles in glasses

Besides the aforementioned Lycurgus cup and cranberry glass, metal nanoparticles
can be incorporated in glasses for applications that go beyond decoration. Copper, silver,
gold, platinum or palladium nanoparticles can be included in glasses via traditional
melting-quenching process, ion implantation, sol-gel techniques, laser irradiation and ion

exchange.

A widely studied role of metal nanoparticles inside glasses is the enhancement
of luminescence from lanthanides in doped glasses, having in mind applications in the

telecommunications field [36] and white light emission [37].

This project explored the utilization of nanoparticle-doped glasses as surface-
enhanced Raman scattering (SERS) sensors. SERS is one of the most sensitive methods

for detection of compounds adsorbed to the NPs surface [3§].

Metal nanoparticles can be synthesized in any glass system. Silicate glasses are the
most common. However, systems with lower characteristic temperatures were preferred in

this project, which can be achieved more easily.

The ion exchange process (which was employed in the experimental part of this
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project) is applied to glass with the purpose to modify its surface composition, with new
physical and chemical properties arising from these modifications. A very famous example
is the increase of mechanical resistance of Gorilla®Glass, developed by Corning Inc and

used in screens of smartphones and other electronic devices [39] 40].
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CHAPTER 3

Photocatalysis

3.1 Photocatalysis principles

Many of the challenges the world is currently facing involve chemicals: air pollution,
global warming due to aggravation of greenhouse effect, contamination of water with
pesticides and drugs, energy shortage, search for fossil fuels alternatives. All these are

problems that the photocatalysis field tries to address.

The use of catalysts to promote reactions is one of the principles of Green Chemistry.
The main goals in photocatalysis research is to find novel materials that are safer, minimize
residue generation, and are also of facile synthesis. Photocatalysts are mainly used in two
applications, water splitting and degradation of organic compounds via oxidation-reduction,

visualizing solution for the challenges aforementioned [41], 42].

Semiconductors (metal oxides and sulfides, for example) are commonly used as
photocatalysts. Figure depicts how they are used to promote oxidation-reduction
reactions mediated by light. The incoming radiation is used to promote the semiconductor
electrons to the conduction band, generating electron-hole pairs. As illustrated, these pairs
aid redox processes such as water decomposition into molecular hydrogen and oxygen and
oxidation/reduction of hazardous organic compounds. Depending on the photocatalyst
band gap, there can be activity in the ultraviolet and visible regions of the electromagnetic

spectrum [43] 44]. The band gap energies for some common semiconductors are shown in
Figure [11]
3.2 Glasses as photocatalysts

Attempting photocatalysis using glasses and glass-ceramics as active substrates

has been a growing field of study. Glass can be easily molded in different shapes and sizes
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and produced on large scales. For that reason, vitreous materials are preferred over other
types of materials, such as powders and thin films, and one common type of application of

glasses with photocatalytic properties is as self-cleaning surfaces [45, [46].

Figure 10 — Illustration of the photocatalysis process.

Figure 11 — Band gap energy values for some semiconductors employed as photocatalysts.
Extracted from [44].

Glass-ceramics, glasses in which one or more crystalline phase was grown without
changing the amorphous character of the overall material, are quite common in studies
of photocatalysis in vitreous substrates. Borate [45], [46, 47, 48], phosphate [49], and

borosilicate [50} 51| networks were reported as recurrent types of glass networks studied.

Additives are added to the glass composition to promote the photocatalytic activity.
A thermal treatment takes place to nucleate crystals within the glass, thus forming the

glass-ceramics. Common additives include the semiconductors titanium oxide [49] and zinc
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oxide [50, 51], bismuth oxide to form semiconducting compounds [48, 52], or a combination

of oxides that will crystallize as perovskites, such as barium titanate [46].

The targets of the photodegradation processes are organic compounds, usually
drugs [45, [46] or dyes [47, 48, 49, 50, [52], but not restricted to those.

The glass synthesis may include additional processes or compounds to enhance
the photocatalytic activity, such as acid etching to with HF [47], crystallization of a
ferromagnetic phase (BiFeOj3) in the glass-ceramics [52, 53], or yet, as proposed here,

synthesis of plasmonic nanoparticles.

3.3 Plasmonics: going further

Plasmonic photocatalysis has been reported many times in literature over the
past years. It is a growing subject of interest due to its enormous potential to harvest
sunlight and apply it to many uses. This process can be achieved by coupling a substrate
with photocatalytic activity with the SPR from metal nanoparticles. A full description
of the mechanism of catalytic processes aided by plasmonics is not entirely clear [54] [55].
However, Figure [12/ shows that one possible mechanism involves the transfer of electrons
from the nanoparticles to the conduction band of the photocatalyst species, allowing for

the oxidation-reduction process to happen [41].

Figure 12 — Plasmonic photocatalysis mechanism. Adapted from [41].

TiO, is a very common photocatalyst, with a band gap energy that makes it active
under UV excitation [44]. Coupling it with metal nanoparticles makes it possible the
utilization of the visible region of the electromagnetic spectrum, where the plasmons are
excited, in the photocatalysis process. The wavelength used can then be tuned according
to the LSPR wavelength [56].

An advantage of using visible light to activate a photocatalytic material is that
solar radiation can be used for that purpose. Sun is the primary source of energy for all

activity on Earth. Most of the radiation that hits Earth’s surface falls on the visible region,
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as can be seen in Figure Hence, harvesting this energy should be a primary goal of any

new technology that visualizes a minimum generation of waste or residues.

Figure 13 — Solar radiation spectrum. The blue line shows the intensity of the incoming
rays before entering Earth’s atmosphere. Its gases absorb a great portion of
the photons in the ultraviolet and infrared regions, therefore not reaching
Earth’s surface, and resulting in the red spectrum. Extracted from [44].

Gold and silver nanoparticles are quite common in photocatalysis, but bismuth,
platinum and palladium are also utilized in applications such as removal of greenhouse
gases from the atmosphere [57] and mineralization of antibiotics [58]. Since the catalysis
of an organic reaction via plasmonic mechanisms was first reported [59, [60], the field has

grown, but it is still a little studied phenomenon.

Common methods for preparing plasmonic photocatalysts include deposition-
precipitation, where the semiconductor is added to a solution of the metal ion that
generates the NPs followed by calcination of the recovered suspension, photoreduction,
where the metal ions are deposited on the semiconductor surface and then reduced by the
latter after irradiation with light, and generation of nanocomposites or core-shell structures
58, 61, 62).

Glasses have not yet been reported as active substrates for plasmonic photocatalysis.
This is the central challenge proposed by this research project: attempting to promote

photodegradation of organic compounds aided by plasmons using a non-crystalline matrix.
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CHAPTER 4

Motivation and objectives

4.1 Emerging pollutants

Pesticides are among many chemicals that cannot be monitored in fresh water and
ground water sources and in the soil due to their very low concentrations. These are collec-
tively called emerging pollutants, and include pesticides, drugs, hormones, microplastics.
Emerging pollutants cannot be removed by current used methods of wastewater treatment,

thus being able to cause risks to both natural ecosystems and humans [63].

With that context in mind, this project has as one of its goals to provide a method
for detecting compounds in very low concentrations (such as pesticides) using glass as the
matrix for detection via SERS (due to its low limit of detection) and posterior degradation

via plasmonic photocatalysis.

Two organic compounds were initially chosen to assess the SERS and photocatalytic

activity of the synthesized glass samples, fipronil and thiamethoxam (Figure [14]).

Figure 14 — (a) Fipronil and (b) Thiamethoxam structures.

Fipronil is a phenylpyrazole class pesticide widely used in agriculture and for
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residential use in low concentrations. It is an endocrine disruptor and can cause several
problems in humans. Concerns regarding it raised significantly after the 2017 fipronil
contamination incident, where chicken eggs for human consumption were found with
excessive levels of this pesticide in more than 15 European Union and Asia countries
(64, [65].

Thiamethoxam is a neonicotinoid class, broad-spectrum pesticide. Therefore, it
not only affects undesired insects, posing a serious threat to species that are vital for the

maintenance of any ecosystem, such as bees [66].

Besides the concerns over the serious risks these compounds pose to the environment,
they were chosen because they contain atoms (nitrogen, sulfur) and groups (amine, cyano,

sulfoxide) the might coordinate to metallic silver atoms from the nanoparticles [67, (68, [69].

Dyes comprise another class of emerging pollutants, which are frequently discarded
by textile, leather, plastic, printing, and many other industry branches in the soil and
bodies of water [70]. For that reason, they were used here as body of proof for the two
proposed applications of the materials. Furthermore, organic dyes are often utilized as
models for organic pollutants in general in photocatalysis trials due to their easy recognition

by color and analysis by electronic spectroscopy.

4.2 General objectives

This Scientific Master’s Research project had as one of its main objectives the
development and characterization of novel glass substrates containing silver nanoparticles
for two distinct applications in plasmonics: effective SERS activity towards low concentra-
tions of organic molecules and degradation of organic compounds using the synthesized
glass as photocatalyst, with the Ag-NPs acting as enhancers in that application, known as
plasmonic photocatalysis. Both processes would be achieved using the SPR effect from

nanoparticles deposited on the glass surface via ion exchange and heat treatment.

The following steps were set as goals to be reached:

« Synthesis and characterization of oxide glasses containing TiO,, a compound that
presents good photocatalytic activity, and NayO to allow for the ion exchange of
Na® by Agt;

« Silver nanoparticles (Ag-NPs) growth on the surface of the glass samples via ion
exchange in a molten salt mixture bath followed by heat treatment above T} to

promote reduction and growth of the NPs;

o Analysis via Surface-Enhanced Raman Spectroscopy of organic molecules anchored
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on the glass surface; the molecules to be tested are pesticides, commonly found as

water pollutants in very low concentrations;

« Photocatalytic study of the glass substrates (of both as quenched and containing
NPs samples) using an organic dye as body of proof. That way, the photocatalysis
experiments can be monitored via electronic spectroscopy. Ultimately, the SPR would
aid in the photodegradation, in a very ambitious attempt to develop a plasmonic

photocatalyst.
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CHAPTER 5

Characterization techniques

5.1 Differential Scanning Calorimetry

Differential scanning calorimetry is the thermal analysis method where the heat
flow within a sample is measured in comparison to a reference (usually an empty pan).
A heating program is set, and the amount of heat (energy) necessary to maintain the
sample pan at the same temperature as the reference pan is measured. Figure [I5] shows the
scheme of a heat flow calorimeter. In this type of equipment, energy is provided to both
the sample and reference pans, in a way that the sample temperature changes according

to the program set. The heat flow in both pans is monitored by thermocouples.

Purge-gas inlet 0
gee L— Lid

Reference pan 74»'7 Aaf<——— Sample pan

4 ] .
Thermoelectric J Chromel dlfk
disk (constantan) “—————1—— Chromel wire

Thermocouple
junction T
|
Heating block Alumel wire

Figure 15 — Schematic of a heat flow calorimeter. Extracted from [71].

During the experiment, the heat flow will vary if the energy is used to promote
other events besides the temperature increase, such as phase transitions, which can be

identified by peaks (either negative or positive) and glass transition (where there is a
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change in the heat capacity of the material), identified by a change in the baseline. A
typical DSC thermogram or curve is shown in Figure (16| [71].
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Figure 16 — General aspect of a DSC curve or thermogram. Extracted from [71]

DSC was used here to determine the characteristic temperatures of the synthesized
glasses; these are temperatures at which the thermal events, such as crystallization, melting
or glass transition, occur. The analyses were performed using a TA Instruments DSC 2910

Calorimeter, under Ny atmosphere from 300 to 600°C and a heating rate of 10°C' min~!.

5.2 Spectroscopy

Electromagnetic radiation has a dual nature: it can behave as either waves or
particles, depending on how it is studied. Visible light comprises only a small portion of
the electromagnetic spectrum. When the interaction with matter involves the exchange of
discrete values of energy, light can be described as quantized energy packets called photons.

Such change happens in order for energy and momentum to be conserved.

Atoms and molecules obey the principles of Quantum Mechanics. One of these
principles states that the energy levels are quantized, meaning that such particles are only
allowed to possess discrete values of energy. A transition happens in the atom or molecule
when they gain or lose energy. Quantization leads to the fact that the energy gained or
lost comes in "packets". And, in the case of a light-matter interaction, these are equivalent

to the energy of the interacting photons.

The photon energy is directly related to the frequency v of the electromagnetic
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radiation by Planck’s constant, h, via

E=hv=—. 1
v == (5.1)

There are many ways light can interact with matter. Spectroscopy is the study
of each type of interaction between electromagnetic radiation and matter. Absorption,
emission, scattering, and resonance are some examples of such interactions. Each of these

can be used to analyze the chemical features of an irradiated sample.

The structure of molecules gives rise to energy levels corresponding to their ro-
tational and vibrational motions, as well as to how their electrons are distributed, and
the transitions related to each type of level, with their corresponding energies, can be

associated with a specific range of wavelengths in the electromagnetic spectrum [21].

Not all transitions between any two energy levels of an atom or molecule are allowed.

For a transition to occur, the general rule is that the electric dipole moment of said atom

or molecule must oscillate (at least in the moment of the transition) in the same frequency

of the interacting photon. This statement, called selection rule, can be translated into the
equation

np = [Wjavidr (5.2)

where p; is the transition electric dipole vector.

Absorption happens when one or more photons are used to promote the species
from a lower to a higher energy level. Likewise, the emission of a photon happens when

the species goes from a higher to a lower energy level [20, 21, [72].

5.2.1 Infrared absorption spectroscopy (vibrational spectroscopy)

Transitions between vibrational states of a species happen when photons belonging

to the mid-infrared region of the electromagnetic spectrum interact with matter.

The vibrational energy levels in a molecule are derived from the application of

Schrodinger equation to the harmonic oscillator model. These are written as

1
E, = (”2)’”"”

Y (’%‘>2 (5.3)
]

v=20,1,2,..
where ky is the force constant of a bond, and p is the effective mass of the oscillator.

To consider the dissociation of bonds in molecules, the harmonic oscillator is
corrected using the anharmonic motion. The consequence is that the vibrational levels are

no longer equally separated, as illustrated in Figure
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The transitions between vibrational energy levels are described in terms of normal
modes (vibrations of the molecule in which the center of mass remains fixed). The number
of normal modes can be found deducting the number of translational and rotational modes.
Being N the number of atoms in a given molecule, 3N is the total number of coordinates
needed to describe it. That way, the number of normal modes is 3N — 5 for a linear

molecule or 3N — 6 for a nonlinear molecule.
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Figure 17 — General shape of the potential well of a molecule, considering the anharmonic-
ity, and containing the vibrational energy levels. Extracted from [21]

Applying the gross selection rule (the transition electron dipole moment must be
nonzero) to vibrational transitions, the specific selection rule for the absorption or emission

of infrared photons can be deduced. Equation [5.2 can be rewritten as

dpio %
i = (Ch:)O/\Iffx\IfidT (5.4)

Therefore, a vibrational mode will be infrared active if it accompanies a change
in the electric dipole moment of the molecule (the derivative in Equation must be
nonzero). Applying this to a transition between two energy levels v, and v,,, it is found
that allowed transitions are those where Av = £1 (only one active mode is allowed to
change during a transition). However, anharmonicity relaxes this rule, and overtones
(transitions between non-consecutive energy levels) and combination bands (simultaneous

excitation of more than one vibration) are commonly found in infrared absorption spectra
[20, 21, [72].

5.2.2 Raman scattering spectroscopy

Scattering is the type of interaction with matter where the direction of the incoming

photons changes. This is due to absorption and re-emission of light, but differently from
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the ordinary absorption phenomenon, scattering does not happen involving real rotational,
vibrational, and electronic states. Therefore, the interacting photons do not have energy
equivalent to the difference between the quantized states of matter. The incoming photons
cause the promotion of the species to a virtual state, and it very rapidly returns to a
real state (either fundamental or excited), re-emitting the now called scattered photons.

Scattering happens in all directions.

There are many ways photons can be scattered. They are classified in elastic
scattering, where there is no energy transfer with the involved particles, and the scattered
photons have the same wavelength as the incident photons, and inelastic scattering, where
the energy transfer generates scattered photons with different wavelength than the incident

photons.

One example of elastic scattering important in spectroscopy is the Rayleigh scat-
tering, where the size of the particles is smaller than the wavelength of incoming photons.
Here, the intensity of scattered radiation is proportional to its wavelength ( A™*), being

this the reason why the sky is blue.

Raman scattering is the type of inelastic scattering where the energy difference
between the incoming and scattered radiation lies in the infrared region of the electromag-
netic region. It can be originated by two processes: Stokes scattering, where the incident
photon has a smaller wavelength than the scattered photon, and anti-Stokes scattering,
where the incident photon has a larger wavelength than the scattered photon. In both

cases the species is found in different states because of difference in its vibrational modes.

Anti-Stokes scattered radiation is less intense than Stokes scattered radiation,
because for the first to happen, the interacting molecule has to be in a higher vibrational
energy (excited) state, less populated than the fundamental. In its turn, Rayleigh scattered

radiation is much more intense than Raman scattered.

Since it involves virtual states (prohibited, because they mostly do not correspond
to quantized energy states), scattering is an event very unlikely to happen: around 0.1
% of incident photons are elastically scattered, while only 1 every 10 million photons
are inelastically scattered. For that reason, laser beams are utilized: the high intensity
(high photon flux) makes for an appreciable count of inelastically scattered radiation to be
generated and subsequently detected. Figure [18 shows the different types of scattering in

terms of energy states.

Raman spectroscopy is the technique that uses these inelastically scattered photons
to obtain chemical information. Since it involves the vibrational modes of a species, it
is used to analyze the bonding in molecules. It is complementary to infrared absorption

spectroscopy (FTIR).
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Figure 18 — Energy diagrams showing the processes involved in Rayleigh, Stokes, and
anti-Stokes scattering. Adapted from [21]

Such complementarity arises from the selection rules that dictate the activity of a
vibrational transition in each type of interaction. Some modes are only infrared active,

while others are only Raman active, and will only be shown in the respective spectra.

The interaction of a molecule with electromagnetic radiation causes a distortion of

its electron cloud. This is determined by the polarizability tensor, o, given by
p=aFE (5.5)

where E is the electric field component of the incoming radiation.

For a Raman active mode, Equation is rewritten as
da .
pyi=E <dx> /\pfxqfidr (5.6)

For Equation to be nonzero, the derivative must be non-zero. Therefore, a
vibrational mode will be Raman active if it accompanies a change in the polarizability of
the molecule [20), 211, [72].

5.2.3 Ultraviolet/visible absorption and photoluminescence spectroscopy (elec-

tronic spectroscopy)

When photons of visible and ultraviolet radiation interact with an atom or molecule,

the external electrons of the species change their energy level (electronic states) [73].

When solving the Schrodinger equation to determine the electronic structure of
atoms and molecules (analytically for the hydrogen atom, using approximations and
computational processes for the other atoms and any molecule), each wavefunction-energy
pair that is found as solution corresponds to the (atomic or molecular) orbitals, the regions
of probability where the electron may be in the structure, and their respective energy

values. Orbitals are defined in terms of the quantum numbers n, [ and my. Filling up
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the orbitals with electrons, from the lowest to the highest in energy, gives the electronic
configuration of the species. A more complete description of how the electrons are arranged
in the orbitals is given by the electronic states, which take in consideration not only the
distribution of electrons in the different orbitals, but also their spins (described by the

quantum number my).

A singular arrangement of electrons in a set of orbitals configures one microstate.
Different microstates that arise from one single electron configuration often possess different
values of energy, because electron-electron repulsions are considered. The microstates with
same energy are grouped together in electronic states, or, in spectroscopy notation, terms.
These, in turn, correspond to the electronic states of a species. Finally, the electronic
transitions that happen when photons interact with such energy levels correspond to the
change in the arrangement of electrons due to a gain or loss of energy (which does not

necessarily involve a change in the electronic configuration)

The lowest-energy electronic state is called ground (or fundamental) state, while
the higher-energy states are called excited states. In electronic absorption spectroscopy,
the absorbed photons are usually involved in transitions from the ground state to an

excited state, because the first is statistically the most populated one.

The specific selection rules for electronic transitions can be derived from the
symmetry properties of the molecule. The spin selection rule enunciates that transitions
accompanied by a change in the total spin are forbidden. The Laporte selection rule states
that, in centrosymmetric molecules, there must be a change in the parity of the term in
order for a transition to be allowed. Vibrational and rotational transitions often accompany
the electronic transitions, which can be also called vibronic for that reason. Laporte rule
is often relaxed because of asymmetric vibrations that result in a loss of the center of

symmetry of the molecule, causing weaker vibronic transitions to happen.

Electronic excited molecules (if they are not dissociated) return to the ground
state via many processes. The excess energy can be transferred to neighboring molecules
and used to promote vibrational, rotational, and translational motion. This dissipation
of energy throughout the material and to its surroundings (in the form of heat) is called
non-radiative decay. On the other hand, radiative decay is when the molecule loses the

excess energy through emission of photons, or luminescence.

In photoluminescence spectroscopy, the excited states are reached by means of
absorption of photons. The emitted photons are collected, and the results can be presented

in two ways:

o Emission spectra measure the intensity of luminescence as a function of the wave-
length of the emitted photons when the wavelength of the incident photons is
fixed;
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» Excitation spectra measure the intensity of luminescence in a fixed wavelength as

the wavelength of the incident photons is scanned.

Combined, these two spectra provide information regarding the electronic states
involved in the absorption and emission processes. Jablonski diagrams are graphical
representations of the absorption, radiative, and non-radiative decays of a given species
[20, 21, 172).

5.2.4 X-ray photoelectron spectroscopy

X-rays interact in many different ways with matter. They can be absorbed by atoms,
and transitions involving internal electrons may occur. In X-ray photoelectron spectroscopy
(XPS), a monochromatic X-ray beam promotes the emission of photoelectrons from a
certain orbital in an atom. The photoemission process happens when the energy of the
incoming X-ray photons is at least equal to the binding energy of the electron (Eg). The
excess energy of the photon is converted to kinetic energy of the ejected electrons (Ef).

In that sense, the term Ex can be written as

A spectrum of the count of photoelectrons ejected from the sample per unit time
as function of the kinetic energy is generated, which can then be converted to a spectrum
in terms of the binding energy, since the energy of the X-rays employed in the analysis is
known. Information regarding the atomic components and their oxidation states can then
be obtained.

Experimental data can be compared to reference binding energies, according to the
atomic species and chemical state being investigated. One factor that must be considered
in the analysis of XPS spectra is the splitting of p, d, and f orbitals due to the spin-orbit

coupling of electrons, which is reflected in the assignment of peaks in the spectra [74].

5.2.5 Resonance spectroscopy (nuclear magnetic resonance and electron para-

magnetic resonance)

Resonance happens when the oscillation frequency of the interacting species is
of the same order than the electromagnetic radiation, and the result is the increase in
the oscillation amplitude. The transference of energy between two entities in resonance
is maximum. Two techniques that utilize the resonance phenomenon to obtain chemical
information are nuclear magnetic resonance (NMR) spectroscopy and electron paramagnetic

resonance (EPR) spectroscopy. In both cases, the spin orientations of a particle (an atomic
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nucleus or an unpaired electron, respectively) lose degeneracy due to an applied external
magnetic field. When the energy gap between these two orientations is close to the
energy of incoming electromagnetic radiation, the resonance condition is met, and the
electromagnetic field generated by the unbalance in particle distribution among the different
spin orientations can be detected, giving information about the magnetic entities, such
as chemical environment and electronic distribution. In NMR, the resonance frequency
happens in radiofrequency region of electromagnetic spectrum, while in EPR, it happens

in the microwave region, with magnetic fields normally employed in each technique [21].

5.2.6 Experimental setups

Raman spectroscopy data were collected in a Horiba LabRAM HR Evolution
spectrometer, with a 1800g mm~! diffraction grating. The instrument has four laser
sources: 325, 473, 633, and 785 nm. All measurements were conducted using the 633 nm
laser beam, except for the SERS experiments with crystal violet, where the 473 nm laser

was employed.

UV-Vis spectra were collected in a Shimadzu UV-3600 UV-Visible-NIR spectropho-
tometer equipped with a tungsten and a deuterium lamp as radiation sources and a PMT
(photomultiplier tube) and PbS as detectors, in both transmittance and diffuse reflectance
modes. They were used to verify the presence of a plasmon band that confirms the synthesis
of Ag-NPs in the materials. The photocatalytic activity was also assessed using electronic
spectroscopy, and an Ocean Optics USB4000 UV-Visible spectrophotometer was used for
that purpose.

Photoluminescence spectra were collected in a Horiba Fluorolog spectrofluorometer
equipped with an Xe arc lamp as excitation source and a PMT as detector positioned at a
90-degree angle to the incident beam. Excitation and emission spectra were utilized to

determine the species responsible for the color of NBTN glasses.

X-Ray photoelectron spectra were collected on a Scientia Omicron ESCA+ spec-
trometer, using AlK« radiation (1486.7 €V), in order to confirm the discussion presented

on the photoluminescence spectroscopy.

5.3 X-ray diffraction

Diffraction is a phenomenon understood using the wave-like behavior of light. It is a
consequence of the way waves propagate in space. When a wavefront encounters an object
or opening with the dimensions of its wavelength, it is diffracted through it, meaning that

the object or opening becomes a secondary source of propagation of that wave.



62 Chapter 5. Characterization techniques

Crystals can be understood as symmetric and ordered arrays of atoms. The length
of the separation between planes of atoms (lattice, or crystallographic planes) is in the
order of angstroms (A, 1071%m), the same as the wavelength of X-rays. Hence, X-rays are

susceptible to diffraction when directed towards a crystal.

When an X-ray beam is focused on a crystalline sample, it is diffracted by the
many crystallographic planes in the structure. Each set of planes constitutes a diffraction
grating, and the diffracted waves interfere. The result of this interference is that there
it is constructive in a particular angle with respect to the planes (situation where all
the waves are in phase), and the diffracted beam, denoted reflection, is very intense in
that particular angle. This observation gave rise to Bragg’s law, which states that, for
constructive interference to exist when X-rays are focused on a crystal, the path difference
between two crystallographic planes of the same set must equal an integer multiple of the

wavelength. In mathematical notation, this is written as

nA = 2dsin6 (5.8)

where d is the interplanar spacing, and 26 is the angle between the incoming and diffracted

beams.

The experiment of X-ray diffraction (or diffractometry, XRD) can be performed in
powdered samples (where many crystallites will be in the correct direction for a reflection to
occur), where it will generate a diffractogram, or in a single crystal, where many diffraction

patterns are generated and collected.

In powder XRD, the detector is rotated, and the intensity of the X-ray is recorded
as a function of the angle 20 with the beam source. In single crystal XRD, the patterns

are obtained using a set of four rotations of the sample holder.

The intensity of the reflected beams depends not only on the atomic positions
within the crystal lattice, but also on the types of atoms (because the scattering of X-rays
is dependent on the electron density). Therefore, XRD is a powerful technique to obtain
information regarding the structure of the samples, from interplanar spacing and crystal
composition to a full description of how the atoms are arranged in the crystal lattice
[20, 21, 172).

Powder XRD data were collected in a Bruker D8 Advance diffractometer, using
CuKa radiation (1.54 A) to identify the crystal phases formed after a heat treatment

above T, was performed on the synthesized glass.
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5.4 Electron microscopy

Optical microscopy uses visible light photons and a set of lenses to obtain images
in a shorter scale than the resolution power of the human eye. That is also the main goal
of electron microscopy; however, it uses highly energetic electrons instead of photons to
produce the images, as its name implies. Accelerated electrons are generated in a vacuum
chamber, and a set of electric and magnetic fields works as lenses, to focus the electron

beam on the sample and amplify the signals obtained to form the image on the detector.

Figure 19 — Interaction volume between the electron beam and the sample, showing
different results of the interaction. CC BY-SA 4.0.

When the electron beam hits the sample, they interact via different mechanisms,
with many different outcomes, which are displayed in Figure [19 Depending on the energy
of the electron beam and the species that are detected (electrons or X-rays, for example),

a distinct technique arises [74].

Scanning electron microscopy images were obtained on a LEO-440 electron micro-
scope using a 15 kV accelerating voltage. Transmission electron microscopy images were
collected on a JEOL JEM2100 LaB6 200 kV electron microscope. Energy-dispersive X-ray

spectroscopy maps were collected in both techniques.
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5.4.1 Scanning electron microscopy

Scanning electron microscopy (SEM) uses an electron beam with moderately high
energy. The information obtained with this imaging technique are mostly related to
topography and phase distribution. One of the main features of SEM is the high depth
of field that can be achieved, giving to the generated images a 3D look. Images can be
formed by detection of the electrons that escape the sample. The most common types are

the backscattered and the secondary electrons.

Backscattered electrons (BSEs) are those that interact elastically with the sample
(no loss of energy). Heavier elements produce more BSEs and generate a brighter image

than lighter elements. That is a good way to perform compositional analysis in materials.

Secondary electrons (SEs) are those emitted from the atoms that compose the
sample and result from inelastic interactions. They are much less energetic than the
incident electrons. Images generated with SEs provide good topographical information,

due to their generation being mostly on the surface of the material [74].

5.4.2 Transmission electron microscopy

Transmission electron microscopy (TEM) utilizes a high energy electron beam (100
to 400 keV) One of the main features of TEM is its very high magnification power, to
acquire images with a few nanometers of dimension. However, it requires thin samples, in
order for the electron beam to cross the material. Thus, one limitation of this technique is
sample preparation, which usually involves grinding, dispersion in a volatile solvent and

mounting on a grid.

The images in TEM are formed by contrast, according to the amount of electrons
that reach the detector. They are generated using transmitted electrons, those that pass
through the sample without being deflected, and diffracted electrons, those that are
scattered (with no loss of energy) after passing through the sample. Moreover, diffraction
patterns can be obtained from small regions, because electrons also behave as waves, in the
technique known as selected-area electron diffraction (SAED). Hence, information about

morphology and structure can be obtained from TEM images and diffraction patterns [74].

5.4.3 Energy-dispersive X-ray spectroscopy

When bombarding a sample with high-energy electrons, X-rays are generated as
result of the interaction with atoms. In energy-dispersive X-ray spectroscopy (EDX), the
wavelengths and intensities of the emitted photons are measured in order to identify the

atomic contents in the region of the material being analyzed.
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X-rays are generated in two different ways when the electron beam hits the sample:

o Continuum X-rays, or Bremsstrahlung, a continuous range of wavelengths that is
produced as a consequence of the deceleration of the incoming electrons (due to the
growing electric repulsion when approaching atomic nuclei) as they penetrate the

structure (deceleration causes a loss of energy, that is converted to X-ray photons);

o Characteristic X-rays, which are generated when the electron probe transfers energy
to an inner-shell electron, causing its ejection from the atom. The whole that is left
is then filled by an electron from an higher energy shell, and the excess energy is
then emitted in the form of an X-ray photon. Its wavelength is dependent on the

atomic species and on the inner and outer shells involved in the emission process.

In EDX spectroscopy, the intensity of each characteristic X-ray line is proportional to
the amount of the corresponding element in the area. It is, therefore, a technique to acquire
information regarding atomic composition of samples (qualitatively and quantitatively)
[74].

5.5 Surface-enhanced Raman scattering

Raman spectroscopy is a very sensible technique. But the intensity of signals can
be enhanced in a 10° factor with the aid of metal nanoparticles [35]. Surface-enhanced
Raman scattering (SERS) corresponds to this enormous increase in intensity of inelastically

scattered photons due to the surface plasmon resonance effect.

If a molecule is adsorbed on the surface of the nanoparticle (either physically or
chemically), the Raman scattered radiation can be greatly intensified, and much smaller
concentrations of analyte can be detected. Figure 20| shows the example of the enhancement
of rhodamine 6G signals when it is in the presence of Ag-NPs. Development of substrates
for such a powerful technique as SERS is in steady growth, because detection of compounds
in trace amounts is of great importance in areas such as environmental and biochemistry.
SERS is being investigated as a tool for single molecule detection, due to the large
enhancements that can be achieved [75), [76], [77].

The enhancement of signals via SERS depends on several variables, in a way that
not all bands are equally intensified. Such complexity makes the SERS activity of a

substrate vary widely with different target molecules|78].
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Figure 20 — Enhancement of the detection of Rhodamine 6G via SERS. The bottom
spectrum is from an aqueous solution of rhodamine 6G, and the top spectrum
is from rhodamine in Ag colloidal suspension medium. Extracted from [79].

5.5.1 Enhancement factors

Two mechanisms are responsible for the origin of enhancement in SERS:

« Electromagnetic enhancement Accounts for most of the enhancement. It is a
result of the coupling of both the incident and scattered electromagnetic fields with

the LSPs of the nanoparticles. In order for it to happen, the molecules must be close

to the NPs;

e Chemical enhancement Corresponds to a modification in the polarizability of the
molecule probe, that might induce the enhanced resonant Raman scattering. This
type of enhancement happens when the molecule is coordinated to the metal atoms
that constitute the NPs, and involves charge transfers between the metal and the

ligand.

Enhancement factor (EF) is defined as a quantitative measure of the amplification
of Raman signals of an analyte on a given substrate. There are multiple ways an EF
can be calculated. Most of the times, two different substrates cannot be compared in
terms of their EFs, because of the multitude of types and classes of substrates that induce

differences in the nature of the enhancement.

Among the many parameters that influence enhancement of Raman signals via
SERS are characteristics of the laser source (wavelength and angle of incidence), detection

setup, substrate characteristics (NP species and geometry, composition of the material
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that holds the NPs), intrinsic properties of the analyte (polarizability), adsorption of the

analyte, and many others.

The simplest way to calculate the enhancement factor based on experimental
evidence is the analytical EF: given the parameters crg, the concentration of analyte, Irg,
the Raman signal, csgrs, the concentration in the SERS experiment (which may or may
not be equal to cgs), and Isgrs, the SERS signal, the AEF is calculated by

1 c

AEF — (SERS) (RS) (5.9)
¢sers/ \IRrs

It must be noted that the conditions of both Raman and SERS measurement

(preparation, analyte) are required to be the same. Furthermore, this definition implies the

assumption that both the intensities vary linearly with concentration of analyte. There is,

however, this fact depends strongly on the adosption of the substrate.

Another definition is the SERS substrate enhancement factor (SSEF), which

considers adsorption, and is defined as

ISERS) (Nwl)
SSEF = 5.10
(Nsurf Irs (5.10)

where N, is the average number of molecules in the scattering volume for the Raman
measurement, and N, s is the average number of adsorbed molecules for the SERS
experiment (considering the same scattering volume). The difficulty of application of this

equation lies in the determination of these two parameters [79)].

5.5.2 Determination of signals enhanced by SERS

Using a rigorous quantum mechanical treatment of the electronic and vibrational
transitions of the molecule, both when bonded and not-bonded to the metal atom in the
NP, it is possible to predict which Raman active modes are going to be enhanced in SERS

experiments.

In basic terms, the polarizability tensor of the probe molecule, when bonded to the

NP metal atom, can be written as
a=A+B+C (5.11)

where A is the Frank-Condon term, related to when the condition of resonance between
an electronic transition (from the ground to an excited state) and the laser radiation is
met, B is related to molecule-to-metal transitions, and C' is related to metal-to-molecule

transitions (there are the Herzberg-Teller terms) [80].

The development of these terms leads to the conclusion that totally symmetric

vibrational modes are the ones enhanced in SERS experiments, dominating the spectra,
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while non-totally symmetric modes may also be enhanced, a fact that depends on charge-
transfer mechanisms, therefore indicating the presence of ligand-metal bonds between the
analyte and the metallic NPs [81].
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CHAPTER 0

Glass synthesis and characterization

All glass samples were synthesized via the traditional melt-quenching process. Two
families of phosphate samples were produced: lead phosphate glasses (PBTN) and sodium
phosphate glasses (NBTN). A third family of glasses was also proposed in the scope of
this project, VGBN glasses, with composition V,05-GeO5-Bis03-Na,O. However, after

many attempts, a vitreous sample could not be obtained.

6.1 Lead phosphate glass system

PBTN glasses have composition (85 — 2)PbaP307-2B203-10Ti02-5Na0. The
amount of boron oxide was varied from 10 to 35 mol% (Table (1)) and the amount of lead

pyrophosphate was respectively reduced (the samples were labeled PBTN10 to PBTN35).
Lead pyrophosphate (PbyP2O7) was prepared by reaction of lead acetate (Pb(CH3COO),)

with phosphoric acid (H3POy4) at room temperature, producing a white powder insoluble
in water [82]. It was then mixed with the remaining reagents in a mortar and then added
to a Pt/Au crucible. The melting was performed at 1100 °C for 30 min, followed by casting

into a preheated mold at 350 °C and annealing at this same temperature.

The densities of the samples were measured using the classical Archimedes principle:
the solids were weighed in air (m,) and then again in water (m,,); the density p can be

calculated using equation[6.1] where p,, and p, are the densities of water and air, respectively.

Mg

= \Pw — Pa a 1
p ma_mw(p Pa) + P (6.1)

The results are presented in Table [} PBTN glasses have an increasing amount of

B503 and a decreasing amount of PbyP5O7, accounting for the drop in the density values.
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Table 1 — Lead phosphate glass compositions, densities, and appearance

Sample Composition . Density .
PbyP2O; B2O; TiOy NayO p (g mL™1)
PBTN10 75 10 10 5 5.86
PBTN15 70 15 10 5 5.79
PBTN20 65 20 10 5 5.76
PBTN25 60 25 10 5 5.72
PBTN30 55 30 10 5 5.66
PBTN35 50 35 10 5 5.54

6.1.1 Differential scanning calorimetry

The DSC curves of PBTN glasses are shown in Figure 21, while the characteristic

temperatures are presented in Table 2]

The PBTN glass family was synthesized with an increasing amount of BoO3. The
effect of these changes is the increase in the characteristic temperatures of the glasses,
according to Figure I} ByOj3 is a glass former, with all oxygen atoms in its network
being bridging oxygens (connecting two boron atoms), whilst in phosphate, formed by
[PO,] units, at least one of the oxygens is a non-bridging oxygen. The glass transition
temperature for all glasses were between 430 and 460 °C, and the crystallization peaks for

all samples could be identified, happening between 470 and 520 °C.
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Figure 21 — DSC curves for lead phosphate systems. There is an increase in the character-
istic temperatures with increasing amount of B5Os5.

Table 2 — Characteristic temperatures for PBTN glasses

Characteristic temperatures (°C)

Samples T T, AT

PBTN-10 436.20 470.67 34.47
PBTN-15 44299 478.13 35.14
PBTN-20 453.02 491.35 38.33
PBTN-25 458.54 502.95 44.41
PBTN-30 460.62 506.26 45.64
PBTN-35 458.51 518.24 59.73

Three crystallization peaks can be observed. An increasing amount of boron oxide
yields higher temperatures observed for those peaks. Also, the first two peaks, which
were initially conjoined, separate, with the second approaching the third peak. These
peaks indicate the glass system crystallizes in different ways and phases, an effect that
can be attributed to the presence of titanium oxide, a compound that is known to be
polymorphic (the three main phases being rutile, anatase — in the tetragonal crystal system
— and brookite — in the orthorhombic crystal system). That compound might have formed

different polycrystalline phases in association with sodium and phosphate.
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The addition of BoO3 promotes an increasing thermal stability of the system, with
a more pronounced increase in the crystallization temperature onset (7}) in relation to 7}.
That means that boron oxide has a greater stabilization effect of the non-bridging oxygens

than lead ions, with the advantage of increasing the network connectivity.

The temperature range between the glass transition and the crystallization onset
gives the thermal stability of the samples. Between these temperatures, the glass is in a
viscoelastic regimen (where both larger bond stretching and diffusion of atoms can be
experienced) [83]. That range is where the ion exchange experiments can be performed,
precisely because such viscoelastic regimen allows for a greater mobility of silver atoms

within the glass structure, consequently forming the nanoparticles.

6.1.2 Raman spectroscopy

The Raman spectra from PBTN glasses are presented in Figure 22] The assignment
of bands is presented in Table [3]

Phosphate-based glasses present two main regions on their Raman spectra: around
700 cm ™!, corresponding to stretching of bonds related to bridging oxygens, P-O-P, and

1. corresponding to terminal P-O stretching modes [27]. These regions

around 1200 cm™
are studied to understand the connectivity patterns of phosphate tetrahedra within the
glass network. In other words, Raman spectroscopy is a good tool to analyze whether a

Q% Q', Q% or Q3 pattern prevails in the glass structure.

Table 3 — Assignment of bands for PBTN Raman spectra

Raman shift (cm™') Assignment Reference
1315 B-O stretching [84]

1150 Q? P-O stretching [85]

1015 Q! P-O stretching + B-O diborate stretching [85] [86]
930 Q" P-O stretching + Ti-O stretching [85], R, 8]
805 B-O stretching (boroxol ring) [86]

735 Symmetric P-O-P stretching [27, 85]
418 O-P-O bending [27, [85]

To understand the behavior of the phosphate network with addition of BoO3, each
set of bands must be analyzed separately. The increase in the thermal stability, extracted
from DSC data, indicates that such addition promotes a polymerization effect in the

phosphate glass network.
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Figure 22 — Raman spectra of PBTN glasses with 633 nm laser excitation.

Figure 23 — Close-up views from PBTN Raman spectra comparing the normalized intensi-
ties of samples containing 10, 20 and 30 mol% of B,Os3.

Lead pyrophosphate is a Q! phosphate precursor. Therefore, the main band seen
in the spectra is expected to be the one corresponding to Q' connectivity. As shown In

Figure , the band at 1015 cm™! seen in the first close-up is indeed originated from
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Q! P-O stretching. This intensity decreases as the amount of pyrophosphate across the
samples also decreases. According to Table [3| a B-O stretching from diborate structures
can be identified around 1000 cm~! Raman shift, accounting for the signal appearance in
that region of the spectra with higher content of boron. There is also a band at 930 cm™!
corresponding to Ti-O stretching; since the amount of TiO, in the compositions stays the
same, that band does not have its intensity changed. Hence, the decreasing P-O Q! and

the Ti-O bands create an overall broadening effect of the region.

The second close-up in Figure [23|shows a stretching from P-O-P bridging oxygen at
735 cm~! besides a B-O stretching from boroxol rings centered at 805 cm™!. As expected,

the intensity of the first signal decreases as the intensity of the second increases.

The conclusion that can be drawn about the increasing thermal stability in PBTN
glasses is that it can be accredited to the higher connectivity of the glass network imposed
by the addition of boron oxide in opposition to the lower connectivity if it was purely
composed of pyrophosphate. Higher glass transition temperature is directly related to a
glass network with more linkages (more bonding oxygens), and the insertion of boron and
titanium oxides and their [BO3|, [BO4] and [TiOg| polyhedra to the composition promotes

such increase in the connectivity.

6.1.3 Crystallization essays and X-ray diffractometry

To identify the crystal phases that form with heating, the sample PBTN15 was
subject to thermal treatment at three different temperatures, corresponding to the three
crystallization peaks in the DSC curve, for 4h. Powder X-ray diffraction was then utilized
in the identification. The data were collected in a Bruker D8 Advance diffractometer, using
CuKa radiation (1.54A). Figure [24] shows the results obtained.

As can be seen, the same crystal phases were obtained for all three heat treatments.
Furthermore, the relative intensities of the diffraction peaks are the same for all three data

set. This means that all phases were equally obtained in all treatments.

A phase search was performed in ICSD (Inorganic Crystal Structure Database) to
identify which were formed during the thermal treatment. Figure 25| shows those phases

in comparison to the diffractogram obtained.

It was expected that different crystal phases would be formed at each crystallization
temperature obtained from the DSC curve. An explanation for what happened instead is
that the phases formed are intermediates toward a final crystalline structure, and the 4 h
of heat treatment were not enough to complete the crystallization process. That way, in

order to better investigate this, a longer treatment would be necessary.
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Figure 24 — Diffractograms obtained from PBTN15 samples after heat treatments at the
three crystallization temperatures identified in its DSC curve.

Figure 25 — Phase search results for the crystallized PBTN15 glass.
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6.2 Sodium phosphate glass system

NBTN glasses have composition (65 — y)NaPO3-30B203-yTiO2-5NasO. In this
system, the amount of B,O3 was fixed and then the amount of titanium oxide was increased
from 10 to 20 mol% (Table |4]) to evaluate the amount of TiO, that can be incorporated
into the glass without crystallization. The amount of sodium phosphate was respectively

reduced. It was not possible to obtain a glass sample with more than 20 mol% of TiO,
without crystallization (the samples were labeled NBTN10 to NBTN20).

Ion exchange was later carried out on NBTN glasses. They were chosen over PBTN
family in order to avoid the use of lead, a well-known toxic element. Also, it was not
necessary to synthesize any of the components of NBTN glass. Thus, the glass synthesis
could be reduced by one step. Last, as can be verified comparing thermal stabilities shown
in Tables[2] and 5} NBTN glasses are thermally more stable than PBTN glasses.

The densities of the samples are shown in Table 4l PBTN glasses are denser than

NBTN glasses due to the presence of lead atoms in the former.

One interesting fact to be noted about the NBTN glasses is that their color
changes according to many conditions, such as melting temperature and time, annealing
temperature, and concentration of TiO5 used in the composition, as can be noted in Figure
(in Table {4} the samples were cast at 350 °C). The samples melted at 1100 °C with

annealing at 400 °C were used for the ion exchange.

Table 4 — Sodium phosphate glass compositions, densities, and appearance

Sample Composition Density

P NaPO; B,O; TiO, Na,O p (g mL™)
NBTNI10 55 30 10 5) 2.62
NBTN15 50 30 15 5) 2.67

NBTN20 45 30 20 5 2.71
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Figure 26 — Difference in coloration of NBTN15 glass with TiO, amount, mold/annealing
temperature, melting temperature, and time of melting. In each set of samples,
the conditions that were not varied are fixed as 15mol% TiO,, 450 °C, 1100 °,
and 30 min.

Another interesting observation (which is also true for PBTN glasses) is that the
NBTN samples are chemically stable: contrary to many phosphate glass compositions, the
synthesized glasses are highly resistant to degradation due to ambient humidity. The may

be a clue of the inclusion of titanium in the glass network.

6.2.1 Photoluminescence spectroscopy

To investigate the reason why NBTN samples are brownish, with the intensity of
the color varying according to the conditions of the synthesis, photoluminescence studies
were performed on NBTN15 with 30min of fusion at 1100 °C and annealing at 450 °C. The
hypothesis was that the color is due to the reduction of Ti*" in the matrix to Ti*T. Figure

presents the excitation and emission spectra taken from the bulk sample aforementioned.
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Titanium is a transition metal, and its d-d electronic transitions strongly depend
on the ligand field. Its trivalent cation has a 3d! electron configuration, so its free ion
electronic state 2D splits into 2E and 2Ty when coordinated (in either octahedral or

tetrahedral geometries). The tetravalent cation, on the other hand, is a 3d° species.

Ti** exhibits a broad band luminescence, that spreads over the visible spectrum,
centered in the blue region (480 nm). This is due to the charge transfer from O ligands
to Ti*" [89]. Ti*" also display a broad band, but this time centered in the orange region.

The transition involved here is between the states 2E and 2T, of titanium.

Figure 27 — Photoluminescence spectra of NBTN15 sample melted at 1100 °C for 30 min
and annealed at 450 °C.

The excitation of the glass sample in the UV, at 354 nm, gives an emission at 583
nm. This is, therefore, evidence of formation of Ti*" ions in NBTN glass samples. There
is a blue shift in the band when compared to literature results [89, 90], which can be

attributed to differences in the ligand field and in the surroundings of the metal center.

6.2.2 X-ray photoelectron spectroscopy and electron paramagnetic resonance

spectroscopy

To confirm that Ti’" are indeed present in the NBTN samples, XPS experiments
were conducted on the samples which the annealing temperature was varied. Figure
shows the fitting for Ti2p binding energies. The components that appear at 459 and 465 eV
correspond to the 2ps/, and 2p; /s, respectively. The symmetric shape of the peaks, along
with a spin-orbit splitting of 6 €V are indicative that the sample only contains titanium in
the +4 oxidation state.



6.2. Sodium phosphate glass system 79

Since XPS is a surface-sensitive technique, and the Ti may have been oxidized due
to exposure to the atmosphere, EPR spectra were also collected to verify and possibly

quantify the amount of Ti*T in the glass samples.
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Figure 28 — X-ray photoelectron spectra of the NBTN glass samples annealed at 350, 400,
and 450 °C.

Figure 29 — EPR spectra of the NBTN glass samples annealed at 350, 400, and 450 °C.

The results, displayed in Figure show a very low signal-to-noise ratio, meaning
that the amount of paramagnetic species detected was very low. Furthermore, the Fe?"
identified in the spectra corresponds to impurity; that way, the amount of Ti*" present in

the samples is so low that it can also be considered impurity.
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Hence, the color of the NBTN samples could not be attributed to the presence
of Ti*", reduced from Ti'". The wavelength shift observed in the PL spectra are due to
the ligand field, and the broad emission is due to Ti*". What can be done to find the
cause of the glass color is removing one of the starting materials from the composition and
synthesizing the ternary glasses, and verify whether any of these compositions is colored,

and the one that is colorless will reveal which species is responsible for the color.

6.2.3 Differential scanning calorimetry

NBTN DSC thermograms are shown in Figure The characteristic temperatures
are tabulated in Table [l

Figure 30 — DSC curves for sodium phosphate systems. Increasing titanium amounts yield
higher crystallization temperatures in relation to lead phosphate glasses.

Table 5 — Characteristic temperatures for NBTN glasses

Characteristic temperatures (°C)
Samples 7T T, AT
NBTN-10 467.63 > 600 > 132.37
NBTN-15 491.36 > 600 > 108.64
NBTN-20 508.13 > 600 > 91.87




6.2. Sodium phosphate glass system 81

Substitution of lead pyrophosphate for sodium phosphate in NBTN glasses yield
slightly higher glass transition temperature, when the samples with the same amounts
of boron and titanium oxides are compared (PBTN30 and NBTN10). This effect can
be attributed to the higher connectivity of the phosphate network in the latter (further
details are discussed in the Raman spectroscopy session). When the amount of TiOs is
increased, all the characteristic temperatures increase significantly (the crystallization
peaks cannot be observed in the temperature range analyzed), meaning that titanium enters
the glass network contributing to increases in both stabilization face to crystallization and

connectivity.

6.2.4 Raman spectroscopy

Raman spectra for NBTN glasses are shown in Figure and the band assingment,
in Table @ As can be seen, the spectra exhibit luminescence starting at 1400 cm ™. Such
effect is probably due to the presence of Ti*" species, whose luminescence was already
verified and discussed [90), 91].

Figure 31 — Raman spectra of NBTN glasses with 633 nm excitation laser.
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The phosphate source in these glasses was sodium hexametaphosphate, formed
mainly by cyclic structures where each phosphorus atom is linked to two bridging oxygen
atoms. The synthesized glasses are expected to possess Q? connectivity. However, no
band can be identified that corresponds to such behavior. Instead, two strong bands
associated with P-O stretching from Q' and Q° connectivities appear (1000 and 935
cm™!, respectively, shown in the first close-up of Figure , indicating that titanium
oxide promotes a depolymerization of the network. Still, this information is not consistent
with the increasing characteristic temperatures of the network, which indicate a highly

connected glass network.

Table 6 — Assignment of bands for NBTN Raman spectra

Raman shift (cm™!) Assignment Reference
1215 B-O stretching + Asymmetric O-P-O stretching  [84] 8]
1000 Q! P-O stretching + B-O diborate stretching [85], [86]
935 Q" P-O stretching 4+ Ti-O stretching 185, 187, [8F]
772 Symmetric P-O-P stretching [27, 85]
500 O-P-O bending [27, [85]
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Figure 32 — Close-up views from NBTN Raman spectra comparing the normalized intensi-
ties of samples containing 10, 15 and 20 mol% of TiO,.

The band at 935 cm™! can also be attributed to a Ti-O stretching mode, what
can account for the increasing intensity when higher amounts of TiO, is added to the
composition. Hence, what might be happening is the insertion of Ti to the glass network,

instead of depolymerization. According to the literature [88|, [87], P-O-Ti linkages might
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occur across the network, conferring to it a 3D structure due to the octahedral nature of
Ti. This might also account for the narrow NBTN glass domain [92]: it was not possible

to synthesize glasses with more than 20 mol% of TiO, without crystallizing the sample.

Based on the evidence exposed above, an increasing amount of TiO, causes an
increase in the T}, of the glass samples because octahedral Ti are inserted into the phosphate

network. A P-O-Ti connectivity prevails over a Q? phosphate connectivity.

6.3 lon exchange

The ion exchange process is a very laborious experiment to carry out manually.
Opposite to the totally automated fabrication of Gorilla Glass, here, it was performed

with the aid of tweezers in a laboratory furnace.

The species exchanged are Na™, present in the glass composition, and Ag™, that
diffuses into the glass surface. The thermal treatment that follows the bath promotes

reduction, nucleation, and growth of silver nanoparticles.

It is important to note that there are several variables that affect the nanoparticles
size, shape and distribution: molten salt bath temperature, composition, bath time, thermal

treatment temperature and time, oven shape (heat distribution).

The ion exchange was carried out in a NaNO3-AgNO3 molten salt bath, in approx-
imately 4 : 1 proportion (in mol), at 380 °C. The bath time varied from 10 to 120 min.
The thermal treatment was carried out in a tubular oven at 7T}, 4+ 10 °C. The samples used
in the experiments were NBTN15 (Figure and NBTN20 (Figure [34)).

Figure 33 - NBTN15 glass samples after ion exchange and thermal treatment.

SERS and photocatalysis experiments were carried out using NBTN15 samples
containing Ag-NPs. From now on, such samples, when in their bulk form (because powdered

samples were also synthesized) will be labeled according to the ion exchange bath time
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(since this was the variable that was changed): NBTN-Ag10, NBTN-Ag30, NBTN-Ag60,
NBTN-Ag90, and NBTN-Ag120.

Figure 34 — NBTN20 glass samples before and after ion exchange and thermal treatment.

6.3.1 Appearance and UV-Vis spectroscopy

After the ion exchange bath, no apparent change in the sample’s appearance was
detected. After the thermal treatment in the tubular oven, however, the samples acquired
an intense yellow color, as can be seen in Figures [34(b) and [33] This is evidence of silver
nanoparticles growth on the glass surface. The absorption spectra of the samples after
thermal treatment were collected, and Figure |35 shows the evolution of the plasmon band

of the glass samples with increasing ion exchange bath time.

The growth of a plasmon band at 440 nm is evidence for silver nanoparticle
formation. The geometry and size of the particles affect the absorption wavelength [93].
In the spectra obtained for the glass samples, there was no change in the wavelength of
plasmon band. This is a strong indicative that neither the shape nor the size of the Ag-NPs
suffered changes with modification of ion exchange bath time. The increasing intensity

of the absorption band at 440 nm indicates, therefore, an increasing concentration of
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nanoparticles within the samples.

Figure 35 — UVVis-NIR absorption spectra for ion exchanged and thermally treated
NBTN15 sample.

The last sample, NBTN-Ag120, however, shows a deviation from the observed
trend: there is no further intensity increase in the SPR band, and there is a small
shift in its wavelength. This might be happening because of nanoparticles clustering.
The concentration of NPs becomes higher to a point that their borders start to touch.
Consequences of such contact are changes in the geometry of the overall structure and
weakening of the LSPs due to the larger dimensions. These, in turn, promote the observed

distortion.

The absorption border at 380 nm is red-shifted with increasing time of heat
treatment. Hence, the samples lose transparency in the ultraviolet region of the spectrum

due to the surface plasmon absorption originated from Ag-NPs.

6.3.2 Scanning electron microscopy and energy-dispersive X-ray analysis

Prior to the analysis, the samples were coated with carbon, in order for the surface
to be conductive. The backscattered electrons images of the cross-section of the samples
with 30, 60, 90, and 120 min ion exchange were taken and are presented in Figure |36] as
well as EDX maps and line scans for silver. Appendix A contains more detailed images,
along with line scan plots for oxygen, sodium, phosphorus, and titanium. The analysis on
the cross-section of the samples allowed for identification of the maximum depth the silver

ions reached into the glass.



Figure 36 — Backscattered electrons images, EDX mappings and line scans of Ag on the cross section of the samples. The values in the
bottom are the calculated layer depths of silver on the surface of the samples.
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The EDX maps and line scans show that silver diffused into the glass up to a
depth of 194 pm. The sodium ions that are exchanged are present in large amounts in
the samples, because both the glass former and the glass modifier (NaPO3 and NayO,
respectively) are sources of Na™. Such a high concentration enabled Ag™ ions to permeate
hundreds of micrometers into the glass surface, even with diffusion times as low as 30 min.
It can be noted, however, that there is not a linearity in the depths of the silver layer as a

function of diffusion time.

Gorilla Glass manufacturing process is totally automated, with the ion exchange
occurring homogeneously throughout the entire glass sheet. Here,even though the process
was manually performed, a trend can be observed: the longer the ion exchange treatment,

the deeper the silver diffuses into the glass.

6.3.3 Transmission electron microscopy

To prepare the bulk samples for TEM analysis, they had their core removed with
the aid of a sandpaper, since the surface is the part of the samples where the nanoparticles
are located. Then, they were ground in a mortar until a very fine powder was obtained.
The powders were suspended in ethanol and dropped on copper grids, which were then
allowed to dry. Figure |37 shows the TEM images of the bulk samples. Appendix B contains

more detailed images and EDX maps of all samples.

The observed nanoparticles are highly regular in shape. All samples contain mostly
spheroidal NPs. A high regularity in the sizes of the synthesized NPs can also be observed
in both bulk and powdered samples. Diameters between 5 and 15 nm were obtained for all
the analyzed samples. This is reflected in the UV-Vis spectra, where the plasmon band
across the samples did not shift to higher or lower wavelengths. Therefore, as expected,

the higher intensity corresponds to a higher amount of Ag-NPs in the glass.

In bulk samples, the longer the ion exchange bath time, the larger the silver layer
on the surface of the glass sample (as seen in the EDX line scans, Figure . Hence,
the absorption due to the SPR of the nanoparticles increases. At 2 h of ion exchange,
they start to aggregate, and, as consequences, the sample starts to lose transparency, and
the plasmon band intensity decreases, as evidenced by both the UV-Vis spectra and the

appearance of the glass.



88 Chapter 6. Glass synthesis and characterization

Figure 37 — Transmitted electrons images of NBTN15 bulk samples containing Ag-NPs on
the surface treated with (a) 30min ion exchange, (b) 60min ion exchange, and
(c) 120min ion exchange.

6.4 Powdered glass samples

6.4.1 Synthesis and appearance

In addition to the bulk samples, the photocatalysis essays present in Chapter 7
were performed using powdered samples in suspension. Each has an advantage towards
the photodegradation experiments: while the bulk samples are more easily synthesized, for
having one less step in their preparation, the powders have a greater surface area, which

can allow for a more effective activity.
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The powdered NBTN-Ag glass samples were prepared via the following route:
melting of the precursors at 1100°C in a Pt-Au crucible, and then melt-quenching at 400
°C in a steel mold; milling of the glass in a mortar; ion-exchange in the NaNO3-AgNO;
4:1 molten salt bath at 380 °C, followed by washing of the salt excess; thermal treatment
at T, + 10 °C; second milling step; granulometry control using a set of sieves. A sample
without ion-exchange/thermal treatment was saved for comparative purposes. The ion
exchange bath times were 30, 60, 90, and 120 min, and the thermal treatment was fixed at

10 min for all samples.

It was observed that, after the ion exchange bath, the samples acquired a yellowish
hue, indicating the formation of Ag-NPs. Half of each prepared batch was saved for further
analysis, and the thermal treatment was proceeded on the remaining half. A darker yellow
hue was obtained. Figure [3§ shows all the samples, where these differences in color can
be noted. From now on, samples that have been only through ion exchange bath are
labeled with the suffix IE, and samples that have been through both ion exchange bath
and thermal treatment are labeled with the suffix TT.

Figure 38 — Glass powders obtained after ion exchange (above) and thermal treatment
processes (below). The first sample corresponds to the original NBTN15 glass.

6.4.2 UV-Vis spectroscopy

The UV /Vis spectra of these samples, presented in Figure , were taken in the
diffuse reflectance mode, using the Shimadzu UV-3600 UV-Visible-NIR spectrophotometer.
The results of both IE and TT samples show the same trend: the growth of a band

centered in 450nm with increasing ion exchange time. That band corresponds to the SPR
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absorption of Ag-NPs. Other trend that can be observed is the growth of the plasmon band
when comparing the spectra in the left (yellow) with the spectra in the right (orange),
meaning that the heat treatment promoted the formation of more nanoparticles in the

glass samples.

Slight differences can be noticed between UV-Vis spectra taken via transmit-
tance/absorbance method (bulk samples, Figure and those taken via reflectance
method (powder samples, Figure . Two reasons are accountable for such distinctions:
the different dimensions of both types of samples that were subject to treatment and the
measurement method. Even though the ion exchange and thermal treatment conditions
were the same for both cases, a greater surface area and smaller grain volume in the
powdered materials when compared to a whole piece of glass promote a different outcome
in the synthesis process, in aspects such as depth of the Ag-NP layer and total amount of

silver incorporated in the substrate.

Revisiting the many ways light interacts with matter, it can be absorbed, scattered
or transmitted through the sample. Diffuse reflection refers to the light that is scattered in
all directions. Due to the different geometries and particle size of the samples, variations
in the intensity of scattered radiation arise. Those are the reasons why the two types of

generated spectra are not directly complementary.

Figure 39 — UV /Vis diffuse reflectance spectra of NBTN-Ag samples (a) after ion exchange
only and (b) after ion exchange and thermal treatment.

6.4.3 Transmission electron microscopy

TEM images were also obtained for these samples. They were further crushed to

obtain a very fine powder and then subjected to the same preparation method than the
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bulk samples.

Figure 40 — Transmitted electrons images of powdered glass samples containing Ag-NPs
(a) 120IE and (b) 120TT.

In powdered glasses, Figure 40| shows that some NP synthesis was observed after
the ion exchange. The observed nanoparticles were again highly regular in shape and size,
being spheroidal with diameter around 10-15 nm. After thermal treatment, the amount
of Ag-NPs significantly increased. This accounts for the change in color of the samples.
Opposite to the bulk samples, there were nanoparticles already present in the powdered
glasses right after the ion exchange bath. This happened because of differences in the
dimensions of the samples, as mentioned earlier. Smaller grain sizes lead to a higher surface

area, which then leads to a different heat and energy distribution.
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CHAPTER 7

SERS and photocatalytic activity

7.1 SERS detection of fipronil, thiamethoxam, and 2,2’-bipyridine:

preliminary results

Density functional theory (DFT) calculations show that fipronil possibly can bind
to the Ag-NPs surface via its cyano group [65], whilst for thiamethoxam, DFT shows that

such attachment can happen via its nitro group [94].

Fipronil (fpn) and thiamethoxam (tmx) are the analytes that were initially intended
to be used to evaluate the SERS activity of the NTBN glasses containing Ag-NPS on
their surface. To do that, a Raman spectrum of solid fipronil and thiamethoxam (Aldrich
standard) were taken as standards. Then, they were diluted in appropriate solvents (the
former in acetone, the latter in acetonitrile) until a 1000 mg L~! solution was obtained
(2.29mmol L~ for fipronil, 3.43mmol L~! for thiamethoxam). The solutions were then
poured onto the NBTN-Agl120 sample dropwise. A spectrum was taken after the solvent
dried.

For each analyte, different spectra were collected from several regions in the glass
sample. For discussion purposes, only the ones containing some information are displayed
(some spectra only showed the bands related to the glass structure). SERS substrates
contain hot spots, regions where the Raman signals of the analytes are more effectively
intensified due to stronger near-field effects, which, in turn, are caused by the characteristics
of the nanoparticles present in said region. For that reason, the surface of the glass sample

was explored in search of such spots.

Figure [41] shows the spectra of the solid fipronil standard and fipronil solution on
the surface of NBTN-Ag120 glass. Table [7] shows the bands assignment.

The bands corresponding to the vibrational modes of chemical bonds containing a
nitrogen atom, namely 2251 (C=N stretching), 1608 (HoN-C(prz) stretching), and and
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1560 cm™! (CN-C stretching), either were not identified in the glass spectra or appeared
in the form of several weak peaks very close to each other. Such bands were supposed to
appear in the SERS spectra because, based on the theoretical evidence aforementioned,

their signal is amplified due to the formation of an fpn-Ag-NP structure.

Figure 41 — Raman spectra of NBTN-Ag120 sample before and after contact with droplets
of fipronil 1000ppm in acetone. The spectrum of fipronil standard is shown as
reference (in black).

Table 7 — Band assignment for solid fipronil Raman spectrum [65]

Raman shift (cm™') [|Assignment

2251 v(N=C)

1608 v(HaN-C(prz))
1509 v(pyrazole ring)
1421 v(phenyl ring)
1171 v(C(prz)-C(prz))
1068 v(NC-C(prz))
866 S (phenyl ring)
508 B(pyrazole ring)

a

Abbreviations: v, stretching, 5, bending

Thiamethoxam experiment results are shown in Figure 42 and the band assignment
is presented in Table[§] Again, instead of bands that may be amplified due to the formation
of a tmx-Ag-NP structure, such as at 1416 (N-O nitro stretching) and 980 cm~! (O-N-O
nitro strecthing), no bands appeared, or only a series of faint peaks can be seen in the

spectra.
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Figure 42 — Raman spectra of NBTN-Ag120 sample before and after contact with droplets
of thiamethoxam 1000ppm in acetonitrile. The spectrum of thiamethoxam
standard is shown as reference (in black).

Table 8 — Band assignment for solid thiamethoxam Raman spectrum [94]

Raman shift (cm™') [Assignment

1531 v(O2NN=C)

1416 v(N-O nitro)

1310 v(N-N(nitro))

1045 v(C-O(ring))

982 v(O-N-O) + v(N-N(nitro))

858 v(HsC—-NCHj3) 4 6(C-N-N(nitro))
780 d(O-N-0)

626 v(S-C-Cl)

% Abbreviations: v, stretching, 8, bending, §, scissoring in plane

These series of weak bands that appear between 1000 and 1600 cm ™! instead of
the bands from the pesticide compounds are collectively called "cathedral bands". Their
appearance is evidence of degradation of the analytes to some degree [78]. This fact can

be attributed to the high intensity of the laser source.

To verify the effective SERS activity of the substrate, new trials were conducted
using a 2,2-bipyridine (bipy) 900 mg L=! (5.76 mol L™!) solution in ethanol. Again,
spectra were collected from multiple regions within the glass sample, and only the results
that show some information are shown in Figure [43] The band assignment for bipy solid

standard is presented in Table [9]
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Once again, several "cathedral bands" are present instead of amplified signals, this
time with a much clearer pattern. The conclusion that can be drawn is that, even though
the laser output intensity used during the experiments was between 2 and 25% of the
nominal intensity, degradation of all the compounds tested was verified, probably due to
the interaction with the glass samples and the nanoparticles (which is an initial clue that

the synthesized material has photocatalytic properties).

Figure 43 — Raman spectra of NBTN-Ag120 sample before and after contact with droplets
of 2,2’-bipiridine 900ppm in ethanol. The spectrum of 2,2’-bipiridine standard
is shown as reference (in blue).

Table 9 — Band assignment for solid 2,2’-bipyridine Raman spectrum [3§]

Raman shift (cm™') |Assignment

1591 v(C-C aromatic) + v(C=N)
1573 v(C-C aromatic) + v(C=N)
1483 v(C-C aromatic) + v(C=N)
1448 v(C-C aromatic) + v(C=N)
1303 v(C(ring A)-C(ring B))
1238 v(C(ring A)-C(ring B))
1095 B(C-C-H)

1045 B(C-C-H)

996 v(C-C aromatic)breathing
815 $(C-C-H)

765 B(C-C-H)

614 p(C-C-H)

@ Abbreviations: v, stretching, 3, in-plane bending, ¢, out-of-plane bending
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7.2 SERS detection of crystal violet

Crystal violet (CV, Figure was chosen as the analyte for another round of
SERS trials using the synthesized glass samples because it is commonly utilized as probe
molecule in other works [95, 96, 97, [98]. The laser source wavelength was altered to 473 nm
to avoid resonance with CV, and to be closer to the Ag-NPs SPR maximum of absorption.
The samples NBTN-Ag30, NBTN-Ag60, and NBTN-Ag120 were tested. 40 pl of CV
aqueous solution was added dropwise to the surface of the glass samples, and the analysis
was performed after the solvent dried. The laser output intensity was 1% of the nominal

intensity, and the accumulation time was 30s.

Figure 44 — Crystal violet structure.

SERS spectra could then be obtained. Figure [45| shows the normalized spectra,
and Table [10] presents the band assignment for the solid CV. Appendix C contains the
raw data of all samples and all concentrations of analyte, for a better comparison of the
intensities. For the first two substrates, it was possible to detect the probe molecule up to
a limit of 107° mol L™!. NBTN-Ag120 could detect an ever lower concentration, 10~° mol
Lt
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Table 10 — Band assignment for solid crystal violet Raman spectrum [95]

Raman shift (cm™!) ﬂAssignment Irreducible representation
1617 v(C-C)(ring) Ay
1588 v(C-C)(ring) E
1534 v(C(ring)-N) E
1373 v(C(center)-C(ring)) E
1173 B(C-H)(ring) E
937 v(C-C)(ring) Ay
912 v(C-C)(ring) E
815 ¢(C-H)(ring) E
435 ¢»(C-C)(ring) Ay
416 B(C-N-C) E

a

Abbreviations: v, stretching, 3, in-plane bending, ¢, out-of-plane bending

Figure 46| presents the non-scaled SERS/Raman spectra of CV for a comparison of
the signal intensity using different substrates. Using Equation the enhancement factor
can be estimated from the displayed data. NBTN-Ag120 has an analytical enhancement
factor of 5 when compared to spectrum taken on the glass without Ag-NPs. It is important
to emphasize that this value is only an estimate. The materials being studied are solid
substrates, and adsorption, as well as adhesion and cohesion, are important factors to be
taken in consideration when comparing the glass samples. It was observed, for example,
that when the solvent was drying, the analyte was concentrating in small spots on the
surface of the untreated NBTN glass, while it was evenly spread out on the surface of
the modified NBTN glass. Therefore, the silver nanoparticles that are present in the glass
samples modify how CV interacts with their surface. That is the motive why, although CV
could be detected using NBTN-Ag30 and NBTN-Ag60 substrates, the signals obtained

using the untreated glass were more intense.

To have a better understanding on how this enhancement occurs, three pairs of
signals are highlighted: 416 (F) and 435 (A;), 912 (E) and 937 (A;), and 1588 (F) and
1617 (A;). With decreasing concentration of CV, the intensity ratio Ig/l4; increases,
meaning that the non-totally symmetric signals (E representation) are more strongly

enhanced than the totally symmetric ones (A; representation).

Since charge transfer mechanisms are the main responsible for the enhancement of
non-totally symmetric modes, such amplification of £ modes observed in the SERS spectra
of crystal violet are evidence of chemical adsorption of CV on the surface of NBTN-Ag

samples.

The inversion of intensity in the last pair of signals was not observed in other
works ([95], 96], 97, [98]). Besides being an indicative of the SERS activity of the substrates,

such behavior presents one clear advantage of solid substrates when compared to colloidal
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suspensions: there is no adsorption competition between the analyte and a stabilizing

agent, which may hinder the interaction of the target molecule with the nanoparticles.

The Ag-NPs present on the surface of the glasses are free to interact with the
analyte. The materials presented here are, therefore, good candidates for devices of organic

molecules detection in small concentrations.

Figure 46 — Non-scaled spectra for comparison of the effect of surface interaction with the
glass samples on the intensity of the signals of CV 10~* mol L=!. Appendix C
contains this comparison for the other concentrations of CV.

7.3 Photocatalysis essays

The photocatalytic activity of the samples was evaluated in two forms: on the
surface of bulk samples, and in suspensions of the powdered samples. The reason for that
was each type of sample has one advantage in the photocatalysis experiment: bulk samples
do not need to be milled, being more easily prepared; powdered samples, on the other
hand, might have a greater photocatalytic activity, for possessing a larger surface area for

the reaction to occur.
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7.3.1 Optical band gap

The band gap energy (E,) is the energy necessary to excite electrons from the
valence band to the conduction band in solids. In 1966, J. Tauc proposed a method to
calculate E; in amorphous solids using spectroscopic data [99]. The band gap energy
calculated through this method is denominated optical band gap, and it can be derived

from the following relationship:
(o hu)% = B(hv — E,) (7.1)

where « is the absorption coefficient (which depends on the wavelength of the incoming
photons), h is the Planck constant, v is the frequency of the incoming photons, B is a
constant, I, is the band gap energy, and « is a factor that depends on the nature of the

electron transition (3 for direct and 2 for indirect transition band gaps) [100].

The absorption coefficient «(v) is calculated via

A
a(v) = 2.303 < S’)> (7.2)
where A is the absorbance in the UV-Vis spectrum, and d is the thickness of the solid
sample [101].

In the case of bulk samples, where the absorbance is directly measured, the F,
value is the extrapolation of the linear portion of the Tauc plot to the x axis. However, in
the case of powdered samples, where the diffuse reflectance spectra were taken instead, an
additional treatment is necessary. Through the Kubelka-Munk transformation, presented

in 1931, reflectance spectra can be converted to absorption spectra, using the equation

F(Roo)

K (1-Ry)?
== (7.3)

2R

where R, is the reflectance value of an infinitely thick sample, and K and S are the

absorption and scattering coefficients, respectively [102].

The value F(Rs) obtained from Equation can then be directly applied to
Equation

Tauc plots for the bulk samples, calculated from their absorption UV-Vis spectra,
are presented in Figure [{7] while the ones for the powder samples, calculated via Kubelka-
Munk treated spectra, are shown in Figure[d8l The optical band gap energies were extracted
from the extrapolation of the straight portion of these plots to the x axis, and they are
displayed in Tables [I1] and [I2] respectively.
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Figure 47 — Tauc plots for determination of (a) direct and (b) indirect band gap energies
of NBTN-Ag bulk samples.

Table 11 — Optical band gap energies for NBTN-Ag bulk samples

Sample Direct £, (eV) Indirect E, (eV)
NBTN (no treatment) 3.47 3.32
NBTN-Agl0 3.45 3.28
NBTN-Ag30 3.41 3.23
NBTN-Ag60 3.38 3.20
NBTN-Ag90 3.37 3.14
NBTN-Ag120 3.34 3.10

In these tables, direct band gap energy refers to the energy value for an electronic
transition to occur directly between the valence and conduction bands within the solid
structure, while indirect band gap energy corresponds to the value for the transition
to occur between these same states, but having a phonon (vibration of the structure)
transition as intermediate. Since both of these types of transition may simultaneously

occur, it is not simple to experimentally define which one is dominant [103].

Two behaviors can be noticed in the band gap tables: whilst in the bulk samples the
direct transition values are larger than the indirect values, in the powdered samples it is the
opposite. However, they should not be compared across tables, since they were obtained
via different measurement modes (the former, directly from the absorbance spectra, and

the latter, from the Kubelka-Munk treatment of the diffuse reflectance spectra).

Nevertheless, in both cases, the same trend is observed: the higher the content of
Ag-NPs, the lower the E,. This decrease is related to the red-shift in the UV-Vis spectra.
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This may be due to the raise of the upper limit of the valence band, which, in turn, is a

consequence of a higher negative charge in non-bridging oxygen atoms [46].

Figure 48 — Tauc plots for determination of direct (a and c) and indirect (b and d) band
gap energies of powder glass samples after ion exchange only (a and b) and
after ion exchange and thermal treatment (c and d).

Table 12 — Optical band gap energies for NBTN-Ag powdered samples

Direct E, (eV)

Indirect £, (eV)

Sample IE TT IE TT
NBTN (no AgNPs) 3.24 3.50

NBTN-Ag30 245 2.51 3.03 2.96
NBTN-Ag60 243 2.51 2,92 2.96
NBTN-Ag90 92.38 2.37 2.88  2.92
NBTN-Ag120 2.04 2.37 270 2.88
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7.3.2 Photodegradation study of methylene blue: dispersion method

The photocatalysis experiments were carried out using methylene blue (MB, Figure
as target molecule. The degradation was monitored using the decrease in the absorption
band of MB in the electronic spectrum at 662 nm. The light source used in all experiments

was a Hamamatsu LightningCure LC8 Xe/Hg type 02A lamp.

Figure 49 — Methylene blue structure.

For the photocatalytic tests in suspension, 30 mg of each glass powder was weighed.
That mass was added to 35 mL of water, which was then agitated using an ultrasound
bath for 30 min. The suspension was mixed with 35 mL of an MB aqueous solution to

make a concentration of 5 mg L.

To assess the adsorption of MB to the glass powder surface, the MB solution
containing the 60IE sample was left in the dark under agitation, and aliquots were taken
every 10 min to measure the electronic absorption. Figure shows the decay of the

absorbance intensity of MB, I, in terms of its initial value Ij.

Figure 50 — Adsorption curve for 60IE sample suspended in an aqueous solution of methy-
lene blue.
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After 10 min, there was a relative decay of 27% in the absorption of the dye, which
can be correlated to its adsorption to the glass surface. After 30 min, this value increased
to 33% and, after 90 min, to 40%. That means that, between 30 and 90 min, the adsorption

was accounted for an intensity decrease of only 7%, much smaller than in the first 30 min.

For that reason, to run the tests, the suspensions were kept in the dark for 30 min.
The lamp was positioned 7 cm away from the reactor (composed of borosilicate glass), and
it was then turned on. This experimental setup is presented in Figurd5l] Aliquots were
taken every 10 min in the next hour to verify the photocatalytic activity via electronic

spectra of MB. The results of relative decays are displayed in Figure [62]

Figure 51 — Experimental setup of the photocatalysis tests in dispersion.

It was observed no significant degradation of MB by the light source, because the
borosilicate glass walls of the reactor filters part of the UV radiation. The use of glass
powder in all other experiments, however, promoted the degradation of the dye to some
degree. Table [13] presents the percentage of degradation of each experiment after 60min.

The values were obtained directly from the intensity ratios shown in Figure

Some unusual behavior was observed in the results. The photodegradation curve
for 30IE sample, for example, shows an increase in the intensity of the absorption band of
MB after 40 min. This is due to competition of the photocatalysis effect with adsorption
and desorption of the analyte on and off the glass powder, which shows that the adsorption

does not happen at the same rate for all samples.
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Figure 52 — Photodegradation curves of methylene blue. From top to bottom, each plot
shows the experiments with the samples of 30, 60, 90, and 120 min ion exchange
baths, with and without thermal treatment. The photodegradation curves
using no glass and a blank sample (glass with no Ag-NPs) are showed as
control.
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Table 13 — Percentage of degradation of methylene blue in solution using NBTN glass
powders after 1h of irradiation with light

Degradation %

Sample IE TT
NBTN (no Ag-NPs) 19.7

NBTN-Ag30 - 17.0
NBTN-Ag60 41.5 18.8
NBTN-Ag90 57.8 12.6
NBTN-Ag120 55.1 31.2

Nevertheless, degradation of up to 57.8% of the amount of MB present in solution
was observed. A larger photocatalytic effect was acquired using the IE samples as opposed
to the TT samples, even though the latter have a greater amount of NPs. The thermal
treatment may have caused the NPs to aggregate, in a similar fashion to what was
observed in Figure [35] where the SPR band of NBTN-Ag120 decreased due to the larger
dimensions of the formed aggregates. Here, the photocatalysis enhancement provided by

the nanoparticles was diminished because the LSPs were weaker.

When silver nanoparticles were not present in the glass, the photocatalytic activity
was lesser than when they were incorporated in the substrates (considering the IE samples).
This is a suggestion that Ag-NPs aided in degradation of MB.

Another trend that was observed is that the photocatalytic activity increases with
increasing ion exchange bath time. This can be directly related to the band gap energy
of the samples, which follows a decreasing trend. The lower the E, value, the lower the
necessary energy to promote the electron from the valence to the conduction band, a
required mechanism in the photocatalysis process. Therefore, the degradation yield was

expected to increase.

However, the greatest activity was obtained with 90IE sample (57.8%), not 120IE
(55.1%) as expected. One possible reason for that is, again, the aforementioned aggregation

of NPs, which enlarge the dimensions of the overall particles, diminishing their LSPs.

7.3.3 Photodegradation study of methylene blue: bulk method

In addition to the suspension tests, photodegradation experiments using NBTN-
Ag90 and NBTN-Ag120 bulk samples were conducted. The glass was used to cover the
bottom of a 30 mm x 23 mm x 25 mm cuvette. 16 mLL of MB aqueous solution with
concentration 5 mg L™! were added to the cuvette. After 30 min of agitation in the dark,
the lamp, positioned 10 cm above, was turned on, directly illuminating the sample and the

glass at the bottom. This setup is shown in Figure [53| Aliquots were taken every 10 min to
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measure the UV-Vis spectrum for 1 h. Besides the glasses containing the nanoparticles,
the experiment was repeated using NBTN15 without the Ag-NPs, and also with no glass
sample in the cuvette. Figure [54] shows the results in terms of relative decay of absorbance

intensity.

Figure 53 — Photodegradation curves of methylene blue. Each curve refers to the experi-
ments using no glass sample (only the degradation by light is observed), using
NBTN15 without Ag-NPs, and the NBTN-Ag120 sample.

Here, the light was being irradiated directly to the solution. Hence, the degradation
of 37% of the initial amount of MB when no glass sample was used is solely due to the UV
radiation. When NBTN15 sample was placed on the bottom of the cuvette, the intensity
of the absorption band of the dye was reduced to 50% of its initial value. This means
that the degradation of the dye doubled with the aid of the synthesized glass. When
silver nanoparticles were present on the glass surface, 65% of degradation was observed
for NBTN-Ag90, and 77% for NBTN-Ag120.
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Figure 54 — Photodegradation curves of methylene blue. Each curve refers to the experi-
ments using no glass sample (only the degradation by light is observed), using
NBTN15 without Ag-NPs, NBTN-Ag90, and NBTN-Ag120.

The results presented above show that NBTN glass acts as a photocatalyst on its
own. Furthermore, an effective contribution of the silver nanoparticles to the overall pho-
tocatalytic effect was observed, demonstrating that, in the synthesized vitreous materials,

the proposed photodegradation aided by plasmonics effectively happened.

In a 60 min time window, more than half of the organic compound was degraded,
and the silver nanoparticles were responsible for the enhancement of the photocatalytic
activity. Hence, it was possible to obtain a vitreous material in which the plasmonic
photocatalysis degradation of MB was performed. Such achievement is a great step
towards the development of a solid device for removal of organic compounds from water

sources and wastewater.
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CHAPTER 8

Conclusion

The main objective of this Master’s research project was the development of a new
vitreous substrate with applications in detection via SERS and photocatalysis, both aided
by the SPR effect of silver nanoparticles synthesized on the surface of the glass. In face of
this ambitious objective, four goals were set to be completed, and the results obtained led

to the following conclusions:

o Two novel glass families, PBTN and NBTN, were synthesized containing TiO,, and
their characterization showed that boron oxide, as a glass former, contributes with
an increase in the characteristic temperatures of the samples. It was also verified
that the presence of titanium in the glass network affects the thermal properties of
the materials (also causing an increase in the observed glass transition temperatures).
Also due to the inclusion of titanium, the synthesized glasses are both thermally and

chemically stable, which makes the samples suitable for the proposed applications.

 Silver nanoparticles were synthesized on the surface of the glass samples, using the
ion exchange-thermal treatment process. Their presence was proved by means of the
SPR band analysis in UV /Vis spectra, EDX line scans in SEM, and TEM images.
The Ag-NPs permeated into the samples to a depth up to 194um, being spherical,

with a high diameter regularity, between 5 and 15nm.

o The samples were proven to be active SERS substrates towards the detection of
crystal violet, up to a 10~%mol L' lower limit. Hence, the synthesized material
can be further studied as a potential device for low-concentration organic molecules

sensing.

o The photodegradation trials were performed both in bulk and powdered samples.
The activity towards the degradation of methylene blue was verified in both cases,

even though a combined effect of degradation and adsorption was found. Moreover,
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the addition of Ag-NPs to the substrates evidently enhances their photocatalytic

potential.

The majority of the research experiments presented here was conducted during the
COVID-19 pandemic. Because of many limitations this fact imposed, it was not possible
to execute further SERS and photocatalysis essays, using the target pesticide molecules or
the crystallized PBTN samples. The activity of the synthesized materials towards these
two applications was demonstrated using common dyes as targets, therefore achieving the

initial proposal.

In conclusion, this work presented the first step towards the creation of a vitreous
device for detection and degradation of organic compounds dissolved in water. Glass is a
versatile material that has an immense role in the development of humankind, in art and
history, as well as in science and technology. Here, it was employed in applications that
involve the use of nanoparticles and light, two other entities of great importance in the
construction of the current world. As a perspective, LaMIV, the Inorganic and Vitreous
Materials Lab, will keep studying these substrates and their applications to perfect them

and make them ready for use as a real-world solution.
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APPENDIX A

SEM images and EDX results

This Appendix shows the images of NBTN-Ag samples obtained in SEM analysis
with more detail and in other magnifications, as well as the EDX line scans for the other

elements present in the samples.

Figure 55 — 30 min ion exchanged sample back-scattered electrons image, 150x magnifica-
tion.
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Figure 56 — 30 min ion exchanged sample back-scattered electrons image, 1000x magnifi-
cation.

Figure 57 — 30 min ion exchanged sample back-scattered electrons image, 10000x magnifi-
cation.
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Figure 58 — EDX line scans for oxygen, sodium, phosphorus, titanium, and silver for the
30 min ion exchanged sample. Line width: 351pum.

Figure 59 — 60 min ion exchanged sample back-scattered electrons image, 150x magnifica-
tion.
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Figure 60 — 60 min ion exchanged sample back-scattered electrons image, 1000x magnifi-
cation.

Figure 61 — 60 min ion exchanged sample back-scattered electrons image, 10000x magnifi-
cation.
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Figure 62 — EDX line scans for oxygen, sodium, phosphorus, titanium, and silver for the
60 min ion exchanged sample. Line width: 363um.

Figure 63 — 90 min ion exchanged sample back-scattered electrons image, 150x magnifica-
tion.
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Figure 64 — 90 min ion exchanged sample back-scattered electrons image, 1000x magnifi-
cation.

Figure 65 — 90 min ion exchanged sample back-scattered electrons image, 10000x magnifi-
cation.
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Figure 66 — EDX line scans for oxygen, sodium, phosphorus, titanium, and silver for the
90 min ion exchanged sample. Line width: 351pum.

Figure 67 — 120 min ion exchanged sample back-scattered electrons image, 150x magnifi-
cation.
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Figure 68 — 120 min ion exchanged sample back-scattered electrons image, 1000x magnifi-
cation.

Figure 69 — 120 min ion exchanged sample back-scattered electrons image, 10000x magni-
fication.
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Figure 70 — EDX line scans for oxygen, sodium, phosphorus, titanium, and silver for the
120 min ion exchanged sample. Line width: 341um.
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APPENDIX B

TEM images and EDX results

The Appendix presents, with more detail, the images obtained in TEM analysis,
as well as the EDX maps for all elements present in the NBTN-Ag samples.

Figure 71 — 30 min ion exchanged sample transmitted electrons image.
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Figure 72 — 30 min ion exchanged sample transmitted electrons image.

Figure 73 — 30 min ion exchanged sample transmitted electrons image.
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Figure 74 — EDX maps of NBTN-Ag30 sample for oxygen, sodium, phosphorus, titanium,
and silver.

Figure 75 — 60 min ion exchanged sample transmitted electrons image.
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Figure 76 — 60 min ion exchanged sample transmitted electrons image.

Figure 77 — 60 min ion exchanged sample transmitted electrons image.
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Figure 78 — 60 min ion exchanged sample transmitted electrons image.

Figure 79 — EDX maps of NBTN-Ag60 sample for oxygen, sodium, phosphorus, titanium,
and silver.
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Figure 80 — 120 min ion exchanged sample transmitted electrons image.

Figure 81 — 120 min ion exchanged sample transmitted electrons image.
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Figure 82 — 120 min ion exchanged sample transmitted electrons image.

Figure 83 — 120 min ion exchanged sample transmitted electrons image.
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Figure 84 — 120 min ion exchanged sample transmitted electrons image.

Figure 85 — EDX maps of NBTN-Ag120 sample for oxygen, sodium, phosphorus, titanium,
and silver.
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Figure 86 — Transmitted electrons image of powdered glass sample with 120 min of ion
exchange bath.

Figure 87 — Transmitted electrons image of powdered glass sample with 120 min of ion
exchange bath.
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Figure 88 — Transmitted electrons image of powdered glass sample with 120 min of ion
exchange bath.

Figure 89 — Transmitted electrons image of powdered glass sample with 120 min of ion
exchange bath.
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Figure 90 — EDX maps of powdered glass sample with 120 min of ion exchange bath for
oxygen, sodium, phosphorus, titanium, and silver.

Figure 91 — Transmitted electrons image of powdered glass sample with 120 min of ion
exchange bath and 10 min of thermal treatment at 7, + 10°C.
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Figure 92 — Transmitted electrons image of powdered glass sample with 120 min of ion
exchange bath and 10 min of thermal treatment at 7, + 10°C.

Figure 93 — Transmitted electrons image of powdered glass sample with 120 min of ion
exchange bath and 10 min of thermal treatment at 7T, 4+ 10°C.
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Figure 94 — EDX maps of powdered glass sample with 120 min of ion exchange bath and
10 min of thermal treatment at 7, + 10°C for oxygen, sodium, phosphorus,
titanium, and silver.
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APPENDIX C

Crystal violet SERS raw data

In this Appendix, raw data for the SERS experiments using crystal violet as

molecule probe are presented for comparative purposes of the signal intensities.

Figure 95 — Raw data of SERS experiments on NBTN-Ag30 sample.
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Figure 96 — Raw data of SERS experiments on NBTN-Ag60 sample.

Figure 97 — Raw data of SERS experiments on NBTN-Ag120 sample.
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Figure 98 — Raw data of Raman experiments on NBTN sample that does not contain
Ag-NPs.

Figure 99 — Non-scaled spectra for comparison of the effect of surface interaction with the
glass samples on the intensity of the signals of CV 1073 mol L1,
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Figure 100 — Non-scaled spectra for comparison of the effect of surface interaction with
the glass samples on the intensity of the signals of CV 107° mol L.
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