N

N

Metal nanoparticles tunable nanostructuring in glasses
and glass ceramics: solid state chemistry, optical
properties and nanostructure
Jan Baborak

» To cite this version:

Jan Babordk. Metal nanoparticles tunable nanostructuring in glasses and glass ceramics: solid state
chemistry, optical properties and nanostructure. Chemical Sciences. Université d’Orléans; University
of Chemistry and Technology (Prague), 2023. English. NNT: 20230RLE1093 . tel-04685878

HAL Id: tel-04685878
https://theses.hal.science/tel-04685878

Submitted on 3 Sep 2024

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-04685878
https://hal.archives-ouvertes.fr

oRATO/\:J,

(e

. S m UNIVERSITY OF

ystis  unverte  INSA [ EER o
d’'ORLEANS

ECOLE DOCTORALE Energie - Matériaux - Sciences de la Terre et de I'Univers

CENTRE VAL DE LOIRE

Conditions Extrémes et Matériaux : Haute Température et Irradiation

Materials for Photonics Laboratory

THESE EN COTUTELLE INTERNATIONALE présentée par :
Jan BABORAK

soutenue le : 21 décembre 2023

pour obtenir le grade de :
Docteur de Université d’Orléans
et de I’'Université de chimie et de technologie
chimique de Prague

Discipline/ Spécialité : Chemistry

Metal nanoparticles tunable
nanostructuring in glasses and glass
ceramics : solid state chemistry, optical
properties and nanostructures

THESE dirigée par :

Mme NEKVINDOVA Pavla doc. Ing., Ph.D., UCT Prague
M. AI’_LIX Mathieu HDR, Ph.D, Université d’Orléans
M. VERON Emmanuel Ph.D, CEMHTI CNRS Orléans
RAPPORTEURS :
M. DEL}BENER Joachim Prof. Dr.-Ing. habil., TU Clausthal
M. KRATKY Rostislav Ph.D., Preciosa a.s.
JURY : )
M. SEDMIDUBSKY David prof. Dr. Ing., UCT Prague, President of the jury
M. DEUBENER Joachim Prof. Dr.-Ing. habil., TU Clausthal
M. KRATKY Rostislav Ph.D., Preciosa a.s.
M. BLONDEAU Jean-Phillipe prof., HDR, Université d’Orléans
Mme MACKQVA’Anna prof. RNDr., Ph.D., Nuclear Physics Institute of the CAS
Mme RUBESOVA Katefina doc. Ing., Ph.D., UCT Prague
WER’AQ‘ EN ‘
3@ Cemhti Y [ Bk, <5 sy
|| i ENAERUBLIQUE ¢ Ampus
,q_m@ﬁ Q AND RESEARCH i-““"f.". FR ANCE

REP. TCHEQUE



oRATO/\:J,

o
universite i INSA 6] s rcmos
de TOU RS U n |V€!’S|l'e CENTRE VAL DE LOIRE PRAGUE

d’ORLEANS

ECOLE DOCTORALE Energie - Matériaux - Sciences de la Terre et de I'Univers
Conditions Extrémes et Matériaux : Haute Température et Irradiation

Materials for Photonics Laboratory

THESE EN COTUTELLE INTERNATIONALE présentée par :
Jan BABORAK

soutenue le : 21 décembre 2023

pour obtenir le grade de :
Docteur de Université d’Orléans
et de I’'Université de chimie et de technologie
chimique de Prague

Discipline/ Spécialité : Chimie

NANOPARTICULES METALLIQUES A
NANOSTRUCTURATION AJUSTABLE DANS LES
VERRES ET LES VITROCERAMIQUES : CHIMIE
DE L'ETAT SOLIDE, PROPRIETES OPTIQUES ET

NANOSTRUCTURE
THESE dirigée par :
Mme NEKVINDOVA Pavla doc. Ing., Ph.D., UCT Prague
M. ALLIX Mathieu HDR, Ph.D, Université d’'Orléans
M. VERON Emmanuel Ph.D, CEMHTI CNRS Orléans
RAPPORTEURS :
M. DEUBENER Joachim Prof. Dr.-Ing. habil., TU Clausthal
M. KRATKY Rostislav Ph.D., Preciosa a.s.
JURY :
M. SEDMIDUBSKY David prof. Dr. Ing., UCT Prague, Président du jury
M. DEUBENER Joachim Prof. Dr.-Ing. habil., TU Clausthal
M. KRATKY Rostislav Ph.D., Preciosa a.s.
M. BLONDEAU Jean-Phillipe prof., HDR, Université d’Orléans
Mme MACKOVA Anna prof. RNDr., Ph.D., Nuclear Physics Institute of the CAS
Mme RUBESOVA Katefina doc. Ing., Ph.D., UCT Prague
MERIAO EN
@ Cemht‘v '}(‘,C,» B, aascane 8% | e
94 I INTERNATIONAL EN REPUBLIQUE
S EDUCATION TCH EQUE CAMPUS
hmﬁ o AND RESEARCH FRANCE

REP. TCHEQUE



ACKNOWLEDGEMENT

First of all, I would like to thank my supervisors doc. MSc. Pavla Nekvindova, Ph.D.,
MSc. Mathieu Allix, HDR, Ph.D. and MSc. Emmanuel Véron, Ph.D., who led me through
my doctoral studies from the beginning to the end.

I would also like to thank all the people from UCT Prague, CEMHTI and others who
contributed to this work, especially MSc. Alessio Zandona, Ph.D., MSc. Petr Varak,
Ph.D., Lenka Turkova, MSc. Miroslav Rada, Ph.D., doc. MSc. Alena Michalcova, Ph.D.,
MSc. Zuzana Zlamalova Cilova, Ph.D., MSc. Libor Mastny, Ph.D., MSc. Radka
Kalouskova, Ph.D., doc. MSc. Katefina RubeSova, Ph.D., MSc. Vit Jakes, Ph.D., MSc.
Michael Pitcher, Ph.D., MSc. Cécile Genevois, Ph.D., Sandra Ory, prof. MSc. Jean-
Phillipe Blondeau, Ph.D., MSc. Aurélien Canizares, Ph.D., MSc. Severine Brassamin,
Ph.D.

Finally, I would also like to thank my parents and my brother who have always stood by

my side.
This work was supported by the following grants and institutions:

Barrande fellowship — French Institute in Prague (IFP), Czech Ministry of Education,
Youth and Sports (MYES) and Campus France

ERASMUS+

Czech Science Foundation (GACR), project number GAP23-05507S



SUMMARY

The long history of glass containing gold nanoparticles, which is appreciated especially
for its beautiful red colour, is now facing modern applications. They are used in photonics,
sensing, catalysis, biomedicine and jewellery. These applications motivate further
research to gain detailed understanding of the links between the preparation technology,
the composition and properties of the glass matrix and the parameters of the gold
nanoparticles.

The subject of this work was to compare the possibility of preparing glass containing gold
nanoparticles by the conventional melt-quenching technique with an innovative
technology, aerodynamic levitation coupled to laser heating (ADL). In terms of glass
formation, this technique shows unrivalled versatility: (1) containerless melting
suppresses heterogeneous nucleation of crystal phases during cooling and avoids
contamination from crucible and refractory materials; (2) laser heating can attain up to
~3000 °C, which is above the melting temperature of any stable oxide material; (3) the
technique allows rapid cooling on the order of several hundred °C per second, facilitating

cooling of melts prone to devitrification.

This work covers the search for a glassy oxide system suitable for ADL technology and,
at the same time, a general model for determining the most suitable precursors.
Furthermore, the possibility of preparing YAS (Y203-Al>03-SiO2) glass by the ADL
method was experimentally investigated. Previously unexplored high temperature region
of this ternary system was newly experimentally described. Transparent, opalescent and
white glasses were prepared in this system, which differed in their nanostructure.
Furthermore, the work presents the possibility of preparation of gold nanoparticles in
YAS, LS (Li20-SiOz) and LYAS (Li20-Y203-Al203-Si0O>) glass systems with different
Au and SnO> contents using ADL technology. In particular, the optical absorption and
parameters of gold nanoparticles were investigated for the prepared glasses by
transmission electron microscopy (TEM). It was found that the absorption, and thus the
colour of the material, can be controlled not only by the size and distribution of the
nanoparticles but also by the composition of the surrounding glass, and that it is also
advisable to use nanoscale phase separation to achieve better colour homogeneity.



SOUHRN

Na dlouhou historii skel s nanocasticemi zlata, kterd jsou cenéna predevSim pro svou
krasnou cervenou barvu, navazuji dnes nové moderni aplikace. Nachazi uplatnéni ve
fotonice, pti vyrob¢ sensora, katalyzatora, biomediciné a bizuterii. Uvedené aplikace jsou
motivaci pro dalsi vyzkum, ktery je zaméien na detailni pochopeni souvislosti mezi

technologii pfipravy, slozenim a vlastnostmi skelné matrice a parametry nanocastic zlata.

Obsahem této prace bylo porovnani moznosti piipravy skla obohaceného zlatymi
nanocasticemi tradi¢ni metodou ptipravy skelnych materialti tavenim ve vysokoteplotni
peci s novou technologii aerodynamické levitace spojené s laserovym tavenim (ADL). Z
hlediska tvorby skla vykazuje tato technika jedine¢nou vSestrannost: (1) taveni bez
kelimku—nadoby potlacuje heterogenni nukleaci krystalovych fazi a zabraiuji
kontaminaci materidlem taviciho kelimku a zaruvzdornych materiali; (2) laserovy ohiev
muze dosahnout az ~ 3000 °C, coz je nad teplotou tani jakéhokoli stabilniho oxidového
materialu; (3) technika umoznuje rychlé ochlazovani v fadu nékolika stovek °C za

sekundu, coz usnadiuje ochlazovani tavenin nachylnych k devitrifikaci.

Prace se zabyvala hledanim skelného oxidového systému vhodného pro ADL technologii
a soucasn¢ obecnym modelem pro urceni nejvhodnéjSich vstupnich surovin. Dale byla
experimentalné zkoumana moznost pfipravy YAS skla metodou ADL, kdy byla nové
experimentalné popsana malo znama vysokoteplotni oblast tohoto ternarniho systému.
V tomto systému byla pfipravena prihlednd, opalescentni a bilé skla, ktera se lisila svou
nanostrukturou. Dale prace prezentuje moznost piipravy zlatych nanocastic ve skelnych
systémech YAS, LS a LYAS, s riznym obsahem Au a SnO2 S vyuZitim technologie ADL.
U pftipravenych skel byla zkoumana ptedevsim optické absorpce a parametry nanoc¢astic
zlata pomoci TEM. Bylo zjisténo, ze absorpci, a tedy také barvu materidlu, je mozné
ovladat nejen velikosti a distribuci nanocastic, ale také slozenim okolni skloviny, a Ze je

(24

pro dosazeni lepsi homogenity barevnosti vhodné vyuzivat separace fazi v nano-métitku.



RESUME

La longue histoire du verre contenant des nanoparticules d'or, apprécié¢ notamment pour
sa belle couleur rouge, trouve aujourd'hui des applications modernes. Il est notamment
utilis¢é dans les domaines de la photonique, de la détection, de la catalyse, de la
biomédecine et des bijoux . Ces applications motivent la poursuite de recherches afin de
comprendre en détail les liens entre les méthodes de préparation, la composition et les

propriétés de la matrice Vvitreuse et les parametres des nanoparticules d'or.

L'objet de ce travail était de comparer la possibilité de préparer du verre contenant des
nanoparticules d'or par la technique conventionnelle de trempe par fusion avec une
technologie innovante, la 1évitation aérodynamique couplée au chauffage laser (ADL).
En termes de formation de verre, cette technique présente une polyvalence inégalée : (1)
la fusion sans creuset supprime la nucléation hétérogeéne des phases cristallines pendant
le refroidissement et évite la contamination par le creuset et les matériaux réfractaires ;
(2) le chauffage laser peut atteindre jusqu'a ~3000 °C, ce qui est supérieur a la température
de fusion de tout matériau oxyde stable ; (3) la technique permet un refroidissement rapide
de l'ordre de plusieurs centaines de °C par seconde, ce qui facilite le refroidissement des

maticres fondues sujettes a la dévitrification.

Ce travail porte sur la recherche d'un systéme d'oxyde vitreux adapté a la technologie
ADL et, en méme temps, sur un modele général permettant de déterminer les précurseurs
les plus appropriés. En outre, la possibilité de préparer le verre YAS (Y203-Al203-SiO2)
par la méthode ADL a été étudiée expérimentalement. La région nécessitant de hautes
températures de fusion de ce systéme ternaire, jusqu'alors inexplorée, a été décrite
expérimentalement. Des verres transparents, opalescents et blancs ont été préparés dans
ce systéme, qui different par leur nanostructure. En outre, ce travail présente la possibilité
de préparer des nanoparticules d'or dans les systéemes de verre YAS, LS (Li2O-SiO>) et
LYAS (Li20-Y203-Al203-Si02) avec différentes teneurs en Au et SnO2 a l'aide de la
technologie ADL. En particulier, I'absorption optique et les parametres des nanoparticules
d'or ont été étudiés par microscopie électronique en transmission MET pour les verres
préparés. Il a été constaté que l'absorption, et donc la couleur du matériau, peut étre
controlée non seulement par la taille et la distribution des nanoparticules, mais aussi par
la composition du verre environnant, et qu'il est également préférable d'utiliser une
séparation de phase a I'échelle nanométrique pour obtenir une meilleure homogénéité de
la couleur.
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1 INTRODUCTION

Glass coloured with metal nanoparticles has a long history. The first evidence of red (opaque)
glass containing Cu NPs was found in Egypt and is dated 1400-1300 BC. Another well-known
artefact containing metal nanoparticles is the Lycurgus cup, which contains nanoparticles of
gold and silver, and is on display in the British National Museum in London, UK. In everyday

life, glass containing metal nanoparticles can be found in stained glass windows in churches.

Even though glass containing metal nanoparticles has been produced for a very long time, the
consensus is that ancient glassmakers had no idea of their presence in glass. The mechanism by
which precious metals cause the colour of glass was only described with the development of
scientific understanding in the early 20th century.

Glass containing nanoparticles of copper or gold is particularly valued for its red colour. It is
technologically very challenging to prepare. In the past, the method for producing red-coloured
glass was jealously guarded and only a few people mastered it. The red glass with gold metal

nanoparticles was (and still is) used mainly for decorative purposes.

The long history of glass containing metal nanoparticles, which was particularly valued for its
beauty, is now being followed by modern applications. It finds use in photonics, sensing,
catalysis, biomedicine and jewellery. This provides the motivation for further research, which
is focused on a detailed understanding of the connection between the technology, glass

composition, glass structure and the parameters and properties of metal nanoparticles.

The thesis explores the possibility of using a new technology of containerless melting for the
preparation of gold nanoparticles in glass. We assume that the beauty of the prepared glass
could be used for decorative purposes or in jewellery and the change of physical properties in

e.g. photonics.

The dissertation is the result of a collaboration between two laboratories: the Materials for
Photonics Laboratory at the University of Chemistry and Technology Prague (UCT) in Czechia
and the Extreme Conditions and Materials: High Temperature and Irradiation (CEMHTI)
laboratory at The French National Centre for Scientific Research (CNRS) in Orléans, France.
In the laboratory of photonics at UCT Prague the conventional technology of glass preparation

7



by melt-quenching was used. At the CEMHTI laboratory in Orléans, the sample preparation
technique of aerodynamic levitation coupled to laser heating, which was realised and is being

developed further at this institution, was used.

The dissertation is structured in a conventional way. First, a theoretical part is presented with a
literature review focusing on glass, glass-ceramics and gold nanoparticles. Next, an
experimental part is presented, describing the sample preparation and characterization methods,
followed by the research objectives. The core of the thesis are the results and discussion chapter,
which is divided into four subsections. The first one deals with the problem of volatilisation of
the raw materials during sample preparation by aerodynamic levitation coupled to laser heating
and the homogeneity of the prepared samples. The second subchapter is focused on the
possibility of preparation of yttrium aluminosilicate glass using aerodynamic levitation coupled
to laser heating. The third subchapter is about the preparation of gold nanoparticles in yttrium
aluminosilicate and lithium silicate glass and their characterization. The fourth subchapter
focuses on the preparation of gold nanoparticles in newly designed glass matrices. Finally, a

summary of the most important results of this dissertation is presented.



2 THEORETICAL PART

2.1 Glass - glass-ceramic generalities

2.1.1 Structure and composition of glass

The definition of the glassy state has evolved over the years. Examples of older definitions
include: "In the glassy state, there are solid non-crystalline materials” [1], or , "Glass is an
inorganic product of fusion which has been cooled to a rigid condition without
crystallization” [2-4]. However, these definitions are inaccurate today due to advances in
technology and scientific knowledge. Recently, not all non-crystalline solids are classified as
glasses (e.g. xerogels). In addition to inorganic glasses, there are also organic glasses. Also, the
formation of glass by cooling without crystallization is by no means the only way to prepare
glass. In addition to this traditional approach, glasses can also be prepared by polymerisation,

by changes of pressure, or by precipitation from the gas phase.

Conradt [5] has proposed an updated definition that had been designed to be free of the above
shortcomings and reads as follows, "Glasses are dense (non-fractal) isotropic and
homogeneous non-crystalline solids characterized by the absence of any internal phase
boundaries. At the atomic scale, glasses are characterized by the absence of any translational
symmetry."” This definition is based on work by Zachariasen [6] and Greaves [7]. Glass is most
often formed by rapid cooling (quenching) of a molten form. Another, rather poetic definition
of glassy state has been lately published by Zanotto and Mauro [8]: "Glass is a nonequilibrium,
non-crystalline condensed state of matter that exhibits a glass transition. The structure of
glasses is similar to that of their parent supercooled liquids (SCL), and they spontaneously

relax toward the SCL state. Their ultimate fate, in the limit of infinite time, is to crystallize.”

The glasses prepared in this work are, with few exceptions, silicate glasses, which have always
been prepared by rapid cooling from the melt. One of the characteristic features of the glasses
is the so-called glass transition. When the cooling rate from the melt is sufficiently rapid, the
glasses do not undergo a sudden change in molar volume and form crystals, but the substance
enters a metastable state of a supercooled liquid. With further quenching and reaching a

viscosity of the order of 10 Pa s, the substance transitions from a formable state to a



mechanically solid state and a shift away from linear dependence occurs. From this point on,
we no longer speak of a supercooled liquid, but of a glass. The transformation between these
two states is called the glass transition and the temperature at which this change occurs is called
the transformation temperature. This temperature is dependent on the cooling rate, as can be
seen from the Figure 1. At higher cooling rates the transformation temperature is higher and
vice versa. The interval between the lowest and highest achievable cooling rate is called the
transformation interval. For practical purposes, the transformation temperature Tg has been
defined as the transformation temperature for a cooling rate of 10 °C min™. Instead of the molar

volume, the same dependence can be derived for the molar enthalpy [2,4,9].

Liguid

Supercooled
liquid

Molar volume [m3 mol?]

N
Melting
point
Transformation

region

Crystals

Temperature [°C] — =———

Figure 1 Dependence of molar volume on temperature for liquid, glass and crystals [2]

Therefore, the latest definition of the glassy state is: “Glasses are undercooled frozen-in
liquids™ [10], which is thermodynamically correct and still valid today [9]. This definition does
not mention the composition of the glass. This is because glasses can theoretically be prepared
from any material, we are limited only by the parameters of the technology of their preparation.
In the case of glass preparation by melt quenching, the key constraint is the maximum cooling

rate we are able to achieve [2].
10



In terms of chemical composition, glasses can be formed from a wide variety of atoms - for
example, glasses composed only of carbon or metal atoms are known. Oxide glasses can only
be composed of oxides of elements that meet the so-called criteria for random arrangement, i.e.
a) the coordination number of the main element is 3 or 4 b) only one oxygen atom is shared by
two non-oxide atoms c) the X-O-X bonding angle must be an adjustable angle of about 150° d)
free rotation around the X-O bond must be possible. For these reasons, only a few oxides form
the glass i.e. B203, AlO3, SiO2, GeO2, P20s and As,Os.

Silicate glasses are the most common and also historically the oldest. The basis of quartz glass
is silica, which occurs in nature in various forms and is based on the tetrahedral structural unit
Si04. Zachariasen in 1932 published one of the most famous sketches of the structure of silicate
glasses [6]. 80 years after the publication of Zachariasen's image, almost the same structure was

actually observed by STM [11] - see Figure 2.

&o

o
o Q

@ 5o
0

crystalline < » vitreous

Figure 2 Planar Zachariasen representation of a) crystalline SiO. b) amorphous SiO; and [6] in the
middle the STM image of silica network is shown [11]; pink is oxygen atoms, green is silica atoms, for
illustration, the original Zachariasen structure is only partially coloured

However, pure silicate glasses are difficult to melt, so the glasses are usually a mixture of silica
and other oxides. In silicate glasses, there are three types of building blocks of the glass
structure: 1) glass network formers (B203, P2Os, SiO2 and GeO3) which form polyhedra in the
glass structure, which are interconnected by their vertices, edges or, in exceptional cases, faces.

11



Oxygen species in the vertices of these polyhedra that are connected to others are referred to as
bridging oxygens (BOx); 2) glass network modifiers (Li20O, Na20O, K»0, CaO, MgO, ZnO and
SnO3) which are situated as cations in cavities in the glass network and breakdown the bonds
between individual glass network formers. When such bonds are broken, terminal or also non-
bridging oxygens (NBOy) are formed; 3) intermediates (Al.Oz3) - can be incorporated into the

structure either as a network forming element or as a modifier.

In terms of strength of chemical bond between oxygen and an element X in the glass, the
elements can also be divided as follows: if bonding energy Ey per single bond is higher than
334 kJ mol?, the element X is considered a glass network former. If Ey is less than 251 kJ mol ™,
the element X is a glass network modifier. When the energy Ey is in between these two values,

the element is an intermediate [12].

It is not easy to describe the structure of the glass because of its irregular nature. For this reason,
the precise description of the structure of various types of oxide glasses is nowadays receiving
a lot of attention and spectroscopic methods are usually combined with theoretical models.
Experimentally, the structure and properties of glasses have been investigated by the following
techniques: Nuclear magnetic resonance (NMR), Raman spectroscopy, neutron diffraction, x-
ray diffraction (XRD), x-ray absorption fine structure (XAFS), extended x-ray absorption fine
structure (EXAFS), and magic angle spinning nuclear magnetic resonance (MAS-NMR) [7,13—
15].

One of the best known and feasible methods for the analysis of glasses is the Raman
spectroscopy, which can describe the degree of glass network crosslinking in simple silicate-
alkaline glasses by means of the so-called Qn motifs. If the glass structure/composition is not
too complex, it is then also possible to evaluate the percentage of individual Qn motifs from the
deconvolution of the spectra. An example of a Raman spectrum from approximately 900-1250
cm! together with formula for percentage amount of Q, that belongs to a soda-silicate glass is

shown in Figure 3.
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Figure 3 Deconvolution of Q-motives in a soda-silicate glass [10]

Other relatively experimentally demanding techniques used to investigate the structure of glass
are MAS-NMR and EXAFS, which provide a much more accurate description of the
environment - they detect the connection of individual elements of the glass network. However,
they cannot characterise all the elements contained in the glass and are particularly suitable for
Na, B, Si, Al, Pb and O.

Even with this plethora of intense studies on glass, the exact local structures due to the presence
of network modifiers and the variations with the doping concentration remain unclear. The lack
of long-range order in amorphous solid always imposes additional difficulties in experimental
characterization making the precise structural determination far more challenging than in
crystalline solids. Thus, computer simulation is a powerful complementary tool to probe the
details of short-range order and medium range order in order to provide further insights on
amorphous solids [16,17]. Figure 4 shows a geometrically optimized 3D structural model of a
silicate glass containing different amounts of sodium as a modifying element as an example.
The dependence of the electronic structure on the composition and physical properties such as
density, refractive index and Young's modulus of simple silicate glasses was calculated using
the accurate ab initio molecular dynamics (AIMD) for structural modelling and the ab initio
orthogonalized linear combination of atomic orbitals (OLCAO) method [17].
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Figure 4 The ball models of structure of sodium silicate glass (Na,O)«(SiO2)1« with x 0.2 and 0.5
modelled using ab initio molecular dynamics (AIMD) based on the density functional theory (DFT) —
edited [17]

2.1.2 Structure and composition of glass-ceramics

Glass-ceramics were first discovered by Stookey [18] and defined as "a material formed by the
controlled nucleation and crystallization of glass"”. Recently, an updated definition of glass-
ceramics has been proposed [19]. It consists of the following three main points: 1) glass-
ceramics are prepared by controlled crystallization of glasses by various processing methods,
2) glass-ceramics contain at least one type of functional crystalline phase and residual glass, 3)
the volume fraction of crystallized glass in glass-ceramics can range from ppm to nearly
100% [19]. As mentioned in definition, glass-ceramics are formed by controlled crystallization
from a base glass. The course of such nucleation, which can start either in the volume of the
glass (internal nucleation) or on its surface (surface nucleation) is shown in Figure 5 a, b, c.
First, the crystalline phase nucleates, later the crystalline phase grows and finally the ceramic

microstructure forms.

The nucleation and controlled crystallization of the initial glass material is essential to achieve
the desired properties of glass-ceramic materials. By nucleation is meant the formation of
submicroscopic seeds (nuclei), which is followed by their growth into macroscopic crystals -
controlled crystallization. The rate of these two processes depends, among other things, on
temperature; this relation was first described for glass crystallization by Tammann and later
developed by Stookey - see Figure 5d. The rate of these processes is non-zero in the region

between the values of approximately 2/3 of the glass transformation temperature T4 and the
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liquidus temperature T). Over a relatively wide temperature interval, however, these processes

can occur simultaneously.
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Figure 5 Changing glass to glass-ceramics by internal nucleation. a) formation of nuclei, b) crystal
growth on nuclei, ¢) glass-ceramic microstructure. In (d) The nucleation rate | and crystal growth rate
V as function of reduced temperature T/T,. Tg represents glass transition temperature, T, is liquidus
temperature [20].

If we focus on the composition, its variability is enormous. The crystalline phase can be formed
in many different glass systems, but oxide glass-ceramics are the most well-known and studied.
As an example, the spinel glass-ceramics may be mentioned, which contain, in addition to the
basic silicate glass phase, various crystalline phases of different compositions ranging from
gahnite (ZnAl;04) to spinel (MgAl204). These phases can be crystallized using ZrO. and/or
TiO2 as nucleating agents. Figure 6 shows the microstructure of several different oxide

ceramics, the structure and composition of which are mostly studied by electron microscopy.

The key to producing glass-ceramics with the desired properties is a) selection of crystalline
phases with suitable properties and b) proper design of the initial glass composition so that
preferential crystallization of the selected phases occurs and c¢) appropriate nucleation method

and temperature regime to produce the desired microstructure.

Glass-ceramics have, in principle, several advantages over glass or ceramic materials alone:
1) they can be mass produced by any glass-forming technique, 2) it is possible to design their
nanostructure or microstructure for a given application, 3) they have zero or very low porosity,

4) it is possible for them to combine a variety of desired properties.
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Figure 6 Microstructure of various glass-ceramics a) (KosNaosNbOs) glass-ceramics [21] b)
SiO2/Lu,Si,O7 nanocomposite as scintillation materials [22] c¢) and d) fluorotellurite glass-ceramics
with luminescence properties ) EDX-STEM analyses of sample in image d): Te a and Zr [23].

Due to the wide range of crystalline phases with different characteristics, glass-ceramic
materials can be divided into several categories, its microstructure is closely linked to its
properties: glass-ceramics for thermal utilisation - the crystalline phase usually has a negative
thermal expansion coefficient (TEC), the TEC of the glass matrix is positive. The overall TEC
of the material can be therefore finely tuned, zero or even negative values can be achieved,
transparent glass-ceramics (fine nanostructure), bioactive and dental glass-ceramics,
electrically conducting and insulating glass-ceramics insulate - act as ion conductor or a
superconductor; machinable glass-ceramics (entangled microstructure); construction glass-
ceramics; high-strength glass-ceramics; glass-ceramic armour [20,24].A special type of

glass-ceramics are metal crystals in a glass matrix, which are usually used to colour glass.

2.1.3 Technology of glass and glass-ceramics preparation

Nowadays there are a few different glass preparation technologies. Melt-quenching is the
oldest technology and in terms of the volume of glass produced still the most important one.
Over 90% of the world's glass production is produced by this technology. The main basis of
this technology is the glass batch - a mixture of input raw materials - that is melted in a gas or
electric furnace, the resulting glass is shaped by machines or by hand into products that can be
further processed, e.g. by grinding or polishing, after controlled cooling in an annealing furnace.
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The float technology, which is now used to produce the vast majority of plate glass worldwide,
is worthy of special mention. This technology consists of pouring glass from a melting furnace
onto a molten tin surface to form a ribbon of flat glass, which is then annealed and cut into glass
panes used, for example, in the architecture and automotive industries The key to this
technology is the input raw materials, their preparation and later the melting process itself. Both
natural and synthetic raw materials are used to melt glass. In terms of function, they can be
divided into several groups: 1) glass network formers - form the basic glass network. These
include e.g., SiO2, B20s3, P2Os; 2) fluxes - their purpose is to reduce the high melting temperature
of glass network formers. For example, to melt pure silica glass, a temperature higher than
2000 °C is required, which cannot be achieved in conventional melting equipment. The most
known fluxes include the alkaline oxides Li»O, Na>O, K>0, which are most often added to the
glass batch in the form of carbonates. The disadvantage of using these fluxes is that they
degrade much the mechanical, chemical and optical properties of glass. They increase the
tendency of glasses to crystallise, reduce chemical resistance, the elastic modulus, density or
change the refractive index; 3) colourants - substances added to glass in small quantities that
change its colour. The colour may be caused by a) ions e.g. rare earth ions, Ni?*, Co®", b) non-
metals and their compounds (e.g. Se, CdS) or ¢) metal nanoparticles (e.g. Cu, Ag, Au). In some
cases, colourants are added to glasses to remove unwanted colouration due to impurities
(especially Fe compounds) in the major raw materials; 4) fining agents - substances that help
remove small bubbles from molten glass. During the melting process, the fining agents
decompose into gaseous products that form a large number of larger bubbles, which are
connected to smaller bubbles and together escape from the melt more easily due to the buoyant
force [25].

This technology is very energy intensive, but its advantages include, for example, that a certain
proportion of the glass batch may also consist of cullet from the same production. This achieves
utilization of waste material, saving raw materials and also increases the efficiency of the
melting process. In some productions (e.g. glass bottle production) this proportion can be up to
40% of the weight of the glass batch [25].

Other developed techniques for the preparation of glass materials are the chemical vapour

deposition method (CVD) and the sol-gel method. CVD involves the deposition of a gaseous
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substance on a substrate. A glass layer is gradually formed on the surface of the substrate. It is
used for the production of optical fibre preforms or for the production of high purity
chalcogenide glasses. The disadvantages of this method are the high purity requirements of the
precursors and the need to convert the precursors into a gaseous state. The sol-gel method is
based on the mixing of liquid precursors which, by a gradual condensation reaction, crosslink
to form a gel and finally a solid sample. Heating the resulting sample to 100-120 °C removes
organic residues and water, densifies the sample and forms a glass. The advantage of this
method is that the low temperatures used allow the preparation of samples that cannot be
prepared at high temperatures (e.g. due to thermal decomposition). The disadvantages of this
method are that the preparation of monolith samples is very slow. Glass prepared by this

technique is most often used in biomedical applications [26].

Among the modern technologies for the preparation of glass or glass-ceramics, of the most
diverse properties and compositions are techniques such as aerodynamic levitation coupled to
laser heating (ADL) [27,28]. It has been used in order to study the properties of melts at high
temperature (e.g. by X-ray or neutron scattering [29]) but also as a response to the ever-growing
push towards new materials discovery [30]. Next, glass preparation technology using 3D
printing is now being intensively investigated [31-34]. Both of these techniques, however, have
not yet had much commercial application because the dimensions of the glass or glass products
prepared in this way are small. Technology Spark Plasma Sintering (SPS) is a material
processing method, through the production of spark plasma applying pressure, temperature, and
current, simultaneously. This method reduces considerably the sintering temperature, provides
very fast heating rates, very short holding times, and allows highly transparent materials to be
obtained. There is a wide literature available on SPS applied to get ceramic materials with
desired properties, as well as other materials like metals, alloys, cements, intermetallic

compounds, composites, and amorphous structures [35].

2.1.4 Glass system Y203-Al203-SiO2 (YAS)

The glass system Y>0s3-Al203-SiO2 (YAS) has been the subject of intensive investigation over
the past decade due to the combination of excellent mechanical properties, low thermal
expansion, high glass transition temperatures, refractive indices, and thermo-chemical stability

of its members [36—-39]. Moreover, since yttrium ions can be replaced by rare earth or transition
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metal dopants of similar ionic radii and charge states, such glasses have garnered attention as
in vivo drug delivery vehicles for cancer treatments [40], nuclear waste vitrification [41], and,
due to their high glass transition temperatures and low thermal expansion coefficients, they are
used as seals between glass-to-metal / ceramic components [42]. YAS glasses in the form of
optical fibres have been shown to exhibit intrinsically low Brillouin and Raman scattering [43],
which are important features critical to the continued scaling of high power/energy amplifiers

and lasers.

Such a diverse range of applications, hence enabling properties, benefits from a broad range of
compositions in the Y203-Al203-SiO2 system and processes to realize them in glassy form.
According to the available experimental studies [44,45], it could be assumed that glass

formation occurs for compositions in the middle of the diagram — see Figure 7 [46].
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Figure 7 Calculated liquidus surface of the YAS system. Temperatures are in K, fractions are mass
fractions [46]. Tr, Cr, Mul, YAM, YAP and YAG stand for tridymite, cristobalite, mullite, yttrium
aluminium monoclinic, yttrium aluminium perovskite and yttrium aluminium garnet respectively.
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Based on the available phase diagrams [45-50], crystalline phases such as Y203, Al>Og, SiOz,
yttrium-aluminium garnet (YAG), yttrium-aluminium perovskite (YAP), Y2SiOs, Y2Si>O7 or
mullite occur in areas of high concentration of one of the oxides. So far, glass crystallization
has been examined in this system [51-57], but the SiO.-rich portion of the ternary phase
diagram has not been thoroughly explored. The reason is the difficult preparation of materials
with melting temperatures above 1700 °C and relatively high viscosity, which makes it
impossible to use the melt-quenching method in a conventional furnace and to cast

homogeneous samples.

Yttrium alumino-silicate glass compositions have been studied using different forming methods
ranging from conventional melt and quench to laser-induced melting (levitation method)
followed by very rapid quenching and the molten core method of (optical) fibre formation. The
compositions also cover a wide range of silica concentrations from as low as 12 mol% to as
high as 90 mol% [39,58].

Since the usability of these YAS glasses depends on their composition and thermal history, it
is crucial to understand and reveal their structure well and to optimize it for different
applications. Existing investigations using methods such as Raman spectroscopy [59] and
NMR [60,61] suggest that the structure of YAS glasses is formed by the sharing of [SiO4] and
[AlO4] tetrahedra, which are linked by common oxygen (bonding oxygen) as crosslinking
elements. At moderate concentrations, Y** cations form modifiers of the glass network bound
by ionic bonding to the terminal oxygen. When alkali metals or alkaline earth metals are added
to the system, they are incorporated into aluminosilicate structures and behave as network
modifiers by forming non-bridging oxygens (NBOXx) or they can behave as charge network

modifiers i.e. as charge compensators for the [AlO4] units depending on the glass composition.

In a previous NMR study, it has been shown that aluminium predominantly exists as four-
coordinated Al species as network former, and significant fractions of five- and six-coordinated
Al species are present, depending on the Al/Y ratio [59,62]. Several experimental studies
confirmed the existence of substantial proportions of five-coordinated Al in these glasses and
the correlation of the rare-earth network modifier’s nature and concentration [63]. The role of
yttrium in these glasses is still not well understood, therefore recently a density-functional

theory (DFT) simulation of the glass system has been created, which by means of calculations
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confirms the above-mentioned coordination numbers of aluminium and suggests the formation
of 2-member Al rings, which overall strengthen the glass structure. For the yttrium ion

surroundings, it proposes a coordination of oxygen of 5,6 or 7 depending on its ratio to Si [64].

2.2 Metal nanoparticles in glass

Nanoparticles are crystalline or amorphous particles of various shapes with dimensions of
1-100 nm [65,66]. Compared to bulk materials, they exhibit significantly different properties,
which are mainly caused by the increased proportion of surface atoms with the decrease of
particle size. The difference between the properties of bulk materials and nanomaterials caused
by an increase in the ratio of surface atoms is referred to as "surface effects”. Surface atoms
have less coordination with adjacent atoms, which is reflected in a decrease in the overall
binding energy of the nanostructure. This effect has a large influence on changes in physical
properties such as density or phase transition temperatures. Phenomena affecting the band
structure of energy levels due to the manifestation of quantum constraints are referred to as
"quantum size effects". The splitting and formation of new energy levels and forbidden bands
has a major effect on the optical and electrical properties of nanomaterials. Due to the collective
oscillation of electrons, characteristic absorption bands of plasmon resonance are formed in
their optical spectrum. The formation of forbidden energy bands can lead to low-temperature
semiconducting behaviour in materials that are good conductors in bulk form [67,68].

2.2.1 Au nanoparticles and their optical properties

The band structure of energy states and the decreasing density of energy states of nanoparticles
are closely related to the optical properties of nanostructures. The Surface Plasmon Resonance
(SPR) phenomenon has a great influence on these properties. Plasmons are energy states
characterized by the collective oscillation of delocalized electrons in the crystal structure of
metals. Electrons can be excited to these energy levels by absorbing a quantum of energy from
external electromagnetic radiation. Plasmons in bulk metals appear in a wide range of
wavelengths and determine their typical optical properties (colour, lustre). They occur
throughout the bulk of metallic materials, but those at the interface between the material and
the surrounding environment (surface plasmons) are particularly important in terms of optical

properties. The oscillations of the electrons of the surface plasmon give rise to electromagnetic
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fields which can propagate into the surroundings at distances of tens to hundreds of nanometres

from the surface. There is significant absorption of light at a specific wavelength.

Plasmons in the nanostructure do not propagate into the surroundings but are confined to the
limited space provided by the nanostructure; these are localised plasmons. If the electrons in a
localised plasmon are excited (depending on the type of material and size of the nanostructure)
by radiation at the frequency of visible light, the LSPR will manifest itself by changing the
colour of the material. In the case of spherical Au nanoparticles, the radiation frequency
corresponding to the plasmon energy level is ca. 520-580 nm (depending on the size of the
nanoparticles) and absorption occurs for nanoparticles with a size of ca. 2-100 nm. For this
reason, colloidal solutions of spherical Au nanoparticles have a typical red colour and show a
characteristic shift in the absorption spectrum — Figure 8.
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Figure 8 Colour and absorption spectra of colloidal solutions of gold nanoparticles - the influence of
size [58]

This phenomenon was first described by Gustav Mie and it as known as Mie theory [69,70].
In short, light interacts with metal nanoparticles that are an order of magnitude smaller than the
wavelength of the incident light. The electromagnetic wave (light) causes a collective resonant
oscillation across the free electrons of the metal nanoparticle. This leads to the characteristic
absorption and scattering of the incident light, which is macroscopically manifested by the
distinctive colour of the sample containing the metal nanoparticles [71]. The extinction occurs

for the incident beam, which can be calculated as the sum of absorption and scattering.

The proportion of absorption and scattering depends strongly on the nature of the element
forming the nanoparticle and the size of the nanoparticle. Nanoparticles smaller than two

nanometres lose their metallic character and do not exhibit plasmon behaviour. For spherical
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particles with a diameter of 20 nm the effect of scattering is zero, for particles with a diameter
of 40 nm the scattering is very small, but for particles with a diameter of 80 nm the effect of
scattering is already very significant - see Figure 9 [72]. It is fascinating that Mie's explanation

of the colour of solutions based on the content of metal nanoparticles was given 25 years before

the first electron microscope was built and enabled to observe these particles [73].
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Figure 9 Calculated spectra of the efficiency of absorption Qabs (red dashed), scattering Qsca (black
dotted), and extinction Qex (green solid) for gold nanospheres (a) D = 20 nm, (b)D =40 nm, (c) D =
80 nm [72]

Based on Mie theory, knowledge of the refractive index of the medium, dielectric function and
size of the nanoparticles, the position and shape of the LSPR peak can be calculated. The
position of the peak agrees very well with the experimental data for aqueous solutions; however,
the peak shape is not completely accurate. Experimentally measured data generally has a
broader peak than calculated data — see Figure 10. This may be partly due to the boundary
conditions of the calculation, which assume uniform spherical particles that are evenly

distributed in the surrounding environment and do not interact with each other.

The synthesis of AuNPs in aqueous solutions is nowadays very well experimentally mastered.
It is possible to prepare AuNPs of precisely chosen size with a narrow size distribution, NPs
covered with different surface functional groups or nanoparticles of different shapes. In addition
to basic nanospheres [74], these are for example nanoshells, nanorods, nanotriangles [75],
nanostars [76] or nanocubes [77] — see Figure 11. One of the first and most well-known
techniques for the preparation of monodisperse spherical gold nanoparticles with a diameter of

approximately 10-20 nm in aqueous solutions is the Turkevich method. It consists in the
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reduction of gold from [AuCls]” solution by sodium citrate. The citrate then also acts as a surface

protecting agent for the produced nanoparticles [53].
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Figure 10 Comparison of measured and calculated absorbance for 14.2 nm gold nanoparticles in water
[71]

a

Figure 11 Gold nanoparticles of different shapes. a) spheres b) triangles; scalebar=166 nm c) stars;
scalebar=100 nm d) cubes; scalebar=500 nm

The position of the LSPR, which is critical for many potential applications of nanoparticles, is
also influenced by the shape of the nanoparticles. The absorption band for spherical
nanoparticles with a diameter of 30-100 nm is a single band (due to the symmetry of the NPs)
with maximum between 520 and 570 nm. For cylindrical particles (nanorods), however, the
maximum splits into 2 bands corresponding to the oscillation of the electron density along the

transversal and longitudinal axis of the cylinder. The absorption corresponding to the
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longitudinal axis is at a higher wavelength and the intensity and position of the absorption bands

depend on the ratio of the axis lengths of the cylinder (

Figure 12). Similarly, different absorption maxima can be assigned to more complex
nanoparticle shapes according to the shape factor and the corresponding plasmon resonance. In

these cases, the absorption maximum of the band can extend to the NIR region of the spectrum

i.e. 650 -900 nm.
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Figure 12 Schematic representation of Surface Plasmon Resonance (SPR) band in (A) spherical and
(B) rod-shaped plasmonic NPs [78].

Moreover, the position and intensity of the LSPR band can be affected by a change in the

environment surrounding the nanoparticle, as it depends on the refractive index of the glass
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matrix. The higher the refractive index is, the more intense and more shifted the plasmon

resonance is to higher wavelengths. Examples are provided in Figure 13 [71].
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Figure 13 Dependence of absorbance of AuNPs on refractive index of surrounding medium [71]

In summary, a shift of the LSPR peak can be caused by:

1)

2)

3)

a change in the size of the nanoparticles [71,79]. Gold nanoparticles smaller than 2 nm
in diameter do not absorb. For slightly larger nanoparticles (~2.5 nm), the typical LSPR
peak appears and redshifts (i.e. increases its wavelength) with increasing nanoparticle
size;

a change of the shape of the nanoparticles [80] — spherical nanoparticles have are the
most blueshifted (shifted to lower wavelengths), with decreasing symmetry of the
nanoparticles a redshift in LSPR occurs;

a change in temperature. Decreasing temperature a minor blueshift of the LSPR occurs
[81];
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4) using nanoparticles with different shell and core structure [71];
5) aggregation of the AUNPs [82];

6) the value of refractive index of the surrounding environment [71].

2.2.2 Gold nanoparticles in glasses and glass-ceramics

The preparation of gold nanoparticles in glasses is not nearly as technologically advanced as in
solutions. Paradoxically, however, the first gold nanoparticles were created in glass. The oldest
artifact containing AgAuUNPs is the Lycurgus cup, a Roman opaque glass cup from the 4th
century AD (see Figure 14). The figure shows that the cup exhibits a strong dichroism. When
the cup is illuminated from the outside (i.e. when the incident radiation is reflected) it appears
green, whereas when illuminated from the inside (when the radiation is transmitted) it appears
deep red. In addition, in the area of the torso of King Lycurgus the red colour changes to purple.
These colour changes are caused by the presence of metal nanoparticles. So far, it has been
found that the cup is made of ordinary soda-lime silicate glass, with a relatively high iron
content, and the colour changes are caused by gold and probably colloidal Cu -Ag -Au particles,

which are, moreover, not evenly distributed [83].

This amazing phenomenon is still not fully explained, and some studies claim that the red colour
is caused by the absorption of gold of about 10 nm at wavelengths of about 520 nm, while the
purple colour is caused by larger gold particles (about 20-30 nm). The green colouration is
caused by light scattering on silver particles > 40 nm in size [84]. Recent studies suggest that
surface phase separation of a-quartz could be present in the cup and that the red colour in
transmitted light is due to light absorption by metal nanoparticles, while the olive green colour
of the glass in reflected light is mainly due to Fe?* and Fe* ions and Rayleigh scattering on

SiO> droplets on the surface. [85]

The process of using gold in the glass industry was rediscovered and described in detail not
until the 17th century. It is associated with the names Andreas Cassius of Leyden and Johann
Kunckel. Cassius discovered the pigment that is now known as the Purple of Cassius. It is
a pigment formed from gold that is dissolved in aqua regia and then precipitated by a mixture
of stannous chloride and stannic chloride. Kunckel used this pigment in the preparation of the

so-called gold ruby glass. However, Kunckel kept the exact details of how this type of glass
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was prepared secret. After his death, the secret of preparing gold ruby glass was lost again. It

was not rediscovered until the 19th century [71].

Figure 14 Lycurgus cup in reflected and transmitted light [86]

Nowadays, the enrichment of glass with gold is not only used for decorative purposes such as
the preparation of glass vessels and jewellery, but with the development of diagnostic methods
capable of detecting nanoparticles in glass and thus controlling their distribution and size, it is

also used in the following industries:

1) Optoelectronics — Because the non-linearity in glasses (as main optics material) is generally
quite small, the non-linear response can be improved by several orders of magnitude by
embedding NPs. Particularly, all-optical switching devices based on NLO glasses with
embedded NPs can potentially overcome the speed limitation imposed by electrical switching
devices [87-90].

2) Photonics - Enrichment of rare earth doped glasses with metal nanoparticles can be used to
improve the luminescent properties of the glasses, leading to the preparation of high-
performance photonic devices [91-93].

3) Sensing - Surface-enhanced Raman spectroscopy (SERS) is now a well-known analytical
technique that allows sensitive detection of a single chemically specific molecule [94-96].
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4) Heterogeneous catalysis - A current trend is the use of porous glasses as supports for
suitably distributed metal nanoparticles, which, due to their large surface area, enable a variety
of catalytic processes [97,98].

5) Biomedicine - Incorporation of metal nanoparticles into biocompatible enamels (for example
Cu NPs) improves their healing properties, their bioadhesion, and increases their anti-cancer
potential [99]. In addition, such enamels also have antibacterial effects [100].

6) Art and jewellery — Red ruby glass, especially that coloured with gold, still finds its

application in the field of decoration and art.

2.2.3 Preparation of metal nanoparticles in glass - technology

Several possible ways of creating glass containing crystalline metal NPs have been described
in the literature. In addition to the classical glassmaking method of forming nanoparticles over
the entire volume of the glass in-situ, glasses containing metal NPs can be created by ion
exchange, ion implantation, localized irradiation. There are also several ways to incorporate
pre-fabricated metal NPs into the glass. Since the melting temperature of bulk gold is 1064 °C
(and significantly lower for nanoparticles), simply mixing the pre-prepared nanoparticles
directly into glass that is melted at a higher temperature is not an option. These techniques are
sol-gel doping, glass powder doping [101]. A summary of the methods with their advantages
and disadvantages is given in Table 1. It should be noted that there is a significant disadvantage
of using a high-temperature synthesis. Gold is quite volatile and some part (or most of it) might

be lost during melting at high-temperatures.

Table 1 Methods of metal nanoparticles preparation

Method Advantage Disadvantage Ref.
Melt- -simple and long standing -high temperature [102—
guenching -short processing times processing 130]
-continuous processing -no control of NP size,
-NPs throughout the volume distribution and location
high variability of glass within the glass during melt
composition process
-inexpensive
lon- -simple -for metals subject to ion [91,131-
exchange -possibility to control of NP exchange 141
: o ]
location -concentration limit of
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-no damage virgin glass NPs in the surface thin film
-co-embedding various metal

NPs
-inexpensive
lon- -short processing times, -no control of NPs size and [106,142
implantation -low temperature processing distribution -150]
-control of NP location within -damage of glass
the glass -may generate impurities-
-high concentration of NPs -expensive

-uneven distribution of NPs near
the surface

high variability combination NPs
VS. substrate

Localized -simple -damage of glass [151-
irradiation -possibility to control of NP -expensive 155]
location
-short processing times
Sol-gel -low temperature processing -long processing times [156—
doping -inexpensive -discontinuous processing 160]

-no control of NP location
within the glass

Melt-quenching (conventional method)

This method is widely used primarily to prepare coloured glasses in their entire volume. The
basic technology involves two steps. In the first step, a transparent colourless glass is prepared
by melt-quenching. Gold is mixed directly into the glass batch (ca 0.003-0.05 wt. % [103]),
most often in the form of a solution of H[AuCl4] or purple of Cassius (purple pigment, mixture
of H[AuCl4] and tin (I1) chloride). Polyvalent ions (e.g. compounds Sn, Sh, Se, Pb, As) are in
fact an important component of the base glass, as they facilitate the dissolution of Au in the
glass, increase its solubility at lower temperatures and in the second step ensure easier and
uniform colouring of the glass. In the second step, most commonly referred to as "striking", the
glass is heated for ~1-20 h to a temperature close to the Tg4 of the glass. A typical coloration

occurs, which is caused by the formation of AuNPs in the glass volume.

The colour of the glass may be pink, red, blue, purple or brown for glasses containing AuNPs

depending on the number, size, internal structure and shape of the dispersed particles. It may
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also be different depending on whether the glass is observed in reflected or transmitted light.

This phenomenon is called colour dichroism [102].

A model has been developed to control the colour of glass containing gold nanoparticles. Weyl
[102] proposed several distinct different types of gold containing glasses in order to simplify
the discussion about their properties and transitions. The different types are shown
schematically in Figure 15. Type | (colourless glass) exists only in molten glass. Gold is
dissolved in the glass in the form of Au ions. Cooling of gold-containing glass leads to

supersaturation and spontaneous crystallization. Two extreme cases can occur:

1) First, if the temperature dependence of the solubility of Au in the glass is steep, then virtually
all the gold precipitates as crystals that cannot move in the glass due to its high viscosity (type
I1-weak coloured reflection). Importantly, virtually no gold remains dissolved in the glass. If
this glass is heated to a high enough temperature for a long enough time, the existing clusters

are allowed to precipitate, and the glass turns brown (type 111 - brown colour).

2) The second extreme case during cooling is that some of the gold precipitates out as tiny
nuclei and the rest remains dissolved in the glass (type 1V-no colour). For this to happen, the
temperature dependence of the solubility of Au in glass must be less steep. This can be achieved
by the addition of metallophilic elements as Sn, Sb, Pb, which increase the solubility of gold in
molten glass. By heating such glass to a sufficiently high temperature to allow the movement
of Au ions in the glass and the growth of nuclei. Spherical (type V- red colour) or anisometric
particles (type VI- purple colour) are formed. By careful heating and recrystallization of Type
VI glass, Type V can be achieved. Type V glass is referred to as gold ruby glass - a desirable
product of glass production.

Further heating of type 111, V, VI glass will result in the growth of large Au particles at the
expense of small ones and their coagulation, forming large spherical crystals. The resulting
glass (type VII — blue colour) has a distinctive brown colour in reflected light and blue in

transmitted light. It is referred to as saphirin glass.

The optimal route for the preparation of gold ruby glass is 1= 1IV->(VI)=>V (highlighted with
thicker green arrows in Figure 15). If the glass gets to the right side of the diagram (types II,

I11, VII) during production, the desired red colour is no longer achieved. In other words, for
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glasses with a steep temperature dependence of the Au solubility in the glass, the desired red

colour cannot be achieved.

|
Metal in true solution, atomic
subdivision. No colour.

. — Nucleus formation
Nucleus formation ~——_
—__ +crystal growth

v I
Metal nuclei and metal atoms. No Coarse crystals but no metal atoms.
colour. Weak or colour. Reflection.
Spherical crystal grwodimensional crystal growth
vV Vi Coagulation
Crystals 5-50 nm in Anisodimensional
diameter. Ruby glass. crystals. Amethyst clear,
Red but no reflection. no reflection. v
T 11l
Recrystallization Large clusters. Weak bluish grey.

Recrystallization Green-brown reflection.

Recrystallization l Recrystallization
ve

ViI
Large spherical crystals. Saphirin
glass. Blue colour. Strong brown
reflection.

Figure 15 Different types of gold-containing glasses according Weyl [102] (edited).

Generally, the colour of the glass corresponds to the size of the AuNPs nanoparticles as follows:
size below 3-5 nm = colourless glass, no contribution to the absorption; size 5-60 nm = good
ruby glass, light absorption does not depend on AuNPs size, but on the amount of Au in the
glass, when only particles from 5-60 nm are present; size 70-100 nm = brown colour, livery;

size 200-500 nm = little contribution to absorption or scattering, strong reflection [102].

Several authors report that the colour of glass containing Au nanoparticles can be influenced
by the addition of metal oxides such as tin, antimony, bismuth and lead [102,103]. The

mechanism is not precisely elucidated, but as in solutions, the formation of a weak metallophilic
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interaction between gold and metal ions can be assumed. This interaction prevents the growth
of large gold crystals and rather promotes the formation of many small gold nanoparticles that
absorb light in the visible part of the spectrum. The most common metallophilic element is tin
[104,105] (in glasses mostly in the form of SnO.). However, the solubility of SnO> in glass can
also be influenced by the composition of the whole glass, e.g. by the content of alkali metals or

aluminium oxide [102].

The relationship between glass composition and nanoparticle formation is not systematically
described in the literature [106]. Most of the current publications that investigate the link
between glass colour and the presence of Au nanoparticles focus on the description and
explanation of archaeological findings [107,108]. Relatively few articles describe the formation
of gold nanoparticles for the purpose of glass colouring. Usually relatively complex oxide or
chalcogenide systems containing e.g. more than 5 glass components are studied. Alternatively,
there are publications focused on special types of bismuth, zirconia or lead glass. An overview
of the glass systems containing AuNPs that have been published in the literature in recent years
can be found in the Table 2.

In general, it can be said that the reproducible preparation of uniformly coloured glasses is
extremely challenging from a technological point of view. The resulting colour of the glass
depends on many factors, and precise control of the entire melting process is important, from
the correct homogenisation of the glass, through uniform and sufficiently fast cooling, to a
suitably selected subsequent striking regime. For this reason, only a few companies produced
gold ruby glass by MQ, the others then purchased it in the form of coloured glass rods or glass
cullet [102].

Table 2 Overview of glass systems doped with AUNPs

Glass matrix [mol%o] Reference
xK20-xB203-(100-2x)Sb203, x = (10, 15, 20, 25) [109]
60Bi203-30B203-10SiO: [110]
Li,O-CaF,-20Zn0-B203 [111]
35Bi203-65B203 [112,113]
25Na20-2Sh203-73B203 [114,115]
30Na20-10Zn0-60B,03 [116]
25Na20-0.5Eu203-5Sh203-69.5B203 [117,118]
1.4Na20-10.8Zn0-10Mg0-19.7Al203-48.4Si02-5T102-42r02-0.7Sn0; [119,120]
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20Na;0-10Ca0-1Sb203-70Si02 [121]

12.6Na,0-0.3K>0-6.3Mg0-9.2 Ca0-0.3Al>03-71.3Si0O> [122]
9.3Na0-10.8Ca0-4.8Mg0-63.6Si0,-0.6Al203-0.5Zr0»-0.2Sb,03-10.2B,03  [123]
60Si02-32Ca0-8P.0s (sol-gel) [124,125]
6.7Na20-18.3B2,03-0.1Al203-74.9 SiO; [126]
10Na,0-20Zn0-XEr,03-70TeO; (x = 0.1) [127]
20Ge-55n-75S [105]
60PbO-40GeO; [128]

Glass powder doping

This method is very similar to conventional melt-quenching and consists of three steps:
1) preparing and crushing the base glass, 2) mixing the pre-prepared NPs and crushed glass,
and 3) fusing the powder mixture together and casting into a mould. The main challenge of this
method is to find a compromise between good dispersion of the NPs, complete bonding of the
powder mixture and at the same time not ruining the original properties of the NPs. High
melting temperatures and/or long melting times promote good homogeneity of the prepared
samples, but at the same time they lead to a change in the size and shape of the introduced NPs
[129,130].

lon exchange

lon exchange is currently a relatively mature technology for fabricating optical waveguides in
glass substrates and, due to the low optical signal loss and robustness of the process, it appears
to be the most suitable approach for developing a range of passive integrated optical devices
[131-134]. The process is usually carried out by immersing a glass substrate in a bath of molten
salt containing the desired metal ion, which is exchanged with the alkaline ions of the glass to
produce a diffusion profile whose shape and depth depend on the diffusion coefficients of the
ions and the temperature. In some cases, an external electric field can be used to control the
shape of the profile more precisely. In other approaches, diffusion of metal ions is carried out
from a metal layer deposited on the glass surface; in this case, migration is promoted by

an external voltage applied between the two sides of the glass slide [135].

If the ion-exchange technique is used for noble metals (Au, Ag or Cu), it focuses mainly on the

exchange of Ag* <»>Na* or Cu* or Cu?" <> Na* [91,136-138]. lon exchange of gold for alkaline

ions is very rarely performed. Besides the fact that the presence of metal ions increases the
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refractive index, the metal nanoparticles use a large third-order nonlinear susceptibility with
ultrafast response suitable for applications also in nonlinear optics [139-141]. Although it is
possible to achieve a suitable coloration of the glass after annealing (e.g. yellow-brown
colouration in the case of Ag NPs) this technique is not widely used for large-scale production
of coloured glass.

lon implantation

lon implantation in glasses requires by which ions of Au* are accelerated into a glass target,
thereby create the nanoparticles and simultaneously changing the physical, chemical, or
electrical properties of the target. lon implantation is the most versatile method of preparing
metal nanoparticles especially in silicon or silicate glasses [142—145]. This method allows easy
control of the layer depth and concentration of implanted ions as well as the formation of
nanoparticles. Commonly are used energies range from 50 keV to 3 MeV and fluences between
10%6-10%8jons.cm™. It has been found that increasing the fluence and energy of ion implantation
leads to the formation of nanoparticles and facilitates their growth. A similar effect, especially
for gold nanoparticles, is achieved by annealing after implantation [146] The disadvantage of
the high energy ion implantation process is the damage to the matrix in the ion impact area and
the formation of defects. These defects can also cause absorption of optical radiation in the

range of 5-7 eV [147], but can be removed by post-implantation annealing.

Unlike ion exchange technology, any various kind of glass can be used as a substrate for this
method. Most often gold particles were implanted into silica and usually had a size from 3 nm
to 40 nm and a spherical shape after ion implantation [106,148]. Rarely gold nanoparticles of
other shapes were found. Previous results from our group have shown that the range of
implanted ions depends mainly on the density of the glass and, to a lesser extent, on the structure
of the glass. Moreover, the shape, size and distribution of nanoparticles are strongly influenced
by the actual annealing temperature in the sense that the larger the deviation of the annealing
temperature from the transformation temperature of a given glass, the smaller the nanoparticles

formed and vice versa [149,150].

Formation of nanoparticles in glass by localised irradiation
If a photosensitiser (most commonly Ce®* for Au) is contained in the glass together with noble

metal ions, the glass becomes sensitive to short wavelength ionising radiation, such as UV light
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or X-ray [151,152]. By covering part of the glass with a photomask and then irradiating it, this
photosensitized glass can be used as a photographic medium [153]. This technology has
recently been further developed, using a femtosecond laser it is possible to generate 3D patterns
in glass on a similar principle [154]. Gold ruby glass was made by irradiation technology into
soda-lime-silicate glass using gamma rays and further heating instead of using a reducing agent
such as stannous oxide. Different colours were obtained by controlling the temperature and
heating times [155].

Sol-gel doping

Pre-prepared nanoparticles with suitable surface ligands are added to the liquid sol of the
prepared glass. The mixture is homogenized using a mixer or ultrasound and cast into a mould
or deposited onto a substrate. Subsequently, as with glass preparation using sol gel technology,
the matrix is cross-linked to form a gel containing NPs. By careful drying of the gel, a bulk
sample can be formed [156-159]. The advantage of this technique is that we have full control
over the properties of the nanoparticles (shape, size) that are incorporated into the glass.
However, this technology carries all the disadvantages of sol-gel technology such as high time

consumption, imperfect sample densification and poor mechanical properties [160].

2.2.4. Current research- new trends

In recent years, research on AuNPs in glasses has been very prominent, especially in the
connection with their optical properties. Most often these glasses are prepared by classical melt-
quenching technology, in a few cases by sol-gel or ion implantation. The most commonly used
gold precursor is H[AuCl4]-xH2O, other variants are Au203, AuCI, AuCls or metallic Au. In the
vast majority of papers, only one of the ways in which the properties of AuNPs can be
influenced, and thus the overall optical properties of the studied material, is always investigated.
The most frequently reported ways of changing optical properties of glass samples doped with
gold are the secondary heat treatment (and the effect of its length or temperature),
the concentration of Au in the glass or the change of the refractive index of the glass matrix
[161]. Jagannathan research group have also published papers on the effect of changing the
local refractive index by using nucleating agents (TiO2, ZrO>) or by nanoscale phase separation
in the glass matrix [119].
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Potential applications often reported include the possibility of using AuNPs in solid state lasers,
colour displays (LCDs), ultrafast optical switches, photonic devices, new optical glasses and
glass-ceramics, optical limiting, bio-imaging, harmonic generation, and data storage. However,
original potential applications are also emerging. Takebe [123] proposed a way to recycle
retired solar panels. Gold ruby glasses with a characteristic LSPR peak between 521-544 nm
were prepared from the cullet of these panels, which can be used for decorative purposes.
Bioactive glass in combination with AuNPs prepared by sol-gel method is another unique idea.
When ground and mixed with Vaseline, it can be used to regenerate skin wounds [124,125].
Germanate-lead glasses doped with Eu and Au could be used to optimize the performance of
photovoltaic devices [128]. Lebedev [126] published a procedure to prepare porous borosilicate
glass, with AuNPs incorporated into the pores by liquid state chemical deposition. Such a glass

could serve as a membrane with selective ion transport.

There are also theses on AuNPs in glass. Bring [162] addressed this subject with the aim of
(re)inventing an alternative to the toxic CdS and CdSe pigments that are used to achieve the red
colouration of glasses. Saiyasombat [163] investigated in detail a sodium silicate glass
containing Au and SnOz. In his work he describes in detail the role of SnO- to achieve the
coloration of the samples and based on the measured data he proposes a model describing the
behaviour of gold ions and nanoparticles in the glass. Wei [101] described a new method for
preparing glasses containing nanoparticles. He describes this method, called the "powder
reheating technique," as suitable for preparing noble metal nanoparticles in a wide variety of

different types of glasses.
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3 MOTIVATION AND RESEARCH OBJECTIVES

Although gold nanoparticles have been in practical use for thousands of years, they still find
applications both in solutions and as part of the solid phase in traditional and modern industries,
as shown in the theoretical part of the thesis. Also, with the development of electron
microscopy, there is a much greater opportunity to investigate their shape, distribution and
structure in the context of optical and biocatalytic applications. Their nucleation and growth in
glasses is relatively rarely described in the current literature, as it is difficult to achieve a pre-
specified and desirable distribution and size of gold nanoparticles in glass substrates. For bulk
doping of glasses, which has mainly decorative applications, MQ technology is used
exclusively. According to the literature research, containerless technologies such as ADL have
not yet been tried and offer a unique opportunity to dope materials with a relatively high melting

temperature with gold.

The presented dissertation aims to investigate a completely new containerless ADL technology
for melting glass containing gold nanoparticles, to investigate the influence of ADL
technological parameters on their distribution and shape by means of absorption and

transmission electron microscopy.
The sub-objectives were set as follows:

1) To find which glass oxide systems are suitable for ADL technology and to try to
generalize the findings.

2) To test the influence of ADL setup parameters on the formation of glass or other phases
in the Y203-Al03-SiO2 oxide system and to make a basic comparison with
conventional melting.

3) To design and test a technological procedure for the preparation of gold nanoparticles
in glass using ADL technology - i.e. 1) to describe the homogeneity of the samples and
the distribution of the nanoparticles; 2) to compare the influence of the chemical
composition in the two basic systems YAS and LS; 3) to evaluate the suitability and
influence of the addition of tin(IV) oxide to the glass during ADL technology; 4) to
compare the results, especially the absorption and distribution of nanoparticles, with the
glasses of the same composition prepared by MQ.
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4) To propose a suitable chemical composition of the glass for the preparation of Au NPs
by ADL and to investigate how the composition can be used to influence the formation,

size and distribution of gold nanoparticles.
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4 EXPERIMENTAL PART

Two different experimental techniques have been used to prepare the samples. The main
technique used was the aerodynamic levitation coupled to CO2 laser heating (ADL), available
at the CEMHTI laboratory in France. The second technique was conventional melt-quenching
(MQ) in a high-temperature furnace, which was carried out at UCT Prague. A comparison of
the two technologies is shown in Figure 16 and Table 3. It is evident that the advantages of
ADL are its higher maximum melting temperature, higher cooling rate, non-contact melting
(and therefore reduced surface/heterogeneous crystallization) or a higher sample preparation
speed (regarding the number of different samples, not their mass). The main disadvantage of
this technology is its very small size of prepared samples and volatilization of certain elements

from the melt.

Laser beam

Figure 16 Comparison of melt-quenching and ADL techniques. a) melting nozzle of the ADL device,
b) high-temperature laboratory furnace with an enlarged image of a PtRh crucible, c) glass bead
prepared by ADL d) glass sample prepared by MQ.
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Table 3 Comparison of ADL and MQ

ADL MQ
Max. temperature 3000 °C 1700 °C
Melting time ~s ~h
Cooling rate ~300 °C s™! ~100 °C s™!
Sample mass ~mg ~g
Sample shape Sphere Free (mould)
Contactless Yes No

Generally, silicate glasses containing systematically varying contents of modifiers such as Li,

Na and K or intermediate elements such as Y and Al were chosen as the basis for the glass
systems fabricated by both methods. The Y203-Al>03-SiO2 (YAS) system was studied first as

the base of the glass matrix because of its advantageous optical and mechanical properties. The

second base glass was Li-O-2Si0- (LS), which was chosen for its simple chemical composition,

low melting temperature and which proved to be suitable for both preparation methods. These

glasses were doped with varying gold and tin (IV) oxide contents. At the end of the work,

several glasses were prepared in the Li2O-Y203-Al.03-SiO2 (LYAS) system, which combine

the advantages of both YAS and LS compositions that had been investigated in detail.

4.1 Aerodynamic levitation coupled to laser heating (ADL)

4.1.1 Chemicals used

Yttrium oxide, Y203 (99.9%, Strem chemicals)
Aluminium oxide, Al203 (99.997%, Alfa Aesar)
Silicon oxide, SiO2 (99.5%, Alfa Aesar)
Hydrogen tetrachloroaurate (111) trihydrate, H{AuCl4]-3H20 (99.99%, Thermo Scientific,

Germany)

Lithium carbonate, Li.CO3 (99%, Aldrich)

Sodium carbonate Na.COgz (99.5+%, Strem chemicals)

Potassium carbonate K>COs (99%, Fluka)
Tin (1V) oxide, SnO2 (99.9%, JMC Puratonic)
Argon gas, Ar (99.999%, Air Liquide)
Oxygen gas, O2 (99.995 mol%, Air Liquide)

Epoxy resin EpoFix (Struers, Denmark)

41



Corn flour (Maizena)

Distilled water

Ethanol (denatured)

SiC polishing papers (P320-P4000, Presi, France)

Diamond polishing suspension (1 um, Escil, France)

SiO2 non-crystallizing polishing suspension (0.03 pum, Presi, France)

Wenol metal polishing cream
4.1.2 Description of pellet preparation

During the preparation of the samples using the ADL technology, it was first necessary to
prepare the so-called tablet or pellet from mixed and compacted precursors (see Figure 17a),
which would then be either melted in parts. A typical procedure for preparing the tablet was as
follows: first, chemicals with a total weight of 1 g were carefully weighed using analytical
balance based on a glass batch calculation. These were then mixed with a small amount of
ethanol in an agate mortar and homogenized until most of the alcohol had evaporated.
The mixture was then transferred to a steel die in which it was compressed into a coin-shaped
tablet using a laboratory hydraulic press. Subsequently, small pieces of compact material
weighing several tens of mg were broken off from this tablet and melted in the ADL device. If
the above procedure was used, glass beads of irregular size were formed, which led to
significant heterogeneities especially when doped with gold.

In order to improve the reproducibility of the experiments carried out, an alternative procedure
was developed during the course of this work to prepare individual small pellets of
approximately the same weight and a suitable spherical cap shape (see Figure 17b). The newly
proposed procedure consists of mixing the powdered chemicals with a slurry of corn starch and
then dispensing the resulting suspension with a precision repetitive pipette.

First, the chemicals were carefully weighed into an agate mortar according to the glass batch

calculation. Then, 2 g of Maizena corn flour was added to a beaker containing 25 ml

demineralized water under constant stirring with a magnetic stirrer. The mixture was heated for

7 minutes on an electric stove set at 200°C with constant stirring. The mixture was then

transferred to a cold magnetic stirrer where it was allowed to cool for 4 minutes. The resulting

slurry was mixed with the powder chemicals in the agate mortar in a weight ratio of
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approximately 1:1 (the ratio varied for different glass compositions) and dispensed in 50 ul
drops onto a non-stick pad using a Distrimann brand repetitive pipette. The resulting pellets
were left on the pad overnight to dry. The next day, the pellets were annealed in an electric
furnace for 30 min at 200 °C (ramp 5 °C/min from RT) and then for another 30 min at
temperature close to the glass transition temperature T4 of prepared glass (ramp 5 °C/min). The
pellets annealed this way were approximately the same weight and shape, mechanically robust

and free of majority of the starch from the corn flour.

20 mm

Figure 17 a) A pellet for ADL melting prepared by pressing raw precursors b) Pellets for ADL melting
prepared using cornstarch slurry and a repetitive pipette. c) Clean (top) and contaminated (bottom) Cu
melting nozzle d) LS glass beads prepared by using the “old” approach €) LS glass beads prepared by
using Maizena slurry and repetitive pipette.

The pellets containing gold were prepared by a more complex process, which was developed
during the course of this work to achieve maximum sample homogeneity in the shortest possible
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melting time using the lowest possible melting temperature. The last two conditions (which are
contradictory to achieving good sample homogeneity) are necessary in order to minimize gold
volatilization during sample preparation. This can be observed with the naked eye as purple
vapour escaping from the sample during melting, or as a black-purple layer that gradually
accumulates on the melting nozzle. Photographs of the just-cleaned melting nozzle and the
contaminated nozzle are shown in Figure 17c. The results of the EDS analysis of the

contaminated nozzle indicate that a layer of AuCls has formed on its surface.

For the preparation of pellets with gold content, the raw materials for the preparation of the
base glass matrix without gold and tin were first calculated. These were milled, dried and the
base glass was melted and milled again. Gold, in the form of a solution of H[AuCls] and SnOx,
was added to the glass powder, and everything was carefully mixed. From this step forward,
the procedure of preparation pellets doped with gold was the same as for pellets without gold
described above. The mixed chemicals were combined with Maizena slurry and dispensed in
form of small drops using Distrimann pipette onto a non-stick surface. The gold-containing
pellets were easily distinguishable at first sight from the others. The higher the gold content,
the pinker the pellets were after formation. This process of pellet preparation evolved during
the course of the dissertation. This procedure was used to prepare samples with the designation
JB50 and higher.

The pellets prepared by this technique are shown in Figure 17 b. In Figure 17d and e one can
see a comparison of beads prepared with the original and new techniques. The original beads
are different in size at first sight, while the new samples are the same size. The weight of the
samples prepared by the new method was tested on 60 beads prepared from 50 pl pellets. The

average mass of a bead was (15.84+0.24) mg, the standard deviation of mass was 1.54 %.

4.1.3 Description of technology

The aerodynamic levitation device (see Figure 18) consists of several key parts. The heart of
the device is a conical melting nozzle into which the pellet was placed. The pellet was levitated
in a stream of gas which was coming from a gas bottle and whose flow was controlled by a
computer. During the aerodynamic levitation, the sample was heated by a pair of pulse CO>

lasers (Coherent Diamond K series, 670 nm visible and 10.6 um radiation, 400 W max average,
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900 mJ max 1ms pulse) whose beams were brought to the sample from above and below by
mirrors. The actual power of the lasers was also controlled by the computer. An Impac ISR 320
pyrometer (two channels, spectral range 0.9 and 1.05 um) was pointed at the sample in the
melting chamber to monitor the temperature and a video camera with a suitable filter was used

to monitor the melting process in real time.

The actual sample preparation was carried out as follows: a piece of the prepared pellet of
the sample was inserted into the conical melting nozzle. Then the gas flow was adjusted so that
the sample levitated in the nozzle. The lasers were then started, and the sample was melted
within a few seconds. The result of the ADL melting was a glass sphere with a diameter of
about 2 mm, which contained bubbles in some of the samples. By using pellets of the same
mass, it was possible to semi-automate the melting process, i.e., to always maintain a constant

gas flow and to set an identical melting program for all samples of the same composition.

Mirror Pyrometers

Video
cameras

Spherical sample ',
| Nozzle

Laser 2
Mirror

Figure 18 Aerodynamic levitation coupled to laser heating - basic experimental setup [164]

Multiple input parameters can be set during sample preparation with ADL technology. To
improve the reproducibility of the experiments performed, it was essential to keep the melting

parameters constant. These parameters can be divided into several groups:

First, the initial condition of the melting device - these parameters include the shape of

the melting nozzle and the reflectivity (cleanliness) of its inner surface, the cleanliness and
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correct alignment of all optical components in the laser beam path (optical mirrors, ZnSe or

NaCl windows), the type of gas used for levitation

Second, the initial characteristics of the prepared sample - for good reproducibility of
the experiments, it was necessary to load the device with pellets of approximately the same

mass with a suitable shape.

Third, the parameters controlled by the computer during melting - although the laser power and
gas flow in the melting device could be controlled with great real-time precision, for
reproducibility of the experiments it was preferable to find a suitable melting programme for
each sample composition and to keep this constant. These melting parameters, i.e., the time-
dependent laser power value, the total time, and the gas flow rate, were designed so that samples

of different compositions underwent approximately the same thermal history.

During the experiments carried out in this work, a copper melting nozzle was used and polished
at regular intervals with Wenol metal polishing cream. The cleanliness of the optical elements
in the melting device, which could be stained by volatile components of the prepared samples,
was also checked at regular intervals. The gas used was initially argon because of its good
ability to levitate the sample. Later, oxygen was used to provide an oxidizing atmosphere during
melting. For melting, Coherent Diamond K250 CO: lasers with a maximum average power of
400 W were used, emitting radiation at wavelengths of 670 nm and 10.6 pm; 900 mJ max 1 ms
pulse. For sample preparation, 15% of the maximum power of the lasers was used at most and
the average melting time was 40 s. The temperature readings from the pyrometer were always
below 2000 °C for YAS samples and below 1800 °C for all samples containing gold and also
for all other samples of different base composition. Sample preparation by ADL is summarized

in a diagram in Figure 19.

More than 100 compositions were melted using this procedure. From each sample 5-100 beads
were prepared. The full list of samples is given in the Appendix, or the relevant samples are

always listed in the introduction of each chapter in the Results section of the thesis.
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7 Cutting, | Additional heat
g polishing treatment

Figure 19 ADL sample preparation protocol.

—

4.2 Melt-quenching (MQ)

4.2.1 Chemicals used

Distilled water

Ethanol (denatured)

Isopropyl alcohol, CHsCH(OH)CHs (p.p., 99.7%, Lach-Ner s.r.o0., Czech Republic)
SiC polishing papers (P320-P2500, Hermes WS Flex 16, Germany)

Cerium oxide, CeO>

Yttrium oxide, Y203 (99.9% by XRF analysis)

Aluminium hydroxide, Al(OH)s (p.a., Lach-Ner s.r.0., Czech Republic)

Silica gel, SiO2 (high-purity grade, Sigma-Aldrich)

Hydrogen tetrachloroaurate(l11) trihydrate, H{AuCI4]-3H20 (99.99%, Thermo Scientific,
Germany)

Lithium carbonate, Li.CO3 (99%, Aldrich)
Tin (IV) oxide, SnO2 (Grade 1, JMC Puratonic)
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4.2.2 Description of technology

Before starting the experiments, all hygroscopic precursors were put into a laboratory dryer at
100 °C overnight. A Clasic commercial melting furnace, heated by an electric resistance and
capable of reaching temperatures of up to 1700 °C, was used to melt the glass. Two main series
of glasses were prepared - glasses with a lithium silicate matrix Li2O-SiO2 (LS) and with yttria-
alumina-silica matrix Y203-Al.03-SiO2 (YAS). First, only the basic matrices were prepared.
Next, additional glass samples were prepared with different additions of Au and SnO- to those

matrices.

After calculation, all precursors were carefully weighted using analytical balance, mixed, and
homogenized by mortar and pestle for 10 min. Then, the first part of the glass batch was put in
a platinum rhodium (PtRh) crucible with a lid into the melting furnace. At regular intervals of
15 minutes, the rest of the glass batch was cautiously added to the crucible to avoid foaming
and overflowing of the melt. After the first hour from the start of the melting, the stirring of the
melt began by circular movements of the melting crucible while holding it in steel tongs.
Stirring was carried out 7 times each 10 minutes. After 3.5 hours from the start of melting, the
sample was cast either into a steel mould with stops or into a steel die and immediately
transferred to a pre-heated annealing furnace where the internal stress in the sample was
removed overnight. The remaining glass in the PtRh crucible was rapidly cooled by immersing
the crucible in water. The resulting cullet was also subsequently transferred to the annealing

furnace.

In later experiments, a different sample preparation procedure was used in an attempt to
improve sample homogeneity. First, the chemicals were weighed to make the glass matrix free
of gold and a tin (1) oxide. These were finely ground in an agate grinding vessel containing
30 g of chemicals, 30 g of demineralised water and 60 g of agate spheres using a ball mill. The
mill was run for 10 minutes at 500 rpm and the direction of rotation was changed every
3 minutes. The resulting suspension was then vacuum filtered and dried in a laboratory dryer
overnight. The dried ground chemicals were homogenized by a mortar and pestle and a base
glass was prepared as described in the previous paragraph, except that all glass was rapidly
cooled in the PtRh submerged in water to make cullet. This cullet was then crushed in a steel

mortar, ground again in the agate mill (500 rpm, 30 min), filtered and dried. The cullet was
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further thoroughly mixed by a mortar and pestle with gold precursor (H[AuCl4]-3H20 solution),
and SnO3, and melted a second time in the electric resistance furnace, but this time only for

1.5 h. The entire melting protocol is summarized in Figure 20 below.

The samples were cut using a diamond cutter and polished to optical quality using commercially
available SiC sandpaper and CeO; suspension. The results were glass slices polished from both
sided in the shape of a circular section with a radius of approximately 1 cm, a central angle of

approximately 90° and a thickness of approximately 1 mm.

‘ Drying precursors ‘
v
‘ Mixing glass batch without Au, SnO, ‘

|
¥

‘ Ball milling 1 ‘
‘ Meltingfl (3.5 h) ‘
‘ Ball milling 2 ‘
\ Adding Au, Snt)z and mixing \
\ Meltingiz (1.5h) \

‘ Annealing ‘

—

Cutting, | Additional heat
g polishing treatment

Figure 20 Melt-quenching experimental protocol

Immediately after melting, all samples prepared by melt-quenching were tempered in an
annealing furnace to remove internal stresses. This process consisted of heating the sample at a
constant temperature close to the Tq of the prepared glass for 1 h followed by controlled cooling

at a rate of 1°C per minute to room temperature.
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More than 40 samples of different compositions were prepared by this method. A detailed
overview of the sample labelling and composition is given in the Appendix. A summary table

of the relevant samples is always given at the beginning of the chapters in the Results section.

4.3 Additional heat treatment - striking

For the samples containing gold, the additional heat treatment after melting — striking — was of
another key importance. This is because at temperatures around Tg, nucleation and subsequent
growth of gold nanoparticles in the sample occurred, causing the typical coloration of the
prepared glasses. The colour of the glasses ranged from pink to red to purple, depending on the

temperature and the duration of the annealing.

Striking experiments were performed at constant temperature in the range of 300-1050 °C for
5 min up to 72 h. Typical parameters for YAS samples: 900°C, 15-120 min. Typical parameters
for LS samples: 500 °C, 15-45 min. The annealing temperatures used for each glass system
were based on the DSC analysis of the glass matrix. The main guideline was the temperature
Ty, near which the optimal temperatures for nucleation and growth of nanoparticles were
located. The upper limit for the annealing temperature was then the temperature of the first
crystallization peak Tx,1. Crystallization of the glass matrix was undesirable in our experiments

because it caused opaque zones in the prepared samples.

Annealing took place in refractory moulds or on unglazed ceramic tiles in Clasic or Nabertherm

furnaces.
4.4 Characterization of prepared samples (instrumentation)

X-Ray fluorescence spectroscopy (XRF)

In order to determine the chemical composition of the prepared glass samples, X-ray
fluorescence spectroscopy analyses were conducted in the Central Laboratories of UCT Prague
using spectrometer ARL 9400. Approx. 1 g of sample was crushed into fine powder in an agate
mortar before analyses. For samples containing lithium, the amount of Li>O was input directly

into the software according to its amount in the glass batch.
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Laser ablation inductively coupled plasma atomic emission spectroscopy (LA-ICP-AES)

This technique was used to determine the local chemical composition of our samples. One of
its major advantages for this work was, that LA-ICP-AES is able to quantify the amount of
lithium oxide in the sample. Polished samples embedded in epoxy resin were used for the
analysis. One bead of each studied composition was then analysed by Laser Ablation
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) by adapting the analytical
protocol developed at the IRAMAT-CEB for glass matrices [165]. On average, the beads had
a diameter of 2 mm and were polished to study a cross section of the core of the bead. The laser
ablated circular spots with a diameter of 0.1 mm. The measurements were performed at
the IRAMAT laboratory of the CNRS Orléans.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was used to obtain information about glass transition
temperature Tg, crystallization temperature(s) Tx,nand melting temperature Trm. Many beads or
pieces of bulk glass were crushed into fine powder in an agate mortar before analyses. The
measurements of most samples were performed at the CEMHTI laboratory of the CNRS
Orléans. Approx. 400 mg of each sample was analysed by Setaram MHTC96 instrument. A
700 pl Pt crucible and Ar atmosphere were used for the DSC analyses. Heating rate of the
samples was 10°C min?, the analyses were conducted in the temperature range 100—1400°C.

Thermal behaviour of samples LYAS 2, 5 and 8MQ was analysed by Simultaneous thermal
analysis (STA). The DTA and TG curves were recorded simultaneously on a Linseis STA
PT1600 apparatus with a heating rate of 10 °C min* in a dynamic air atmosphere (50 ml mint).

50 mg of samples were measured in 120 pl alumina crucibles.

X-Ray diffraction (XRD)

Room temperature XRD analysis was used to verify the glassy state of prepared samples and
to determine the composition of present crystalline phases. For samples containing gold it was

also used to estimate the average size of Au nanoparticles according to the Scherrer equation

kA
- L cosB

(3.1)
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where D is the diameter of the particle, k is Scherrer’s constant (K=0.94), A is the X-ray
wavelength (1.5406 A), B is full width at half maximum (FWHM) of the diffraction peak, and
0 is the diffraction angle.

Several (1-3) beads or small pieces of bulk glass were crushed into fine powder in an agate
mortar. Then the samples were dispersed on low-background flat Si holders with the help of
some ethanol droplets. Room temperature powder X-ray diffraction was performed using a
Bruker D8 Advance laboratory diffractometer (Cu Kal,2 radiation) equipped with a LynxEye
XE detector in Bragg-Brentano geometry. The crystalline phases were identified using the
ICDD PDF-4 edition 2021 database. The measurements were performed at the CEMHTI
laboratory of the CNRS Orléans.

Variable temperature X-ray diffraction (VT-XRD)

Variable temperature X-ray diffraction was performed on selected samples to determine their
crystallization behaviour at high temperatures. These analyses were conducted using a D8
Advance Bruker Bragg-Brentano (CuKal,2 radiation) diffractometer equipped with a linear
Vantec detector and an Anton Paar oven chamber (HTK1200N model). Fine granular powder
of the sample was deposited on a platinum disk in an alumina crucible. The temperature
behaviour and the thermal expansion of the setup had previously been calibrated using the
corundum reference [166]. The measurements were performed at the CEMHT] laboratory of
the CNRS Orléans.

Raman spectroscopy

Raman spectroscopy was used to provide information about the structure of the glass matrix of
prepared samples. Selected beads or glass shards were cast into epoxy pellets, which were then
cut and polished using conventional SiC papers (P300-P4000) and diamond particle
suspensions. Subsequently samples were characterized at room temperature by Raman
spectroscopy on a Renishaw InVia Qontor spectrometer mounting a green laser (514 nm)
operated at 50 mW, although the power was occasionally reduced to avoid detector saturation
in highly crystalline samples. The signal was collected in the range 80-2000 cm™ (low-
wavenumber cut-off of the edge filter: ~100 cm™) using an 1800 lines/mm holographic grating,

with 15 s acquisition time and 6 repetitions. Only visually homogeneous, not fully opaque
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samples were measured, focusing 20-40 um below the surface with a 50x objective and
acquiring spectra from several beads/locations to ensure reproducibility. The measurements
were performed at the CEMHTI laboratory of the CNRS Orléans.

M-line spectroscopy

An m-line spectroscopy performed on a Metricon Prism Coupler (2010) device in the
Laboratory of Photonics at the department of Inorganic Chemistry at UCT Prague was used to
determine the value of refractive indices of our glasses. Samples with 2 polished parallel
surfaces were used for the measurements. The measurements were performed at the Department

of inorganic chemistry at the UCT Prague.

Optical microscopy (OM)

Quality of sample surface during the polishing process as well as macroscopic defects in the
sample (e.g., bubbles) were evaluated by means of optical microscopy. An Olympus BX51

microscope was used.

UV-VIS spectroscopy

An AVANTES AvaSpec Starline spectrometer was used to measure absorption spectra in the
range of 250-1100 nm. Samples with 2 polished parallel surfaces were used for the
measurements, thickness of each sample was subsequently used to normalize the obtained
spectra. The following parameters were used for the measurements: integration time 40 ms,
averaging 200. Each sample was measured at least three times at three different points, the final
result was calculated as the arithmetic mean of the measured values. The measurements were

performed at the Department of inorganic chemistry at the UCT Prague.

Electron probe micro-analysis (EPMA)

EMPA was used to perform analyses of the chemical composition of prepared samples and also
to view the number and size of larger gold particles. Prior to analyses with an EPMA, sample
beads or chips were embedded in epoxy resin, polished, and carbon coated (15-20 nm) under
vacuum. The analyses were performed at the Institute of Geology of the Czech Academy of

Sciences in Prague using electron probe microanalyzer (microprobe) JEOL JXA-8230 with five
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wave dispersive X-ray spectrometers (WDS), energy dispersive X-ray spectrometer (EDS) and

panchromatic cathodoluminescence detector.

Scanning electron microscopy (SEM)

SEM was used to characterize the microstructure of prepared samples. Prior to analyses with
a SEM, sample chips were embedded in Epoxy resin, polished, and carbon coated (15-20 nm)
under vacuum. Microstructural analysis was carried out with a ITBOOSHL JEOL Scanning
Electron Microscope (FEG SEM) equipped with SSD Ultim Max 100mm? detector (EDS
Oxford system) — CNRS Orléans. A Hitachi S-4700 scanning electron microscope with a cold

cathode was used at UCT Prague.

Transmission electron microscopy (TEM)

TEM was used to provide detailed information about the nanostructure of prepared specimens.

Powder sample: Samples for transmission electron microscopy (TEM) were prepared from
powder dispersed in absolute ethanol and deposited onto a holey carbon film supported by
a copper grid. Bright field images were carried out with a TEM (Philips CM20 — CNRS
Orléans; EFTEM Jeol 2200 FS — UCT Prague) operating at 200 kV and equipped with an

Oxford energy dispersive spectrometry (EDS) analyser.

Thin foil sample: TEM on thin foils of a few selected samples was performed to obtain high-
quality images of nanostructure of those samples. First, a 50 um slice polished on both parallel
sides of the sample was obtained by careful mechanical polishing. Then the slice was glued
onto a copper grid and a thin wedge was created on the sample by precision ion polishing system
(PIPS). Sample was then observed by a TEM (see details above).
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5 RESULTS AND DISCUSSION

This part of the thesis is organized in 4 chapters. In Chapter 5.1, the suitability of different
glass systems for melting using ADL technology is discussed. In Chapter 5.2, the YAS system
Is investigated in detail using ADL technology. Special emphasis is given to the region with
SiO2 content > 80mol%, which had not been experimentally investigated previously to this
work. Chapter 5.3 presents the preparation of gold nanoparticles in glasses in the LS and YAS
system using ADL and MQ technologies. Chapter 5.4 proposes the composition of glasses

containing AuNPs in the LYAS system based on the previous findings of this thesis.

The samples in this chapter are labelled with an alphanumeric code. The letter in the name
corresponds to an oxide - see Table 4 below. The number after the letter corresponds to the
content of that oxide in the sample in mol% (rounded mathematically), or relative concentration
to other oxides. For example, L33-S67 indicates that the sample contains 33 mol% Li,O and

67% SiO». The same sample may also be labelled LS2 because the ratio of LioO:SiOz is 1:2.

Table 4 Oxide abbreviations in this chapter

Letter A B G K L N P S T Y
Oxide AlO3 B;03 Ge0O; KO LiO NaO P05 SiO; TeO, Y203

5.1 Glass systems and ADL technique

The initial experiments described in this chapter were focused on the search for key parameters
affecting the quality of the prepared glass. The basic aim was to create a homogeneous glass
bead free of bubbles and to look for a relation between the composition and properties of the
glass and the variable parameters of the ADL technology.

Binary silicate glasses were selected for this work to investigate the challenges of synthesizing
glasses by ADL over a broad range of melt viscosities and evaporation tendencies, thereby
focusing on simple compositions. In the following, the synthesis of nine compositions of glass
by conventional melt-quenching and/or ADL is studied: three lithium silicates: LS2 (L33-S67),
LS4 (L25S75) and LS8 (L11-S89); three sodium silicates: NS2 (N33-S67), NS4 (N25-S75) and
NS8 (N11-S89), and three potassium silicates: KS2 (K33-S67), KS4 (K25-S75) and KS8 (K11-

S89). An overview of the prepared samples is given in Table 5.
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Table 5 Composition of the silicate glass (mol% of oxides) and used technology

Glass LicO Na,O K;O SiO; B:0O; P.Os Technology
LS2 (L33-S67) 33.3 66.7 ADL, MQ
LS4 (L25S75) 20.0 80.0 ADL

LS8 (L11-S89) 11.1 89.9 ADL

NS2 (N33-S67) 33.3 66.7 ADL, MQ
NS4 (N25-S75) 20.0 80.0 ADL

NS8 (N11-S89) 11.1 89.9 ADL

KS2 (K33-S67) 33.3 66.7 ADL, MQ
KS4 (K25-S75) 20.0 80.0 ADL

KS8 (K11-S89) 11.1  89.9 ADL

LB2 (L33-B67)  33.3 66.7 ADL

NP (N50-P50) 50.0 50.0 ADL

ADL was used to prepare beads of the listed nine compositions. To facilitate the analysis of the
ADL method, 3 g of LS2, NS2 and KS2 were additionally synthesized as reference materials
by conventional melt-quenching.

The expected increasing temperature sensitivity (i.e., tendency toward high-temperature
vaporization 48-50) of the samples along the series LSX-NSX-KSX (X =2, 4,or 8) was tackled
using the following synthesis strategy: LSX samples were invariably prepared first, optimizing
the melting parameters (temperature reading, time) to minimize their high-temperature dwell
while still obtaining good-quality glass beads with (possibly) no bubbles visible to the naked
eye. Then, the exact same procedure was applied to the corresponding NSX and KSX samples,
as visualized on Figure 21; note that the same temperature readings as for LSX could be
achieved for NSX and KSX samples using an equal or lower laser power, supporting the
reliability of the results concerning high-temperature evaporation (see below). More
specifically, we performed the syntheses at maximum pyrometer readings of ~1500 °C for
MS2, ~1700 °C for MS4 and ~1800 °C for MS8 (where M is Li, Na or K) Samples prepared

in this way were glassy and transparent, with a variable bubble content.
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Figure 21 a) Example of time-temperature curves acquired during the ADL synthesis of LS2, NS2 and
KS2 glass beads, schematically separated in four main stages: decarbonation, melting, temperature

homogenization and fining, quenching. b)example of glass beads LS2. The distance between 2
horizontal lines is 1 mm.

In order to test the validity of our approach over a wider compositional range, we melted two
additional samples according to the same procedure: a lithium borate LB2 (L33-B67) and a
sodium phosphate NP (N50-P50). In both cases, glass beads could be easily obtained without
any signs of evaporation loss, at readings of 1050 and 1125 °C, respectively. Sample LB2 was

subsequently intentionally heated to higher temperature (up to 1200 °C) to induce high
temperature volatilization and mass loss.

4.1.1. Preliminary estimation and calculation using DSC measurement

The three compositions synthesized by conventional melt-quenching (LS2, NS2, and KS2)
were characterized by differential scanning calorimetry (DSC) to investigate their glass stability
and glass transition temperature Tg, using a SETARAM Multi HTC 1600 and loading ~500 mg
of powder in the Pt crucibles for each measurement. First, simple upscans were performed up

to 1173 K and used to estimate glass stability according to the Hruby method [167].
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T.—Ty Eq4.1
Tm - Tc

Kgl =

where T stands for the crystallization onset, T4 for the glass transition temperature, and Tr, for
the melting temperature. The real T4 of the samples (viscosity # =~ 10'? Pa s) was obtained by
rate-matching measurements at 10 K min~!: the glass samples were heated beyond their glass
transition to achieve melt relaxation, subsequently cooled at 10 K min' to constrain their

thermal history and then measured during a second upscan at 10 K min~'.

During this segment, the glass transition onset (Tonset) Was extracted from the heat flow curve
using the double tangent method. As demonstrated in previous works [168—172], rate-matching

DSC measurements can be associated with viscosity # through the relation:

logiom (Tonset) = - loglolqc,hl + Konset Eq 4.2

where (c,h is the heating and cooling rate applied during DSC measurements, and Konset IS @
constant, calibrated at 11.20 (£.15) Pas. For gcp = 10 K min™! , one obtains log 107 (Tonset) =
11.98 Pa s = 12 Pa s. Based on Tq values obtained from DSC and data from the literature
[170,173], full viscosity curves were fitted for the three compositions LS2, NS2 and KS2, using
the Waterton-Mauro-Y ue-Ellison-Gupta-Allan (w- MYEGA) equation [174].

E ) =
12 = logyoNe T

in which logio. defines viscosity at the limit of infinite temperature and m the melt fragility.

T,
logion = logi1oNe + (12 — log19Ne) ?gexp [(

For the fits, only these two parameters were varied, while Ty was fixed to the values obtained
from DSC. The calculated parameters of glasses LS2, NS2 and KS2 are summarized in Table
6: the temperature difference between glass transition and crystallization (and therefore
similarly Kg)) increased substantially going from LS2 to NS2 and KS2 (Figure 22- a). Based
on the results of previous authors [175], we assumed that this higher glass stability also

corresponds to a higher glass-forming ability of the respective melts.

Ty values (at which viscosity 5 = 10'!%9-15 pa s) were obtained using rate-matching DSC

measurements[168-172]: they enabled to fit full viscosity curves for the three glass-forming
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melts (Figure 22- b), using high-temperature viscosity data from literature[170,173]. While Ty
increased going from LS2 to NS2 and KS2, fragility indices m exhibited an opposite trend
(Table 6), eventually making KS2 the most viscous and LS2 the least viscous liquid among the
three samples. At the melting temperature T, we calculated a viscosity of 101! Pa s for LS2,
10%% Pa s for NS2 and 10238 Pa s for KS2.

Table 6 Parameters obtained from DSC measurements and viscosity fits of the reference samples
synthesized by conventional melt-quenching: T, stands for the glass transition temperature (from rate-
matching DSC measurements at 10 K min™), T. for the onset of crystallization (on simple DSC upscans
at 10 K min™), Ty, for the liquidus temperature (from literature[176-178]), Kq for the glass stability
parameter after Hruby[167], m for the fragility index and log.o7.. for the logarithmic viscosity at infinite
temperature (from viscosity fits using the w-MYEGA model, Eq. 2). logion(Tm) provides the viscosity at
the melting temperature, calculated through the w-MYEGA fits.

109109
. Tg Tc Tm - IOglOT’[Tm]
Sample Composition K] K] K] Kgi m (n g Pa (in Pas)
LS2 L33-S67 7265 837+£5 1306 0.24+0.02 41.4+0.7 -1.5+0.1 15
NS2 N33-S67)  728+5 916+5 1148 0.81+£0.03 37.1+0.9 -1.8+0.2 2.9
KS2 K33-S67)  768+5 1043+5 1309 1.03+0.03 34.6+0.9 -2.2+0.3 2.4

Concerning ADL synthesis, high-temperature evaporation was monitored by measuring the
mass of each dried pellet (still including only the inorganic precursors and the corn starch,
assuming all H>O was lost during drying at 200 °C) and of the respective resulting glass bead;
the mass of the pellets allowed to calculate the expected bead mass (after subtracting the mass
of the corn starch and of CO2 removed during melting) and compare it to the measured one,
estimating mass losses due to high-temperature evaporation. For each composition, ten
pellets/beads were considered for statistics. One bead of each composition was then analysed

by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) by adapting the
analytical protocol developed at the institute IRAMAT- CEB for glass matrices [165]. On
average, the beads had a diameter of 2 mm and were polished to study a cross section of the
core of the bead. The laser ablated circular spots with a diameter of 0.1 mm; four acquisitions
were per- formed (one in the centre and three near the edges) to confirm sample homogeneity
and quantify compositional drifts due to evaporation. Due to their expected higher
hygroscopicity, LB2 and NP beads were measured without any polishing step, shortly after the
synthesis; two subsequent ablations at the same spot were used to confirm the homogeneity of

the beads between surface region and interior.
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Figure 22 a) Heat flow curves obtained during DSC upscans at 10 K min™ applied to samples LS2, NS2
and KS2 synthesized by conventional melt-quenching; a shaded area labelled as T: marks the glass
transition region, while T labels the onset of crystallization. b) w-MYEGA fits (fit parameters in Table
6) of the full viscosity curves of LS2, NS2 and KS2, based on the T, values determined within this work
and high-temperature viscosity data from literature[170,173]. Horizontal arrows signal the viscosity at
Tm for each composition.

To obtain a crude prediction of the tendency towards high-temperature volatilization of the nine
samples to be synthesized by ADL (LS2, LS4, LS8, NS2, NS4, NS8, KS2, KS4 and KS8), the
two parameters revap (EQ. 4) and Aevap (EQ. 5) are here defined as:

~_Tns Eq. 4.4
evap — T
m
Aevap = Tevap,max — Tevap,min Eq- 4.5

where Tr is the melting point of a given oxide component and T, s the melting point of the

target multicomponent glass (both obtainable from phase diagrams, see

Table 7; revapmax and revapmin respectively stand for the highest and lowest revap Values among

all components of the target glass. As demonstrated below, a higher revap indicates an increasing
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tendency of a given oxide component to evaporate from the respective multicomponent melt at

high temperature.

Table 7 Melting points T from literature [176-178] and resulting revap and Aevap parameters for the
nine samples analysed within this work.

Tm revag
Sample K] M0 SO, Aevap

LS2 1306 0.76 0.66 0.11
LS4 1633 095 0.82 0.13
LS8 1788 1.04 090 0.14
NS2 1148 082 0.58 0.24
NS4 1738 124 0.88 0.36
NS8 1808 1.29 0.91 0.38
KS2 1309 110 0.66 0.44
KS4 1248 105 0.63 042
KS8 1553 1.31 0.78 0.52

Especially if one of the melt components exhibits revap > 0.8 (indicative threshold based on the
results of this work), devap Can then be used to estimate the risk of evaporation-driven
compositional drifts: increasing devap manifest an increasing risk of uneven high-temperature
losses. The values for the melts analysed within this work are summarized in Figure 23: revap
was observed to generally increase with a higher SiO2 content in these binary glasses, due to
the rising Tm of the mixtures. Alkali oxides invariably exhibited higher values as compared to
SiOz, with Li20 plotting between 0.7 and 1.1, Na2O between 0.8 and 1.3 and K20 between 1.0
and 1.3. The observed trends mirrored those expectable based on previous literature sources
analysing the high-temperature vaporization of simple oxides[179-181]. Also, Aevap slightly
increased proportionally to the SiO> content of the glasses, reaching the highest values in K>O-

containing samples (up to ~0.5) and the lowest in those containing Li>O (~0.1).
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Figure 23 (a) revap (Eq. 4.4) and (b) Aevap (EQ. 4.5) parameters computed for the compositions analysed
within this work, using data from literature[176-178]. Vertical arrows in the (a) panel correspond to
the Aevap Values plotted in (b).

4.1.2. Verification experiment

After this preliminary examination, ADL was used to synthesize glass beads of these nine target
compositions. Due to the increasing melt viscosity inferred above, obtaining perfect bubble-
free beads proved increasingly difficult moving from Li>O- to Na,O- and K>O-bearing melts,
as already inferable from a visual inspection of the samples (Figure 24); a similar effect was

noticed in the case of increasing SiO. content (e.g. in the series LS2-L.S4-L.S8).

MS8

‘i".':":a‘ " 4 I\ i"‘\“ A

Figure 24 Pictures of beads synthesized by ADL. Visible influence of silica content and different alkali
oxides. The distance between the vertical black bars is 1 mm.
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Despite the complexity of these phenomena, previous experiments performed both in a space
laboratory and in normal gravity conditions suggest that the rotation of the droplet renders
bubble escape even more challenging than in conventional melting, favouring bubble migration
towards an axial position, with buoyancy playing a lesser role[182—184]. Bubbles are expected
to originate from the decomposition of corn starch and carbonate precursors, as well as from
direct injection of the levitation gas jet during the initial melting stage, when the droplet has not

yet achieved a stable spherical shape.

The bead mass expected after decarbonation of the pellets and that of the synthesized glass
beads was compared to quantify losses due to evaporation during ADL melting (Figure 25-a);
error bars on the graph are plotted according to the standard deviation of the data over ten
measured beads. Note that the samples with lower content of silica were melted at lower
temperatures (1800 K), while a higher melting temperature (up to 2100 K) was required to
prepare samples with lower M2O content. Li>O-bearing samples invariably plotted closer to the
expected mass, while Na>O- and especially K.O-containing beads exhibited mass losses up to
roughly 20%. In all cases, a lower initial content in alkali oxide (or alternatively a higher SiO>

content) led to more noticeable mass losses.
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Figure 25 a) Comparison between measured and expected masses of glass beads synthesized by ADL,
as a function of their nominal M.O (M = Li, Na, K) content; error bars correspond to the standard
deviation over 10 measured beads. b) correlation between the average mass loss of each target
composition and the revap value of its most volatile component (alkali oxide MO).
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As demonstrated in Figure 25-b, the average mass losses determined for the nine target
compositions exhibited a clear correlation to the revap Value of the most volatile components,
i.e. the alkali oxides Li2O, Na;O or KO (as expectable from previous studies on the

vaporization behaviour of oxides[179-181]).

LA-ICP-MS measurements performed on one representative bead for each composition
confirmed these observations (Figure 26): Li.O-containing beads plotted very close to the 1:1
diagonal, i.e. their measured composition was very close to the nominal one. On the contrary,
those containing Na2O and K>O were invariably found to plot lower, signalling a non-negligible
alkali loss during melting. SiO2-rich matrices such as NS8 and KS8 lost up to 80% of their
initial alkali oxide content; these losses exhibited a correlation to the values of Aevap for the

respective composition.

All in all, the samples exhibiting the highest mass losses and chemical drifts corresponded to
those richer in bubbles (Figure 24): considering that a better fining could have only been
achieved at higher temperatures (i.e. at lower viscosity) or with longer high-temperature dwells
(which would have aggravated high-temperature vaporization), it is easy to see that certain
compositions are intrinsically unsuitable for the synthesis of glass beads by ADL. This concept
is developed and specified in the following.

50 KRR R A A N . WG T3 3d TS FE RS LA AT T TR FE & & %
@ | e (b) .
: N ]
R 40} 5 ? : . . 1
g B Li,O-SiO, glass beads o 4 60 || W Li,0-SiO, glass beads q
TE’ @ Na,0-SiO, glass beads i % @ Na,0-SiO, glass beads
% 30| | & K0-SiO, glass beads e ] g A K,0-Si0, glass beads % |
o 3 ] . n 40 - 4
2 | - ¢ 8 ¢ 4
o(\‘ & v 6
So0f i 8 1 & l ]
® & =20l % i
§ / el ? J O J
g 1or e ; 1
A | of _# ]
oL /. R |©. A l P T P | TR * P R ST S 1 PRI R
0 10 20 30 40 50 0.1 0.2 0.3 0.4 0.5 0.6
Nominal M,0 content (mol%) Ayap

Figure 26 a) Comparison between nominal M,O content (M = Li, Na, K) of the nine samples synthesized
by ADL and the values measured by LA-ICP-MS on representative beads; b) correlation between the
M20 loss in each of the measured beads and the Aevap Value of the respective target composition.
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5.1.4 Summary and discussion

As known from conventional glass production[185], fining and bubble removal can only be
accomplished if the melt viscosity allows for bubble escape[186]. More specifically to ADL
synthesis, sufficient melt fluidity is also necessary to form a sufficiently spherical droplet and
obtain stable levitation on the gas jet. It is therefore apparent that melt viscosity plays a major
role in determining successful ADL synthesis of bubble-free glass beads. An evaluation of
viscosity at the melting temperature T is thereby particularly revealing, since it represents the
lowest temperature at which a liquid droplet can be obtained during heating, minimizing
evaporation risks that could affect the sample at higher temperatures. The comparison among
some representative glass formers (Figure 27, melting temperatures[176-178,187-194] and
viscosity estimations[170,172,191,195-197] from previous literature) emphasizes how the
lowest viscosity possibly obtainable in a stable melt can vary substantially according to
composition: while less polymerized or less strongly bonded aluminate and tellurate melts are
immediately very fluid after melting (logior(7Tm) < 1), (alumino)silicate melts plot at noticeably
higher viscosities. In the case of fully polymerized SiO2 and GeO, logio7(7Tm) values exceed 4
and sufficiently low viscosity for bubble removal can only be achieved at very high temperature
after substantial mass losses, which could explain the virtually complete absence of literature
on the reproducible ADL synthesis of transparent bubble-free beads of these yet very good glass

formers.

Obviously, high viscosity at Tm will force the ADL operator to increase laser power until
sufficient fluidity can be achieved for homogenization and bubble escape. When dealing with
viscous melts (logwon(Tm) > 1 on Figure 27), it is therefore necessary to take into account their
susceptibility towards differential high-temperature evaporation of their chemical components
(i.e. Aevap), Which could cause compositional drifts. As also supported by the results of this
work, alkali oxides are for instance more volatile than SiO2 and tend to be lost during high
temperature melting[198-200], leading to an overall SiO2 enrichment. Although quantitative
estimations of the tendency of simple oxides towards thermal vaporization are available in the
literature[179-181], they are difficult to apply to multicomponent systems. Moreover,
numerous studies analysed high-temperature evaporation in melts of geological relevance[201-
203], but no overarching understanding of these processes has been offered yet, especially in

the case of exotic compositions. Here, the empirical parameters revap and Aevap have been shown
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to predict with satisfactory reliability the risk of compositional drifts during ADL synthesis,
empirically identifying the most sensitive component(s) with an alternative method to the

consultation of high-temperature vaporization rates of simple oxides[179-181].
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Figure 27 Correlation between melting temperatures Ty, and viscosity at Tm l0g107(7w) for a range of
representative glass-forming melts, based on viscosity data from this work (LS2, NS2 and KS2) and
reliable literature sources (see related text for references).

Particularly, when the achievement of low viscosity for bubble removal requires heating above
the Tm of the target glass by hundreds of kelvins, the results of this work suggest that non-
negligible high-temperature evaporation should be expected for revap Values significantly
exceeding ~0.8, although this threshold may vary according to the chosen composition, ADL
setup, levitation gas, desired final bead size and melting procedure. For instance, a shorter high-
temperature dwell may limit vaporization, though possibly preventing satisfactory
homogenization and fining. Similarly, Aeap values above ~0.2 signalled a high risk of
compositional drift for the Na.O- and K20-bearing samples synthesized within this work,
stressing the general need to minimize this parameter during compositional design. Incidentally,
Aevap Minimization can be obtained through the choice of (near-)eutectic compositions, which
are also typically known to represent the most favourable regions for glass formation in a phase
diagram.
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Extending this treatment to other compositions of possible interest for glass scientists (Figure
28), it is easy to see that revap values are able to reproduce the comparatively high volatility[179—
181] of glass former oxides such as B2Os or TeO,. As for aluminates such as CaAl>O4 and
Y3AlsO12, their high melting temperature brings the revap Of their constituting oxides to
relatively high values (0.8-1): indeed, previous authors reported non-negligible mass loss from
SrO-Al,O3 melts during ADL synthesis [204], although no significant compositional drifts
should be expected due to the low Aevap (vertical arrows). Note that the calculation of revap IS
expected to estimate less precisely the evaporation behaviour of elements prone to oxyreduction
such as transition metals, since melting or decomposition temperatures of the respective oxides

can strongly depend on the oxidation state.
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Figure 28 reap parameters computed for some representative glass-forming substances (LB2:
Li20'23203, LG2: LizO‘ZGeOz, LT2: Li?_O'ZTeOz, NB2: Na;0-2B;03, NG2: NaxO-2GeO,, NT2:
Nax0-2TeO,, YAG: 3Y203:541,03), vertical arrows are a graphical representation of Aeap. Melting
temperatures were obtained from previous literature[176-178,190-192,205-210]. See also Figure 23-
a for a complete symbol legend.

To finally test the outlined approach and demonstrate the applicability of ADL synthesis to
compositions including volatile components, two additional samples were prepared: LB2
(Li20-2B203) and NP (Na20-P20s), whose key melt properties are summarized in Table 8. Due
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to their comparatively low melting temperature and low viscosity, both glasses could easily be
prepared in the form of bubble-free beads (Figure 29); their measured composition closely
corresponded to the nominal one, ruling out the occurrence of major volatilization during laser
heating. Intentional melting of LB2 at higher temperatures (~1200 °C on the pyrometer reading)
led instead to mass losses up to 45% and to a general enrichment of the melt in B2Os, which
made evident the merely qualitative character of the estimation of volatilization tendencies
using revap and Aevap. Although the molar loss in B.O3 from the samples was substantially higher
than that in Li2O (Figure 29-b), the difference was clearly not as pronounced as expectable
from the values plotted in Figure 28. As such, ADL users approaching the synthesis of a new
composition should consider these empirical parameters as a valuable indicative tool, though
being aware of their inability to quantitatively capture the subtleties of evaporation mechanism

and kinetics.

Table 8 Key melt parameters for samples LB2 and NP: melting temperatures[206,211,212] T,
approximate viscosity[213,214] at the melting temperature 10gi01(Tm), Yevap fOr the respective oxide
components and Aeyap.

|Og 04 [Tm] revap revap revap r‘evap

Sample Composition Tn[K] (7inPas) L0 NaO B,O; P.Os Aevap
LB2 (L33-B67) 1190 <0 0.69 - 161 - 0.92
NP (N50-P50) 900 0.3 - 0.64 - 1.06 0.42

From the results of this chapter it appears that

1) Aerodynamic levitation coupled to laser heating represents a highly prized method
for glass synthesis, new materials discovery and high-temperature in-situ melt
characterization.

2) Evaporation of volatile components during laser melting has however noticeably
limited its applicability over an extended compositional landscape.

3) Viscosity at the melting temperature logior(Tm) should be critically evaluated before
the synthesis: for logion(Tm) < 1, glass-forming melts will be easily obtained as
bubble-free beads without major volatilization concerns. viscosity of the melt and
consequently on the homogeneity of the prepared glass beads by ADL technique.
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4) When comparing the addition of known glass modifiers Li, Na and K, the results
show a positive effect of decreasing the radius and ionicity of the modifier on the
viscosity of the melt and consequently on the homogeneity of the prepared glass
beads by ADL technique.

5) In case of more viscous melts, the empirical parameters revap and Aevap Can support a

smart compositional design minimizing high-temperature mass loss and chemical

drifts.
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Figure 29 (a) Results of LA-ICP-MS measurements performed on glass beads synthesized by the ADL
method for Na.O-P,0s (NP) and Li.0-2B>03 (LB2) compositions. The data points labelled as “NP, ICP”
and “LB2, ICP” correspond to the average of several beads synthesized without evident signs of
evaporation (pictures are provided as onsets). In the case of LB2, two beads were intentionally melted
at higher temperatures to induce volatilization, with mass losses (ML) up to 45% of the expected mass.
(b) LA-ICP-MS results for the beads that underwent mass losses up to 45%, recalculated in terms of the
actual molar Li,O and B,Os; content of the two samples.

5.2 Y203-Al203-SiO2 system synthesis using ADL

In this chapter, the preparation of samples of the Y203 - Al>O3 - SiO2 system using the ADL
technique was investigated. In addition to the eutectic composition(Y13-A19-S68, sample 9),

we focused on a relatively wide range of system composition, the SiO2 content was varied in
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the range of 35 to 95 mol%. In addition, the region with SiO> content above 80 mol%, varying
the Y/Al ratio, which due to the high temperatures required for sample preparation is a virtually
experimentally unexplored region in the YAS phase diagram, was systematically investigated.
The occurrence of phase separation in this region was observed and described. The possibility
of influencing size and distribution of phase separated droplets, by the choice of a suitable

composition, was also investigated.

For these experiments, glasses of general composition XY203.yAl203.zSiO> (mol%) were
prepared. In addition to the studied ADL technology, the common melt-quenching procedure
was used as a standard comparison technique for a few compositions. The nominal glass
compositions as well as sample names are summarised in Table 9. Moreover, the glass
compositions are also plotted in the ternary phase diagram in Figure 30.

Table 9 — A summary of the nominal compositions (mol%) of the prepared glasses. The sample code
column summarizes chemical composition of the glass batch in mol %, rounded mathematically.

Sample no. Sample code x (Y203) y (Al:O3) z(SiOy)

1 Y15-A50-S35 15.0 49.8 35.2
2 Y11-A35-S54 10.7 354 53.9
3 Y07-A24-S68 7.3 24.2 68.5
4 Y05-A15-S80 4.6 15.3 80.1
5 Y02-A08-S90 2.4 7.9 89.7
6 Y22-A32-S46 219 32.4 45.7
7 Y24-A22-S54 235 22.3 54.2
8 Y24-A14-862 245 13.5 62.0
9 Y13-A19-S68 12.6 19.2 68.2
10 Y14-A11-S75 14.0 10.6 75.4
11 Y08-A12-S80 7.9 12.1 80.0
12 Y06-A09-S85 6.0 9.0 85.0
13 Y04-A06-S90 4.0 6.0 90.0
14 Y02-A03-S95 2.0 3.0 95.0
16 Y15-A05-S80 15.0 5.0 80.0
18 Y18-A03-S80 17.5 2.5 80.0
22 Y10-A10-S80 10.0 10.0 80.0
23 Y03-A18-S80 2.5 175 80.0
33 Y12-A22-S66 12.2 22.0 65.8
34 Y01-A25-S74 1.0 25.0 74.0
35 Y03-A25-S72 3.0 25.0 72.0
36 Y01-A15-S84 1.0 15.0 84.0
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4.2.1 General description of the prepared samples

Glasses of various compositions were prepared by the ADL technique and already differed in
their optical appearance. All glasses with SiO2 content below 70 mol% as well as some glasses
with SiO2 content above 70 mol% and simultaneously containing high amounts of Al,O3 were
transparent (yellow circles in Figure 30). Glasses containing high amount of SiOz and Y203
were opaque-white in appearance (red symbols in the Figure 30). Two glass compositions,
samples 22(Y10-A10-S80) and 14(Y02-A03-S95), showed distinct opalescence and are marked

in orange.
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Figure 30 Part of YAS ternary diagram with highlighted stable liquid-liquid immiscibility fields, that
were published by Pan et al. [26] and Mao et al. [30]. Samples prepared in this work by the ADL
technique are represented as circles: yellow = transparent, orange = opalescent, red = opague white.
Samples prepared both by melt-quenching and ADL are represented with squares. The diagram is
accompanied by photographs of samples prepared by both techniques.

For comparison, a transparent sample (composition 9(Y13-A19-S68)) and a white opaque one

(composition 10(Y14-A11-S75)) were also prepared by conventional melt-quenching technique,

obtaining the same optical appearance as by ADL. These glasses are marked by squares with
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the colour corresponding to the appearance. In addition, the theoretically calculated liquid-
liquid immiscibility regions by Pan et al. [46] and Mao et al. [50] are added to the figure.

4.2.2. Investigation of thermal properties and glass structure

The properties of transparent glasses labelled 1-9 prepared by the ADL technique were analysed
by DSC. The glass transition temperature (Tg) and temperature at which the maximum of the
first crystallization peak occurs (Tc) were determined. One illustrative DSC curve
(sample 1(Y15-A50-S35)) is shown in Figure 31a. In Table 10, the determined values of Ty
and T are shown for all individual glasses. The Tg values range from 899 to 922 °C, with only
25 °C difference, and no observable trends. More differences could be observed in the case of
Te. After plotting the obtained values of T¢ on a colour map, it is clear that its value increases
with the addition of silica as expected (Figure 31b). The effect of the Y203 and Al>Oz addition
was negligible.
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Figure 31 Thermal behaviour of the glasses determined by DSC analyses — (a) DSC curve measured
for sample 1(Y15-A50-S35) as an example; (b) colour map showing the dependence of T, on glass
composition.

To check for the possible formation of crystalline phases during quenching, glasses with
composition 1-10 were characterized using powder XRD. The observations focused mainly on
the comparison between transparent and white opaque samples prepared by both methods.
Figure 32 shows the XRD pattern comparison for samples with composition 9(Y13-A19-S68)

and 10(Y14-A11-S75) (other measurements are not shown). From the patterns it is obvious that,
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regardless of their appearance, the samples were confirmed to be amorphous showing only the

broad diffraction band that is characteristic for silicate amorphous structures.

Table 10 Values of transformation and crystallization temperatures. Estimated uncertainty: + 5 °C.

Glass Tg[°C] Tc[°C]
1 Y15-A50-S35 908 1048
2 Y11-A35-554 903 1111
3 Y07-A24-568 922 1142
4 Y05-A15-S80 919 1157
5 Y02-A08-590 904 1170
6 Y22-A32-546 899 1113
7 Y24-A22-S54 907 1126
8 Y24-A14-562 918 1175
9 Y13-A19-568 917 1213

Intensity [a.u.]

20 30 40 50 60 70

2 Theta [°]

Figure 32 The XRD pattern of samples 9 (Y13-A19-S68) and 10 (Y14-A11-S75) prepared by melt-
guenching (MQ) as well by aerodynamic levitation coupled to laser heating technique (ADL).

The structure of the YAS glass and network polymerization is expected to be strongly
dependent on the composition, due to the variable role of the three oxide components.
According to [40], the structure of YAS glass is that of a disordered glass network containing
silicon and aluminium as network-forming cations and yttrium as a network-modifying cation.

While silicon is almost entirely four-coordinated, aluminium ranges from four- to six-
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coordinated (NMR studies in [62]), and yttrium can have a wider range of coordination
numbers, with six and seven being most common. Increasing the yttrium content increases all
cation-oxygen coordination numbers and gives a greater range of oxygen environments. Most
oxygen atoms have two, three, or four neighbours, depending on composition, and the
concentration of non-bridging oxygen atoms increases with increasing yttrium concentration.
Increasing the yttrium concentration reduces the silicate network connectivity, and reduces the
clustering of the modifying yttrium atoms; both effects will promote faster glass dissolution
[215].

The glass structure changes were studied by Raman spectroscopy. Figure 33a shows the Raman
spectra of the glasses 1-10 measured in the range of 200 to 1500 cm™. In the spectra, two main
distinct intensity regions can be observed, which are characteristic for alumino-silicate glasses.
A high-frequency contribution (Aioc0) Was observed between 800 — 1200 cm, with main
maximum in the range from 932 to 1057 cm™ depending on the type of the glass. This complex
intensity envelope is known to arise from asymmetric Si-O-Si stretching vibrations in Q" units,
where Q represents [SiO4] tetrahedra and n represents the number of bridging oxygens (BO).
The high intensity of this band is typically present in highly depolymerized silicate glasses
containing network modifiers, such as alkali ions [216-218]. The position of this band and the
relatively low intensity in the samples 3(Y07-A24-S68), 4(Y05-A15-S80), 5(Y02-A08-S90) (see
Figure 33-red colour) agrees well with their high content of SiO. The positional shift of the
band to lower wavenumbers and increase of the intensity (with maximum around 960 cm™) is
due to break-up of the silica network, as well as interlinking of Si-O-Al network, and can
correspond to lower content of SiO2 and higher content of both Al>Os and Y2Os. It means that
this band can be attributed to the stretching vibration of silicon-oxygen tetrahedra with two

corners shared with aluminium (also yttrium) polyhedra [219].

The broad Raman band (Aseo) with maximum of the main peak between 394 and 477 cm™ is
related to the bending vibrations of the interconnected aluminosilicate network. Especially, the
vibration between 391 a 650 cm™ are caused by bending vibration of bridging oxygen (BO)
bonds of [SiO4] units and the band near 779 cm™ could be assigned to the Si-O-Si network or
to [AlO4] units with three BO and one NBO [220]. Significantly high intensity of these bands
is evident in samples 3(Y07-A24-568), 4(Y05-A15-S80), 5(Y02-A08-S90) with a high content of
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SiO2 and thus high content of BO between [SiOa] tetrahedra. On the contrary, samples 2 (Y11-
A35-S54) and 6 (Y22-A32-S46) show a much lower relative intensity of this band, which can
be ascribed to a decrease of Si-O-Si linkage due to low content of SiO2 and high content of
Y203 and AlOz. This may be ascribed to the fact that Al can be also present as 5- or 6-fold
coordinated in the glass matrix and act as a modifier (similarly to Y3*) [221].

If we compare the spectra of glasses with composition 9 (Y13-A19-S68) (transparent) and 10
(Y14-A11-S75) (opaque) it is obvious that, at a first glance, the positions of their bands were
not much different. However, in detailed spectra (see Figure 33b) two new bands become
visible in samples with composition 10 (Y14-A11-S75), i.e. in glasses that are opaque (due to
phase separation, see below). The same peaks were observed in the samples prepared by melt-
quenching (not shown). They are also hinted in the spectra of glasses with composition 4 (Y05-
A15-S80) and 5 (Y02-A08-S90) with very high SiO2 content. These bands are located at 493
and 606 cm!; they are typical for the spectrum of pure SiO and have been assigned to defects
in the glass structure, associated with breathing vibrations of oxygen atoms in four- and three
membered tetrahedral rings [222,223].

The degree of glass polymerisation can be qualitatively evaluated as the intensity ratio of the
regions associated to the Si—BO bending vibrations (Asoo) and to the Si-O-Si stretching (A1ooo)
bands [224]. The average value of Asoo /A1000 Was calculated from five spectra recorded at the
same spot of each glass sample. The average values of the degree of polymerisation (Asoo/A1000)
of the used glasses are calculated by a standard process (see e.g. [18]). Figure 33c shows the
change in the degree of polymerisation calculated for each glass in the ternary diagram. From
this figure, it is evident that the degree of network polymerisation appears to increase with the
addition of SiO; as expected but simultaneously also with the addition of Al,Os, which is an
intermediary oxide and may act as both network former and network modifier. Increasing of
Al>O;3 content thus leads to incorporation of AI** in network-forming 4-fold coordination. The

content of Y203 as a modifier seemed to reduce the degree of glass network polymerization.
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Figure 33 Raman spectra of the samples prepared by ADL a) spectra comparison - the vertical dashed
lines correspond to the 430,800,1060 and 1200cm™ bands assigned to the fundamental vibrations of
silicate glasses. They are added for better orientation. Small numbers indicate the maxima of measured
bands; b) detail of spectra- the comparison of glasses 9(Y13-A19-S68) and 10(Y14-A11-S75) prepared
by ADL; c¢) degree of glass polymerisation on a ternary diagram.

4.2.3. Investigation of phase separation in prepared glasses

As there were no clear differences in the XRD or Raman analysis when comparing samples
9(Y13-A19-S68) (transparent) and 10(Y14-A11-S75) (white opaque), the characterization of
samples with this composition as well as samples containing more than 65 mol% SiO2 was done
using electron microscopy. SEM images were collected using backscattered electrons, so that
areas containing a higher concentration of heavy elements (such as Y**) appeared brighter. On
the contrary, TEM images were acquired in bright-field mode: due to the fully amorphous state
of the samples, contrast arose from density fluctuations, with denser phases appearing darker.
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Sample 9(Y13-A19-S68) appeared fully homogeneous down to the nanoscale level according
to TEM examination (Figure 34), after both ADL and conventional melt-quenching synthesis.
On the contrary, sample 10(Y14-A11-S75) exhibited an amorphous phase separation during
SEM inspection, with darker nanoparticles (SiO2 enriched according to EDS analyses) in a
brighter matrix. The nanoparticles appeared bigger in the melt-quenched sample, reaching a
maximum diameter of approximately 200 nm, while they reached ca. 50 nm in the ADL sample.
This size difference is likely to arise from the different melting temperature and quenching rate

experienced by the materials during the synthesis [225].

TEM SEM

ADL technique

Melt-quenching

Figure 34 Electron microscopy images (SEM and TEM) — comparison of microstructure of the
samples prepared by melt-quenching and ADL

Subsequently, samples prepared by ADL within the liquid-liquid immiscibility field [46,50]
were characterized by SEM to gain more insight into the morphology of their amorphous phase
separation. Samples 11(Y08-A12-S80), 12(Y06-A09-S85), 13(Y04-A06-S90), 14(Y02-A03-
S95) demonstrate that an increasing content of SiO; leads to a decrease of the nano-nanoparticle
size (Figure 35a). In glass 11(Y08-A12-S80), most of the particles show a size of 50-60 nm,
while in glass 14(Y02-A03-S95) the nanoparticles exhibit a size of 30-40 nm. Decreasing
imaging contrast between the particles and the matrix also possibly indicates a decreasing

difference in their chemical composition.
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Figure 35 The influence of chemical composition on the microstructure of phase-separated glasses -
SEM images: a) increasing SiO b) increasing Al,Os; and decreasing Y20Os. As there are no nanoparticles
visible in the SEM image of sample 4, a TEM image of this sample is presented instead of the histogram,
showing signs of spinodal decomposition. All bins in histograms represent difference in particle
diameter of 10 nm. In each SEM image, an illustrative image of the sample is embedded.

Consequently, the effect of the Al.O3 addition and the simultaneous reduction of Y203 content
was also investigated (from left to right in the phase diagram). Glasses marked as 16(Y 15-A05-
S80), 22('Y10-A10-S80), 11(Y08-A12-S80) and 4(Y05-A15-S80) were prepared. SEM images
are shown in Figure 35b. Growth or reduction of glass phase nano-nanoparticles is not as
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systematic as before. Large nanoparticles (some with a diameter up to 180 nm) become small
(size 30-50 nm) with addition of Al2Os. Good contrast is still evident, and the prepared glass
exhibits opalescence. By adding higher amount of Al>Og, the size increased again to an average
of 40-60 nm simultaneously with a decrease in contrast. After another addition of Al.Os, the
observed glass phase separation disappears completely (sample 4). Under TEM, signs of
spinodal decomposition can be observed in this sample.

In order to study the interesting changes in the microstructure caused by Al>Os addition as well
as to determine the chemical composition of the nano-nanoparticles, selected samples were
additionally inspected by high-resolution TEM. Compared to the SEM analysis (Figure 35),
the nanoparticles are depicted in reverse contrast and are lighter than the matrix. The sample
22(Y10-A10-S80) was prepared as thin lamella and samples 16(Y15-A05-S80) and 12(Y06-
A09-S85) were analysed as powder. Figure 36 shows the obtained images. In the first row only,
the images of glass 22(Y10-A10-S80) (opalescent sample) are shown. The glass presents a
phase separation with small (average diameter is around 66 nm) brighter nanoparticles in a dark
matrix. When examined in detail, the rounded nanoparticles appear partially interconnected by
“channels” in between some of them (red arrows in the figure). Moreover, percolation between
several nanoparticles is sometimes evident. The electron diffraction pattern does not show
defined spots indicating an amorphous state. Consequently, both composition of nanoparticles
and matrix were determined by EDS analyses — see Table 11. The absolute measurement error
is less than +1%. The error might be largely caused by the superposition of the analysed

nanoparticles and the matrix.

The second row in Figure 36 shows images of samples 12(Y06-A09-S85) and 16(Y15-A05-
S80). The same kind of phase separation with white nanoparticles in a darker matrix is evident.
The spherical nanoparticles seem to be well separated and the average diameter was 105 nm
for sample 12(Y06-A09-S85) and 327 nm for sample 16(Y15-A05-S80). These diameters
correspond well with spherical nanoparticles distribution investigated by SEM. Again, electron
diffraction patterns confirmed the amorphous state of the material, with the absence of any
bright spots or reflections. From the results of the EDS analysis (see Table 11), it is clear that
the nanoparticles in all samples have the same composition close to pure SiO2, while the glass

matrix reflects very well the trend and ratios of oxides from the nominal bulk composition.
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Figure 36 TEM images of samples 22, 12, 16. Red arrows point at “channels” between white
nanoparticles in the opalescent sample 22. Electron diffraction patterns indicate amorphous state.

Table 11 Chemical composition of samples 12, 16 and 22 in mol %. The absolute measurement error
is less than £1%.

Sample Matrix Nanoparticles

Y203 Al;O3 SiO; Y203 Al;Os SiO2
12 21.0 13.5 65.5 1.0 15 97.5
16 28.5 7.5 64.0 1.0 1.0 98.0
22 15.5 14.0 70.5 1.0 15 97.5

4.2.4. Summary and Discussion

The research on nanostructured materials in the YAS system has mainly focused on the
formation of crystalline nanoparticles, which are formed by subsequent annealing of the glass
of a given composition [53-55]. The crystalline phases thus formed may have a great influence
on the properties of YAS glass-ceramics with a number of potential applications, e.g. high
temperature structural ceramics, oxidation protective coatings, environmental barrier coatings

and jewellery due to their specific mechanical, thermal, tribological, dielectric and optical
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properties and environmental resistance [45,54]. In the glass-forming region of the phase
diagram, SiO2, Y2Si207, 3Al203-2Si0, (mullite) and Al2O3 [55,56] are commonly found. It is
also possible to encounter other types of silicates (Y2SiOs) or apatite-like Ya4,67(S104)30 [45].
These phases are mostly irregular in shape due to crystallisation. The analysis of the shape and
distribution of the prepared nanoparticles shows that the shape of the particles is closely related
to the crystal structure and therefore also has corresponding shapes of the crystal nuclei
[229,230]. Crystalline phases rarely have a spherical shape. On the contrary, our work
demonstrates the potential (and limitations) to exploit liquid-liquid phase separation to prepare
nanostructured materials containing spherical nanoparticles in the YAS system. Focusing on
the size, distribution and chemical composition of the formed nano-sized nanoparticles, the

following facts are evident from the above-mentioned results:

1) only amorphous nano-sized nanoparticles with a composition very close to pure SiO>
can be formed in the investigated region of the YAS system;

2) nanoparticles are formed if the melt contains 75 mol% or more of SiO. and
simultaneously around 20 mol% of Y203 or less;

3) changes in the Y/Al ratio of the samples significantly affected the size of SiO2-enriched
nanoparticles, but the change was not directly proportional to composition;

4) changes in the SiO2 content seemed to have a less significant effect on the size or
composition of the nanoparticles. An increase in the overall SiO, content of the melt
probably brought about a SiO2 enrichment of the matrix, which converged towards the
composition of the nanoparticles (as inferable from the lower contrast in Figure 35);

5) with the same content of both Y203 and Al.Os, opalescent glass was formed in the
region above 65 mol% of SiO., which is characterized by a very small size of SiO:

nanoparticles and also some interconnection between the nano-nanoparticles.

The influence of the used synthesis technology (ADL or conventional melt-quenching) is
obvious. The two methods differ mainly in the maximum achievable melting temperature and
cooling rate. It is a well-known fact that a higher cooling rate causes the formation of a larger
number of small nanoparticles and vice versa [225]. This fact has been confirmed and is evident
when comparing the preparation of glass 10(Y14-A11-S75) (see Figure 34), where smaller

SiO2 nanoparticles are formed using ADL technology as compared to MQ technology.
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Experimental data on the Y203-Al203-SiO2 phase system are sparse and contradictory, for
example, the phase diagrams of the Y203-Al>03-SiO: system calculated by Groebner [57] are
inconsistent with more recent data [49] on subsolidus phase relations. New calorimetric
measurements and calculations especially in the near eutectic region are reported by
Fabrichnaya [56]. The region of the phase diagram with SiO, content above 70 mol% is
practically unexplored, most authors report the formation of crystalline SiO> (tridymite).
Theoretical models are given by the previously mentioned Pan et al. [46] and Mao et al. [50],
who define the phase separation region above 70 mol% SiO., which are in reasonable good
agreement with our experimental results. The region defined by Mao et al. [50] corresponds to
the region where spherical SiO2-enriched nanoparticles form due to phase separation, according
to our observations. The region defined by Mao is also characterized by obvious phase
separation, which may not manifest itself as spherical SiO, formations but as spinodal

decomposition.

Turning towards the domain of possible applications, the conditions offered by ADL synthesis
appear very close to those experienced by the material during the drawing of optical fibres. The
two methods match in the considerable cooling rate from temperatures as high as 2000 °C.
Indeed, nanostructured optical fibres have been previously described in the YAS system
especially by Paul et al., nanoparticles with a size of 5-10 nm have been reported in YAS
preforms and fibres, with high content of SiO2 (>90 mol%) [226,231-235] , where their size as
well as distribution was controlled by the presence of phosphorus or fluorine. The amorphous
nanoparticles or parts with spinodal decomposition were significantly enriched by Y»03 and
Al>03 or another used dopants whereas the surrounding matrix was enriched by silica
[236,237]. The shape of these nanoparticles, in agreement with our experiment, is mostly
spherical or unbounded, while the nanoparticles prepared in our experiments contained
practically pure SiOz. It should be kept in mind that the experimental procedure differed
significantly. The preparation of the preforms and the enrichment of fibre core by Al or Y was
done by MCVD method combined with solution doping, and the mechanism of nanoparticle
formation was also different; the YAG nanocrystals were crystallized in the preform and

amorphized during fibre drawing, rather than created by phase separation, as in our study.
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5.3 Fabrication of gold nanoparticles by ADL technique - comparison with

conventional melting approach

5.3.1 Selection of melting parameters

When preparing samples using ADL, many input parameters can be selected that affect the
outcome of the experiment. To ensure maximum reproducibility of the experiments and
homogeneity of the prepared samples, several experiments were first performed to find the
optimal set of these experimental parameters. Another requirement was to use the lowest
possible temperature and the shortest possible melting time in order to minimize the
volatilization of Au and SnO- from the samples. To achieve good homogeneity of the samples,
the exact opposite conditions are suitable - high melting temperature and long melting time - so

a compromise had to be found between these requirements.

It is clear from the design of the ADL technological equipment that the adjustable parameters
are volume of prepared pellets, shape and material of melting nozzle, suitable gas for levitation

and its pressure, melting time and melting temperature.

First, a pellet preparation procedure was designed to ensure a constant melt volume and a very
stable levitation of the prepared sample from the beginning to the end of the melting process
(see Chapter 3.1.2). The volume of the prepared pellets was 50 pl. This volume was the largest
possible with which stable levitation and good homogeneity of the samples was achieved

without using too high melting temperatures.

A conical copper melting nozzle was chosen for the preparation of the samples, which, in
comparison to nozzles of the same shape made of aluminium or stainless steel, caused the least
sticking of the samples to the nozzle wall during melting. Oxygen was chosen as the gas to
levitate the samples during melting. Levitation of the samples with this gas was very stable.
Another reason for using O, was that there was significantly more volatilization during sample
melting when using Ar or the 95% Ar, 5% H> mixture available in the laboratory. The O flow
rate through the melting nozzle was chosen between 1.2 and 1.5 min depending on the initial
mass of the melted pellets. LS pellets were less dense, while YAS pellets were denser. The gas

flow rate was always chosen so that before and after the lasers were switched on, i.e. in the
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pellet and bead phase, there was no contact of the prepared sample with the wall of the melting

nozzle.

The last two parameters that needed to be adjusted were the melting time and the melting
temperature. The temperature could not be controlled directly, only the power of the melting
lasers and its time dependence was controlled on the device. An Impac ISR 320 pyrometer (two
channels, spectral range 0.9 and 1.05 um) provided information about the actual temperature
during melting. This temperature is referred to as the apparent temperature. This temperature
can differ from the real temperature by up to = 200°C, but it is a reliable indication for observing
trends within a set of samples. To determine the real temperature, it would be necessary to know
the melting temperatures and the temperature dependence of emissivity for each of the prepared
compositions. Measurement of this dependence is very laborious and would be the subject of a
separate thesis. The calibration of the pyrometer was done based on the melting temperature

and emissivity data of Al,Os.

In order to determine the appropriate melting time and temperature (laser power), experiments
were performed with samples JB60 (YAS) and JB62 (LS). A set of samples was prepared and
melted by laser for 15, 30 or 45s. The minimum laser power used corresponded to the first time
a bead was successfully formed from the starting material. For LS samples, the apparent
temperature corresponded to 1500 °C, for YAS samples to 1600 °C. The power of the lasers
was then increased so that the apparent temperature increased in 100 °C increments until a
transparent sphere was prepared due to significant gold volatilization. Temperatures of 1500-
1800°C were used for LS samples and 1600-1900°C for YAS samples. The laser power was 3-
8% for the LS experiment and 4-8% for the YAS experiment. The results of both experiments

are shown in Figure 37.

The YAS system samples were first evaluated by naked eye, then samples were embedded in
epoxy resin, polished and the homogeneity, elemental analysis as well first inspection of Au
nanoparticles presence was done by EPMA.. Selected samples - systematic series with variation
of melting time and temperature - were also examined by SEM. These samples are shown in

yellow in Figure 37a.
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Table 12 Time-temperature experiment with samples YAS60 and LS62

Saf:’;?'e Y,0; ALOs SiO, L0 Au  SnO, TEZ]‘E Temfoeé;"t“re
1 0 0 6667 3333 0127 025 15 1600
2 0 0 6667 3333 0127 025 30 1600
3 0 0 6667 3333 0127 025 45 1600
4 0 0 6667 3333 0127 025 15 1500
5 0 0 6667 3333 0127 025 30 1500
6 0 0 6667 3333 0127 025 45 1500
7 0 0 6667 3333 0127 025 15 1700
8 0 0 6667 3333 0127 025 30 1700
9 0 0 6667 3333 0127 025 45 1700
10 0 0 6667 3333 0127 025 15 1800
105 0 0 6667 3333 0127 025 30 1800
11 1262 1921 6817 0 0427 025 15 1600
12 1262 1921 6817 0 0127 025 30 1600
13 1262 1921 6817 0 0127 025 45 1600
14 1262 1921 6817 0 0427 025 15 1700
15 1262 1921 6817 0 0127 025 30 1700
16 1262 1921 6817 0 0127 025 45 1700
17 1262 1921 6817 0 0427 025 15 1800
18 1262 1921 6817 0 0427 025 30 1800
19 1262 1921 6817 0 0127 025 45 1800
20 1262 1921 6817 0 0427 025 15 1850
21 1262 1921 6817 0 0427 025 30 1850
22 1262 1921 6817 0 0127 025 45 1850
23 1262 1921 6817 0 0127 025 15 1900
24 1262 1921 6817 0 0427 025 30 1900
25 1262 1921 6817 0 0127 025 45 1900

Figure 37a shows that most of the prepared samples were opaque, brown or brown-red. With
increasing temperature and longer melting time, the samples became lighter and lighter in
colour, until finally, at 1900°C and a melting time of 45 s, a completely transparent sample was
prepared. Using EPMA (see Figure 38), firstly the images of the samples were taken to evaluate
their homogeneity. Images were taken at x40 magnification in BSE and SE mode to get a
general overview of the sample quality, then images were taken at x1700 magnification to
capture the most heterogeneous area on the sample surface. Secondly a spot analysis of the
chemical composition of each sample was also performed. In each sample, 3 points were
analysed sequentially from the centre of the sample to the edge of the sample to verify constant
chemical composition. The composition of significant heterogeneities in the sample was also

analysed.
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Figure 37 ADL technology- time-temperature experiment: images of samples prepared under different
conditions (x-axis time, z-axis temperature) a) using the YAS glass system JB60 b) using the LS glass
system JB62

Macroscopic images (Figure 38) show that 9 of the 15 tested combinations of sample
preparation parameters resulted in one or more bubbles in the centre of the sample. These
bubbles are a very obvious and common defect with unsuitable input conditions for ADL
technology. From these results the best temperature for sample preparation appears to be around
1800 °C, where the bubbles were removed from the sample at all melting times investigated. In
addition to the bubble, gold particles (chemical composition confirmed by analysis) are visible
in the samples - mostly spherical in shape, distinctly white compared to the glass matrix. The
gold is not evenly distributed in the glass homogeneously, there are often areas with many gold
particles, chains and a large area of the sample without these particles. According to the images
in Figure 38, the Au particle size ranged between 0.3-5 pm. In samples containing SnO> light
grey clusters of SnO> particles of 5-50 um in size were evident. These particles are very
irregular in shape and are composed of many small spherical particles of about 0.3-0.6 um in

diameter.
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Figure 38 Evaluation of the influence of melting time and temperature on the homogeneity of the beads,
EMPA analyses of the YAS glass system, images with x40 magnification in BSE and SE mode (first two
images) and x 1700 magnification (last image)

Based on the chemical composition analysis using EPMA, it is clear that there is no significant
loss of elements during the synthesis process using the ADL technology. Measured variations
in oxide concentration in wt.% never exceeded 2 %. Therefore, it is obvious that the
composition of the glass of the whole bead corresponds to the weighed amount of input oxides
in YAS system. For the content of Au and SnO, a similar observation cannot be done because
the measurements of its content are subject to too large of a measurement error due to its low

concentration in the samples.

SEM images (see Figure 39) were taken on samples 14, 15 and 16. The magnifications used
ranged from x500 to x55 000. For image analysis, images were taken at x5000 magnification.
The images show different amounts of spherical Au nanoparticles with a diameter of 50-400
nm. Also, scratches on the sample surface caused by imperfect sample preparation are visible.
Based on image analysis (see Figure 39) together with evaluation of the number and size of
AUNPs, it can be seen that the number of these particles decreases with increasing melting time.

Similar trend can be seen when increasing the melting temperature.
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Figure 39 SEM images of AuNPs in YAS system, x5000 magnification, the influence of time and
temperature as input parameters of ADL technology, histograms of particle size are the result of image
analysis

We evaluated the LS system in the same way as the YAS system. In the LS matrix, 8 of the 11
prepared samples were opaque, brown or brownish-red (see Figure 37b). With increasing
temperature and longer melting time, the samples became lighter in colour, the first clear sample
was prepared at 1600 °C and 45 s time, the next at 1700 °C and 30 s time. Unlike the YAS
samples, more homogeneous samples were prepared, without bubbles (see Figure 40), which
is in good agreement with the results shown in Section 4.1. Based on the EPMA images, we
can say that sample 4, which was melted for the shortest time at lowest temperature, is
significantly more heterogeneous compared to all the others. It contains many small bubbles,

SnO; particles of characteristic shape and spherical Au particles. The other samples do not
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contain visible bubbles. We can see spherical Au particles with a size of 0.3-10 um. The number

of these particles decreases significantly with increasing melting time and temperature.

Laser power

15s 30s 45s
Melting Time

Figure 40 Evaluation of the influence of melting time and temperature on beets homogeneity, EMPA
analyses of the LS glass system, images with x40 magnification in BSE and SE mode (first two images)
and x1700 magnification (last image)

Based on the analysis of chemical composition by EPMA, SnO; and Au are volatilising from
the samples, but precise quantification is difficult due to their low content. The SnO> content is
conclusively highest at short melting time and low temperature and decreases visibly at long
melting time and high temperature. The Au content cannot be evaluated in this way as it is
subject to a large measurement error and the Li2O content could not be directly determined by

EPMA and was always calculated based on glass batch.
SEM images were taken on samples 1, 2, 3, 5, 8, selected images are shown in

Figure 41. Based on image analysis of these images, it is again evident that the Au particle
content decreases significantly with increasing melting time and temperature. If we focus on
the sample size, then Au particles <1 pm formed irregular clusters and chains only in samples
1 and 5. In the other samples, isolated particles of diameter from 30 nm to 5 pum were observed.
In one case, a large spherical Au particle with a diameter of 100 pum was observed on the sample

surface. However, the particles are very sparsely distributed in the majority of the samples,
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which made image analysis not possible. Most of the nanoparticles were spherical in shape, but

square or polygonal particles were found in sample 1 and 3.

Based on experiments presented in this chapter, the following preparation conditions were
selected. For all samples, an initial pellet size of 50 ul was chosen, a Cu conical melting nozzle
was used, and Oz was used as the support gas with a flow rate of 1.2-1.5 | mint. For the YAS
system glasses the selected temperature was 1700 °C and time 45 s, for the LS system glasses
the selected temperature was 1600 °C and time 45 s. Under these initial conditions all samples

were prepared using ADL technique later on and will be described further in the thesis.

SEM LS

Time

Temperature

10 pum 100 nm

Figure 41 SEM images of AuNPs in LS system, x5000 magnification, influence of time and temperature
as input parameters of ADL technology, images marked with D indicate detail from the image in the
common frame
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5.3.2 Au nanoparticles prepared in Y203-Al203-SiO2 system

A set of YAS glass samples were prepared by both ADL and MQ techniques. The conditions
for the ADL technique were chosen based on the results presented in the previous chapter (45 s
and 1700 °C) and for the MQ technique the melting temperature was set to 1650 °C.
Maintaining and accurately determining the temperature is challenging, especially for the ADL
technique, so a record of the temperature measurement was taken for each sample using a
pyrometer (two channels, spectral range 0.9 and 1.05 um). For ten selected beads of sample
2ADL prepared by constant applied laser power, the temperature reading record from the

pyrometer is shown in Figure 43. It shows the very good repeatability of the experiment.
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Figure 42 Data from pyrometer in the ADL device. Each "peak" represents one bead of sample 2ADL
melted.

The composition of the prepared set of samples is summarised in Table 13. The composition
of the base glass matrix was the eutectic: 68.2 mol% SiO2, 19.2 mol% Al>Oz and 12.6 mol%
Y203 (corresponding to sample number 9 in the phase diagram in Figure 30). Gold was added
to one set of samples in three gradually decreasing concentrations. The second set contained
the same concentrations of gold with the addition of 0.25 mol% SnO2. The annealing
temperature was tested on the prepared samples (not shown) and all the prepared samples, i.e.,
those prepared by ADL and MQ techniques, were annealed for 15, 60 and 120 min at the
selected temperature of 900 °C.
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Table 13 A summary of the nominal compositions (mol%) of the prepared Au:YAS glasses using ADL
and MQ technique. The sample code column summarizes chemical composition of the glass batch in
mol%, rounded mathematically.

Sample no. Sample code Y203 AlOs  SiO, Au SnO; Technology

Au:Y13-A19-S68 12.62 19.21 68.17 0.127 MQ, ADL
Au:Y13-A19-S68 12.62 19.21 68.17 0.013 MQ, ADL
Au:Y13-A19-568 12.62 19.21 68.17 0.001 MQ, ADL

Au,Sn:Y13-A19-S68 12.62 19.21 68.17 0.127 0.250 MQ, ADL
Au,Sn:Y13-A19-S68 12.62 19.21 68.17 0.013 0.250 MQ, ADL
Au,Sn:Y13-A19-S68 12.62 19.21 68.17 0.001 0.250 MQ, ADL

OO, WN B

Photographs of the prepared samples are shown in Figure 43. The flat samples were prepared
by MQ technique and the beads by ADL technique. At first glance, it is evident that when the
glasses were prepared by MQ, the samples with the highest concentration of Au were coloured
immediately after quenching. Sample 1MQ without SnO2 was brown, sample 4MQ with SnO>
was light brown. The other samples with lower Au content were prepared as clear colourless
glasses. At first sight, the SnO> content did not play any role. Its impact is only noticeable after
the samples have been annealed. Only the samples with the highest and medium Au content
with SnO showed a visible change in appearance. Sample 4MQ changed colour from the
original light brown to dark pink and dark purple after 60 and 120 min, respectively. For the
originally clear sample 5MQ, a pink stripe appeared after 60 minutes, and after 120 minutes

the colour of the sample was also dark purple.

The samples prepared by the ADL technique behaved very similarly to MQ samples as shown
in the photograph. A dark brownish-red colouration was also observed only in the beads with
the highest gold concentration (4ADL). The annealed samples containing 0.013% Au and SnO>
(5ADL) showed signs of inhomogeneous red colour.
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Figure 43 Photographs of YAS glasses prepared by MQ and ADL with different concentration of Au
and SnO,

All samples were analysed by XRF for determination of their chemical composition. Results of
the YAS set are presented in Table 14. The results show a relatively good stability of the oxides
of the basic glass composition i.e. yttrium and aluminium are stable, and a small relative loss is
shown by silica. However, for both technologies there is a significant loss of SnO2 as well as
Au. Approximately 60% of the SnO> content is lost during melting using both technologies and
Au volatilises even more. In most samples, less than 50% of the original gold content remains.
This fact is evident in the samples with the highest gold content, while in samples with lower
gold concentrations the determination was often already below the detection limit of the
instrument. When comparing the two technologies, it can be seen that more Au volatilizes out
with the ADL technology.
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Table 14 Results of XRF analysis of the chemical composition of YAS samples prepared by different
techniques. The results are given in weight % and the columns marked % indicate the percentage
deviation from the weighed amount ( + is the surplus compared to the weighed amount, - is the decrease
compared to the original weighed amount). If * is in the column, the amount determined was below the
detection limit of the analysis.

Sarr]r;ple Sample code Y0 % AILO: % SiO; % Au % SnO; %
IMQ  Au:Y13-A19-S68 36.98 +16 23.14 +5 39.35 -14 0125 -55
2MQ  Au:Y13-A19-S68 36.63 +14 2339 +6 39.63 -14 0.007 -74
3MQ  Au:Y13-A19-S68 37.15 +16 2322 +6 3935 -14 *
4MQ  Au,Sn:Y13-A19-S68 3759 +18 2310 +6 3877 -15 0.087 -69 0.165 -61
5MQ  Au,Sn:Y13-A19-S68 37.30 +17 23.05 +5 3898 -15 0.005 -81 0.170 -59
6MQ  AuSn:Y13-A19-S68 38.07 +19 2292 +5 3855 -16 * 0.180 -58
1ADL  Au:Y13-A19-S68 3439 +8 2203 +0 4286 -7 0.071 -75
2ADL  Au:Y13-A19-S68 3443 +8 2209 +0 4277 -7  0.006 -78
3ADL  Au:Y13-A19-S68 3449 +8 2196 +0 4294 -7 *
AADL  Au,Sn:Y13-A19-S68 3427 +8 22.03 +1 4272 -6 0133 -52 0.234 -44
5ADL  Au,Sn:Y13-A19-S68 3432 +8 22.03 +1 4284 -6 * 0.162 -62
6ADL  AuSn:Y13-A19-S68 3444 +8 2200 +0 4268 -7 * 0.135 -68

Next, SEM and TEM images of selected coloured samples were taken. The 1IMQ and 4MQ
samples that were not annealed, had the highest gold concentration and differed in the addition
of tin oxide, were selected for SEM. From the series of annealed samples, samples 4MQ and
5MQ, which had been annealed for the longest time, were selected for analysis. Image analysis
was performed using the ImageJ software. The evaluation of the results is summarized in Table
15. Most of the Au particles observed by SEM were very sparsely distributed. A selected
representative image from the SEM is shown in Figure 44. Samples prepared by ADL were

not analysed by SEM.

Table 15 Results of image analysis of SEM for Au:YAS system of samples prepared by MQ.

. . SEM SEM
Sample Sample code Heating Part_lcles visible particle  particles S.EM avg
no. in SEM size [nm]
shape counted
1MQ Au:Y13-A19-S68 yes spherical  >20 1182
4AMQ  Au,Sn:Y13-A19-S68 yes spherical ~ >20 1334
4MQ Au,Sn:Y13-A19-S68  900°C ;
120min  YES spherical  >20 2023
5MQ Au,Sn:Y13-A19-S68 900°C
. no - - -
120min
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Figure 44 Selected representative Au particles from SEM images. The figure shows (a) the distribution
and (b) detail of Au particles in sample 1MQ prepared in the furnace, unannealed and containing the
highest gold concentration used.

It can be seen from Table 15 and Figure 43, Figure 44 that when the samples show a brownish
red to brownish colouration, they contain large, sparsely distributed spherical gold particles.
The average size of the particles in unannealed samples is 1.3 pm. The addition of tin as well
as subsequent annealing probably promotes the aggregation of gold into larger particles

(average diameter about 2 um).

As we expected from the literature research that the colouration and corresponding absorption
of the prepared samples would be related to the formation of much smaller nanoparticles, the
samples were observed with a transmission electron microscope. For this analysis, the same
samples as for the SEM of analysis were chosen. Since the effect of annealing wanted to be
observed in more details, samples of 4AMQ composition were added, i.e. samples annealed at
shorter times (15 and 60 min). The analysis was carried out on powdered samples which were
spread on a Cu mesh. To confirm the composition of the visible nanoparticles, EDS analysis
was performed on a few selected nanoparticles each time and the images were evaluated by
image analysis. The results are summarized in TEM analysis of samples prepared by ADL

show individual sparsely distributed AuNPs, similar to Figure 45b.

Table 16 and representative images are shown in Figure 45. TEM analysis of samples prepared

by ADL show individual sparsely distributed AuNPs, similar to Figure 45b.

Table 16 Results of image analysis of TEM images for a set of Au:YAS samples prepared by MQ and
ADL.
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Sample Sample code  Heating NP shape TEM particles avg size
no. counted [nm]
Au:Y13-A19- almost spherical,
IMQ S68 vermicular 3 20
AMQ ﬁl{és_gg;l} vermicular 18 12
] o almost spherical,
4AMQ ﬁl{és_gg;l} ig?m(ri vermicular, deformed 9 15
polygons
Au,Sn:Y13- 900°C .
AMQ  \19.568 60min almost spherical 18 15
Au,Sn:Y13- 900°C vermicular, deformed
AMQ  A10-s68 120min polygons 18 19
5MQ 229826\;13 iggnin vermicular, deformed 16 13

It can be seen that vermicular, spherical and deformed nanoparticles were found in the
unannealed samples. The size of the observed nanoparticles averaged 12-20 nm; the shortest
particle dimension was always measured. When annealed for 60 and 120 min, no more
vermicular particles were found, only nanoparticles with spherical or deformed polygon shape
were present and their size slightly increased (Figure 45c). For samples annealed for 120 min,
unidentified ink-like formations were observed. The described nanoparticles are shown in
Figure 45 d. The size of these nanoparticles is not easy to determine due to their irregular shape.
HRTEM analysis was performed from this image (sample with medium Au content and SnO>
annealed for 120 min) (5MQ-900-120) (Figure 46), which showed both AuNPs (see interplanar
spacing [238]) and unidentified phases.
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Figure 45 Selected representative Au NPs from TEM images. a) vermicular AuNPs - sample 4MQ
unannealed, b) pear-shaped AuNP - 4MQ unannealed, c) spherical AUNPs - sample 4MQ annealed 60
min., d) unidentified ink-like shaped particles - sample 5MQ annealed 120 min. Images a) and c) are
HAADF images, AuNPs can be seen as the brightest spots. Images b) and d) are bright field images,
AuNPs appear darker than the glass matrix.
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Figure 46 Evidence of the presence of Au in the samples: a) area with ink-like particles, b) closer look
at the selected area, particle in yellow box analysed by HRTEM in the next image c) by measuring the
interplanar spacing on the HRTEM image, d, €) by EDS analysis

Next, measurements of the absorption spectra were made. Samples 4MQ and 5MQ on which
the effect of annealing was observed were measured. The change in absorbance as a function
of additional heat treatment is shown in Figure 47. For the originally brown sample 4MQ
unannealed, the broad absorption band from about 525 to 700 nm changes to a characteristic
peak at 550 nm, which corresponds to reddish coloration of the sample. The intensity of this
peak further increases when the sample is annealed for 120 minutes. A similar trend of change
in the absorption band was also visible in the sample 5MQ with lower gold concentration,
which was initially clear, and which did not have the described broad band (the absence of
brown colour corresponds to practically zero intensity of the broad absorption band). However,
as a result of annealing, a narrow band with a maximum at 550 nm appeared. The lower intensity
corresponded well with lower Au content.
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Figure 47 The effect of annealing on the absorption spectra of samples 4MQ (highest Au content +
Sn0,) and 5 MQ (medium Au content + SnO,). Au nanoparticles prepared in LizO-SiO; system

5.3.3 Au nanoparticles prepared in Li2O-SiO2 system

Since it was difficult to prepare homogeneously distributed small gold nanoparticles in the YAS
system, a simple Li>O-SiO (LS) glass system was chosen for the next set of experiments.
According to the results of Chapter 4.1, it could be assumed that this system was suitable for
the ADL technique and also easier to nucleate gold nanoparticles. The experiments were
performed in the same way as in the YAS system. The base matrix had a chemical composition
of 66.67 mol% SiO2, 33.33 mol% Li.O. Again, a set of six glass samples was prepared with
different gold concentrations (0.127, 0.0127 and 0.00127 mol% Au) without the addition of
SnO. and with the addition of 0.25 mol% SnO> using both technologies, ADL and melt-
quenching. For additional heat treatment, a temperature of 500 °C and times of 15, 30 and
45 min were chosen. These conditions were chosen based on DSC analysis of the base glass
and several preliminary experiments. For the growth of AuNPs (i.e., for the diffusion of Au in
the glass matrix), it is necessary to heat the sample to a temperature around the Tg of the base
glass. The temperature and total time must not be too high to avoid crystallization of the glass

matrix itself. An overview of the prepared samples is given in Table 17.
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Table 17 A summary of the nominal compositions (mol.%) of the prepared Au:LS glass samples using
ADL and MQ. The sample code column summarizes chemical composition of the glass batch in mol%,
rounded mathematically.

Sampleno. Samplecode Li,O SiO; Au SnO,  Technology

7 Au:L33-567 33.33 66.67 0.127 MQ, ADL
8 Au: L33-S67 33.33 66.67 0.013 MQ, ADL
9 Au: L33-S67 33.33 66.67 0.001 MQ, ADL
10 Au,Sn: L33-S67 33.33 66.67 0.127 0.250 MQ, ADL
11 Au,Sn: L33-S67 33.33 66.67 0.013 0.250 MQ, ADL
12 Au,Sn: L33-S67 33.33 66.67 0.001 0.250 MQ, ADL

A photograph of the samples after cooling and after additional heat treatment is shown in
Figure 48. At first glance, there is a significant difference from Y AS system and a much greater
difference between ADL and MQ technologies. When the samples were prepared by MQ, the
samples already differed significantly in appearance after quenching. The samples without
SnO> were, from the lowest Au concentration to the highest, successively transparent (9MQ),
light pink (8MQ) and light orange (7MQ). The sample with the lowest Au content and with
SnO: (12MQ) was transparent with a light pink stain. The samples with the medium (11MQ)
and highest (10MQ) Au concentration with SnO2 were almost black in reflected light and deep
red to reddish-brown in transmitted light. Samples prepared by the ADL technique were
significantly different. Only the samples with the highest Au concentration showed coloration
after the bead preparation. While the colour of the samples without SnO, addition was highly
inhomogeneous and showed both orange and bluish shades (7ADL), the samples with the
addition of tin were ruby red (L0ADL).

The effect of additional heat treatment is shown in Figure 48. Samples prepared by the MQ
followed by annealing changed their colour to ruby red hues, which is particularly noticeable
for samples with higher Au concentrations (7MQ and 8MQ) and shorter annealing times. The
long annealing time has caused the noticeable partial crystallisation that is characteristic of
lithium glasses. In the samples prepared by ADL technology, the annealing had a rather
negative effect. For the samples without SnO, addition, the red colouration did not appear (the
samples had rather a bluish tint, see sample 7ADL) and for the samples containing SnO>, the

red colouration changed to a brown opaque colour after annealing.

100



Li,0-2Si0, Li,0-2Si0, + 0.25% SnO,

500 °C 500 °C
Heat As As

treatment quenched quenched

15 min 30 min 45 min 15 min 30 min 45 min

7MQ 10M
0.125% ,
MQ 7
0.013%
Au . .
——
0.001% E
Au \
7 ADL
0.125% Au SRS |
PP | G066
" 8 ADL
0.013% Au ﬁﬁ"’:r" P00 £ m
0.001% Au 2 ADL Q%
~ 0“ 'r ojr ‘A r ﬂ .

Figure 48 Photographs of LS glass samples prepared by MQ and ADL with different concentration of
Au and SnO>

Similar to the YAS samples, the chemical composition of the lithium silicate samples was
measured by XRF. However, in this case the amount of Li.O was always inserted into the
calculations according to the batch, since the XRF method used cannot determine Li. The results

of XRF analyses are shown in Table 18.

In this case, only tin and gold loss could be observed by XRF, the amount of SiO> corresponds
to the batch. If we examine the Au loss, it is clear that the MQ technology results in less gold
volatilisation than the ADL technology. In samples with lower gold concentrations, the
determination was often already below the detection limit of the instrument. The results of the
9MQ and 12MQ samples show more Au than was added to the samples. This is due to the huge
relative measurement error (£ 50%) at such a low concentration of the analyte. SnO- in the
samples remained only approximately 47% when using MQ and only 33% when using ADL
(only 16% in the case of sample 11ADL).
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Table 18 Results of XRF analysis of chemical composition of LS samples prepared by ADL and MQ
techniques. Li amount given by weight. The results are given in weight %. The columns marked % show
the percentage difference from the original weighted amount ( + is the excess over the weighted amount,
- is the decrease from the original weighted amount). A * indicates that the amount determined was
below the detection limit of analysis (<50 ppm).

Sampleno. Samplecode LiO % SiO; % Au % SnO; %
™MQ Au:L33-S67 1982 0 79.06 -1 0.035 -93
8MQ Au: L33-S67 1990 0 7951 -1 0.016 -67
IMQ Au: L33-S67 1991 0 7952 -1 0.006 +20
10MQ Au,Sn: L33-S67 1967 0 7897 +0 0.039 -92 0.354 -52
11MQ Au,Sn: L33-S67 19.76 0 79.05 -1 0.016 -68 0.356 -52
12MQ Au,Sn: L33-S67 19.76 0 79.12 +0 0.006 +27 0.345 -54
7TADL Au:L33-S67 1982 0 7939 +0 0.146 -71
8ADL Au: L33-S67 1990 0 79.37 -1 0.000 -100
9ADL Au: L33-S67 1991 0 79.03 -1 0.000 -100
10ADL  Au,Sn: L33-S67 19.67 0 79.14 +0 0.074 -85 0.247 -67
11ADL  Au,Sn: L33-S67 19.76 0 7940 +0 0.000 -100 0.117 -84
12ADL  Au,Sn: L33-S67 19.76 0 79.35 +0 0.000 -100 0.242 -68

Scanning and transmission electron microscopy was used to observe the shape and distribution
of gold nanoparticles on selected samples. First, the scanning electron microscopy results are
presented in Figure 49 for the samples containing the highest used Au concentration (7MQ and
10MQ). The results of the image analysis are shown in Table 19. In the mentioned unannealed
samples, spherical particles with a diameter of about 1.5 um were observed (see Figure 49 a),
b)). In samples with lower gold concentration, particles with smaller diameter (sample 11MQ
- AuNPs size 1.2 um) or none (sample 12MQ) were observed. After subsequent annealing,
large spherical Au particles were observed in all samples except for sample 11MQ (particles
were probably not found due to their sparse distribution). Their size appeared larger than before
annealing. For example, for the annealed samples containing the highest concentration of Au
and tin addition (10MQ), spherical Au particles with a diameter of greater than 3 um were
observed (see Figure 49 c), in samples with lower gold concentration particles with a diameter
of 2 pm appeared). In the images, we were able to capture the probable formation of large lost
particles that arise from clusters of approximately 500 nm made up of several smaller Au
nanoparticles (see Figure 49 d). Similar clusters were also observed on sample with the lowest
used gold concentration that was annealed for 30 min (12MQ). Samples prepared by ADL have
not been studied by SEM.
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Table 19 Results of image analysis of SEM images for Au:LS system of samples prepared by MQ.

. . SEM SEM
Sample Sample code Heating Part_lcles visible particle  particles S.EM avg
no. in SEM size [nm]
shape counted
T™Q Au: L33-567 yes spherical 22 1779
. 500°C .
™Q Au: L33-S67 30min yes spherical 7 2529
. 500°C .
8MQ Au: L33-S67 30min yes spherical 2 982
10MQ  Au,Sn: L33-S67 yes spherical 8 1536
10MQ  Au,Sn: L33-S67 gg?nl(ri yes spherical 3 2032
11IMQ  Au,Sn: L33-S67 yes spherical 1 1286
. 500°C
11MQ Au,Sn: L33-S67 30min no - 0 -
12MQ  Ausn: 133867 200°C e deformed 148
30min polygons

Figure 49 SEM i

2 pm

mages of Au particles in LS glasses (a) spherical Au particles in sample 7 MQ

unannealed, (b) detail of spherical Au particles in sample 7 MQ unannealed, (c) detail of spherical Au
particle in sample 10MQ annealed 30 min., (d) cluster of Au nanoparticles captured in sample 10MQ
annealed 30 min.

TEM images were taken for all samples prepared by both MQ and ADL. The samples prepared

in the furnace will be described first. Powder TEM samples were prepared both for samples
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with increasing gold concentration with or without tin addition (7MQ -12MQ), and also for a
sample annealed at 500 °C for 30 min each time. The samples are shown in Figure 48. The
results of the analysis are summarized in Table 20, and selected images with different shapes
of the nanoparticles found are shown in Figure 50.

Table 20 Results of image analysis of TEM patterns for Au:LS system of samples prepared by MQ and
ADL technology.

Sample . Au TE.M avg size
no Sample code Heating  confirmed NP shape particles [nm]
' by EDS counted
™Q Au:L33-S67 - no - 0 0
™Q Au:L33-S67 :S),g?mg yes almost spherical 15 6
8MQ Au: L33-S67 - yes triangles, vermicular 10 15
8MQ Au: L33-S67 :S),g?mg yes deformed triangles 4 6
IMQ Au: L33-S67 - no - 0 0
OMQ  AwL33-567 00T e almost spherical, 24 13
30min triangles, vermicular
10MQ  AuSn: L33-567 - yes deformed polygons, 5, 12
ovals, triangles
. ) 500°C almost spherical,
10MQ Au,Sn: L33-S67 30min yes deformed polygons 15 6
1IMQ  AusSn:L33-S67 - yes almost spherical, 13 13
triangles, vermicular
. ) 500°C deformed polygons,
11MQ Au,Sn: L33-S67 30min yes almost spherical 57 6
12MQ Au,Sn: L33-S67 - no - 0 0
12MQ  Ausn: 133567 200°C e deformed polygons, ¢ 22
30min vermicular
7ADL Au:L33-S67 - no spherical 24 5
7ADL  AuL33-867  00C g spherical 60 3
30min
10ADL Au,Sn: L33-S67 - yes spherical 5 40

From Table 20 it is obvious that it was easier to find AuNPs by TEM in samples with higher
Au concentration. Compared to the YAS system, the observed nanoparticles showed a greater
variability of shapes - often non-spherical and triangle-shaped NPs were found. The presence
of SnO; also has a significant effect on the number of AuNPs found. In samples without SnO>
(7-9 MQ) and without further annealing, fewer AuNPs were formed and had a more anisometric
shape than in samples containing SnO- (10-12MQ). After annealing, the observed AuNPs had
a more symmetric shape. An apparent decrease in nanoparticle size was also evident after

annealing. This can be explained by recrystallization and a change in shape from the general
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shape of a polyhedron to a sphere. Selected images from the TEM can be found in the Figure
50 below. The first row presents an example of different shapes of Au nanoparticles found and

the second row presents the effect of subsequent annealing on the shape of the particles.

Figure 50 Selected representative AUNPs from TEM images: a) anisometric vermicular AuNPs - sample
2MQ unannealed (b) triangular AuNPs - sample 10MQ unannealed, (c) triangular AuNPs, closer look
- sample 10MQ unannealed, d) spherical AUNP - sample 7MQ, annealed 30 min (e) the influence of
annealing — spherical nanoparticles — sample 10MQ annealed 30min. (f) spherical AuNP, closer look
—sample 10MQ annealed 30 min.

Figure 51 shows the HRTEM analysis of the sample containing the highest concentration of
Au and no Sn (7MQ). The distribution of nanoparticles in the sample was calculated and also
the nanoparticle in image a) was focused on and the interfacial distance was determined. This
corresponded to the cubic fcc Au structure. The spherical shape of the nanoparticle caused by

annealing of the sample is evident in the image.
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Figure 51 TEM images of sample 7MQ after annealing at 500°C for 30 min: a) spherical AuNPs, b)
detail of AuNPs, HRTEM, c) image with a large number of small AuNPs, d) particle size distribution
from image c.

Figure 52 shows the difficulty of evaluating the particle distribution from TEM images. In most
of the images, the AuNPs are very sparsely distributed and are about 1 micron or more apart,
which makes it practically impossible to plot the size distribution of the AUNPs. However, when
a site with an increased abundance of AuNPs in the glass (inhomogeneity) is captured, the size
distributions of the AuNPs have been plotted (Figure 52 b,c). These images also show that the
diameter of small AuNPs in the glass decreased from the original 5 nm to 3 nm after annealing.
Another observation in Figure 52c is the phase separation in the glass matrix, which is

manifested by lighter and darker areas.
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Figure 52 TEM: a) sample 10 ADL, AuNPs highlighted with red arrows (HAADF contrast, AUNPs are
the brightest points), EDS analysis b) sample 7 ADL, AuNPs with particle size distribution, BF
contrast (AuNPs dark), sample 7 ADL after additional heat treatment at 500°C for 30 min, AUNPS
with particle size distribution, BF contrast (AuNPs are dark).

Due to the different colour of the prepared samples, the absorption spectra were also expected
to be different. All polished samples prepared by MQ were measured by absorption
spectroscopy. The change in absorbance spectra and influence of additional heat treatment on
its position of the shape is shown in Figure 53. Samples prepared by ADL could not be analysed
by spectrophotometer due to their heterogeneity.

107



From the results of the absorption spectra, it is as expected that a high concentration of Au or
Au and Sn causes an absorption band with a maximum in the 530-560 nm range (samples
7-11MQ). Due to annealing, the maximum of the band shifts to higher wavelengths and its
intensity increases. For samples annealed for 45 min, crystallization was observed for high Au
concentrations, which resulted in significant noise in the measurement. The formation of this
band corresponds to the red coloration of the glass. Its intensity then follows the intensity of the
colour, which is already very dark for long annealed samples. If the concentration of gold is
reduced, this results in a significant reduction in the intensity of the described band, which for
very low concentrations corresponds to the inhomogeneity of the red colour. The addition of
tin is reflected in the absorption spectra by a very significant increase in the intensity of the
band, the maximum of which does not show any significant shift in wavelength even due to
subsequent annealing. The maximum is always close to 547 nm. The glasses with this band are
dark red (samples 10 and 11MQ). Significantly different after annealing was the sample with
the lowest concentration of Au containing SnO2 (12MQ), which was light brown and had an

absorption peak maximum around 515 nm.
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Figure 53 Change of absorbance of LS glasses with Au and SnO; after additional heat treatment.

5.3.4 Summary and discussion

From the results of this chapter, the following conclusions are drawn:

1
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1) ADL technology can be used to prepare metallic gold particles in glass, which have
dimensions of pm or nm. The common fcc structure of metallic gold was demonstrated
for these nanoparticles. The selected conditions of the technology, as well as the
subsequent annealing, can then influence their number, shape, distribution and thus the
colour of the glass.

2) It has been shown that during the ADL process, gold volatilizes from the glass matrix.
Its volatilisation depends on the selected conditions of the technology, and it is
confirmed that the higher the temperature and preparation time, the lower the Au
concentration. Comparing both used technologies, we observed greater Au loss with
ADL technology than with MQ technology.

3) It is difficult to control the reproducibility of prepared samples that would show the
same colour. In our work, we have already succeeded in preparing reproducibly
homogeneous samples of the same size due to the new design of the pellet preparation
technology and the strict control of the ADL parameters. However, a uniform colour
sample could not be reproducibly prepared. An example of the best sample set so far is
shown in Figure 54. The preparation of colourless samples whose colour can be

controlled later by subsequent annealing seems to be more suitable.

Figure 54 An example of the best homogeneity of prepared samples (L0ADL).

4) The addition of tin has been shown to significantly promote the formation of AuNPs in
both technologies used. Tin shows a lower loss percentage during glass melting than

gold.
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5)

6)

7)

8)

Nanoparticle formation was strongly influenced by the composition of the glass matrix.
An important factor was the addition of ions reducing the degree of glass matrix
polymerization and promoting the formation of NBOs, which likely leads to the
nucleation of gold nanoparticles. Due to the lower viscosity associated with the lower
degree of polymerization, gold nanoparticles were formed more easily in the LS system
than in the YAS system. In addition, large spherical nanoparticles, which are um-sized
and do not affect glass colour, have been observed much more frequently in YAS
system. The LS samples achieved much more attractive colours due to presence of gold
nanoparticles of nanometre dimensions.

Large spherical gold particles, a few 1-10 um in diameter, were observed in both types
of glass systems, but were distributed too sparsely for statistical image analysis. The
formation of these particles was not much affected by the composition of the glass and
was not related to the colour of the samples. Using ADL technology, these large
particles were very heterogeneously distributed and formed 'chain-like' clusters.

The formation of Au nanoparticles with nanometre dimensions and different shapes
(anisometric vermicular, triangular, spherical) was detected in both glass systems using
TEM. In the YAS glass system, the irregular shapes corresponded to the appearance of
brown or brownish-red coloration of the samples. Furthermore, the colour of these glass
samples could not be easily affected by subsequent annealing. In the LS system, the
irregular shapes corresponded to a red colouration of the glass.

Subsequent annealing of the glass with irregular nanoparticles shape caused the shape
to change to spherical in both LS and YAS systems.

If we focus on the technologies that are used for the preparation of AuUNPs in glass, it is clear

that MQ is the most widely used and industrial technology, which is also associated with glass

colour. Bulk doped glass samples are prepared by this technology. Gold nanoparticles in thin

layers are probably the most prepared by sol-gel technique [124,125] or also by ion implantation

technology [122]. In these cases, however, their preparation is mostly associated with their

bioactivity, catalytic reactions, surface plasmon resonance or nonlinear optical phenomena or

other effects. No record was found of the use of ADL technology in the preparation of glass

samples containing AuNPs.
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If we compare the shape, amount, size and distribution of AuNPs prepared by different
technologies from the current literature, it seems that mostly spherical gold nanoparticles were
prepared, their amount and distribution is related to the selected sample preparation conditions.
For sol-gel, the concentration of nanoparticles in the gel is crucial and can be controlled very
well. For ion implantation, it is primarily the fluence that determines the number of NPs formed
and it is the energy of the ion beam that is critical for the distribution and especially the depth
at which the NPs are implanted below the surface. Few images of AuNPs in systematically

varying thin layers were taken by TEM.

If we focus on the chemical composition of the glass matrices in which the Au NPs were
prepared, mainly studied compositions are borate [109-118], silicate [119-126,162,163] and
also chalcogenide [101,105,127] glasses based on the findings of recent literature. High
contents boron and chalcogenide glasses have inferior mechanical and chemical properties
compared to silicate glasses and are difficult to use in practice. The procedure for preparing
glass samples (especially borate and chalcogenide) by other authors differs by melting the glass
at a lower temperature and for a shorter time. For example, high-boron glasses are melted at
850-1200°C, 10-60 min [109-118]. In the literature, information on the actual Au content in
the sample after melting is practically never reported and the issue of Au volatilization is not
discussed. This is probably due to the very low gold concentration, which is usually below the
detection limit of analytical methods. The addition of uniform gold nanoparticles of defined
size to the glass has also been tried in these low-melting systems (glass has a lower melting
point than gold), but the nanoparticles dissolved and reassembled [112,113]. TEM images of
AUNPs in glass are published very sparsely and the nanoparticles are mostly spherical in shape.
Only in the Bi203-B203 system an irregular shape was found [112].The average particle size
ranges from 10 to 100 nm - most commonly around 10 nm or 40 nm. However, some
nanoparticles are not clear in the images and they are very densely distributed, mostly lacking
XRD or EDS analysis, so it is questionable whether actually only gold NPs are presented and
not a separation of other glass phases as well (e.g. [113,118]).

Much more often, technological conditions are associated with optical absorption in the VIS
region corresponding to the red colour. The typical colour of glasses containing AuNPs is in

some cases achieved immediately after quenching of the glass, in other cases only after
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subsequent thermal annealing [102,103]. If additional heat treatment is used, the temperature
used is in the vicinity of the T4 of the glass matrix [103]. From these publications it is clear that
the formation of nanoparticles their shape, distribution the coloration of the samples is closely

related to their thermal history.

In our case, it is possible to compare the two glasses, i.e. the YAS and LS glasses, because the
temperature of the beads was recorded during the ADL melting and cooling (for the MQ
technology such a comparison is not possible). The mentioned records are shown on two
samples of the same mass as shown in Figure 55. If we average the cooling rate for the five
YAS and five LS samples, we get values of 135 °C s and 226 °C s* for YAS and LS,

respectively. From these values, it is clear that the cooling of lithium glass is faster.

It is not entirely clear why the red colour is easier to develop and control in the LS system than
in the YAS system. According to Weyl [102], the key parameter is the temperature dependence
of gold solubility in a given glass, but this is difficult to quantify. We believe that this fact may
also be related to the density of the glass network and hence the mobility of Au particles within
it. Despite the fact that with ADL technology, controlled cooling of the samples directly after
melting is easier compared to MQ, and therefore coloured samples can be obtained directly
without additional heat treatment, in order to achieve uniform coloration in a controlled manner,
it is preferable to start with transparent glass after ADL or MQ and obtain the desired colour by
a secondary heat treatment of the samples. Finally, it can be noted that only a small number of

authors show the appearance of samples and discuss their homogeneity and reproducibility.
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Figure 55 Comparison of cooling rate of YAS (4ADL) and LS (10ADL) glass samples.
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5.4 Design of a new glass composition (system Li.O-Y203-Al203-Si0O2)
suitable for the preparation of Au nanoparticles using ADL

From the previous results, it is clear that the preparation of gold nanoparticles was easier and
more controllable in the LS system. Therefore, in the following part, several glass compositions
were proposed in the Li2O-Y203-Al203-SiO2 (LYAS) system. The main intention of this
substitution was to benefit from the advantageous optical properties of YAS glass but reduce
its viscosity and thus facilitate its preparation. Another idea behind this replacement was to
combine the two previously prepared glass matrices and to take advantage of the observation
that the amounts of Au and SnO> used in the LS matrix colour the glass too much, whereas in

the YAS matrix, at lower concentrations, they hardly colour the glass at all.

The compositions were derived from already prepared samples in the YAS system by replacing
10 mol% of one of the oxides, i.e. Y203, Al203 or SiO2, with 10 mol% of LiO.

5.4.1 Preparation of nanoparticles in systematically selected glass compositions

In this part, only the SnO.-containing glasses were prepared because they showed better
colouration in previous experiments. Again, the same three concentrations of Au as in the
previous chapter were used for MQ technology. The set of glass samples with the lowest gold
concentration was not prepared using the ADL technique. Based on the DSC analyses (not
shown) and heating experiments of small glass shards, the annealing conditions for the glasses
with Y203 and SiO; substitution were chosen as 825 °C 60 min, 850 °C 60 min and 850 °C 20h.
For glasses with Al,O3 substitution, the annealing conditions chosen were 775 °C 60 min,
800 °C 60 min and 825 °C 60 min. A summary of the prepared samples is shown in the Table

21 below. In Figure 56 the appearance of the samples and their colouration can be seen.
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Table 21 A summary of the nominal compositions (mol%) of the prepared Au:LYAS glasses using ADL
and MQ technique. The sample code column summarizes chemical composition of the glass batch in
mol.%, rounded mathematically.

Sample no. Sample code LiO Y203 AlOs SiO; Au  SnO; Technology

1 Au,Sn:L10-Y3-A19-S68  10.00 2.52 19.21 68.17 0.127 0.250 MQ, ADL
2 Au,Sn:L10-Y3-A19-S68  10.00 2.52 19.21 68.17 0.013 0.250 MQ, ADL
3 Au,Sn:L10-Y3-A19-S68  10.00 2.52 19.21 68.17 0.001 0.250 MQ

4 Au,Sn:L10-Y13-A19-S58 10.00 12.62 19.21 58.17 0.127 0.250 MQ, ADL
5 Au,Sn:L10-Y13-A19-S58 10.00 12.62 19.21 58.17 0.013 0.250 MQ, ADL
6 Au,Sn:L10-Y13-A19-S58 10.00 12.62 19.21 58.17 0.001 0.250 MQ

7 Au,Sn:L10-Y13-A9-S68  10.00 12.62 9.21 68.17 0.127 0.250 MQ, ADL
8 Au,Sn:L10-Y13-A9-S68  10.00 12.62 9.21 68.17 0.013 0.250 MQ, ADL
9 Au,Sn:L10-Y13-A9-S68  10.00 12.62 9.21 68.17 0.001 0.250 MQ
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Figure 56 Images of LYAS glasses prepared by MQ and ADL with different concentration of Au and
SnO; (a) samples with Y -2Li substitution, (b) samples with Si 2Li substitution, (c) samples with Al DLi
substitution.
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b) L10-Y13-A19-S58
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Figure 54 - continuation Images of LYAS glasses prepared by MQ and ADL with different
concentration of Au and SnO; (a) samples with Y 2Li substitution, (b) samples with Si Li substitution,
(c) samples with Al -2Li substitution.
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When evaluating the properties of the samples with respect to the different substitutions used,
it was found that in the case of the Y->Li substitution, the variability of the glass colour was
low and red colour could be prepared by ADL technique. Moreover, the melt had the highest
viscosity at the melting temperature used compared to the other substituted glasses. If we focus
on the appearance of the prepared samples, glasses with high Au concentrations were brown in
colour immediately after the MQ technique and turned darker by subsequent annealing (see
Figure 56a - 1MQ). Glasses with lower Au concentrations were clear after preparation and
turned only very slightly blue-grey by annealing (2 and 3MQ). When the ADL technique was
used, the high Au concentration glasses behaved similarly to the furnace-prepared glasses. If a
lower concentration of gold was used, the glasses were clear after melting (but often contained
bubbles) and subsequent annealing caused them to turn red at first and turn purple later (using

a higher annealing temperature) (see Figure 56a - 2ADL).

In the case of Si—>Li substitution (see Figure 56b), the glass generally melted much more easily
— its viscosity at melting temperature was lower, it was easier to mix and cast. When prepared
by the MQ technology, a ruby coloration appeared much more readily after annealing and did
not change its hue towards brown shades, even after a relatively long annealing time. Using the
ADL technique, however, it appears that the highest gold concentration chosen caused the
samples to darken rapidly after the subsequent annealing (sample 4ADL), whereas the lower
gold concentration did not cause any colour change and the glasses were still clear after

annealing (sample 5ADL).

The most diverse colour changes were observed in the Al->Li substitution (see Figure 56c),
where samples of brown, red, purple and blue colour shades were prepared. The glasses melted
very easily compared to the Y->Li substitution. After preparation by the MQ technique, the
glass was mostly clear; subsequent annealing produced red to very dark red hues (see samples
7-9MQ). At the lowest concentration of gold, while using the highest annealing temperature, a
blue colour appeared in the glass. When the samples were prepared using ADL technology, the
highest gold concentration was too high to produce a ruby red colour and the glass tended to
turn brown. When lower gold concentrations were used, the samples were initially clear and
after annealing had a purple or blue colour depending on the annealing temperature chosen (see
sample 8ADL).
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XRF analysis was performed on MQ samples only, as not enough samples were prepared by
ADL technology. Li.O was again included in the analyses based on the glass batch. The results
of the XRF analysis are summarized in Table 22. There were no significant differences between
samples with different substitutions. For Y203, Al.03 and SiO2 oxides we observe the same
trend as in the YAS system (see Section 5.3.2, Table 14). There is a few wt% less SiO-
according to the analysis, which is reflected by the increased relative amount of Al>Os and
Y203. These results confirm the stability of the glass composition in both preparation methods.
SnO. was determined to be 26-45 wt% of the original amount in the samples. The amount of
remaining Au could only be measured in samples 1MQ, 4MQ and 7MQ with the highest Au
concentration, only 24, 18 and 8 wt% of the original amount remained in the samples,
respectively. The remaining samples therefore contain less than 50 ppm Au (XRF detection
limit). Even so, most of the samples have a characteristic colour after annealing that confirms
presence of AUNPs.

Table 22 Analysis of the chemical composition of LYAS samples prepared by MQ technology using XRF
method (Li amount given by glass batch). The results are given in wt. %. The columns marked '%'
indicate the percentage deviation from the weighed amount ('+' is an excess, '-' is a loss compared to

the original amount). If an "** is in the column, the quantity determined was below the detection limit of
the analysis.

Sar?;?le Samplecode Y203 % ALOs %  SiO2 %  Au % SnO2 %
IMQ  AUSELIOYS 93 414 3004 47 5571 5 0087 76 0189 65
MQ SO 9as 414 3110 41 saes 7 -100 0143 -74
MQ USROS 900 412 3127 4 s459 7 ¢ 100 0233 57
amQ  AUSTLIOVIS 9504 47 2304 w2 37sT 7 0052 82 0196 55
sMQ  ATSTLIOVIS g759 w14 2471 49 3349 a7 -100 0194 -56
oMQ  ATSTLIOVIS g75p 414 2483 410 3353 a7 -100 0191 -56
MQ  ASEOVIT 3784 49 1241 49 4546 8 0024 92 016 65
MQ  Auor O 3797 410 1234 48 4sm2 9 ¢ 100 0184 -60
omMQ A0S sgos 410 1235 8 4557 9 ¢ 100 0146 -68
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SEM image analysis was performed on samples prepared by MQ technique on a set of samples
annealed at 825 °C for 60 min. The results are summarized in Table 23. SEM images were
taken on two different instruments on selected samples. The first part of selected samples was
analysed using a Hitachi S4700 microscope at UCT Prague. The second set of samples was
analysed using the IT800SHL JEOL SEM with higher resolution at CNRS Orléans. The
instrument used is indicated in the last column of the table. Selected electron microscope images

are shown in Figure 57.

Table 23 Results of image analysis of SEM images for Au:Sn:LYAS samples prepared by MQ

Particles SEM SEM

Sa:;F)Ie Szgliile Heating  visible in particle particles ?EG'}VE;\T/]Q]] SEM
SEM shgpe counted
IMQ ST et yes st'f 0 68 JEOL
spherical
2MQ egiingl_-é%é 2(2)2:51 yes spherical 7 219 JEOL
N
4MQ eijés_;'\:ll‘gl_g'ss 282:.?1 yes spherical 6 1764 Hitachi
IMQ QU e yes imf T 109 ok
spherical
o MELL DS Y e w
6MQ iy aioss omin ™ ] ] ] ok
™MQ 6\53529%%8 ggg:ﬁ yes spherical 3 2295 Hitachi
7MQ 6\53829%%8 géf;l(; yes spherical 1 1970 Hitachi
TMQ  Yiynoses e ves spherical 20 3885 JEOL
o WL B w0 e
o AILE B e g 2 ST kol
IMQ  yirnoses sern MO : : i Hitachi
MQ  ViAoses somin  hano. . spherical 23 JEOL
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Table 23 above summarises the results of the analysis of the SEM images. Selected images are
shown in Figure 57. Using a Hitachi microscope with low resolution, Au particles of 2-3 um
were found only in the samples with the highest Au concentration (4 and 7MQ, annealed). A
complete set of samples 1-9MQ was observed using the microscope with better resolution at
CNRS Orléans after annealing at 825 °C for 60 min. Using this microscope, micro- and
nanoparticles of Au were observed in all samples except 3MQ and 6MQ, which contained the

lowest concentration of Au.

In general, it was not easy to capture multiple nanoparticles in a single image even at low
magnifications. It was easiest to find gold particles in the samples with the highest gold content
when observing with the electron microscope. The particles were found in larger numbers and
their size was also larger. The shape of the observed particles was spherical or approximately
spherical. The largest Au particles, with a diameter of 3.9 um (Figure 57a), were found in
sample with where the Al->Li substitution (7MQ) was used. On the other hand, the smallest
observed AuNPs, with an average diameter of 23+8 nm, were observed in sample with the
lowest Au content and Al->Li substitution (9MQ). Generally, there is no apparent difference

in the size or number of Au particles related to the Y/Si/Al - Li substitution performed.

An important observed difference was the creation of nanoscale phase separation in the samples
with Al->Li substitution (see Figure 57d). At first glance, these samples show similar phase
separation to the samples in the YAS system (see Chapter 4.2.). However, due to the nano-

scale nature of this separation, these samples appear transparent.

TEM images were acquired from powder samples. Samples prepared by MQ technique
containing medium and highest gold concentrations (labelled 1MQ, 2MQ, 4MQ, 5MQ and
7MQ and 8MQ) annealed at 825°C for 60 min were analysed. Of the samples with low gold
concentration, only sample 9MQ annealed under the same conditions was analysed. The
resulting description of the shape, count and average size of nanoparticles in each sample is
summarized in Table 24. Selected images can be found in Figure 58. Samples prepared by

ADL were not analysed.
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Figure 57 Selected SEM images of LYAS samples annealed at 825°C for 60 min. a) 7MQ, gold particles,

approx. 4 um in diameter, b) 7MQ, spherical gold particle, c) 2MQ, gold nanoparticle, d) YIMQ, gold

nanoparticles in phase separated glass matrix.

Table 24 Results of image analysis of TEM images for Au:Sn:LYAS samples prepared by MQ and ADL.

Sample . Au TEM avg size
no Sample code Heating  confirmed NP shape particles [nm]
] by EDS counted

_ o 825°C not .
1MQ AuSn:LI0-VE-AIOSE8 L measured almost spherical 6 10

_ 825°C not almost spherical
2MQ Au,Sn :L10-Y3-A19-568 60min measured 5 6
AMQ AushLi0v1aAte-sss  52°C not almost spherical 3

60min measured

_ Ao 825°C not i
5MQ AuSNILI0-YIS-ALO-S58 o measured 0 0
7™MQ Aush LI0Y13-A0S68 520 C yes almost spherical 1 7

’ 60min

_ 825°C not
8MQ Au,Sn :L10-Y13-A9-S68 somin measured - 0 0

_ 825°C :
IMQ AuSHLIO-VIBAS-SE8 ol yes almost spherical 7 22
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Observed nanoparticles are very sparsely distributed, contrary to our expectations. The average
size of the AuNPs in the samples was measured using image analysis and ranged from 3 (sample
with highest Au content, Si->Li substitution (4MQ)) to 22 nm (sample with lowest Au content,
Al->Li substitution (9MQ)). The shape of the particles was almost spherical (see Figure 58 a,
b, d). It is clear from the Table 24 that in general the largest numbers of nanoparticles were
found in samples with high gold content and also when Li was substituted for Y (sample 1MQ).
Surprisingly, no AuNPs were found in samples with medium gold content and Si=>Li (5MQ)
and Al->Li substitution (8MQ), which are strongly coloured.

The 9MQ sample is notably different from the others, as it was the only one of the samples
prepared by the MQ technique to exhibit a blue colour shade. In this sample, particles with sizes
up to 22 nm were found in relatively large numbers. It should be remembered, and this was also
confirmed by TEM analysis, that in samples where Al->Li substitution in composition was
performed (7-9MQ), the phase separation (spinodal decomposition) at the nanoscale (see
Figure 58 c,d) was observed. This is consistent with the SEM observations and also with the
results in the YAS chapter (see Chapter 4.2.).
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Figure 58 Selected TEM images of LYAS samples
point to gold nanoparticles. a) 1MQ, gold nanoparticles, approx. 10 nm in diameter, b) 2MQ, gold
nanoparticle, c) 8MQ, phase separated glass matrix — spinodal decomposition, d) 9MQ gold
nanoparticles in phase separated glass matrix.

The results of the absorbance measurements of the LYAS samples are shown in Figure 59 and
are arranged as follows: columns represent different substitution rates in the glass matrix (from
left to right: Y->Li, Si->Li, Al->Li); each row represents different Au concentrations (from top

to bottom: highest, medium, lowest).
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Figure 59 Absorption spectra of Au:Sn LYAS samples. Columns represent different oxide substitution
in the glass matrix. From left to right: Y -22Li, Si-2Li, Al-2Li. Each row represents different Au
concentration. From top to bottom: highest, medium, lowest. Photographs of the measured samples are
also inserted in the graphs for easier visual orientation. Next to the legend are the values of the
wavelengths in nm at which the absorption bands reach their maximum.

In the absorption spectra, as expected, characteristic bands in the visible region of the spectrum

appear in the region between 500 and 600 nm for most samples. Immediately, after preparation

by both MQ and ADL, the samples are only weakly coloured, even at the highest Au

concentration used, which is reflected in the spectra by a weak band intensity with a maximum

in the 530-550 nm range. The shift of the maximum is related to the glass matrix used. On the

other hand, annealing causes a distinct colouration in most samples. A characteristic Gaussian
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absorption peak with a maximum around 530-550 nm. appears in samples with a high
concentration of gold, which are dark red and brown in appearance. If the samples exhibit a
dark red colour, the maximum of the band is around 530 nm, virtually independent of the
matrix. If the samples appear to be ruby red the maximum is quite accurately at 547 nm. The
shift of the band to higher wavelengths corresponds to a blue to blue-violet colour of the glass
and is particularly noticeable in samples with the Al->Li substitution.

The absorbance measurements of selected bead samples prepared using the ADL method are
shown by the dashed lines in the graphs in Figure 59. A new peak in the region around 630 nm
on these lines corresponds to the absorption of the resin in which the samples were embedded
for cutting and polishing. The characteristic bands corresponding to the colour change of the
beads can be seen in these spectra, but with lower intensity. The wavelength maxima of the
measured bands correspond very well to the colour and also to the maxima of the samples

prepared by MQ technology in the different matrices with different compositions.

5.4.2 Summary and discussion

The results presented in this chapter can be summarized as follows:

1) The proposed LYAS system is a new suitable glass system for the preparation of
glass enriched with Au NPs using ADL technology. In this system, it is possible to
prepare homogeneous samples, where the colour corresponding to the presence of
NPs can be tuned from brown to red to violet shades by changes in composition
combined with subsequent annealing. However, according to Volf [239], we assume
inferior mechanical and chemical properties of the glass in this system compared to
YAS - not measured.

2) Among the systematically varying substitutions of Li for three different ions in the
glass matrix, the substitution of Li for Al appears to be the most suitable in terms of
the different variability of glass colour. The glasses exhibited the largest range of
the observed absorption band maxima (from and thus take a correspondingly wide
colour range).

3) Au NPs were relatively sparsely distributed in the glass and were spherical in shape,

with an average size ranging from 3 to 22 nm, independently of the chosen
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substitution and technology, yet the samples showed quite different absorption and
therefore also colour. From these pilot results, it is concluded that the shape and
distribution of the nanoparticles does not so much affect the colour as the phase
separation of the glass, or the different combination of nanoparticle absorption and
glass phases formed.

4) The maxima of the absorption spectral bands in the VIS region are between 524-
570 nm, and it appears that the ruby red coloration corresponds to an absorption

maximum at 540 nm.

The colour of the glass, the size of the AuNPs, the position of the absorption band and the
composition of the glass matrix are closely linked. In silicate glasses of various compositions
[102,103], the absorption band ranges from 500 to 600 nm and is generally Gaussian in shape.
In the literature, particle size estimation was performed either by Mie theory or
[101,117,118,163] by calculation from XRD spectra according to the Scherrer equation
[109,111]. Recently, the real size of AuNPs was investigated by TEM. However, as mentioned
above, due to the challenging sample preparation, only a relatively small number of
systematically observed changes or correlations of nanoparticle size, matrix chemistry, and gold

nanoparticle size was described.

Currently, there are several freely available software programs to calculate absorption spectra
according to Mie theory. As a pilot experiment, based on the recommendation of J.P. Blondeau
[240], the BHMIE software [241] was used for simulation of absorption spectra of the ruby red
sample of the LS system. For the given sample, the average size of the gold nanoparticle, the
refractive index value of the glass matrix and several models, which the program includes, were
selected. These models differ from each other in the values of the physical constants that are
used in the calculations of the shape of absorption spectra. The models by Babar, Hagemann,
Johnson, Palik and Rakic were compared with measured absorption spectra using this program.
The simulation is shown in Figure 60. It is obvious that the Hagemann’s model worked best.
Why this is and whether this model can be used in general for e.g. all types of silicate glasses
or for different types of AuNPs would require further comparisons, simulations and probably

an additional set of experiments. Moreover, the BHMIE software assumes monodisperse
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spherical nanoparticles and also that the nanoparticles do not cluster together, which is not

achieved in prepared samples.

Figure 60
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Figure 60 Comparison of measured absorption spectra (black) with mathematical models — sample
10MQ, annealed at 500°C, 30 min. The Hagemann’s model (light green) works best for our LS samples.

However, in addition to the shape and distribution of the nanoparticles, the refractive index
value can also have a significant effect on the position and shape of the absorption band, which
shifts with changing composition of the glass matrix. Five different glass matrices were
prepared. For each glass system, the dispersion by m-line spectroscopy was measured, and the
refractive index value of the glass was calculated for a wavelength of 589 nm. The refractive
index values and the observed position of the maximum of the absorption band are given in
Table 25 for the gold-enriched glasses or for the annealed glasses. It is clear from the table that,
in general, the highest refractive index values correspond to high wavelengths of the absorption
band maximum (LYAS A and YAS glass) and, conversely, low refractive index values to lower
wavelengths of the absorption maximum (LYAS Y). This trend corresponds well to the trend
predicted by, e.g., [71]. However, specific exact values deviate from this trend, e.g. in LYAS S
glass, which may be due to the shape of the shape and number of NPs, or to the formation of
new phases. Mathematical relationships have also been published to describe the relationship
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between the wavelength of the absorption maximum and the refractive index value, but these

have not yet been verified for the experiments reported in this thesis [109].

Table 25 Comparison of the refractive index and the position of maximum of absorption peak of selected
samples.

Refractive =~ Maximum
Glass Matrix Sample index of absorption peak
(589 nm) [nm]

LS (Au,Sn: L33-S67) 7,8, 10 MQ, as quenched 1.5415 533
YAS (Au,Sn:Y13-A19-S68) 4,5 MQ, 900°C, 60 min) 1.6168 554
LYAS Y (Au,Sn:L10-Y3-A19-568) 1MQ,as quenched 1.5391 524
LYAS S (Au,Sn:L10-Y13-A19-S58)  4MQ, 825°C, 60 min 1.6435 544
LYAS A (Au,Sn:L10-Y13-A9-S68)  7MQ,as quenched 1.6142 547

In our opinion, the most interesting fact arising from our results is related to the fact that lithium-
containing silicate glasses tend to crystallize. Thus, new phases are formed in the glass matrix
as confirmed by TEM images of LY AS glass where lithium was substituted for aluminium. The
formation of these phases clearly caused the greatest colour variability in these glasses.
Therefore we believe that the formation of nanoscale crystals and/or amorphous phase
separation greatly promotes the uniform nucleation of AuNPs and is the key to the uniform
coloration of the glass samples doped with gold. Similar conclusions were published relatively
recently when an admirable colour transformation was achieved in the ZnO-MgO-Al203-SiO>
system due to the addition of TiO2 and ZrO: phases to glass containing Au NPs [119,120].
Similarly, the variability of colours on the famous Lycurgus cup is also attributed to the
formation of new glass phases present in the glass along with the gold nanoparticles, according
to [85]. This opens up a very wide spectrum of possibilities for further controlling the coloration

of glasses. The formation of nanoscale phase separation, nevertheless, proves to be crucial.
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6 CONCLUSIONS

The thesis dealt with the preparation of AuNPs in silicate glass using ADL and MQ
technologies. The effect of the technology used and the initial chemical composition on the
distribution, shape and size of the AuNPs (mainly by TEM) and the absorption of the prepared
glasses (by UV-VIS spectrophotometer) was investigated. In the case of ADL technology, the
influence of a variety of input parameters (e.g. gas type and flow rate, laser power, melting

time) on the properties of the prepared samples was also studied.

The first part of the work highlights some critical aspects of the ADL method for the synthesis
of oxide glass beads, with the goal of extending its applicability to broader compositional
landscapes, involving for example highly volatile components. From the point of view of mere
glass formation, this technique exhibits unrivalled versatility: (1) its containerless conditions
suppress heterogeneous nucleation of crystal phases and avoid contamination from crucible and
refractory materials; (2) laser heating can attain up to ~3000 °C, above the melting temperature
of any stable oxide material; (3) the setup enables fast cooling rates in the order of several
hundreds of °C s (depending on the levitation gas nature, the bead size and its composition),
facilitating the quenching of melts prone to devitrification. Considering these advantageous
features, it would appear that the ADL method should invariably represent the optimal choice
for the obtainment of homogeneous, bubble-free beads of a desired stoichiometry.
Nevertheless, the results obtained here signal that other key melt properties contribute to
determination of the suitability of a given composition for ADL synthesis. Parameters revap a

Aevap have been defined as

~_Tns Eq. 6.1
evap — T
m
Aevap = Tevap,max — Tevap,min Eq- 6.2

where T is the melting point of a given oxide component, T,, = is the melting point of the target
multicomponent glass (both obtainable from phase diagrams); revapmax and revapmin respectively

stand for the highest and lowest revap Values among all components of the target glass. These
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parameters can be evaluated beforehand for a smart compositional design. It has been shown
that when the achievement of low viscosity for bubble removal requires heating above the T
of the target glass by hundreds of Kelvins, a non-negligible high-temperature evaporation
should be expected for revap Values significantly exceeding ~0.8, although this threshold may
vary according to the chosen composition, ADL setup, levitation gas, desired final bead size
and melting procedure. For instance, a shorter high-temperature dwell may limit volatilisation,
though possibly preventing satisfactory homogenization and fining. Similarly, Aevap values
above ~0.2 signalled a high risk of compositional drift for the prepared samples, stressing the

general need to minimize this parameter during compositional design.

The second part of the thesis shed new light on liquid-liquid phase separation in the YAS
system, specifically in the region with 65 mol% SiO or more and simultaneously a maximum
of 17.5 mol% Y0s. In this region, SiO2 amorphous nanoparticles are formed. As expected, the
size and distribution of these nanoparticles can be controlled by the used synthesis technology,
i.e., by the cooling rate. Slow cooling (melt-quenching) produces bigger nanoparticles than a
very fast cooling (ADL). In addition, the formation and size of nanoparticles can also be
fundamentally influenced by the composition. An increase in SiO2 reduces the compositional
contrast between nanoparticles and matrix, possibly due to a lower driving force towards phase
separation. Conversely, increasing the glass modifier Y203 results in the formation of SiO>
nanoparticles of different sizes, which can vary from tens to hundreds of nanometres depending
on its content. With equal content of Y203 and Al203, an opalescent sample with very small,
interconnected nanoparticles could be prepared. These results could be used as a guide for the
tuneable fabrication of SiO> spherical nanoparticles in YAS glass for various potential

applications.

The third part of the work was about preparation of AuNPs in YAS and LS glasses using ADL
and MQ. A multi-step sample preparation process was developed for both technologies, which
ensures better homogeneity and reduces the loss of volatile glass components (Au, SnO>) by
adding them up to the pre-melted glass powder. The basis of this process is the milling of the
precursor materials, melting by MQ, a second milling, doping with the required amount of
volatile components and final melting using the selected technology. A new procedure for the

preparation of melting pellets using starch slurry and repetitive pipette has also been developed
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for the ADL technology, which ensures constant weight of the prepared samples
(15.84+0.24 mg for 50 ul LS pellets) and better reproducibility of the experiments performed.
Due to the versatility of this procedure, it can be used in a wide range of other systems, not only

in the investigated glasses.

Regarding the formation of nanoparticles in these two types of glass with different
compositions, it was evident that by a suitable combination of technological conditions and
subsequent annealing, it is possible to prepare mostly spherical-shaped nanoparticles in both
types of glass (although triangular and vermicular particles were also prepared in some cases)
and to control their size and distribution by subsequent annealing. In particular, it was found to
be convenient to prepare clear transparent glasses containing only trace numbers of metallic
nanoparticles and to control the parameters of the gold nanoparticles and hence the resulting
glass colour by subsequent annealing. In the course of the work the beneficial effect of the

addition of SnO> on the colour of the prepared glasses was experimentally verified.

If we compare the two techniques used, better results were achieved using MQ. Samples
prepared by this technique were free of bubbles and more homogeneous in colour. Using ADL,
any change in glass composition or sample size would require optimization and a change in the
ADL input parameters to optimize the sample homogeneity. During this work, the same ADL
parameters were always optimised first and then used for each bead in a sample set so that the

prepared samples could be compared with each other.

In the fourth part of the thesis, based on the previous results, several glass compositions were
designed and successfully prepared in the LYAS system using both technologies. These
compositions were derived from the basic YAS glass composition by replacing 10 mol% of one
of the oxides Y203, Al,O3 and SiO2 with Li2O. The main intention of this substitution was to
benefit from the advantageous optical properties of YAS glass but reduce its viscosity and thus
facilitate its preparation. From this point of view, the least successful substitution was Y—>L.
These glass samples were very difficult to prepare using MQ technology. Temperatures of up
to 1700 °C were used for their melting, yet the glasses were very viscous and cracked during
cooling. When melted by ADL, the high viscosity was reflected by a large number of bubbles
in the samples that could not be removed. The A->L and S—>L substitutions fulfilled their

purpose, the temperature required to melt these glasses and their viscosity were reduced and the
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glass was much easier to work with. Nanoscale phase separation was observed in the A>L
exchange glass by TEM. We propose that this phase separation caused a uniform nucleation of

AUNPs across the entire sample volume and thus the best colour homogeneity after additional

heat treatment of the samples.
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APPENDICES

Table 26 Overview of samples prepared by ADL

Sample System Sio; Al,0; Y»0; Cao Li.O Na;O K20 Au Sn0;
JB1 Y-Al-Si 35.211 49.798 14.991 - - - - - -
JB2 Y-Al-Si 53.929 35.411 10.660 - - - - - -
JB3 Y-Al-Si 68.493 24.217 7.290 - - - - - -
JB4 Y-Al-Si 80.148 15.259 4.593 - - - - - -
JB5 Y-Al-Si 89.686 7.928 2.386 - - - - - -
JB6 Y-Al-Si 45.744 32.347 21.909 - - - - - -
JB7 Y-Al-Si 54.139 22.332 23.529 - - - - - -
JB8 Y-Al-Si 61.950 13.559 24.490 - - - - - -
JB9 Y-Al-Si 68.169 19.212 12.620 - - - - - -
LDS Li-Si 66.670 - - - 33.330 - - - -
LSPOD Li-Al-Si 57.766 7.765 - - 34.469 - - - -
SL1 Na-Ca-Si  74.809 - - 10.687 - 14.504 - 0.303 -
SLO,1 Na-Ca-Si  74.809 - - 10.687 - 14.504 - 0.030 -
JB2 0,125 Y-Al-Si 53.929 35.411 10.660 - - - - 0.059 -
JB20,25  Y-Al-Si 53.929 35.411 10.660 - - - - 0.117 -
JB20,5 Y-Al-Si 53.929 35.411 10.660 - - - - 0.234 -
JB21 Y-Al-Si 53.929 35.411 10.660 - - - - 0.468 -
JB22 Y-Al-Si 53.929 35.411 10.660 - - - - 0.938 -
JB9 0,125 Y-Al-Si 68.169 19.212 12.620 - - - - 0.056 -
JB9 0,25  Y-Al-Si 68.169 19.212 12.620 - - - - 0.113 -
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Table 26 - continuation

Sample System SiO, AlLO; Y203 Cao Li.O Na,O K,O Au Sn0;
JB90,5 Y-Al-Si 68.169 19.212 12.620 - - 0.226
JB91 Y-Al-Si 68.169 19.212 12.620 - - 0.450
JB9 2 Y-Al-Si 68.169 19.212 12.620 - - 0.905
LDS 0,125 Li-Si 66.670 - - 33.330 - 0.032
LDS 0,5 Li-Si 66.670 - - 33.330 - 0.127
LDS 1 Li-Si 66.670 - - 33.330 - 0.253
LSPOD 0,125  Li-Al-Si 57.766  7.765 - 34.469 - 0.034
LSPOD 0,5 Li-Al-Si 57.766 7.765 - 34.469 - 0.134
LSPOD 1 Li-Al-Si 57.766 7.765 - 34.469 - 0.268
JB10 Y-Al-Si 75.410 10.628 13.962 - - -
JB11 Y-Al-Si 80.000 12.071 7.929 - - -
JB12 Y-Al-Si 85.000 9.053 5.947 - - -
JB13 Y-AI-Si 90.000 6.035 3.965 - - -
JB14 Y-Al-Si 95.000 3.018 1.982 - - -
JB15 Na-Y-Al-Si  80.000  10.000 10.000 - 2.500 -
JB16 Y-AI-Si 80.000 5.000 15.000 - - -
JB17 Na-Y-Al-Si  80.000  5.000 15.000 - 2.500 -
JB18 Y-AI-Si 80.000 2.500 17.500 - - -
JB19 Na-Y-Al-Si  80.000 2.500 17.500 - 2.500 -
JB20 Na-Y-Al-Si 95.000 3.018 1.982 - 2.500 -
JB21 Na-Y-Al-Si 95.000 3.018 1.982 - 5.000 -
1B22 Y-AI-Si 80.000 10.000 10.000 - - -
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Table 26 - continuation

Sample System Sio; Al,0; Y»0; Cao Li.O Na;O K.0 Au Sn0O;
JB23 Y-Al-Si 80.000 17.500 2.500 - - - - - -
JB24 Li-Si 66.667 - - - 33.333 - - - -
JB25 Na-Si 66.667 - - - - 33.333 - - -
JB26 K-Si 66.667 - - - - - 33.333 - -
JB27 Li-Si 80.000 - - - 20.000 - - - -
JB28 Li-Si 88.889 - - - 11.111 - - - -
JB29 Na-Si 80.000 - - - - 20.000 - - -
JB30 Na-Si 88.889 - - - - 11.111 - - -
JB31 K-Si 80.000 - - - - - 20.000 - -
JB32 K-Si 88.889 - - - - - 11.111 - -
JB33 Y-Al-Si 65.820 22.000 12.180 - - - - - -
JB34 Y-Al-Si 74.000 25.000 1.000 - - - - - -
JB35 Y-Al-Si 72.000 25.000 3.000 - - - - - -
JB36 Y-Al-Si 84.000 15.000 1.000 - - - - - -
JB37 Li-Si 66.667 - - - 33.333 - - 0.253 -
JB38 Li-Si 66.667 - - - 33.333 - - 0.127 -
JB39 Li-Si 66.667 - - - 33.333 - - 0.032 -
JB40 Li-Si 66.667 - - - 33.333 - - 0.253 2.000
JB41 Li-Si 66.667 - - - 33.333 - - 0.127 2.000
JB42 Li-Si 66.667 - - - 33.333 - - 0.032 2.000
JB43 Y-Al-Si 65.820 22.000 12.180 - - - - 0.127 -
JB44 Y-Al-Si 65.820 22.000 12.180 - - - - 0.127 2.000
JB45 Li-Si 66.667 - - - 33.333 - - 0.127 0.500




Table 26 - continuation

Sample System SiO; Al,0; Y»0; Cao Li.O Na;O K.0 Au Sn0O;
JB46 Li-Si 66.667 - - - 33.333 - - 0.127 1.000
1B47 Li-Si 66.667 - - - 33.333 - - 0.127 0.100
JB48 (old) Li-Si 66.667 - - - 33.333 - - 0.127 0.250
JB49 (2g) Li-Si 66.667 - - - 33.333 - - 0.127 0.250
JB50 (10g) Li-Si 66.670 - - - 33.330 - - - -
JB48 (5g) Li-Si 66.667 - - - 33.333 - - 0.127 0.250
JB51 (3g) Na-Si 66.667 - - - - 33.333 - 0.127 0.250
JB52 (3g) K-Si 66.667 - - - - - 33.333 0.127 0.250
JB53 (3g) Li-Si 66.667 - - - 33.333 - - 0.127 0.250
JB60 Y-Al-Si 68.169 19.212 12.620 - - - - 0.127 0.250
1B62 Li-Si 66.667 - - - 33.333 - - 0.127 0.250
1B82 Li-Si 66.667 - - - 33.333 - - 0.127 0.250
JB83 Li-Si 66.667 - - - 33.333 - - 0.127 -
B84 Li-Si 66.667 - - - 33.333 - - 0.013 0.250
JB85 Li-Si 66.667 - - - 33.333 - - 0.013 -
1B86 Li-Si 66.667 - - - 33.333 - - 0.001 0.250
1B87 Li-Si 66.667 - - - 33.333 - - 0.001 -
JB88 Y-Al-Si 68.169 19.212 12.620 - - - - 0.127 0.250
JB89 Y-Al-Si 68.169 19.212 12.620 - - - - 0.127 -
JB90 Y-Al-Si 68.169 19.212 12.620 - - - - 0.013 0.250
JB91 Y-Al-Si 68.169 19.212 12.620 - - - - 0.013 -
JB92 Y-Al-Si 68.169 19.212 12.620 - - - - 0.001 0.250
JB93 Y-Al-Si 68.169 19.212 12.620 - - - - 0.001 -
J1B94 LYAS 68.16941 19.21233 12.62 0

167



Table 26 - continuation

Sample System SiO; Al,0; Y»0; Cao Li.O Na;O K.0 Au Sn0O;
JB95 LYAS 68.16941 19.21233 10.096 - 2.524 - -
JB96 LYAS 68.16941 19.21233 7.572 - 5.048 - -
JB97 LYAS 68.16941 19.21233 5.048 - 7.572 - -
JB98 LYAS 68.16941 19.21233 2.524 - 10.096 - -
JB99 LYAS 68.169 19.212 0.000 - 12.620 - -
JB100 LYAS 68.169 19.212 10.096 - 2.524 0.127 0.250
JB101 LYAS 68.169 19.212 7.572 - 5.048 0.127 0.250
JB102 LYAS 68.169 19.212 2.524 - 10.096 0.127 0.250
JB103 LYAS 68.169 19.212 10.096 - 2.524 0.127 -
JB104 LYAS 68.169 19.212 7.572 - 5.048 0.127 -
JB105 LYAS 68.169 19.212 2.524 - 10.096 0.127 -
JB106 LYAS 58.169 19.210 12.620 - 10.000 0.127 0.250
JB107 LYAS 68.169 9.210 12.620 - 10.000 0.127 0.250
JB120 LYAS 68.169 19.212 2.524 - 10.000 0.013 0.250
JB121 LYAS 58.169 19.210 12.620 - 10.000 0.013 0.250
JB122 LYAS 68.169 9.210 12.620 - 10.000 0.013 0.250
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Table 27 Overview of samples prepared by melt-quenching

Sample System Sio; Al,0; Y»0; Li.O Au Sn0;
JB9 Pt Y-Al-Si 68.169 19.212 12.620 - - -
JB10 Y-Al-Si 75.410 10.628 13.962 - - -

LDS Li-Si 66.670 - - 33.330 - -
LDS 0,5 Li-Si 66.670 - - 33.330 0.127 -
LSPOD Li-Al-Si 57.766 7.765 - 34.469 - -
LSPOD 0,5 Li-Al-Si 57.766 7.765 - 34.469 0.134 -
JB55 Y-Al-Si 68.169 19.212 12.620 - - -
JB56 Y-Al-Si 65.820 22.000 12.180 - - -
JB57 Y-Al-Si 68.169 19.212 12.620 - - -
JB58 Y-Al-Si 65.820 22.000 12.180 - - -
JB59 Li-Si 66.667 - - 33.333 - -
JB61 Y-Al-Si 65.820 22.000 12.180 - 0.127 0.250
JB63 Y-Al-Si 68.169 19.212 12.620 - - -
JB64 Li-Si 66.667 0.000 0.000 33.333 - -
JB65 Y-Al-Si 68.169 19.212 12.620 - 0.127 0.250
JB65.2 Y-Al-Si 68.169 19.212 12.620 - 0.127 0.250
JB66 Li-Si 66.667 - - 33.333 0.127 0.250
JB67 Li-Si 66.667 - - 33.333 - -
JB68 Li-Si 66.667 - - 33.333 - -
JB69 Li-Si 66.667 - - 33.333 0.127 -
JB70 Li-Si 66.667 - - 33.333 - -
JB71 Li-Si 66.667 - - 33.333 0.013 0.250
JB72 Li-Si 66.667 - - 33.333 0.013 -
JB73 Li-Si 66.667 - - 33.333 0.001 0.250
JB74 Li-Si 66.667 - - 33.333 0.001 -
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Table 27 - continuation

Sample System Sio; Al,0; Y»0; Li.O Au Sn0;
JB75 Y-Al-Si 68.169 19.212 12.620 - 0.127 -
JB76 Y-Al-Si 68.169 19.212 12.620 - 0.013 0.250
JB77 Y-Al-Si 68.169 19.212 12.620 - 0.013 -
JB78 Y-Al-Si 68.169 19.212 12.620 - 0.001 0.250
JB79 Y-Al-Si 68.169 19.212 12.620 - 0.001 -
JB80 Y-Al-Si 68.169 19.212 12.620 - - -
JB81 Y-Al-Si 68.169 19.212 12.620 - - 0.350
LDS rinse  Li-Si 66.667 - - 33.333 - 0.350
JB108 LYAS 68.169 19.212 2.524 10.000 0.127 0.250
JB109 LYAS 58.169 19.210 12.620 10.000 0.127 0.250
JB110 LYAS 68.169 9.210 12.620 10.000 0.127 0.250
JB111 LYAS 68.169 19.212 2.524 10.000 0.013 0.250
JB112 LYAS 58.169 19.210 12.620 10.000 0.013 0.250
JB113 LYAS 68.169 9.210 12.620 10.000 0.013 0.250
JB114 LYAS 68.169 19.212 2.524 10.000 0.127 0.250
JB115 LYAS 58.169 19.210 12.620 10.000 0.127 0.250
JB116 LYAS 68.169 9.210 12.620 10.000 0.127 0.250
JB117 LYAS 68.169 19.212 2.524 10.000 0.001 0.250
JB118 LYAS 58.169 19.210 12.620 10.000 0.001 0.250
JB119 LYAS 68.169 9.210 12.620 10.000 0.001 0.250
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RESUME EN FRANCAIS

La longue histoire du verre contenant des nanoparticules d'or, apprécié notamment pour sa belle
couleur rouge, trouve aujourd'hui des applications modernes. Ces matériaux sont par exemple
utilisés dans les domaines de la photonique, de la détection, de la catalyse, de la biomédecine
et de la joaillerie. Ces applications motivent la poursuite de recherches afin de comprendre en
détail les liens entre la technologie de préparation, la composition et les propriétés de la matrice

de verre et les paramétres des nanoparticules d'or.

Le sujet de ce travail était de comparer la possibilité de préparer du verre contenant des
nanoparticules d'or par la technique conventionnelle de fusion-trempe avec une technologie

innovante, la l1évitation aérodynamique couplée au chauffage laser (ADL).

Cette thése est le résultat d'une collaboration entre deux laboratoires : le Laboratoire des
matériaux pour la photonique de 1'Université de chimie et de technologie de Prague (UCT) en
République tchéque et le Laboratoire des conditions extrémes et des matériaux : Haute
température et irradiation (CEMHTTI) du Centre national de la recherche scientifique (CNRS) a
Orléans, en France. Le laboratoire de photonique de I'UCT de Prague a utilisé la technologie
conventionnelle de préparation du verre par trempe par fusion. Au laboratoire du CEMHTI a
Orléans, les échantillons vitreux ont été synthétisés par 1évitation aérodynamique couplée a un

chauffage laser, technique toujours en développement dans cette institution.

La thése est structurée de maniére conventionnelle. Tout d'abord, une partie théorique est
présentée avec une revue de 1’état de I’art dans les domaines du verre, des vitrocéramiques et
des nanoparticules d'or. Ensuite, une partie expérimentale est présentée, décrivant les méthodes
de préparation et de caractérisation des échantillons, suivie des objectifs de recherche. Le coeur
de la thése est constitué de la partie résultats / discussion qui est divisée en quatre sous-sections
dont les résultats les plus importants sont présentés dans les pages suivantes. A la fin de la these,

un résumé des résultats les plus importants est présenté.

Le premier sous-chapitre des résultats met en lumiére certains aspects critiques de la méthode

ADL pour la synthése de billes de verre d'oxyde, dans le but d'étendre son applicabilité a des
1



compositions plus larges, impliquant par exemple des composants hautement volatils. Du point
de vue de la simple formation de verre, cette technique présente une polyvalence inégalée : (1)
ses conditions sans creuset évitent la nucléation hétérogéne des phases cristallines lors du
refroidissement ainsi que la contamination par le creuset et les matériaux réfractaires ; (2) le
chauffage laser peut atteindre jusqu'a ~3000 °C, au-dessus de la température de fusion de tout
matériau oxyde stable ; (3) la configuration permet des vitesses de refroidissement rapides de
I'ordre de plusieurs centaines de degrés Celsius par seconde (en fonction de la nature du gaz de
1évitation, de la taille des billes et de leur composition), ce qui facilite la formation de verre par
trempe des compositions liquides sujettes a la dévitrification. Compte tenu de ces
caractéristiques avantageuses, il pourrait sembler que la méthode ADL devrait invariablement
représenter le choix optimal pour l'obtention de billes homogénes, sans bulles, d'une
stoechiométrie souhaitée. Néanmoins, les résultats obtenus ici indiquent que d'autres propriétés
clés du fondu contribuent a déterminer I'adéquation d'une composition donnée pour la synthese

ADL. Les paramétres revap a Aevap ont ét¢ définis comme suit

_Tns Eg. 6.1
revap - T
m
Aevap = Tevap,max - revap,min Eq- 6.2

ou Tm est la température de fusion d'un composant d'oxyde donné, Tm,X la température de
fusion du verre multicomposant cible (tous deux obtenus a partir des diagrammes de phase) ;
revap,max et revap,min représentent respectivement les valeurs de revap les plus élevées et les
plus basses parmi tous les composants du verre cible. Ces parametres peuvent étre évalués a
I'avance pour une conception intelligente de la composition. Il a ét¢ démontré que lorsque
l'obtention d'une faible viscosité pour I'¢limination des bulles nécessite un chauffage supérieur
a la Tm du verre cible par des centaines de Kelvins, une évaporation a haute température non
négligeable devrait étre attendue pour des valeurs revap dépassant largement ~0,8, bien que ce
seuil puisse varier en fonction de la composition choisie, de la configuration ADL, du gaz de
lévitation, de la taille finale souhaitée des billes et de la procédure de fonte. Par exemple, un
temps de séjour a haute température plus court peut limiter la volatilisation, bien qu'il puisse
empécher une homogénéisation et une finition satisfaisantes. De méme, des valeurs de Aevap

supérieures a ~0,2 ont signalé un risque €levé de dérive de la composition pour les échantillons
2



préparés, soulignant la nécessité générale de minimiser ce parameétre lors de la conception de la

composition.

Le deuxiéme sous-chapitre se concentre sur la possibilité de préparer du verre d'aluminosilicate
d'yttrium en utilisant la l1évitation aérodynamique couplée au chauffage laser. La possibilité de
préparer le verre YAS (Y203-Al03-SiO2) par la méthode ADL a été étudiée
expérimentalement. La région a haute température de ce systéme ternaire, jusqu'alors
inexplorée, a été décrite expérimentalement, en particulier la région avec 65 % de SiO2 ou plus
et simultanément un maximum de 17,5 % de Y203. Dans cette région nous avons observé des
séparations de phase et des nanoparticules amorphes de SiOz sont formées. Comme prévu, la
taille et la distribution de ces nanoparticules peuvent étre controlées par la technologie de
synthése utilisée, c'est-a-dire par la vitesse de refroidissement. Un refroidissement lent (four
commercial) produit des nanoparticules plus grosses qu'un refroidissement trés rapide (ADL).
En outre, la formation et la taille des nanoparticules peuvent également étre fondamentalement
influencées par la composition. Une augmentation de SiO> réduit le contraste de composition
entre les nanoparticules et la matrice, probablement en raison d'une force motrice plus faible
vers la séparation des phases. Inversement, l'augmentation du modificateur vitreux Y203
entraine la formation de nanoparticules de SiO2 de différentes tailles, qui peuvent varier de
quelques dizaines a quelques centaines de nanométres en fonction de sa teneur. A teneur égale
en Y203 et Al.Os3, un échantillon opalescent avec de trés petites nanoparticules interconnectées
a pu étre prépare. Ces résultats pourraient servir de guide pour la fabrication de nanoparticules

sphériques de SiO2 dans le verre YAS pour diverses applications potentielles.

Le troisiéme sous-chapitre traite de la préparation des nanoparticules d’or (AuUNPS) dans les
verres YAS et LS en utilisant les techniques de synthése par 1évitation aérodynamique (ADL)
fusion trempe dans un four commercial (MQ). Un processus de préparation d'échantillons en
plusieurs étapes a été développé pour les deux technologies, qui assure la meilleure
homogeénéité et réduit la perte de composants volatils du verre (Au, SnO>) en les ajoutant a la

poudre de verre pré-fondue. Ce processus repose sur le broyage des matériaux précurseurs, la
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fusion par MQ, un second broyage, le dopage avec la quantité requise de composants volatils
et la fusion finale a 'aide de la technologie choisie. Une nouvelle procédure de préparation des
pastilles de fusion a l'aide d'une boue d'amidon et d'une pipette répétitive a également été mise
au point pour la technologie ADL, ce qui garantit un poids constant des échantillons préparés
(15,84+0,24 mg pour 50 pl de pastilles LS) et une meilleure reproductibilité des expériences
réalisées. En raison de la polyvalence de cette procédure, elle peut étre utilisée dans une large

gamme d'autres systémes, et pas seulement dans les verres étudiés.

En ce qui concerne la formation de nanoparticules dans ces deux types de verre de compositions
différentes, il est évident qu'en combinant de maniére appropriée les conditions technologiques
et le recuit ultérieur, il est possible de préparer des nanoparticules de forme essentiellement
sphérique dans les deux types de verre (bien que des particules triangulaires et vermiculaires
aient également été préparées dans certains cas) et de contrdler leur taille et leur distribution
par un recuit ultérieur. En particulier, il s'est avéré pratique de préparer des verres transparents
ne contenant que des traces de nanoparticules métalliques et de contrdler les parameétres des
nanoparticules d'or et donc la couleur du verre qui en résulte par un recuit ultérieur. Au cours
de ce travail, I'effet bénéfique de 'ajout de SnO> sur la couleur des verres préparés a été vérifi¢

expérimentalement.

Si l'on compare les deux techniques utilisées, de meilleurs résultats ont été obtenus avec la
m éthode MQ. Les échantillons préparés par cette technique étaient exempts de bulles et de
couleur plus homogéne. Avec ADL, toute modification de la composition du verre ou de la
taille de l'échantillon nécessite une optimisation et une modification des parametres d'entrée
d'ADL afin d'optimiser I'homogénéité de 1'échantillon. Au cours de ce travail, les mémes
parameétres ADL ont toujours été optimisés en premier lieu, puis utilisés pour chaque bille d'un
ensemble d'échantillons afin que les échantillons préparés puissent étre comparés les uns aux

autres.
Les résultats de ce chapitre permettent de tirer les conclusions suivantes :

1) La technologie ADL peut étre utilisée pour préparer des particules d'or métallique dans le
verre, dont les dimensions sont de 1'ordre du um ou du nm. La structure fcc commune de 1'or

métallique a ét¢ démontrée pour ces nanoparticules. Les conditions sélectionnées de la
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technologie, ainsi que le recuit ultérieur, peuvent ensuite influencer leur nombre, leur forme,

leur distribution et donc la couleur du verre.

2) 11 a été¢ démontré que pendant le processus ADL, I'or se volatilise de la matrice du verre. Sa
volatilisation dépend des conditions sélectionnées de la technologie, et il est confirmé que plus
la température et le temps de préparation sont élevés, plus 1a concentration en Au est faible. En
comparant les deux technologies utilisées, nous avons observé une perte d'Au plus importante

avec la technologie ADL qu'avec la technologie MQ.

3) 1l est difficile de contrdler la reproductibilité des échantillons préparés qui présenteraient la
méme couleur. Lors de ce travail, nous avons réussi a préparer des échantillons homogénes et
reproductibles de méme taille grace a la nouvelle conception de la technologie de préparation
des pastilles et au controéle strict des paramétres de I'ADL. Cependant, un échantillon de couleur
uniforme n'a pas pu étre préparé de maniere reproductible. Un exemple de la meilleure série
d'échantillons jusqu'a présent est illustré a la figure 1. La préparation d'échantillons incolores

dont la couleur peut étre controlée ultérieurement par un recuit semble plus appropriée.

Figure 1. 1Meilleur example de billes homogenes préparées (LOADL).

4) 11 a été démontré que l'ajout d'étain favorisait de maniére significative la formation d'AuNPs
dans les deux technologies utilisées. L'étain présente un pourcentage de perte lors de la fusion

du verre inférieur a celui de 1'or.



5) La formation de nanoparticules a été fortement influencée par la composition de la matrice
de verre. Un facteur important a été I'ajout d'ions réduisant le degré de polymérisation de la
matrice vitreuse et favorisant la formation de NBO, ce qui conduit probablement a la nucléation
des nanoparticules d'or. En raison de la plus faible viscosité associée au plus faible degré de
polymérisation, les nanoparticules d'or se sont formées plus facilement dans le systéme LS que
dans le systtme YAS. En outre, de grosses nanoparticules sphériques, dont la taille est
quasiment de l'ordre du pm et qui n'affectent pas la couleur du verre, ont été observées beaucoup
plus fréquemment dans le systéme YAS. Les échantillons LS montrent des couleurs beaucoup

plus attrayantes en raison de la présence de nanoparticules d'or de dimensions nanométriques.

6) De grosses particules d'or sphériques, d'un diamétre de 1 & 10 um, ont été observées dans les
deux types de systémes de verre, mais elles étaient réparties de maniére trop éparse pour
permettre une analyse statistique des images. La formation de ces particules n'était guére
affectée par la composition du verre et n'était pas liée a la couleur des échantillons. En utilisant
la technologie ADL, ces grosses particules étaient distribuées de maniere trés hétérogene et

formaient des grappes ressemblant a des chaines.

7) La formation de nanoparticules d'or de dimensions nanométriques et de formes différentes
(vermiculaire anisométrique, triangulaire, sphérique) a ét¢ détectée dans les deux systemes de
verre a l'aide de la MET. Dans le systeme de verre YAS, les formes irréguliéres correspondent
a l'apparition d'une coloration brune ou brun-rouge des échantillons. En outre, la couleur de ces
¢chantillons de verre ne pouvait pas étre facilement affectée par un recuit ultérieur. Dans le

systeme LS, les formes irrégulicres correspondent a une coloration rouge du verre.

8) Un recuit ultérieur du verre avec des nanoparticules de forme irréguliére a transformé la

forme en sphere dans les systemes LS et YAS.

Si nous nous concentrons sur les technologies utilisées pour la préparation des AuNPs dans le
verre, il est clair que la MQ est la technologie la plus utilisée et la plus industrielle, qui est
également associée a la couleur du verre. Les échantillons de verre dopé en vrac sont préparés
par cette technologie. Les nanoparticules d'or en couches minces sont probablement les plus
préparées par la technique sol-gel [124,125] ou par la technologie d'implantation ionique [122].

Dans ces cas, cependant, leur préparation est principalement associée a leur bioactivité, a des
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réactions catalytiques, a la résonance plasmonique de surface, a des phénomeénes optiques non
linéaires ou a d'autres effets. Nous n'avons trouvé aucune trace de l'utilisation de la technologie

ADL pour la préparation d'échantillons de verre contenant des AUNPS.

Si nous comparons la forme, la quantité, la taille et la distribution des nanoparticules d'or
préparées par différentes technologies a partir de la littérature actuelle, il semble que dans la
plupart des cas des nanoparticules d'or sphériques aient été préparées, leur quantité et leur
distribution étant liées aux conditions de préparation de 1'échantillon sélectionnées. Pour le sol-
gel, la concentration de nanoparticules dans le gel est cruciale et peut étre trés bien contrdlée.
Pour l'implantation ionique, c'est principalement la fluence qui détermine le nombre de NP
formées et c'est I'énergie du faisceau d'ions qui est critique pour la distribution et surtout la
profondeur a laquelle les NP sont implantées sous la surface. Quelques images d'AuNPs en

couches minces variant systématiquement ont été prises par TEM.

Si nous nous concentrons sur la composition chimique des matrices de verre dans lesquelles les
NP d'or ont été préparées, les compositions principalement étudiées sont les verres de borate
[109-118], de silicate [119-126,162,163] et également de chalcogénure [101,105,127] sur la
base des conclusions de la littérature récente. Les verres a haute teneur en bore et en
chalcogénures ont des propriétés mécaniques et chimiques inférieures a celles des verres
silicatés et sont difficiles a utiliser pour des applications commerciales. La procédure de
préparation des échantillons de verre (en particulier les borates et les chalcogénures) utilisée
par d'autres auteurs différe par la fusion du verre a une température plus basse et pendant une
durée plus courte. Par exemple, les verres a haute teneur en bore sont fondus a 850-1200°C
pendant 10 a 60 min [109-118]. Dans la littérature, les informations sur la teneur réelle en Au
de I'échantillon aprés la fusion ne sont pratiquement jamais rapportées et la question de la
volatilisation de I'Au n'est pas abordée. Cela est probablement di a la trés faible concentration
d'or, qui est généralement inférieure a la limite de détection des méthodes analytiques. L'ajout
de nanoparticules d'or uniformes de taille définie dans le verre a également été tenté dans ces
systemes a bas point de fusion (le verre a un point de fusion plus bas que l'or), mais les
nanoparticules se sont dissoutes et se sont réassemblées [112,113]. Les images TEM des AuNPs
dans le verre sont trés rarement publiées et les nanoparticules sont généralement de forme

sphérique. La taille moyenne des particules varie de 10 a 100 nm - le plus souvent autour de 10
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nm ou 40 nm. Cependant, certaines nanoparticules n‘apparaissent pas clairement sur les images
et sont trés densément distribuées, la plupart du temps sans analyse XRD ou EDS, de sorte que
1'on peut se demander s'il ne s'agit que de NPs d'or et non d'une séparation d'autres phases du
verre (par ex. [113,118]).

Bien plus souvent, les conditions technologiques sont associées a une absorption optique dans
la région visible correspondant a la couleur rouge. La couleur typique des verres contenant des
AuNPs est dans certains cas obtenue immédiatement apres la trempe du verre, dans d'autres cas
seulement aprés un recuit thermique ultérieur [102,103]. Si un traitement thermique
supplémentaire est utilisé, la température utilisée est proche de la Tg de la matrice du verre
[103]. Ces publications montrent clairement que la formation de nanoparticules, leur forme,

leur distribution et la coloration des échantillons sont étroitement liées a leur histoire thermique.

Dans notre cas, il est possible de comparer les deux verres, c'est-a-dire les verres YAS et LS,
car la température des billes a été enregistrée pendant la fusion et le refroidissement ADL (pour
la technologie MQ, une telle comparaison n'est pas possible). Les enregistrements mentionnés
sont présentés sur deux échantillons de méme masse, comme le montre la figure 2. Si nous
faisons la moyenne de la vitesse de refroidissement pour les cinq échantillons YAS et les cinq
échantillons LS, nous obtenons des valeurs de 135 °C.st et 226 °C.5! pour YAS et LS,
respectivement. Ces valeurs montrent clairement que le refroidissement du verre au lithium est

plus rapide.

La raison pour laquelle la couleur rouge est plus facile a développer et a controler dans le
systéme LS que dans le systéme YAS n'est pas tout a fait claire. Selon Weyl [102], le paramétre
clé est la dépendance de la température de la solubilité de 1'or dans un verre donné, mais ce
parametre est difficile a quantifier. Nous pensons que ce fait peut également étre li¢ a la densité
du réseau de verre et donc a la mobilité des particules d'Au en son sein. Bien qu'avec la
technologie ADL, le refroidissement contrdlé des échantillons directement apres la fusion soit
plus facile qu'avec la MQ, et que les échantillons colorés puissent donc étre obtenus directement
sans traitement thermique supplémentaire, pour obtenir une coloration uniforme de maniéere
controlée, il est préférable de commencer avec du verre incolore aprés ADL ou MQ et d'obtenir

la couleur souhaitée par un traitement thermique secondaire des échantillons. Enfin, on peut



noter que seul un petit nombre d'auteurs montrent 1'apparence des échantillons et discutent de

leur homogénéité et de leur reproductibilité.
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Figure 2. Comparaison des vitesses de refroidissement des compositions vitreuses YAS (4ADL) et LS
(10ADL).

Le quatriéme sous-chapitre se concentre sur la préparation de nanoparticules d'or dans des
matrices de verre nouvellement congues. La thése explore la possibilité d'utiliser une nouvelle
technologie de fusion sans récipient pour la préparation de nanoparticules d'or dans le verre.
Nous supposons que la beauté du verre préparé pourrait étre utilisée a des fins décoratives ou

dans la joaillerie et la modification des propriétés physiques dans la photonique, par exemple.

Dans la quatrieme partie de la these, sur la base des résultats précédents, plusieurs compositions
de verre ont été congues et préparées avec succes dans le systéme LYAS en utilisant les deux
technologies. Ces compositions dérivent de la composition de base du verre YAS en remplagant
10 mol% de I'un des oxydes Y203, Al,Os et SiO2 par Li2O. L'intention principale de cette
substitution était de bénéficier des propriétés optiques avantageuses du verre YAS tout en
réduisant sa viscosité et donc de faciliter sa préparation. De ce point de vue, la substitution la
moins réussie était Y->L. Ces échantillons de verre ont été tres difficiles a préparer avec la
technologie MQ. Des températures allant jusqu'a 1700 °C ont été utilisées pour leur fusion,
mais les verres €taient trés visqueux et se fissuraient pendant le refroidissement. Lors de la
fusion par ADL, la viscosité ¢élevée s'est traduite par un grand nombre de bulles dans les
¢chantillons qui ne pouvaient pas étre éliminées. Les substitutions A>L et S=>L ont rempli
leur role, la température requise pour fondre ces verres et leur viscosité ont été réduites et le
verre était beaucoup plus facile a travailler. Une séparation de phase a I'échelle nanométrique a

¢été observée dans le verre d'échange A—>L par TEM. Nous pensons que cette séparation de
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phase a entrainé une nucléation uniforme des AuNPs dans tout le volume de 1'échantillon et
donc une meilleure homogénéité de la couleur aprés un traitement thermique supplémentaire

des échantillons.

1) Le systéeme LY AS proposé est un nouveau systéme de verre adapté a la préparation de verre
enrichi en nanoparticules d'or a 1'aide de la technologie ADL. Dans ce systéme, il est possible
de préparer des échantillons homogénes, ou la couleur correspondant a la présence de
nanoparticules peut étre ajustée du brun au rouge et au violet par des changements de
composition combinés a un recuit ultérieur. Cependant, selon Volf [239], nous supposons que
les propriétés mécaniques et chimiques du verre dans ce systéme sont inférieures a celles du

Y AS - non mesurées.

2) Parmi les substitutions systématiquement variables de Li pour trois ions différents dans la
matrice du verre, la substitution de Li pour Al semble étre la plus appropriée en termes de
variabilité de la couleur du verre. Les verres présentaient la plus grande gamme de maxima de

bandes d'absorption observées (de et donc une gamme de couleurs correspondante).

3) Les nanoparticules d'or étaient relativement peu distribuées dans le verre et étaient de forme
sphérique, avec une taille moyenne allant de 3 a 22 nm, indépendamment de la substitution et
de la technologie choisies, mais les échantillons présentaient une absorption et donc une couleur
tres différentes. Ces résultats préliminaires permettent de conclure que la forme et la distribution
des nanoparticules n'affectent pas tant la couleur que la séparation des phases du verre ou la

combinaison différente de I'absorption des nanoparticules et des phases vitreuses formées.

4) Les maxima des bandes spectrales d'absorption dans la région visible se situent entre 524 et
570 nm. Il semble que la coloration rouge rubis corresponde & un maximum d'absorption a 540

nm.

La couleur du verre, la taille des AuNPs, la position de la bande d'absorption et la composition
de la matrice du verre sont étroitement li€es. Dans les verres de silicate de diverses compositions
[102,103], la bande d'absorption s'étend de 500 a 600 nm et est généralement de forme
gaussienne. Dans la littérature, I'estimation de la taille des particules a été réalisée soit par la
théorie de Mie, soit [101,117,118,163] par calcul a partir des spectres DRX selon 1'équation de
Scherrer [109,111]. Récemment, la taille réelle des AuNPs a été étudiée par MET. Cependant,
comme mentionné ci-dessus, en raison de la difficulté de préparation des échantillons, seul un

nombre relativement faible de changements observés systématiquement ou de corrélations entre
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la taille des nanoparticules, la chimie de la matrice et la taille des nanoparticules d'or, a été
décrit.

Il existe actuellement plusieurs logiciels gratuits permettant de modéliser les spectres
d'absorption selon la théorie de Mie. A titre d'expérience pilote, sur la base des
recommandations de J.P. Blondeau [240], le logiciel BHMIE [241] a été utilisé pour simuler
les spectres d'absorption de 1'échantillon rouge rubis du systéme LS. Pour I'échantillon donné,
la taille moyenne des nanoparticules d'or, la valeur de I'indice de réfraction de la matrice de
verre et plusieurs modeles, que le programme inclut, ont été sélectionnés. Ces modéeles différent
les uns des autres par les valeurs des constantes physiques utilisées dans les calculs de la forme
des spectres d'absorption. Les modéles de Babar, Hagemann, Johnson, Palik et Rakic ont été
comparés aux spectres d'absorption mesurés a l'aide de ce programme. La simulation est
illustrée a la figure 3. Il est évident que c'est le modéle de Hagemann qui fonctionne le mieux.
La raison de ce résultat et la question de savoir si ce modele peut étre utilisé en général, par
exemple pour tous les types de verres silicatés ou pour différents types d'AuNPs, nécessiteraient
d'autres comparaisons, simulations et probablement une série supplémentaire d'expériences. En
outre, le logiciel BHMIE suppose des nanoparticules sphériques monodispersées et que les

nanoparticules ne se regroupent pas, ce qui n'est pas le cas dans les échantillons préparés.

66.2 30 (8 nm)
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Figure 3 Comparaison des spectres d’absorption mesurés (en noir) avec différentes modeles
mathématiques — échantillon 10MQ, recuit a 500°C 30 min. Le modéle Hagemann (en vert clair) est le

plus approprié pour nos échantillons LS.

Toutefois, outre la forme et la distribution des nanoparticules, la valeur de l'indice de réfraction
peut également avoir un effet significatif sur la position et la forme de la bande d'absorption,

qui se déplace en fonction de la composition de la matrice de verre. Cinq matrices de verre
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différentes ont été préparées. Pour chaque systéme de verre, la dispersion a été mesurée par
spectroscopie et la valeur de l'indice de réfraction du verre a été calculée pour une longueur
d'onde de 589 nm. Les valeurs de l'indice de réfraction et la position observée du maximum de
la bande d'absorption sont données dans le tableau 1 pour les verres enrichis en or ou pour les
verres recuits. Il ressort clairement du tableau qu'en général, les valeurs d'indice de réfraction
les plus élevées correspondent a des longueurs d'onde élevées du maximum de la bande
d'absorption (verre LYAS A et YAS) et, inversement, les valeurs d'indice de réfraction faibles
a des longueurs d'onde plus faibles du maximum d'absorption (LYAS Y). Cette tendance
correspond bien a celle prédite par exemple par [71]. Cependant, des valeurs exactes spécifiques
s'écartent de cette tendance, par exemple dans le verre LYAS S, ce qui peut étre di a la forme
et au nombre de NPs, ou a la formation de nouvelles phases. Des relations mathématiques ont
¢galement été publiées pour décrire la relation entre la longueur d'onde du maximum
d'absorption et la valeur de I'indice de réfraction, mais elles n'ont pas encore été vérifiées pour
les expériences rapportées dans cette these [109].

Table 1 Comparaison de [’indice de refraction et de la position du maximum d’absorption des
échantillons sélectionnés.

Indice de

Matrice vitreuse Echantillon réfraction ll\)/l,ifsrz;:?ion [nm]
(589 nm)

LS (Au,Sn: L33-S67) 7, 8,10 MQ, trempé 1.5415 533

YAS (Au,Sn:Y13-A19-568) ﬁ;fn')v'Q’ recuita 900°C 60 4 6169 554

LYAS Y (Au,Sn:L10-Y3-A19-S68)  1MQ, trempé 1.5391 524

LYAS S (Au,Sn:L10-Y13-A19-S58)  4MQ, recuit a 825°C 60 min  1.6435 544

LYAS A (Au,Sn:L10-Y13-A9-S68)  7MQ, trempé 1.6142 547

A notre avis, le fait le plus intéressant découlant de nos résultats est lié au fait que les verres
silicatés contenant du lithium ont tendance a cristalliser. Ainsi, de nouvelles phases se forment
dans la matrice du verre, comme le confirment les images MET du verre LYAS ou le lithium a

été remplacé par l'aluminium. La formation de ces phases est clairement a l'origine de la plus
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grande variabilité de couleur dans ces verres. Nous pensons donc que la formation de cristaux
nanométriques et/ou la séparation des phases amorphes favorisent grandement la nucléation
uniforme des AuNPs et sont la clé de la coloration uniforme des échantillons de verre dopés a
l'or. Des conclusions similaires ont été publiées relativement récemment lorsqu'une
transformation admirable de la couleur a été obtenue dans le systéme ZnO-MgO-Al>03-Si0O;
grace a l'ajout de phases TiO2 et ZrO; au verre contenant des NP d'or [119,120]. De méme, la
variabilité des couleurs sur la célebre coupe de Lycurgue est également attribuée a la formation
de nouvelles phases présentes dans le verre avec les nanoparticules d'or, selon [85]. Cela ouvre
un trés large éventail de possibilités pour controler davantage la coloration des verres. La

formation d'une séparation de phase a I'échelle nanométrique s'avére néanmoins cruciale.
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Jan BABORAK

Nanoparticules métalliques a nanostructuration ajustable dans
les verres et les vitrocéramiques : chimie de I'état solide,
propriétés optiques et nanostructure

Résumé :

La longue histoire du verre contenant des nanoparticules d'or, apprécié notamment pour sa belle
couleur rouge, trouve aujourd'hui des applications modernes. Il est notamment utilisé dans les
domaines de la photonique, de la détection, de la catalyse, de la biomédecine et des bijoux. Ces
applications motivent la poursuite de recherches afin de comprendre en détail les liens entre les
meéthodes de préparation, la composition et les propriétés de la matrice vitreuse et les paramétres
des nanoparticules d'or.

L'objet de ce travail était de comparer la possibilité de préparer du verre contenant des
nanoparticules d'or par la technique conventionnelle de trempe par fusion avec une technologie
innovante, la lévitation aérodynamique couplée au chauffage laser (ADL). En termes de formation
de verre, cette technique présente une polyvalence inégalée : (1) la fusion sans creuset supprime
la nucléation hétérogéne des phases cristallines pendant le refroidissement et évite la contamination
par le creuset et les matériaux réfractaires ; (2) le chauffage laser peut atteindre jusqu'a ~3000 °C,
ce qui est supérieur a la température de fusion de tout matériau oxyde stable ; (3) la technique
permet un refroidissement rapide de I'ordre de plusieurs centaines de °C par seconde, ce qui facilite
le refroidissement des matiéres fondues sujettes a la dévitrification.

Ce travail porte sur la recherche d'un systéme d'oxyde vitreux adapté a la technologie ADL et, en
méme temps, sur un modéle général permettant de déterminer les précurseurs les plus appropriés.
En outre, la possibilité de préparer le verre YAS (Y203-Al203-SiO2) par la méthode ADL a été étudiée
expérimentalement. La région nécessitant de hautes températures de fusion de ce systéme ternaire,
jusqu'alors inexplorée, a été décrite expérimentalement. Des verres transparents, opalescents et
blancs ont été préparés dans ce systéme, qui difféerent par leur nanostructure. En outre, ce travail
présente la possibilité de préparer des nanoparticules d'or dans les systémes de verre YAS, LS
(LiO-SiO3) et LYAS (Li2O-Y,03-Al,03-SiO7) avec différentes teneurs en Au et SnO; a l'aide de la
technologie ADL. En particulier, I'absorption optique et les paramétres des nanoparticules d'or ont
eté étudiés par microscopie électronique en transmission MET pour les verres préparés. Il a été
constaté que l'absorption, et donc la couleur du matériau, peut étre controlée non seulement par la
taille et la distribution des nanoparticules, mais aussi par la composition du verre environnant, et
qu'il est également préférable d'utiliser une séparation de phase a I'échelle nanométrique pour
obtenir une meilleure homogénéité de la couleur.

Mots clés : nanoparticules métalliques, propriétés optiques, vitrocéramique, verre




Jan BABORAK

Metal nanoparticles tunable nanostructuring in glasses and glass
ceramics: solid state chemistry, optical properties and
nanostructure

Summary :

The long history of glass containing gold nanoparticles, which is appreciated especially for its
beautiful red colour, is now facing modern applications. They are used in photonics, sensing,
catalysis, biomedicine and jewellery. These applications motivate further research to gain detailed
understanding of the links between the preparation technology, the composition and properties of
the glass matrix and the parameters of the gold nanoparticles.

The subject of this work was to compare the possibility of preparing glass containing gold
nanoparticles by the conventional melt-quenching technique with an innovative technology,
aerodynamic levitation coupled to laser heating (ADL). In terms of glass formation, this technique
shows unrivalled versatility: (1) containerless melting suppresses heterogeneous nucleation of
crystal phases during cooling and avoids contamination from crucible and refractory materials; (2)
laser heating can attain up to ~3000 °C, which is above the melting temperature of any stable oxide
material; (3) the technique allows rapid cooling on the order of several hundred °C per second,
facilitating cooling of melts prone to devitrification.

This work covers the search for a glassy oxide system suitable for ADL technology and, at the same
time, a general model for determining the most suitable precursors. Furthermore, the possibility of
preparing YAS (Y203-Al203-Si0O2) glass by the ADL method was experimentally investigated.
Previously unexplored high temperature region of this ternary system was newly experimentally
described. Transparent, opalescent and white glasses were prepared in this system, which differed
in their nanostructure. Furthermore, the work presents the possibility of preparation of gold
nanoparticles in YAS, LS (Li2O-SiO2) and LYAS (Li-O-Y203-Al,03-SiO) glass systems with different
Au and SnO- contents using ADL technology. In particular, the optical absorption and parameters of
gold nanoparticles were investigated for the prepared glasses by transmission electron microscopy
(TEM). It was found that the absorption, and thus the colour of the material, can be controlled not
only by the size and distribution of the nanoparticles but also by the composition of the surrounding
glass, and that it is also advisable to use nanoscale phase separation to achieve better colour
homogeneity.

Keywords : metal nanoparticles, optical properties, glass-ceramics, glass
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