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ABSTRACT
Flame Spray Pyrolysis for the Preparation of Upconverting Luminescent

Nanostructured Materials

Francesca Mangiarini, Ph.D.
Concordia University, 2012

Luminescent nanostructured oxides doped with lanthanide ions have a great
potential in a wide range of conventional applications, such as lighting, displays and
laser devices. Materials doped with lanthanide (Ln®") ions are interesting due to their
unique optical properties, since they undergo a process called upconversion, which is
the conversion of a low energy source (usually near-infrared) to a higher energy
emission (i.e. visible or UV) through a multiphoton process. In addition to this, with the
continuous increase of demand for technology miniaturization, the use of nanosized
phosphors with high emission efficiencies becomes essential to replace commercially
available micron-sized counterparts. In order to achieve this, it is very important to
engineer phosphors for their specific application and controlling the physical and optical
properties of the materials directly during their synthesis.

In this thesis, a flame spray pyrolysis (FSP) synthesis has been developed for the
synthesis of luminescent nanostructures oxides. This synthesis is a one step process that
allows the preparation of nanoparticles with homogeneous size distribution and the
direct control of their physical properties during the synthesis. Firstly, Gd,0s: Er*', a
system whose optical behaviour is well known, was chosen as a model to compare the

properties of materials prepared by combustion synthesis with the ones prepared by



FSP. The materials prepared by the latter showed higher luminescence intensity and
better morphological homogeneity, due to the control achieved during the preparation.
Secondly, a systematic study of the FSP method showed how the morphological and
optical properties change with the variation of the synthetic parameters. In particular, it
has been observed that as the temperature of the flame increases, the upconversion
emission increases, along with the particle size and thermal stability. Thirdly, the
luminescence intensity of the nanoparticles has been enhanced, choosing different

3 and alkali metal ions) and host materials (GdVO,).

doping combinations (Yb*', Er
Finally, the synthesis of complex systems has been explored: core-shell (Gd,0;@SiO,)
nanoparticles have been prepared more rapidly by FSP than with conventional wet

synthesis methods. The versatility of FSP makes it a very suitable technique for the

preparation of various nanomaterials tailored directly during the synthesis.
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Introduction

1.1 Evolution and applications of luminescent materials

Since the antiquity, humanity has been intrigued by the emission of light, also
known as luminescence. At the time of ancient Rome, Titus Livius reported about
women decorating their hair with “glowing torches” [2] during the bacchanalia, the
rituals for the worship of the god Bacchus.
However, the first rational approaches on
luminescence are dated only at the beginning of
the 16th century, when alchemists were
interested in searching the Philosopher’s Stone,
known to transform metals into gold. It is during

this time that an lItalian alchemist, Vincenzo

Casciarolo, described how to produce the

“Bolognian Stone”. According to his description,

Figure 1.1: One of the first CRT televisions ) ) )

in the 1950s [1]. this stone had a “magic” property: it

“accumulated” light when exposed to the sun, and emitted it in the dark [3]. Today, it is

known that the magic property was simply phosphorescence and that the Roman
glowing accessories and the stone in question were barium sulphate [4].

In the early 17 century, Brand introduced the term “phosphorous” to designate

substances glowing in the dark and “phosphorescence” to describe the occurrence of

this phenomenon. Even J. W. von Goethe, known for his marked interest in science and

particularly in chemistry, was captivated by the study of luminescence.




Introduction

The scientific investigation of phosphors began only in the 19th century, most
notably with the studies of luminescence undertaken by Stokes, Becquerel and Réntgen.

In particular, Stokes introduced the law according to which the emission of light
occurs at wavelengths longer than the excitation light. However, the introduction of
guantum mechanics in the 20th century was the key point to understand the
phenomenon of luminescence and make it accessible for industrially interesting
applications, such as lasers or lighting. Starting from the 1940s, after the introduction of
cathode ray tubes (CRT), many researchers focused their attention on the study of
phosphors. The evolution of these materials has played a key role in the development of

televisions, personal computer monitors and fluorescent lighting.

Figure 1.2: the smallest display available (Kopin Corporation) [5].

The introduction of nanotechnology, with Feynman in 1959, opened a new era
for science and technology. From the first CRT used in a display in 1907 much progress
was made and, today, there is growing demand for small displays, in order to
miniaturize the available devices and improve the screen resolution.

The smallest display commercially available has the size of a thumbnail and a
resolution higher than that of a cell phone display. In fact, nanophosphors can be used

to make smaller pixels and, as a consequence, increase the resolution of the display.
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Nowadays, luminescent materials have been considered to solve problems in
fields non conventional for phosphor science, e.g. anti-counterfeiting or solar cells.

Counterfeiting has a negative impact on the economy of many countries and in
the last 20 years, the amount of counterfeited goods was multiplied by one hundred [6].
When the Euro, the new European currency, was introduced in 2002, the bank notes
have been engineered to include
sophisticated anti-counterfeiting measures.
For this purpose, Europium compounds
have been added to bank notes to include a

luminescent signature that would validate

the authenticity of the said notes. In light of

Figure 1.3: Security features of a euro banknote [7].

this, it is clear how the choice of phosphors

with complex luminescent signatures would improve the anti-counterfeiting measures.
For example, phosphors that emit visible light when excited by infrared sources (IR) are
part of a non-conventional group of luminescent materials.

Unfortunately, the action of counterfeiters is not limited to paper currency and
the growth of this activity has affected many industries. If in the 1980s falsification was
involving mainly manufacturers of luxury products (e.g. branded fashion items), today
counterfeiting is extending to food, wine, medicines and automotive parts, creating

health and safety concerns.




Introduction

The U.S. Chamber of Commerce recently estimated the value of counterfeited
goods traffic at 650 billions of dollars per year. Within these, it has been estimated that
in 2010 the sale of counterfeited drugs would reach 75 billions of dollars [8]. For this
purpose, luminescent materials at the nanoscale would not only provide a unique
signature, but also open the possibility of marking drugs at the pill level. This technology
is already commercially used by some manufacturers as, for example, Nanoink.

One of the main challenges of our times is the production and saving of energy.
In this regard, the invention of solar cells represents a promising development, but their
efficiency is still insufficient to provide an economical substitute to conventional energy
sources. Solar panels presently use only a
limited range of wavelengths of the
sunlight. Therefore, the development of
solar cells that uses all the light coming
from the solar radiation would improve

their efficiency. In order to achieve this, it

Figure 1.4: Solar panel on top a roof [9].

has been suggested to deposit on the back
of the solar panel a layer of phosphors that can absorb the unused wavelengths (e.g. IR)
and convert them in visible light, emitting them back to the solar panel, which will
transform them in usable energy. Currently, such empowered solar cells are 1% more

efficient than regular solar cells [10].
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Lanthanide-doped materials represent a class of phosphors able to convert IR
sources to visible light. Their properties are so peculiar that, after their discovery, it was
difficult to place them in the periodic table. In fact, when Mendeleev died, in 1907, the
position of lanthanides was not yet defined and, at that time, the periodic table had
already been introduced for forty years [11].

Lanthanides found their currently known position only after 1925, when Bohr
presented the aufbau principle and Moseley discovered the concept of atomic number.
Since they show similar properties (reactivity and ionic radius), lanthanides have been
placed in a separate section of the periodic table, excluding them from the main group
of elements. Otherwise, the periodic law would not have been applied [12].

The above-mentioned phenomenon of absorbing light at low energy (e.g. near
infra red NIR) followed by emission at higher energy (e.g. visible or UV) occurs through a
multiphoton process and is called upconversion. Phosphors manifesting this property
are appealing because not only they can be excited by inexpensive diodes, but also they
can be used in biological applications, due to the low energy of the excitation source. In
particular, if in the past luminescent compounds have been used in medicine only for
imaging, there is now a need for more complex systems, capable of multi-functioning
properties, from the simple bifunctional magnetic and luminescent compounds to real

intelligent systems.




Introduction

In this thesis, oxide nanostructured materials doped with lanthanide ions have
been chosen as phosphors, since they are known to be good luminescent materials and
show high resistance to elevated temperatures. In order to overcome the demand of an
increasing market, a synthesis, flame spray pyrolysis, was developed to allow the
production of high quantities of material in a short time.

The prepared nanomaterials have been designed according to the necessity of

sophisticated technologies in the display, security, energy and biological fields.
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2.1 Discovery of Rare Earths and Lanthanides

They are called “rare earths”, but they are not so rare. In the past, the term “rare
earth” (RE) was used to indicate the sesquioxides, RE,Os;, which were considered
uncommon, because the RE elements were isolated only from rare minerals. However,
the term “rare” is not opportune, because these metals are not as scarce on earth as
their name would suggest [13,14]. In fact, the percentage of rare earths contained in the

Earth’s crust is higher than the amount of precious metals, such as gold and silver [15].

Element Year Discoverer Notes
Scandium 1879 NiLsoN from ytterbium earths (DE MArIGNAC, 1878)
Yttrium 1843 MOSANDER from yttrium earths (GapoLIn, 1794)
Lanthanum 1839 MOSANDER from cerium earths (KLAPROTH, BERZELIUS, HISINGER, 1803)
Cerium 1841
Praseodymium 1885 AUER V. WELSBACH from didymium (MoSANDER, 1839 1841)
Neodymium
Samarium 1901 DEMARCAY from the samarium fraction (LECOQ DE BOISBAUDRAN, 1879)
Europium of didymium (MOSANDER, 1839 —1841)
Gadolinium 1886 LECcoQ DE BOISBAUDRAN from didymium (MoOSANDER, 1839 -1841)
1880 DE MARIGNAC independently of each other
Terbium 1878 DE MARIGNAC from terbium earth, (DELAFONTAINE, 1878), originally named
DELAFONTAINE terbium earth (MOSANDER, 1843)
Dysprosium 1886 LECOQ DE BOISBAUDRAN from the holmium fraction (CLEVE, 1879) of erbium earth
(DE MARIGNAC, 1878)
Holmium 1879 CLEVE
Erbium 1879 CLEVE from erbium earth (DE MARIGNAC, 1878)
Thulium 1879 CLEVE from the holmium fraction (CLEVE, 1879) of erbium earth
(DE MARIGNAC, 1878)
Ytterbium 1878 DE MARIGNAC from ytterbium earth (DE MARIGNAC, 1878)
Lutetium 1907 URBAIN, from ytterbium earth, independently of each other

AUER V. WELSBACH
JAMES

(DE MARIGNAC, 1878)

Table 2.1: History of the discovery of Rare Earths elements [13]
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In nature, RE elements are combined with other rare earths and their physical
and chemical properties are very similar. Considering the limited analytical methods
available in the 18" century and the lack of a clear understanding of the atomic
structure theory, the similarities between REs made them very difficult to separate. As a
consequence, they have been discovered over a long period of time, starting from 1787,
when Lieutenant Carl Axel Arrehnius, an officer of the Swedish artillery, found a new
mineral. After examination, he called it ytterbite, in honour of the small town of Ytterby,
close to the area where he was exploring. Only in 1794, Johan Gadolin separated the
earth, as oxides, in general, were used to be called at that time, and he named it yttria.
With the evolution of analytic instrumentation, it was then shown that “yttria” was not
a single oxide, but rather a mixture of six other rare earths, which was named gadolinite
[13,14]. The discovery of RE elements continued for other hundred fifty years, when the
discovery of promethium, a radioactive product of the fission of uranium, completed the
series of lanthanides [13,14,16].

According to the IUPAC nomenclature recommendations published in 2005, the
term “rare earths” includes the lanthanoids, with scandium and yttrium, where for
lanthanoids are indicated the elements in the periodic table between Lanthanum and
Lutetium: La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu [17]. The term
“lanthanoids” is considered more appropriate than “lanthanides”, which would be more
proper for negative ions [17]. However, the term “lanthanides” is more commonly used

in the scientific literature and will be adopted in this work.
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2.2 Position of Lanthanides in the periodic table and optical properties.

The discovery of lanthanides confused the scientists of the 18" century. These
new elements were different from all the others that were known at that time: each of
the lanthanides formed compounds with similar properties [18,19], in the same way as
it occurs between elements that belong to a certain group of the periodic table (Figure
2.1).

However, the lanthanides complicated the organized pattern of Mendelev’s
periodic table, because it was not clear where to insert them, until the atomic structure

was understood, in the 20" century [11,12].

1 2

H He

3 4 5 B 7 -] g 10
Be BIC|N]|O F | Ne

1" 12 13 14 15 16 17 18
Mg Al |SI|P|S | CI|Ar

18 20 21 22 23 24 25 26 27 28 29 30 3 32 33 34 35 36
Ca|Sc|Ti |V |Cr|Mn|{Fe |[Co|Ni |CulZn|Ga|Ge | As| Se| Br | Kr

37| =8| 33| 40| 41| 42| 43| 44| 45| 48| 47| 48| 49| 50| 51| 52| 53| 54
Sr|Y [Zr [Nb|[Mo| Tc |Ru|Rh |Pd |Ag|Cd | In|Sn|Sb|Te] | | Xe

s5| 56| 67| 72| 73| 74 75 76| 77 78] 79| 80| 81| 82| 63 84| 85| sg
Ba|lLa|Hf [Ta [W | Re|Os| Ir |Pt |Au|Hg| TI | Pb| BI | Po] At |Rn

87 88 89 104 105 106 107 108 109 1104
Ra| Ac |Ung|Unp|Unh|Uns |Uno|Une|Unn|

58] 50| 60| 61] 62| 63| 64 65 66] 67] 68 8O 70| 71
Ce| Pr|Nd|Pm|{Sm |Eu |Gd | Tb | Dy|Ho | Er | Tm|Yb | Lu

ElY | 92| EE 94 95 98 a7 98 g9 100f 101 102 103
Th|Pal U |Np|[PulAm|Cm|Bk | Cf |Es | Fm| Md| No| Lr

Figure 2.1: Periodic table and lanthanides. All the elements considered Rare Earths are highlighted in orange.
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The best placement of lanthanides in the periodic table has resulted in leaving
them in a separate section, composed by the 14 elements in which the f orbitals are
filled. These elements have similar properties and generate compounds in the form of
trivalent ions, Ln**, with an outer configuration 5s> 5 p® 4f", where n varies from 1 (for
ce®) to 14 (for Lu*'). The 4f orbitals are not involved in the formation of the bonds,
because they are shielded by the 5s°5p® orbitals. As a consequence, the spectroscopic
properties of Ln>* ions are only slightly perturbed by the environment [19]. In fact, the
optical transitions of lanthanides, occurring between the 4f" electrons, are essentially
independent from the crystal field [20]. Moreover, the emission and absorption spectra
of Ln** ions have characteristic sharp peaks and the transition lines are located in typical
positions in the spectrum [21,22]. This is due to the fact that, when the lanthanides are
incorporated in a host, they are shielded by the 5s°5p® electrons and the energy states
of the 4f valence electrons are only slightly perturbed by the crystal field. As a
consequence, the crystal field interactions contribute to the shift and splitting energies
much less than the spin-orbit coupling[21]. Therefore, the Ln®" spectra are similar to
those of the free ions, and the main features are similar from one crystal to the other.

In light of this, Dieke studied the absorption spectral lines of lanthanide ions in
LaCls and created the well-known Dieke diagram (Figure 2.2), where the thickness of the
energy levels represents the splitting due to the crystal field [23]. For the above-
mentioned reasons, this diagram can be used as reference to predict the emission
spectra from the emitted levels, not only in LaCls, but also in any other crystalline

matrices.
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Figure 2.2: Dieke energy level diagram of Ln*ions in LnCl; [24].
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It should be pointed that, according to quantum mechanics, the transitions
between states with the same parity are forbidden in the electric dipole order [21,25].
Therefore, in a free ion, the f-f transitions are parity forbidden and intense emissions
should not be expected from the Ln*" ions. However, the effect of the crystal field may

produce a slight shift in the energy of the L,

states and additional level splitting. In
addition to this, the crystal field effect can vary the parity of these states, allowing the f-
f transitions at the electric dipole order.

The great number of states that can be observed in the Dieke’s diagram, not only
favours the emission in a wide region of the UV and VIS spectrum, but also increases the
probability of energy transfer between resonant states, when more ions are combined
together [26]. As a consequence, Ln** ions can be incorporated into compounds,
singularly or combined, in order to emit light at a certain desired wavelength. When the
emission is in the visible spectrum, this leads to the generation of different colors,
according to the combination of the Ln*" ions chosen. For example, a crystal, doped only
with Er**, would produce green phosphors [27], but, when Er** is combined with Yb*" in
certain concentrations, it would produce red phosphors [28]. With the right

combination of Ln*"ions, it would also be possible to prepare white emitting phosphors

[29,30], which are considered important in the production of LEDs [31].
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As briefly mentioned in the introduction,
Ln** ions undergo a process called upconversion
(UC, Figure 2.3), which consists in the emission of
high energy light (visible or UV) after absorption
of a low energy source (usually NIR) through a
multiphoton process (typically two-photon).
Generalizing the UC mechanisms, the Ln*" ion
absorbs one NIR photon and is excited to an
intermediate state, with a lifetime long enough
(typically milliseconds) to allow for a second
photon to excite the ion from the intermediate

state to a higher one [24].

S
hv N\ N\~

A
hl)/\/\.x

A A 4

Figure 2.3: generic UC mechanism

The presence of equally spaced levels between the same Ln*" ion or different

ones (e.g. the 4I11/2 state of Er’* and the 2F_r,/z state Yb**), increases the probability of

energy transfer (see Chapter 3) between the ions. As a consequence, the upconversion

mechanism is more efficient, compared to the absence of energy transfer, and the

luminescence emission is enhanced [28,32-34]. This is an important aspect to consider

when upconverting phosphors are applied to new technologies. In fact, upconversion is

a multiphoton process and its efficiency is lower than that of one-photon conventionally

excited nanocrystals (NCs). Therefore, the enhancement of the UC intensity is one of the

main challenges for the applications of Ln** doped phosphors in new technologies.
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The Er** ion represents an excellent candidate for upconversion based emitting
phosphors. In fact, as shown in Figure 2.2, this ion presents several energy levels
emitting in the visible region of the electromagnetic spectrum, to its various absorption
bands in the NIR and to the long lifetime states (e.g. 4I11/2) that can act as reservoirs for
energy transfer mechanisms [35-39].

The typical absorption and emission spectra of Er** are shown in Figure 2.4.

! ,{ Mwonescmcz
4000 4300 5000 sooo 6500 7000 7500 8000 8500 9000 9500 10000 A
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Figure 2.4: Absorption and fluorescence spectra of CaFZ:Er3+ [40] 4F”2 7y
18372
In this thesis, the visible green (about 540 nm) s
Fo2
and red (about 650 nm) emissions of Er**, after 980 nm "
9/2
wavelength excitation, are studied. The upconversion s
his2 7
process responsible for these emissions is showed in
4|1.=x,rz
Figure 2.5. The mechanism will be extensively
described in Chapter 5.1.
Nis/2 y VvV
Er3+

Figure 2.5: Upconversion mechanism in
Er¥. The sequential absorption of two
photons is followed by green and red
emission.
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2.3 Host Materials

When designing nanomaterials doped with Ln*" ions, the choice of the
appropriate host material is determinant in order to have high upconversion emission
and suitable optical properties. Among the insulators, the most common hosts are
oxides, such as Y,03, Gd,03 [22,32,41-43], fluorides, such as LaFs, NaYF, [44-46], and
vanadates or phosphates [47,48]. In particular, oxides are interesting for their high
thermal stability, making them attractive for the application in displays, where the heat
developed during the emission process requires materials with high thermal resistance
[49]. In fact, the most widely used red phosphor for lighting and plasma display panels is
Y,05: Eu®" [50]. Another advantage of using oxide phosphors (e.g. Gd,03 and Y,0;) for
displays is their photo stability [49]. In fact, some displays are prepared with NCs doped
with lanthanide chelates [51], which decompose with time as a result of the released
heat, which reduces, as a consequence, the life time of the material [52,53]. The
integration of oxide nanoparticles could overcome the lifetime deficiency of other
materials [54].

The main requirement for a host material is to have lattice sites compatible to
the size of the dopant ions, which can substitute the ions of the host materials (in the
case of matching lattice parameters between the host and the dopant crystal) or can
enter interstitial areas.

Therefore, upconverting Ln*"-doped nanomaterials can be inserted conveniently
in their lanthanide compounds (e.g. Ln,0s, LnF3), since they present similar size and

chemical properties.
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Lattice parameters and the cell volumes of monoclinic Gd,05:Er®* are reported in
Table 2.2. As shown in Table 2.3, the size of the main Ln*" ions used in this work is

compatible with the lattice parameters.

Er,0; Cell parameters
(mol %) a (A) b (A) c (A) B(°) Vv (A°)
1 14.135 3.584 8.786 100.130  438.195
3 14.129 3.581 8.781 100.158  437.364
6 14.116 3.577 8.772 100.156  436.034

Table 2.2: Lattice parameters and cell volume of monoclinic phase Gdzo_a,:Er3+ [55]

Lanthanide ion lonic radius Volumgof ion
(pm) (A°)
Gd* 93.8 432
Yb** 86.8 342
Er’t 89.0 369

Table 2.3: Size of the main Ln> ions used in this thesis.

The symmetry of the crystal chosen as host for the Ln*" ions is another important
aspect to be considered for the efficiency of the luminescence emission. In fact, the
symmetry, through the group theory, determines the probability of the allowed optical
transitions [21]. In practice, low symmetry increases the probability of the transitions

25+1 . .. . .
*11, states and, as a consequence, the luminescence emission is higher

between the
[20,21]. In fact, it has been reported that Ln*" doped nanocrystals, existing in different
phases, show the longest lifetimes and the highest emission intensity with the crystal at

the lowest symmetry. These studies, for example, have been carried out on ZrO, [36],

NaYF4 [45], Y203 [56] and Gd203 [55]
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In Figure 2.6, the symmetry of the sites in Gd,03 crystals is shown. The most
common phases of Gd,03 are cubic and monoclinic, the latter being more difficult to
synthesize. The symmetry properties of this crystal will be discussed in greater detail in
Chapter 5.2.5. However, it is interesting to note the presence of a center of inversion in
the cubic phase, which makes the Cs; site optically inactive. In fact, the selection rules

forbid any transition in a center of inversion.

«
<« _
[ ‘. <
C «
€ ® . Cut
. H
Cubic (C-type): two sites Monoclinic (B-type): three nonequivalent sites

Figure 2.6: Symmetry sites of Gd,03.

Ideally, a proper host should have low phonon energy, in order to minimize non-
radiative relaxations. In fact, the stretching vibrations of the lattice could fill the gap
between the energy levels. Therefore, high phonon energy hosts makes the presence of
non-radiative relaxations more probable, and this would reduce the efficiency of the
emission [57].

For example, halides and fluorides are suitable host materials, since they present
low energy phonons of about 300-350 cm™, while oxides have a phonon energy higher

than 500 cm™ [58].

18.
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When Ln*" ions are incorporated in insulating materials, as in the case of oxides,
the position of the emission lines is not particle size dependent, as it would happen with
guantum dots. However, compared to the bulk, the intensity of the luminescence and
the decay times change at the nanoscale [27]. In fact, the high surface/volume ratio
affects the environment of the superficial Ln®" ions, with an increase in the crystalline
defects.

In Ln** doped NCs, crystallinity defects as well as symmetry and position of the
ions (e.g. surface or internal) affect emission and lifetimes of the material [24]. For this
reason, oxides like Gd,Os3 or Y,0;3 are ideal host materials for lanthanide ions, as the
dopants are spread out in the lattice at a sufficient distance to avoid self-quenching
effects [59,60].

Ln**-doped NCs are interesting for biological applications due to their
upconversion sharp emission lines and long lifetimes, which are fundamental for time-
resolved methods [61]. In particular, these materials are attractive as bifunctional
systems, such as labels for fluorescence and magnetic resonance imaging (MRI)
applications. In fact, hosts containing Gd** (e.g. Gd,03) can be used as a contrast agent
for MRI. Among Gd** based compounds, Eu** and Sm*" doped Gd,05 (prepared by flame
synthesis) have been previously reported [62], but, at the moment, there are not any

reports on Er** doping.
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2.4 Synthesis

Currently, several methods are available for the production of
nanocrystals. The most desirable characteristic of a synthesis is the possibility to tailor
the properties of the final products, such as crystal size, morphology, chemical
composition, surface functionalization (if desired) and optical properties. Therefore, it is
very important to choose a synthesis procedure according to the desired application of
the material. For example, if a material will be used as a layer on a substrate, as in
displays, it might be convenient to choose a route that allows the deposition directly
during the synthesis. On the other hand, for biological applications, it is crucial to
choose a synthesis that will yield to functionalized and water dispersible particles.

Upconverting oxide based nanostructured materials are the main focus of this

thesis. The typical synthetic routes to prepare these materials are reported in Table 2.4.
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Between wet methods, coprecipitation is one of the most widely used routes. It
is an easy and relatively fast technique, which allows the preparation of nanocrystals
with a narrow size distribution. The possibility of adding a capping ligand directly during
the synthesis makes it particularly interesting for biological applications. However,
coprecipitation needs a thermal treatment after the synthesis, which adds a further step
to the process. With this synthesis, various kinds of phosphates [64] have been
prepared. Another widely used wet synthetic method is sol-gel, which has the
advantage of using inexpensive starting materials. As for coprecipitation, sol-gel
methods require calcination at high temperature in order to improve the crystallinity of
the material. Therefore, it is a method used mainly for the production of oxides [36,37].
Two other wet syntheses that have been developed for the production of various
upconverting nanocrystals are thermal decomposition [65] and hydrothermal synthesis
[66]. Both of them allow the control of the particle size distribution during the
preparation and do not require further thermal treatment. However, thermal
decomposition requires expensive starting materials. On the contrary, hydrothermal
synthesis requires inexpensive starting materials. However, this reaction needs to be

carried under pressure in specific expensive reactors [70].
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In contrast with the above-mentioned syntheses, which require prolonged
reaction times, propellant synthesis allows the preparation of NCs in less than thirty
minutes. This reaction consists in a controlled explosion between an oxidizer (nitrate
precursors) and a fuel (glycine or urea), which are dissolved in water and heated until
the formation of a gel and the combustion reaction that generates a spongy product of
nanocrystalline oxides. Phosphors like Y,03 and Gd,03 prepared by this technique have
been widely studied [55,67,68].

However, the control on the chemical and optical properties of the final material
is limited only to the ratio between the fuel and the oxidizer, which affects the enthalpy
of combustion, responsible for the reaction temperature, and, as a consequence,
influences the particle size of the products [72].

Flame syntheses represent an alternative route for the
production of metal nanostructured oxides. In these processes, a
flame is used for the reaction of precursors and formation of
clusters, which grow to nanometric dimensions due to coagulation

and sintering [73]. The main advantages of these techniques are the

preparation of nanocrystals in one step, quickly and without the

Figure 2.7: Flame

production of side products. Spray Synthesis [71]

The high temperature (about 2000°C) involved in the synthesis allows the
production of thermoresistant materials. Moreover, the process could be carried out
continuously.

There are two main flame methods: the aerosol and the spray flame.
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In the aerosol flame, the precursors (usually chlorides or isopropoxides or
epoxides) are sent inside a CH4/O; or H,/O, flame via a carrier gas (N, or Ar). The
disadvantage of this technique is the limit imposed by the precursor, which needs to be
volatile.

Flame spray methods use precursors in organic (pyrolysis) or aqueous solutions
(hydrolysis). While flame hydrolysis has a low yield, flame pyrolysis allows the formation
of particles with higher crystallinity and purity [74].

In general, flame syntheses represent a convenient choice to have control on the
properties of the products. In fact, the variation of different synthetic parameters
affects the characteristics of the flame (e.g. temperature, length) and, as a
consequence, the particle size, crystallinity and morphology of the prepared NCs. In
addition to this, flame syntheses are inexpensive reactions, which occur in a single-step

continuous process and, due to their design, are readily scalable.
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2.5 Flame Spray Pyrolysis

Within the different kinds of flame syntheses, FSP represents a good choice for
high crystalline and thermoresistant NCs. In this process, an appropriate organic
precursor solution, which acts as fuel, is injected into a flame where the precursors

decompose and the NCs are directly produced.
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Figure 2.8: Experimental set-up of FSP using an air-assisted nozzle and six supporting
CH,/0, flamelets for spray pyrolysis of fumed silica. [71]
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The simplicity of this technology makes it an attractive option, as it involves a
single step process that does not require machinery with “moving parts”. The main
advantage of using FSP consists in the properties of the resulting materials, which have
small size and controlled morphology. In fact, although this is a quick process, the
synthesis settings are fundamental, as they determine the product characteristics. Thus,
using the FSP setup can allow for the properties of the particles to be changed directly
during the synthesis [73,75-78]. The settings (oxygen rate, fuel rate and nozzle aperture)
influence the flame through three conditions: the heat of combustion, the dispersion of
the oxygen and the length of the
flame. The heat of combustion is
proportional to the reaction
temperature. The dispersion of the
oxygen determines the turbulence

in the flame and contributes to the

Fuel Nozzle

mixture of the precursors and i i
p Dispersion opening

their collision after being injected.
Figure 2.9: schematic diagram for the dependence between

synthesis settings and flame properties.

The length of the flame affects the

time spent by the particles in the flame (residence time) and, consequently, the size and
the aggregation of the products. In fact, it has been reported that conditions that favour
a short residence time (e.g. high oxygen flow rate, high fuel velocity of injection) lead to

small size particles (less than 50 nm).

.26.
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In terms of luminescent materials, Eu®" doped Y,05 synthesized via FSP has been
studied in great detail, because not only Eu®* can be used as spectroscopic probe [19],
but Y,03:Eu®" finds commercial uses in red phosphors for lighting and display
applications [50]. Y,03 exists in two phases, cubic and monoclinic, and it has been
reported that using an appropriate precursor will allow for the preparation of either
cubic or monoclinic NCs of Y,03: Eu®" [54,56,79,80].

In the literature, few upconverting luminescent materials prepared by FSP have
been explored, such as Y,03; doped with Sm, Tm, and Er [62,81]. For all the binary oxides
reported, FSP has been considered as an easy and fast one-step synthetic route. One of
the advantages of this method is the preparation of the precursor solution, which simply
consists of the dissolution of appropriate precursors in the solvent until a transparent
and stable solution is obtained. Some groups have also made more complex oxides
using FSP to study their use as transparent polycrystalline laser materials, such as
garnets (e.g. YAG) [82,83], and phosphates [84,85]. However, to obtain a pure garnet
phase, it is necessary to add a further sintering treatment at high temperature, since the
residence time in the flame is probably insufficient to produce the desired phase purity
of this material [82,83]. The synthesis of these materials requires the preparation of a
colloid solution for the precursors, which adds several steps to the process.

The unique morphology of the NCs prepared by this method and the good
crystallinity, coupled with high luminescence intensity, make FSP an interesting option

for the production of nanophosphors that are similar to commercial phosphors.
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In fact, it has been reported that NCs synthesised by FSP show lower luminescence
intensity, but longer decay times than commercial equivalent phosphors [56]. The
prepared Y,03:Eu®" has been compacted as tablets and ground, and then compared with
commercial bulk materials. It has been showed that the nanocrystals prepared by this
technique show higher luminescence intensity and decay times similar to bulk materials
[56].

In light of what was discussed above, it is clear that the synthesis parameters have a
fundamental impact on the properties of the final products. However, a systematic
study on the impact of FSP settings on the optical properties of the resulting NCs has not

been reported to date.
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2.6 Enhancement of Luminescence

In order to be commercially usable, phosphors must exhibit very bright
luminescence. As mentioned previously, upconversion is less efficient compared to
directly excited emission [21] and the small size of the materials could affect negatively
the intensity of the emission [60]. While designing nanomaterials, it is crucial to consider
the elements that would improve the luminescence efficiency.

There are several approaches to achieve this:
- Concentration of dopants and/or combination of different dopants

- Host material with low symmetry and phonon energy (see 2.3)
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2.6.1 Dopant concentration and combinations

As mentioned previously, lanthanide ions present several resonant energy
states. When two or more dopants with resonant energy states are combined together,
it is very probable that energy transfers between the ions would occur, increasing the
efficiency of the luminescence. For Er’*, the most common enhancer of the intensity is
Yb*': it has a high absorption cross section and its unique excited state, 2F5/2, is resonant
with the 4I11/2 state of Er*, favouring, in this way, the energy transfer between
neighbouring ions [34,86,87]. For binary oxide systems containing Er’* and Yb*", it has
been reported that the best concentration combination is 1% Er*" and 1% Yb®' [33,34].

It has also been observed (Figure 2.10) that the presence of Li* ions in various
nanocrystalline materials, such as Gd,0s3, Y,03, ZnO, significantly enhances the intensity

of the luminescence emission [88-95]
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Figure 2.10: CL spectra of (a) Y15 «LixO3:Euq o5 a doping agent of Li ions [96].
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However, a clear explanation of this effect has not yet been provided. It has
been suggested that Li* ions might replace the Ln*" ions in the optical active sites, where
crystal defects are created in order to maintain the charge neutrality. Interstitial ions
(e.g. Li*) and vacancies (e.g. oxygen) would be the most probable type of crystal defects
that occur in these cases [96,97]. Some studies, in fact, report the possibility of an
intercalation of Li* ions within the crystal network [98,99].

The variation of the crystal structure in the nanocrystals affects the symmetry of
the optical centers, resulting in a significant variation of the optical properties of the
material [21]. Moreover, the presence of alkali metals probably influences the distance
between the lanthanide ions [67]. For this purpose, it would be interesting to know how
the optical properties change according to the size of the alkali ion incorporated in the
matrix. At the moment, very few studies have investigated the effect of the alkali metals
according to their size. For example, alkali metal doped CaS [100] and germanate
tellurite glasses [101] were reported. In particular, in germinate tellurite glasses, it has
been shown that at the increase of the alkali metal ion size, the intensity of the
luminescence is enhanced and the maximum phonon energy (vibrational energies)
decreases. Most of the studies on alkali metal ions reported in literature, use Eu®*" doped
materials, [41,80,96,102] and little information is available concerning how Li’,

compared to other alkali metals, affects upconversion emission.
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2.7 Core-shell systems

One of the main characteristics of nanomaterials is the high surface/volume
ratio, thus the surface area of the nanocrystals increases with respect to the volume at
the decrease of the size. As a consequence, more Ln*" ions are exposed to the hydroxylic
and carboxylic groups that are present on the surface of the NCs. As mentioned
previously, these groups have vibration energies resonant with several gaps between
the energy states of the Ln*" ions and can originate non-radiative relaxations, which
would decrease the emission intensity.

To overcome this problem, the coating of nanocrystals with an inactive shell (e.g.
the undoped host material) has been studied, in order to protect the surface from
guenching agents. In fact, it has been observed that coated nanocrystals, over time, do
not show variations in the intensity of the luminescence, while uncoated nanocrystals
show a decrease in the luminescence emission [103,104].

One of the advantages of coating nanomaterials is also increasing their
dispersibility in water, mostly in the case when the nanocrystals are used for biological
applications. For this purpose, silica is one of the most suitable shells [105]. In fact, the
Si-O groups present on the surface can be attached to organic groups, which can
eventually be anchored to biomolecules.

Flame spray pyrolysis has been used to prepare silica coated compounds such as
Fe,0;@Si0O, or TiO,@SiO, [106], but it has not been reported yet any study regarding

the preparation by FSP of upconverting silica coated nanomaterials.
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Compared to conventional wet silica
coating methods, (e.g. Stober [108]), FSP has the
advantage of being an extremely rapid method. If
for a conventional wet method the coating takes
2-3 days, with FSP a silica coating is achieved in

less than one hour. According to the design of the

synthesis, it is also possible to prepare a core-

Figure 2.11: coated particles (SiO,—CeO,)
prepared by FSP [107]

shell system in a single step [109], reducing even
further the reaction times.

Coatings can also be used to produce multifunctional systems (e.g. luminescent
and magnetic), which can be used for dual detection, through both their optical and
magnetic properties. In literature the synthesis by FSP of Fe,03; as magnetic core, with a
luminescent Gd,05:Eu®* shell has been reported [110-112]. To synthesize a core/shell
material via FSP, the core synthesized nanoparticles are dissolved with the precursor
solution of the desired shell. As solvent, EtOH or water are preferred for the preparation
of the shell, as they tend to facilitate the coating of NCs [113,114]. However, the studies
of magnetic luminescent phosphors prepared by FSP, like all the literature of
luminescent materials prepared by this technique, have been focused mainly on Eu®'
doped NCs. At the moment, there is not presently any report on upconverting

bifunctional nanomaterials.

.33.
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2.8 Statement of the Problem

Conventional applications intended for materials doped with lanthanide ions are
lighting, displays and laser devices. With the continuous increase of demand for
technology miniaturization, the use of nanosized phosphors becomes essential.
However, when the size decreases, the surface area increases as well as the amount of
guenching agents on the surface and, as a consequence, the luminescence intensity
diminishes. Therefore, in order to make phosphors at the nanoscale an attractive
replacement for commercially available micron-sized counterparts (2.5-8 um) the
development of luminescent materials with high emission efficiencies is crucial. To
achieve this, the choice of dopants and host materials leading to very bright phosphors
is fundamental. Nanosized oxides represent an attractive class of materials for the
above mentioned purposes, due to their relatively low phonon energies, compatibility
with Ln*" ions sizes and high thermal stability.

In recent years, the interest towards phosphors extended to non-conventional
fields, such as security, energy saving and medicine. It becomes important to engineer
the phosphors according to their destination and be able to control the physical and
optical properties of the materials directly during their synthesis. The most common
methods of preparation imply wet techniques, which can require reactions at high
temperature for a relatively long period of time (days). In order to overcome the
demand of an increasing market, a synthesis occurring in a short time period would be

attractive for the production of commercial phosphors.
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Flame spray pyrolysis is a one step process that allows the preparation of
nanoparticles with homogeneous size distribution and the direct control of their
physical properties during the synthesis. However, the understanding of how the optical
properties change with the variation of the synthetic parameters is lacking.

The enhancement of the luminescence intensity of the NCs would be achieved
with a suitable host, the right combination of dopants and the preparation of core-shell
systems. The codoping of Yb* and Er*" ions results in a higher intensity in the
upconversion due to the energy transfer from the Yb* ions [33,87,115]. The addition of
other ions, like Li*, is known to enhance the luminescence efficiency [41,97,102,116],
but the reason is not well understood yet as well as the effect of the other alkali metals
has not been studied yet. To avoid quenching the luminescence intensity because of
surface agents, the surface of the NCs can be protected with a shell of undoped material
(e.g. Gd,03:Er** core @ Gd,05 shell) or a coating with SiO,.

Since the conventional preparation of core/shell systems requires several days,
FSP would shorten the reaction times. It will be studied also the possibility of producing
core-shell systems in one single step.

This work intends to present FSP as an attractive and versatile choice for the
production of luminescent NCs. Firstly, the materials prepared by FSP have been

compared with the ones prepared by another high temperature synthesis, propellant.
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Then, the synthetic settings have been optimized choosing a known system as
Gd,05:Er®*. In order to enhance the luminescence, different hosts have been selected
(GdVO4, GGG) and synthesized for the first time by FSP. Finally, the preparation of
core/shell systems (Gd,0:@Si0O,) has been developed. The versatility of FSP makes it a
very suitable technique for the preparation of various nanomaterials tailored directly

during the synthesis.




3. Theory
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This chapter is a reference to the theory necessary to understand the main
techniques used in this thesis. For the part relative to the optical spectroscopy, the texts

of Di Bartolo [117], Garcia-Solé [21] and Henderson [25] have been taken as reference.

3.1 Approximation of the free ion, Hamiltonian and term symbols.

Lanthanide ions are slightly affected by the environment of the crystal where
they are incorporated, because of their electronic configuration. Their common
oxidation state is Ln®*, which corresponds to an electric configuration [Xe]4f" and, as a
consequence, the properties of lanthanide ions depend on the 4f electrons. In
particular, the shielding effect of the 5s and 5p orbitals makes these ions only
imperceptibly perturbated by the crystal field. In fact, the resulting spectra show sharp
lines, similar to the ones of the free ions, and the negligible shift of the spectral lines,
observed when the lanthanide ions are inserted into a crystal, is caused by the
perturbation of the Hamiltonian. Because of the above mentioned conditions, the

Hamiltonian can be resolved using the approximation of the weak crystal field.
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The Hamiltonian that defines the energy levels of the electrons in the free ion

(Hp) can be expressed as the sum of three terms:

Hr = Ho + Hee + Hso (3.1)

where

- Ho describes the interaction with the electrons in the unfilled 4f shells

- Hee reflects the Coulomb interaction between the electrons

- Hso represents the spin-orbit interaction and it represents the interaction

between the spin momentum and the orbital.

The first term, Ho, is described with the approximation of the central field: each
electron moves, independently from the other electrons of its shell, in an electrostatic
field, with spherical symmetry. The solutions of this Hamiltonian are characterized by
the quantum numbers n (principal quantum number) and / (azimuthal quantum
number). For the 4f orbitals, as in the case of lanthanide ions, n=4 and / = 3.

The two following terms, Hee and Hso, are corrections more or less negligible, but
necessary, to the solution of this first Hamiltonian. When the spin-orbit interaction
represents only a small perturbation of the energy level structure, Hee is much higher
than Hsp (Hee >> Hso), in agreement with the approximation of Russell-Saunders. On the
contrary, when the Coulomb interaction is negligible, Hso is much higher than Hee (Hso
>> Hee), as attributed to the jj-coupling scheme.

The lanthanide ions lie in an intermediate situation, where the terms Hee and Hso
are similar. Therefore, they must be approached simultaneously, considering them as a

perturbation of the 4f levels.
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The Hamiltonian Hee takes in consideration the correction of the electric field,
created around the electron, because of the presence of other electrons in unfilled
orbitals. As a consequence, the electric field will no longer be spherical. In this case, the
energy states of the atom are described by the total orbital angular momentum
guantum number, L, and the total spin angular momentum quantum number, S. In this
way, the states with same electronic configuration, 4f", but defined values of L and S,
will still have defined energy. Generally, the resulting term symbols are labelled using

the notation >

L, where L is designated by a letter (S, P, D, F, G, H, I...) according to its
numerical value (0, 1, 2, 3, 4, 5, 6...). These terms show degeneracy, given by
(2L+1)(2S+1).

The spin-orbit Hamiltonian, Hso, when treated like a perturbation of the
calculated energy levels, breaks this degeneracy. Since Hso produces a coupling of the
vectors L and S, a new quantum number is introduced: J, called total angular
momentum quantum number, which considers the interactions between all the spins
and the orbital angular momenta.

2S+1
1, and are

As a result, the quantum levels are defined by the labels
energetically separated by a distance proportional to the larger of the J value, as
indicated by the Landé interval rule. The degeneracy of these levels is given by (2J+1)
and could be broken, totally or partially, when an external field is applied.

The Dieke diagram (Figure 2.2) shows the energy positions of the levels of the

different lanthanides in the trivalent status in LaCls (Dieke 1968). The energy levels are

labelled according to the previous explanations.
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As said before, in the case of lanthanide ions, Hee and Hspo have the same order of
magnitude, in an intermediate situation, between the Russell-Sanders coupling and the
jj-coupling. In this case, the terms are treated as a mixture of the states with same J but

with different values of L and S.
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3.2 Crystal field effect.

When an ion is incorporated in a solid, the interaction between the ion in
guestion and the neighbouring ions in the material must be considered. In general, the
distribution of charge, associated to these neighbouring ions, generates an electric field,
commonly known as crystal field, which has an effect on the studied ion. For this reason,
the Hamiltonian of the crystal field, He, is added to the term of the free ion, in order to

consider properly the perturbations on the system.

H= H|:| + HCF (32)

As it has been said, one of the main characteristics of the lanthanide ions is the
presence of valence electrons shielded by the 5s and 5p orbitals. For this reason, in
these ions, the effect generated by the crystal field is very little and modify only slightly
their properties. In this way, the Dieke diagram can be used as main reference for the
different ions of the rare earths and to identify their positions in the levels,
independently from the matrix.

For lanthanide ions, the crystal field is weak. As a consequence, the splitting of
the different energy levels is attributed to Hee > Hso > Hcr (Figure 3.1). As general rule,
the degree of splitting of the degeneracy depends on the group symmetry of the site
occupied by the ion in the material and it will be higher as lower the degree of

symmetry is.
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Figure 3.1: Effect of the various perturbations on the ion for the af configuration (Er3+).

Experimentally, it has been observed that, for the lanthanide ions, the separation
between the levels, AE, associated to the presence of the crystal field is generally lower
than the other perturbations. For example, the splitting of the degeneracy produced by
the spin-orbit term gives levels energetically separated by units of 10® cm™, while the

Stark splitting generates levels separated by 10% cm™.
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The crystal field Hamiltonian is considered as a perturbation of the levels L,
obtained from the free ion and it is defined by
N
Hep = Z eV (r, 0;,9) (3.3)
i=1

where eV (13, 0;, @;) represents the potential energy created by the surrounding
ions, in the position (7}, 6;, ;) of the i-th electron of the studied ion (considering the
position in spherical coordinates), and the summation is extended to the N valence
electrons of the ion.

In order to avoid laborious calculations, it is possible to deduct the information
of the system with the symmetry of the optical active center, through the group theory.
With this method, it is possible to determine the number of the Stark sublevels in which
a ®'L, level is split, but not the energetic position of each state. Moreover, this

procedure is also useful to deduct the selection rules of the transitions within the

generated Stark sublevels.
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3.3 General selection rules: from forbidden to forced transitions.

Once the different energy states have been determined, it is necessary to study
how an electron can pass from one state to the other, gaining (absorption) or giving
energy (emission).

When an ion goes from an excited state to another at lower energy, the excess
energy can be liberated in different ways, mainly by emission of photons and emission
of phonons. The probability that an excited state would relax to another state
radiatively (i.e. generating photons) is given by the coefficient of spontaneous emission
of Einstein:

nw3 (3.4)

where n is the refraction index of the medium, c the speed of light in vacuum, ¢
the vacuum permeability, u is the element of the matrix of the dipolar electric moment,
and wy is the energetic distance between the initial and the final sate, in frequency
units. Since in the law w is cubic, the probability of the transition will be as higher as
bigger the energetic separation is.

On the other hand, the probability that the transition takes place non-radiatively
(i.e., trough the emission of lattice phonons) depends on the energy distance between
one level and the immediately inferior one. In this way, the lower the energetic

separation is, the higher is the probability of having a non-radiative transition.
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In the Dieke diagram, the main radiative levels are marked with a small dot, thus
the rest will present an important non-radiative component. As it can be noted, the
radiative levels encounter a higher distance from the following excited level, in
agreement with the just introduced equation.

However, in lanthanide ions, according to the general selection rules, the
transitions between the states in the configuration 4f" are parity forbidden (Laporte
rule) and, as a consequence, there should not be any photonic emission observed from
any transition. However, the emissions and the absorptions associated to these
transitions are characteristic, show high intensities, generate very sharp lines and are
well localized.

Various mechanisms have been suggested to explain the observed intensity of
the transitions of the lanthanide ions. Molecular vibrations are too weak to relax
sufficiently the parity forbidden selection rule. However, when the ions are inserted in a
low symmetry site, there are interactions between the ions and the crystal field, and a
mixture between opposite parity wave functions could take place (e.g. 4f"*5d). The
effect of this mixture is not sufficient to change the position of the energy states, but is
enough to change the electric dipole transitions from forbidden to forced. As a

consequence, the intensity of the emission is significantly enhanced.
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3.4 Judd-Ofelt theory and radiative transitions.

In 1962, Judd and Ofelt studied simultaneously, and independently, the
intensities of the spectral lines and they formulated a theory about the transition
probabilities.

When calculating the transition probability between one level and another,
either in a absorption or emission process, the main issue is encountered in the
determination of the mixed initial and final states. For this purpose, in the case of
lanthanide ions, the crystal field can be treated like a first order perturbation that
creates states with a parity combination.

However, while applying this procedure, it is necessary to know in detail the
parameters of crystal field and energies states and the eigenfunctions of the various
configurations. Since this is a very complex problem, as previously said, the Judd-Ofelt
theory applies a series of approximations with the aim of making the calculation more
accessible:

- In an excited configuration, the splitting, due to the Stark effect in a

multiplet, is negligible, compared with the configuration energy as a whole,
i.e. the considered configurations are degenerate.

- The energy separation between the states of the main configuration, 4f" and
4f"'5d, are independent from the total angular momentum J, i.e. an average
value can be used.

- The various Stark sublevels of each multiplet are homogeneously populated

- The material in which the lanthanide ions are incorporated is isotropic.
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Although in some cases the first approximation could not be accurate, the results
obtained through the Judd-Ofelt theory are acceptable, as they are in agreement with
the values of a great number of matrices and ions.

The validity of the third approximation is temperature dependent, since the
distribution of the population between the Stark levels depends on the Boltzmann
distribution. In most of the cases, this approximation can be considered acceptable at
room temperature and, as assumed, at higher temperatures, especially when the
splitting in the Stark sublevels is little.

The last point makes the theory developed by Judd and Ofelt valid for only
certain matrices. However it is possible to extend this study in anisotropic materials.

Through these approximations it is possible to obtain a simple expression for the
intensity of the spectral lines in forced electric dipole transitions, Sqe, Which keeps in
consideration the reduced matrix elements of the tensor operator of the free ion (U»).

Sae= ). Wl asLluPlasmeson|’ (3.5)
1=2,4,6

where Q, are known as Judd-Ofelt intensity parameters, which determine the
strength and the nature of the odd-parity crystal field.

The reduced matrix elements, referred to the free ion, as a combination of the
Russell-Saunders states, are tabulated [118]. The Q, parameters vary according to the
ions and the matrix, but they are independent, in particular, from the J — J’ transition

that characterize the force of the crystal filed over the ion.
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Starting from equation 3.5, and knowing the Judd-Ofelt parameters, it is possible
to determine the intensity of the lines of all the transitions associated to a certain ion.
Moreover, starting from the Judd-Ofelt theory, the selection rules for the 4f" electric
dipolar forced transitions have been derived:

e AJ<6;AS=0,AL<6

 ForaLn® ion with and even number of electrons:
J=0¢>) =0isforbidden
J =0 <> odd J’ values are weak

J=0¢>) =2,4, 6 should be strong.
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3.5 Energy transfer

Energy transfer is the process where a previously excited ion relaxes, totally or
partially, giving its energy to a second neighbouring ion, which inverts, transferring an
electron from a state to a higher energy state. The first ion is called donor (sensitizer)
and the second is called acceptor (or activator).

According to this definition, an energy transfer phenomenon could generate
emission by direct excitation or by upconversion. Independently from the kind of
process that occurs, in order to maintain the conservation of energy during the transfer,
it is necessary that the emission band of the donor ion coincides, or overlaps, with the
absorption band of the acceptor ion, in a certain range of wavelengths. However, in
some cases, in which the overlapping between the two bands is absent or very small, it
is still possible to observe energy transfer processes. In order for this process to occur, it
is necessary to adjust the energy balance of the process, which can be achieved by
taking or giving energy to the environment, where the ions are inserted, i.e. the matrix.
Since in the lattice energy is available in form of phonons, these processes are called

“phonon assisted”. In all the other cases, the process is called “resonant” (Figure 3.2).
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Figure 3.2: Resonant and phonon assisted energy transfers
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For both resonant and non resonant phenomena, the energy transfer process
can be classified according to the kind of interaction between the donor and the
acceptor. Mainly, it can be defined radiative transfer, when the interaction occurs
through the emission and the absorption of a photon, and non-radiative transfer, if this
does not occur.

When the energy transfer occurs in radiative form, the donor ion relaxes
emitting a photon that is, then, absorbed by an acceptor ion. For this reason, this
process could be called “emission-reabsorption process”. This phenomenon occurs only
between the same ions and it is common in matrixes doped with a high concentration of
ions of the same element, with the assumption that the emission band of a transition of
the donor overlaps the absorption band of the same transition of the acceptor ion.

On the contrary of what would be observed in presence of energy transfer, the
emission from the donor ion varies during the emission-reabsorption process. In
particular, the shape of the emission lines is affected accordingly to the concentration of
the acceptor ions. The time necessary to the donor ion to delay its relaxation does not
change. However, the radiative energy transfer does not excite simultaneously all the
ions and, as a consequence, the experimental lifetime could be longer than in absence

of transfer.
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The simplest energy transfer processes usually involve transitions of acceptor
ions that, from the ground state, populate an excited state. Because of the high
population density of the ground level, these processes are the most probable.
However, it is also possible that the acceptor ions would be in an excited state and they
would originate a transition from the excited level.

There are different mechanisms that are responsible of the population density of
the excited intermediate level of the acceptor ion, such as a direct excitation or the
relaxation of the ion from a higher energy level. In some cases, it is possible that there is
an existing energy transfer mechanism preceding the excitation of the acceptor ion, as it
often occurs during upconversion emission mechanisms. In the same way, sometimes it
is also possible that several consecutive energy transfer processes occur, as it happens
during upconversion emissions in the visible, starting from infrared excitation.

The main mechanisms occurring during upconversion mechanisms are described

in the following pages.
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3.5.1 Excited state absorption (ESA)

In this case, a photon generated from the light source (pump photon) excites the
ion to an intermediate excited level. Since this metastable state has a long lifetime, it is
probable that it will be still populated as a second incoming pump photon excites the
sample and consequently promotes the ion to the upper level, generating, as a

consequence, an upconversion emission (Figure 3.3).

Figure 3.3: Excited state
absorption mechanism

ESA mainly occurs when only a single ion is used as dopant and is typical of
materials with low Ln®* concentrations. The fact that the ion is initially in an excited
state implies that, before the absorption of the photon, another process that populated
this state must have happened. There are different mechanisms that can lead to this
effect, but the most efficient is the one in which the ion is excited through direct
absorption of another photon. In this case, the excited state absorption occurs through

a sequential absorption of excitation photons.
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3.5.2 Energy transfer upconversion (ETU)

Energy transfer is one of the most common energy transfer mechanisms for
upconversion. In order for the mechanism to occur, the ions must be in close proximity.
Therefore ETU is typical when the dopants are present in the matrix in high

concentrations.

T

Figure 3.4: Energy Transfer Upconversion

In the ETU mechanism (Figure 3.4), the pump photon populates the intermediate
excited state of the donor ion, which can promote an acceptor neighbouring ion
through energy transfer to its intermediate state. Once the ion is in the intermediate
state, a second photon coming from the excitation source, or from another
neighbouring ion by energy transfer, is promoted to the excited state, from which the

emission by upconversion occurs.
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3.5.3 Cross relaxation (CR)

An alternative energy transfer mechanism is cross-relaxation (Figure 3.5), in
which two neighbouring ions are both excited to the intermediate state by the pump
photons. Subsequently, one ion acts as a donor, transfers its energy to the acceptor (3),
which is promoted to the upper level, and returns non-radiatively to the ground state.

From the upper excited the state, the emission by upconversion occurs.

Figure 3.5: Cross-Relaxation mechanism
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3.5.4 Photon avalanche (PA)

The phenomenon known as photon avalanche is a mechanism composed by an
energy transfer process and an excited state absorption. Specifically, this mechanism

generates upconversion intensity higher than the one generated with the other

mechanisms.
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Figure 3.6: Photon Avalanche mechanism

In this mechanism (Figure 3.6), the excitation energy is not resonant with the
transition between the ground level and the first excited state (|1> = |2>), but the
transition can occur, if phonon assisted. Since the excitation energy is resonant with the
gap between the intermediate state (| 2>) and the higher one (|4>), when the ions are in
the first excited state (| 2>), the state at higher energy (|4>) is easily populated.

Once the ion is in the |4> excited state, it relaxes non-radiatively to the state
| 3>, which is energetically close to |4>. From |3>, the following step could be either a
spontaneous relaxation to the lower energy states or a cross relaxation, as shown in

Figure 3.6: (|3> > |2>: |1>>|2>.
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Since the CR process is resonant, it will occur with high probability and, as a
consequence, the ions, donor and acceptor, will eventually meet at the same
intermediate level |2>.

Following the described path, it is clear that starting from only one ion in the first
excited state (|2>), the PA mechanism generates ions with the same excited state (e.g.
| 2>), duplicating, as a consequence, the probability that the ESA |2> - |4> will occur.

Consequently, all the process can continue occurring, separately, between two
distinct ions. These two ions, when the CR occurs, involve other two ions, giving as a
result four ions in the intermediate state |2>. If all the process repeats several times,
the final step has a high population density in the states |2> and |3>, and the
mechanism is self-sustaining.

As a result of all the consecutive processes, a very intense upconversion
emission is generated from the level |3>, which is one of the main characteristics of the
PA process. This level of intensity is reached only starting from a certain excitation
power, known as threshold power. When the threshold power is reached, the

intermediate level (| 2>) is populated enough to start the generation of the avalanche.
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3.6 Theory of the nozzles

The basics of the flame spray pyrolysis are now described. The texts of Knudsen

[119] and Beek [120] have been taken as reference.

Nozzles are used to convert to kinetic energy part of the enthalpy or thermal
content of a gas. This objective is obtained making the gas pass through a duct at
variable section, maintaining the flow of the gas through the nozzle adiabatic.

The core of the flame spray pyrolysis is the nozzle of the burner, because its
shape and configuration affects the flow dynamics of the gases and, as a consequence,
the flame. The nozzle used in this work has a convergent-divergent shape.

In order to understand how this kind of nozzle affects the flame, a brief

introduction on converging and diverging ducts is needed (Figure 3.7).

)

convergent divergent

Figure 3.7: converging and diverging ducts.
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The flow in ducts is determined by the following equation:

dv dA 1 (3.6)

v A (1-Mad
Where v is the speed of the flow, A is the section area and Ma is the Mach

number, defined as Ma = %, and c is the speed of sound.

The value of the Mach number defines the kind of flow passing through the
nozzle: when Ma < 1 the flow is subsonic, when Ma > 1 the flow is supersonic and when
Ma =1 the flow is sonic.

In the case of subsonic flow (Ma<1) velocity and section area change inversely,
that is, when the section increases, the speed decreases, and vice-versa. This trend is
consistent with the incompressible flow behaviour.

In the case of supersonic flow (Ma>1) velocity and section change proportionally,
that is, when the section increases the speed increases, and vice-versa.

In other words, a diverging duct will accelerate a supersonic flow, while a
converging duct will accelerate a subsonic flow.

Now, combining the equation (3.6) with

_dv_dp da (37
vooop
we obtain:
dp dA Ma? (3.8)
p A 1-Ma?
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If we consider also the conservation of mass (continuity equation):

m = pAv = constant (3.9)

and we consider a diverging duct, in case of subsonic flow (Ma<1) at the increase

of the section, the density increases as well (eq. 3.8) and, for the conservation of mass,

the velocity must decrease. Therefore, with subsonic flow, velocity and section variation
follow opposite variation.

On the other hand, in case of supersonic flow (Ma>1) at the increase of the
section, the density decreases and the velocity, for conservation of mass, must
decrease. Therefore, with supersonic flow, velocity and section variation follow the
same variation.

Equation 3.8, combined with the continuity equation, confirms what stated
above.

Rearranging equation 3.6 with equation 3.8, we obtain:

dA_ A
dv V(-a)

(3.10)

If Ma = 1, the condition of % = 0 is satisfied, which means that the area is at a

minimum or at a maximum amount. This happens when two different types of ducts are
combined sequentially: the section area has a minimum in a converging-diverging duct

(Figure 3.8a), while it has a maximum in a diverging-converging duct (Figure 3.8b).
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Figure 3.8: Converging-diverging duct (a) and diverging-converging duct (b).

Let us consider in detail the first case, the converging-diverging duct (Figure 3.9),

which applies to the case of the nozzle in the burner.

Figure 3.9: converging-diverging duct and detail of the flow.

The flow enters the duct in subsonic flow (Ma<1) in the converging section and
the velocity increases until the section area reaches a minimum, where the flow is sonic
(Ma=1). While it is leaving the throat, the flow enters the diverging section of the duct in
supersonic flow (Ma>1) and the velocity increases as the section area increases. In other
words, the converging-diverging area variation allows the achievement of supersonic

flow from subsonic state.
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4. Techniques




4.1 Propellant Synthesis

Initially, the materials studied in this thesis have been prepared by using the
propellant synthesis. In this method, stoichiometric amounts of Gd(NOs); and Er(NOs)3
are dissolved in an aqueous solution and mixed with glycine. The solution is heated over
a Bunsen burner, in order to evaporate the excess of water. At the same time, glycine
forms a gel and, when the ignition temperature is reached, a spontaneous ignition
occurs. The products formed consist in a porous foamy powder. Although the
temperature involved is high enough to allow the combustion to occur, the precursors
are not often completely decomposed, probably because the combustion is not
complete, and some brownish residues are left in the products. In order to avoid the
formation of improper products, the powders undergo a thermal treatment (1 hour at
500°C) and, after this, they appear as a homogeneously white powder.

The temperature developed during the combustion reaction influences the
particle size of the materials and can be modulated changing the ratio between fuel
(glycine) and metal (nitrate precursors). In all the samples prepared in this thesis, the
fuel/metal ratio has been kept at 1.2, in order to obtain particles with an average size of
20 nm.

The generic reaction of the propellant synthesis of G,03 is:

GGd(N03)3 + 10NH2CH2COOH + 1802 - 3Gd203 + 5N2+18N02 + 20C02 +25H20

Sample Formula Dopant concentration
0.1%
Gadolinium Oxide Gd,05:Er®* 1%
10 %

Table 4.1: Samples prepared by Combustion Synthesis.




4.2 Flame Spray Pyrolysis Setup

In a second time, the luminescent materials have been prepared by Flame Spray
Pyrolysis. The setup, shown in Figure 4.1, has been designed, made and assembled in the

department of Chemistry and Biochemistry at Concordia University.
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Figure 4.1: Schematic of the FSP setup




4.2.1 FSP synthesis

The FSP system used for this work has been inspired by the one described by
Madler et al [73]. A solution of metal precursors is injected with a syringe pump in the
middle of the main nozzle of the burner, through a capillary tube. The solvent is
combustible (e.g. propionic acid, 2-ethyl-hexanoic acid) and acts as a fuel and, with O,,
feeds the main central flame. Twelve flamelets, fed by a mixture of CH4/O,, surround
the main flame, with the aim of igniting the combustion and maintain the stability of the
central flame. As the solution is injected, it passes through the capillary tube and, when
it reaches the end of the tube, each drop is dispersed by the oxygen of the main line in
fine droplets. Instantaneously, the droplets are vaporized, while the precursors are
burnt into metal oxide particles along the flame, going through nucleation, coagulation,
coalescence and agglomeration. The nanocrystals so formed are collected on a glass

microfiber filter, positioned at the top of the burner, with the aid of forced aspiration.

4.2.2 Burner

The burner is made by three concentric cylinders, the most important one being
the central. This cylinder can move along the vertical axis of the burner and determines
the aperture of the nozzle, which can be adjusted to vary the gas exit gap area from zero
to a maximum of 0.433 mm?. This affects the velocity of the gas at the exit (from
subsonic to supersonic discharge) and, as a consequence, influences the dispersion of

the precursors and the shape of the flame.




The aperture of the nozzle can be monitored with the pressure at the exit: when
the nozzle is completely open the pressure drop is O bar and it increases as the nozzle is
being closed. In order to measure the pressure drop at the exit of the line, a pressure

gauge (0-10 atm) has been installed.

4.2.3 Materials

All the parts of the system are in stainless steel: the burner is in AISI 316 and the
capillary tube ((Sigma Aldrich, d=1.067mm) is in AlSI 304. To provide a better dispersion,

the end of the capillary tube is positioned at a height of 0.5 mm from the burner.

4.2.4 Delivery of solution and gas

The rates of the solution and the gases affect the flame properties, such as shape
and temperature, which is determined by the O,/fuel ratio. Therefore, it is crucial to
effectively regulate the settings of the system, not only for potential scaling up
purposes, but also to have a proper control on the synthesis parameters.

The solution containing the precursors is injected with a syringe pump
(Econoflow Harvard Apparatus, MA1 70-2205, syringe Popper micro-mate, 25 mL or 50
mL).

The gas flow rates of O, (Praxair, purity 99.993%) and CH4 (Praxair, purity 99.0%)
are independently controlled by mass flow regulators (MKS 1179A), managed by a
control unit (MKS 247D). In order to avoid backfires in line, each gas line is equipped by

a check valve.




4.2.5 Collection of nanocrystals

The produced powders pass through the quartz burner chamber (11.5 cm i.d.,
30.5 cm L) and the product is collected on a glass microfiber filter (Whatman glass

microfiber filter grade GF/A d = 15 cm).

Figure 4.2: Details of the FSP synthesis setup. A: flame and flamelets, B: flowmeters and controller, C: flame and
pressure gauge, D: syringe and syringe pump, E: glass fiber filter, F: collection of particles, G: flame and burner
detail (note the concentric cylinders at the bottom of the burner).




4.3 Precursors Solution

Stoichiometric quantities of metal precursors are dissolved in 25 mL or 50 mL of
organic solvents, in order to obtain a 0.1 M solution, under stirring at 60°C for 15 min.
The metal precursors and the organic solvent used in this work are summarized

in the following tables.

Name Formula Details Product
Gadolinium Acetate Gd(CH5COO0)3:4H,0  Sigma Aldrich, purity 99.9%  Gd,03
Gadolinium Nitrate Gd(NOs3)3-6H,0 Sigma Aldrich, p. 99.99% Gd,03
Tetraethyl orthosilicate Si(OC,Hs)4 Sigma Aldrich, purity 99 % SiO,
Vanadyl acetylacetonate  (CH3COO),VO Sigma Aldrich, purity 98% GdVO,

Table 4.2: Metal Precursors

Name Formula Details Ln**
Erbium Acetate Er(CH3CO0)s:4H,0 Sigma Aldrich, purity 99.9% Ertt
Erbium Nitrate Er(NO3)3-5H,0 Sigma Aldrich, purity 99.9% Er’t
Ytterbium Acetate Yb(CH3COO0)5:4H,0 Sigma Aldrich, purity 99.9% Yb**
Ytterbium Nitrate Er(NO3)3-5H,0 Sigma Aldrich, purity 99.9% Yb**

Table 4.3: Lanthanide ion precursors

Name Formula Details m*
Lithium acetate Li(CH3C00)-2H,0 Sigma Aldrich, purity 99.95% Li*
Sodium acetate Na(CHsCOO) Sigma Aldrich, purity 99.0% Na*
Potassium acetate K(CHsCOO) Sigma Aldrich, purity 99.0% K*

Table 4.4: Alkali metal ion precursor

Name Formula Details

2-Ethyl-hexanoic acid = CH3(CH,)3CH(C,Hs)CO,H  Sigma Aldrich, purity > 99%
Propionic acid CH5CH,COOH Sigma Aldrich, purity 99.5%
Ethanol EtOH Sigma Aldrich, purity 99.8%
Xylene CsH4(CH3), Sigma Aldrich, purity 98.5%
Toluene CeHsCH; Sigma Aldrich, purity 99.8%

Table 4.5: Solvent (fuel)




The generic combustion reactions that occurs during the FSP for the production,

for example of Gd,0s3, is

2 Gd(C2H302)3 +12 Oz - Gd203 +12 COZ +9 Hzo

Dopant

Solution

Sample Formula concentration rate (OL;::;; (l?apr)
(%) (mL/min)
. 0.1
gi?d‘z'"'“m Gd,05:Er 1 2.00 200 2.00
10
1.00 2.00 2.00
1.33 2.00 2.00
2.00 2.00 2.00
2.66 2.00 2.00
L 3.00 2.00 2.00
gi?d‘z'"'“m Gd,05:Er 1 2.00 133 2.00
2.00 1.50 2.00
2.00 3.00 2.00
2.00 4.00 2.00
2.00 2.00 0.00
2.00 2.00 4.00
. . 3+, 3+,
gi?d‘z'"'“m Gd,04:Er**, Yb** Erid bl 2.00 200 2.00
Gd,03:Er*', Yb**, Erf:1Yb:1, Li™:
Li+ 1
Gadolinium Gd,0s:Er*t, Yb**,  Erft:1Ybh:1,
Oxide Nas Na*: 1 2.00 2.00 2.00
Gd,0s:Er*t, Yb**,  EFf:1Yb3':1, K
K+ 1
. . 3+, 3+,
gi?d‘z'"'“m Gd,0:Er" Yo Lie o LYPTH 2.00 200 2.00
s £33t 3+ 3+, 3+,
\G;::(I;;;:m GdVO4:Er™, Yb Er’:1Yb":1 500 500 500

Table 4.6: Samples prepared by FSP




4.3.1 Preparation of the core/shell nanoparticles

A solution containing the synthesized core (e.g. Gd,05:Er*",Yb*" ,M" or Fe,03) is
dissolved in ethanol with the stoichiometric amount of the shell nitrate precursor, in
order to obtain a 0.1 M concentration. The solution is sonicated for 30 min to guarantee
a good dispersion of the synthesized core. This precursor solution is then injected in the

flame, following the usual procedure.

Dopant
Sample Formula concentration
(%)
Core: Gadolinium Oxide . . . . "
inium Gd,05:Er%, Yb*, Li* @Si0; Er’*:1Yb®1, L 1

Shell: Silica

Table 4.7: Core-shell samples prepared by FSP




4.4 Thermodynamics calculations

Considering the kind of syntheses employed in this work, the thermodynamics of
the reaction plays an important role on the final products. Mainly, two values are

considered: the volumetric enthalpy of combustion and the equivalence ratio.

4.4.1 Volumetric Enthalpy of Combustion, AHcy

For the FSP, the enthalpy of combustion is expressed as the enthalpy change
during the combustion, relative to the volume of oxygen reacted, and it is measured in

K]/Loz- The AH®qy is calculated as follows:

AR = AHoc (HA) - A(EHA) ° Tate(EHa)
cv MW(EHA) . rate(oz)

According to this calculation, the rate of solvent (EHA) and the rate of oxygen are
inversely proportional.

For the propellant synthesis, the reaction occurring must be considered:

6Gd(NO3)3 + 10NH,CH,COOH + 180, - 3Gd,03 + 5N,+18NO, + 20CO, +25H,0

For comparison with the FSP, the enthalpy must be expressed in volumetric

combustion enthalpy. Assuming to be in ideal conditions, this can be done as follow:
\Y
° (&ly)
o AH .8y
AHcquery €Y v,y (02

AHcy = =
v volume g, MW,




The term —€2 s the ratio between the stoichiometric coefficients of glycine and

V(02)

. . . . v .
oxygen. However, as said previously, the ratio between fuel and oxidant @ used in
(Gd)

this work is 1.2, which is less than the stoichiometric ratio, 1.6. Therefore, the value of
the ratio between glycine and oxygen, which is used to obtain AHcy, must be corrected,

accordingly to the experimental conditions, to Y€ - .42,

V(02)

4.4.2 Equivalence ratio, ®

The equivalence ratio, ®, is defined as the ratio between the oxidizer to fuel
ratio and the stoichiometric oxidizer to fuel ratio:

Noxipizer/ MFUEL

D =
(Moxipizer / NryEL) stoich.

When ® = 1, the mixture is stoichiometric and the combustion synthesis is
complete, when ® < 1, the mixture is fuel rich and the combustion is complete and,
finally, when @ > 1, the mixture is fuel lean and the combustion is not complete.

For the propellant synthesis, the equivalence ratio is calculated as follow:

No, /Mgy

(noz /ngly)stoich.

DPcomp =

As said previously, in the experimental conditions used for this work, the
ratio between glycine and oxygen is 0.42. Therefore, ®comg = 1.32 for any propellant

synthesis carried in this work. .




For the FSP, the equivalence ratio is calculated as follow:

ratefuel ' dfuel
noz /nfuel _ Mquel

(noz /nfuel)stoich. (n02 /nfuel)stoich.

Ppgp =

and the values of ®¢sp vary according to the experimental settings of each synthesis.




4.5 Characterization

4.5.1 X-ray Powder Diffraction measurement and analysis

XRPD patterns are measured using a diffractometer (Scintag XDS-2000) equipped
with a Si(Li) Peltier-cooled solid state detector, CuKo source at a generator power of 45
kV and 40 mA, divergent beam (2mm and 4mm) and receiving beam slits (0.5 m and 0.2
mm). Scan range is set from 20-80° 20 with a step size of 0.02° and a count time of 6 s.
The sample is measured using a quartz “zero background” disk. The patterns are
analyzed according to the Rietveld method using the MAUD program, under the
assumption of isoptropic peak broadening.

The particle size has been calculated by Scherrer equation:

= kA
~ Bcosb

Where d is the size of the crystallite, k is a constant dependent on the crystallite
shape (0.89 for spherical crystals without cubic symmetry), A is the X-Ray wavelength

(0.154 nm), B is the Full Width at Half Maximum (FWHM) and 6 is the Bragg angle.




4.5.2 Transmission Electron Microscopy (TEM)

TEM and ED analyses of the powder of nanoparticles are performed with a
microscope (Philips CM200), operating at 200 kV equipped with a charge-coupled device
(CCD) camera (Gaten). Prior to analysis, a minute amount of sample is dispersed through
sonication for 30 min in an appropriate amount of ethanol to yield an approximate
0.1wt % solution. A drop of the resulting solution is evaporated on a formvar/carbon

film supported on a 300 mesh copper grid (3mm in diameter).

4.5.3 Scanning Electron Microscopy (SEM) analyses

SEM analyses are taken with a Field Emission Gun Scanning Electron Microscope
(Hitachi S-4700 FEGSEM). In order to avoid charging effects, the samples are Au-Pd

coated (Anatech Hummer VI Sputter coater).

4.5.4 Thermogravimetric analysis (TGA and DTA)

TGA analysis has been carried on a Seiko Instrument Inc. TG/DTA6200. A known
amount of sample is placed on the platinum crucible and, under N,, it is thermally

treated from room temperature to 1000°C, with a temperature program of 10°C/min.




4.5.5 Luminescence measurements

The setup for the luminescence measurements of the samples is described in
Figure 4.4. Upconversion emission spectra have been collected after excitation with 978
nm wavelength laser diode (Coherent fiber-coupled F6 series, maximum power of 800
mW), coupled to a 100 um (core) fiber.

For all the studies, the powder samples are firmly packed in a capillary tube (d =
1mm), which is fixed in a sample holder on a micropositioning adjustable stand (Oriel). A
camera lens (Mamiya/Sekor, f=55 mm) has been used to focus the emissions, which are
collected at right angle with respect to the incident beam.

The emitted light is dispersed by a 1m double monochromator (Jarrell-Ash
Czerny-Turner) with an optical resolution of ~0.25 nm. The visible emissions are
detected by a thermoelectrically cooled photomultiplier tube (Hamamatsu R943-02).
The signal detected by the PMT is then amplified with a SR440 Standard Research
Systems preamplifier (SR440 Standard Research Systems) and processed by a gated
photon counter (SR400 Standard Research Systems). The signal is recorded under
computer control using the software data acquisition/analyzer system (Standard
Research Systems SR465).

The lifetimes (Figure 4.3) were measured by exciting the sample directly with the
third harmonic (355 nm wavelength), generated from a pulsed Nd-YAG laser (Spectra
Physics, Quanta-Ray INDI). The signal is detected with the same photomultiplier tube

and analyzed with a two channel digital oscilloscope (Tektronix TDS 520A).
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Figure 4.3: Experimental setup for decay times measurements.
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Figure 4.4: Experimental setup for UC emission measurements.




5. Results and Discussion




Results and Discussion

5.1 From Combustion synthesis to FSP

This work focuses mainly on the development of a new technique for the
preparation of luminescent nanomaterials, flame spray pyrolysis. Therefore, at the
beginning of this thesis, it was necessary to compare the new synthesis with a well-
known technique, combustion synthesis, in order to observe similarities, differences and
improvements. For the purpose of focusing only on the synthesis, the first system

studied was a simple binary oxide, Gd,0s, doped with only Er*.

5.1.1 Combustion synthesis: phase purity and morphology

Firstly, a series of samples with different concentrations of Er*" have been
prepared by combustion synthesis, with the aim to study the effects of the dopant
concentration on the luminescence emission of the nanocrystals. Glycine has been used
as a fuel and the amount of Er** used was 0.1, 1 and 10%. All the samples, as prepared,
were brownish and, as a consequence, they have been treated at 500°C for 2 h, in order
to eliminate the organic residues [67]. After the treatment, the solids were white and

have been used, without further treatments, for their characterization.




Results and Discussion

The diffraction pattern of the XRPD analysis (Figure 5.1) revealed the presence of
monoclinic gadolinium oxide (Gd,0s). The Bragg reflections matched those of the
monoclinic phase of the un-doped reference material (JCPDS no. 160226), even if a
minor component of cubic phase (ICSD 41270) has been found (2% by Rietveld

refinement).
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Figure 5.1: XRPD of Gdzo_a,:Er3+ prepared by propellant synthesis




Results and Discussion

Furthermore, an analysis of the XRPD patterns was used to evaluate the
crystallite size of the nanocrystalline Gd,.«Er,O3 powders, using Scherrer’s equation. The
crystallite size was determined to be approximately 25 nm, in agreement with the data
reported using a fuel/oxidizer ratio of 1.2 [121] and with the electron microscopy results

(Figure 5.2).

Figure 5.2: TEM (top) and SEM (bottom) images of Gdzo_,,:Er3+ prepared by propellant synthesis
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Results and Discussion

Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM) analysis of the Gd,.«Er,O3 nanocrystals showed that the nanocrystals obtained by
propellant synthesis were very porous with an open microstructure (Figure 5.2), similar
to the ones observed for nanocrystalline yttria prepared using the same propellant
synthesis [122].

The SEM images revealed the sponge-like structure, typical of the powders
prepared by this technique. On the other hand, TEM images confirmed the high
crystallinity of the samples through the clearly visible lattice fringes. However, they
showed also how the structure of these samples is so compacted that it is almost

impossible discern between the single particles.




Results and Discussion

5.1.2 Flame Spray Pyrolysis: Phase purity and morphology

In order to have a better control on the synthesis and produce more
homogeneous nanocrystals, it has been developed a flame spray pyrolysis system. This
high temperature synthesis not only allows a better control of the products properties,
but it also occurs in one step, without the need of a subsequent thermal treatment
[123].

The morphology of the prepared products is showed in Figure 5.3. The SEM
images clearly present homogeneous and quasi-spherical nanocrystals, which are very

different from the ones previously observed with combustion synthesis (Figure 5.3).

Figure 5.3: SEM images of GdzOg:Er3+ prepared by FSP

This morphology is in agreement with the controlled operation of the synthesis:
the precursor solution is injected into the flame drop by drop, while in the case of the
propellant synthesis an uncontrolled explosion occurs. The ability to produce samples
with this kind of homogeneity makes FSP an appealing technique for the production of

phosphors for displays.
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Results and Discussion

Furthermore, the agglomeration observed in the nanocrystals produced by FSP
was less compact than the one for the samples prepared by propellant synthesis. In fact,
the higher dispersion that occurs when the precursors are injected into the flame of the
FSP most likely prevents the massive agglomeration observed in the samples prepared
by propellant synthesis. As observed with combustion synthesis, also the samples
prepared by FSP showed high crystallinity, as it can be observed with the visible lattice

fringes.

Figure 5.4: TEM images of Gd203:Er3+ prepared by FSP
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Results and Discussion

In agreement with these results, the XRPD pattern (Figure 5.5) showed a
monoclinic Gd,03 phase, similarly to what found with the samples prepared by
propellant synthesis, with a purity of 92% and a particle size of about 20 nm, as
calculated from Rietveld refinement. The presence of a higher amount of cubic Gd,03
phase in the sample prepared by FSP is most likely due to the fact that the temperature

profile involved in the FSP favours the production of metastable systems [109].
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Figure 5.5: XRPD pattern of Gd203IEr3+ prepared by FSP




Results and Discussion

5.1.1 Thermodynamics of the two synthesis

To understand the thermodynamics involved, the enthalpy in both the reactions
was calculated, expressing the combustion enthalpy of the liquid fuel relative to the gas
volume used. For combustion synthesis, the volumetric combustion enthalpy is -16 KJ/L,
while for FSP it is -36 KJ/L (Table 5.1). The higher volumetric combustion enthalpy
involved in FSP relates to the more elevated reaction temperature developed during the

synthesis, resulting in nanocrystals with higher thermal stability and a decrease in

residues.
Propellant .
synthesis Flame Spray Pyrolysis
; 90 % Xylene
e Glycine (in 2-Ethyl-Hexanoic Acid)
AHC (kJ/mo/) -975 4008
AI_IC/LO2 (k]/LOZ ) '16 _36
o 1.3 0.3

Table 5.1: The combustion enthalpies of the propellant and FSP syntheses.

For the propellant synthesis, the oxygen amount depends on the stoichiometric
ratio between the fuel and the oxidant, which in our case was 1.2. For the calculations,
it was assumed that the amount of oxygen consumed during the reaction was
stoichiometric. In the case of FSP, the amount of oxygen involved depends on the gas

flow rate set during the synthesis.




Results and Discussion

Therefore, the equivalence ratio, ®, was calculated to know if the mixtures were

fuel rich (® <1) or fuel lean (® >1). For the propellant synthesis, this ratio, in the

stoichiometric conditions employed (@ = 1.2), is 1.32 (Table 5.1). This indicates that
(Gd)

the mixture used is fuel lean and leads to incomplete combustion, as it can be observed
from the brownish residues present on the NCs, due to the presence of unburnt species.
For FSP, the value of ®is 0.3. This indicates that the mixture is fuel rich and, as a
consequence, that a complete combustion occurs. In support of this, the NCs prepared
by FSP were white as prepared and did not show the presence of major quantities of
unburnt species.

While the ratio between oxygen and fuel flow rates cannot be modified in the
propellant synthesis, FSP allows the variation of the settings, which affect the final
properties of the products, such as particle size, upconversion intensity and phase

purity. A systematic study of these variables will be the subject of the following chapter.




Results and Discussion

5.1.2 Luminescent properties of the nanocrystals

Following excitation into the 4I11/2 state using 980 nm laser radiation, both green
and red upconverted emissions were observed for all nanocrystalline samples, prepared
by either propellant synthesis or FSP (Figure 5.6). As it can be observed from the
spectra, the upconverted luminescence centered at 527, 552 and 665 nm was attributed
to transitions from the *Hi1/s, *S3/2 and *Fo/ excited states to the ground state (*ls/2),

respectively.
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Figure 5.6: Room temperature luminescence of Gd203:Er3+ prepared by propellant synthesis and FSP
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Results and Discussion

The upconversion mechanisms at 980 nm are shown in Figure 5.7. Upconversion
can occur via the ESA mechanism, where an Er®* ion is promoted to an intermediate
excited state, the 4I11/2 level, from which a second incoming pump photon raises it to the
*F,/; level. After non-radiative decay to the lower lying 2Hi1/2, Ss/2 and “Fgj, levels, the
visible emission is observed. Since the ESA mechanism involves only the single ion, it is

the prevalent mechanism in nanocrystals with low dopant concentrations.

4F_
20— T 7/2
4 A: L'H'L *Hy1n
P = *S32
@ |
VIO \
—~ 15— Oy ¥— Fop
c ®
Q v
o 7] $ Ho/z
2 [
x 10 : ©),
> — I 4.,
%ﬂ A : * A 11/2
c I !
L . I !
1 | a. .,
: /’é 13/2
-7 |
5— : @" I
@ b @
I
. | I
| |
1 |
|

Er3* Er3*

Figure 5.7: Upconversion mechanisms responsible for the green (7-8) and red (9) emission in Er3+-doped Gd,03

nanocrystals. — (1-2-3) energy transfer upconversion (ETU), (4-5) excited state absorption (ESA), and (6) cross
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Results and Discussion

Upconversion can also occur via the ETU mechanism, in which two ions in close
proximity are both excited to the 4I11/2 intermediate level. Acting as a donor, one of
these two ions promotes, through energy transfer, a neighbouring Er* ion, firstly to its
*111/> intermediate state, secondly to the *F;/, excited state. Another mechanism is also
possible, cross-relaxation (CR), where two neighbouring Er®* ions are raised to the 4I11/2
intermediate level. A cross-relaxation process will occur, bringing one ion to the 4F7/2
level, subsequently resulting in the emission described above, while the other ion
returns non-radiatively to the ground state. Since the last two mechanisms involve the
interaction of neighbouring ions, the probability of ETU and CR occurring increases as
the Er*" concentration increases, due to the decreasing distance between Er** ions.

However, the compared samples in Figure 5.6 contain the same amount of Er*
(1%) and this concentration is too low to affect significantly one transfer mechanism
over the other. Since particle size and percentage of monoclinic phase are not different
enough to affect the energy transfer mechanisms, the morphology (Figure 5.3) is
probably the determinant reason influencing the intensity of the luminescence. In fact it
has been reported that, for FED, samples with more homogeneous morphology show
higher luminescence intensity compare to others with irregular morphology [93].

The samples, then, have been doped with various Er’* concentrations, in
order to study the differences in the luminescence emission. Normalized upconversion
emission spectra acquired following 980 nm excitation for the Gd,03:Er** nanocrystals
synthesized via propellant showed an enhancement of the red emission (4F9/2 — 4I15/2)

with increasing dopant concentration (Figure 5.8).
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Results and Discussion

Although the samples prepared by FSP showed a slightly larger increase in the
red/green ratio for the samples doped with 1 and 10 mol% of Er**, the overall emission
intensity are greater than the propellant ones for the three different concentrations.

The calculated red/green upconversion emission ratios were varied from 0.1 to
0.3-0.5 for the 0.1 and 1 mol% Er’*-doped Gd,O; nanocrystals prepared by both

techniques (Table 5.2).

Er Ratio of the integrated intensity
% conc. . Flame Spray
(mol %) Propellant synthesis Pyrolysis
0.1 0.1 0.1
1 0.3 0.5
10 1.0 1.3

Table 5.2: The ratio of the integrated intensity of the 4Fg/2 — 4I15/2/ (2H11/2, 453/2) — 4I15/2 emission bands after
excitation using a wavelength of 980 nm

1.5
. 3+ . O
Increasing the Er" concentration (10
1.0 A
mol%), the red/green ratio increases to 3
1.0 for the sample prepared by —80.57 O
A
propellant synthesis and 1.3 for the 0.0 Q
0 2 4 6 8 10
one prepared by FSP. In fact, increasing Concentration Er** (%)

. . Figure 5.9: Plot of the ratio of the integrated intensity listed
the concentration, and thus decreasing i, taple 5.2-A propellant synthesis, O FSP

distance between the neighbouring ions, favour cross-relaxation through the [4F7/2,4I11/2]
— [4F9/2,4F9/2] mechanism, which is responsible for enhancement of the red emission, as
previously reported in the literature [27,28] . Further population of the 4F9/2 state may

also occur through non-radiative decay from higher lying levels.
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Comparing the two syntheses, the overall shape of the emission spectra does not
change (Figure 5.8). However, the absolute upconverted emission intensity of the
samples prepared by FSP is twice that of the nanocrystals prepared by propellant
synthesis. In fact, the temperature involved during the synthesis affects the emission
intensity of the nanocrystals [124]. The samples prepared by the propellant technique
required a further thermal treatment at 500 °C for 2 h after preparation to eliminate the
residual unburnt species; therefore, the nanocrystals synthesized by FSP were also
treated at the same conditions for comparative reasons. However, this step does not
affect the intensity of the luminescence emission in the samples prepared by FSP and it
is not usually required in this method, since the high temperature developed during the
synthesis is already sufficient to decompose the precursors and produce nanocrystals,

eliminating the need for any further post-synthesis heat treatment.
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5.2 Development of Flame Spray Pyrolysis

In order to achieve a better understanding of the Flame Spray Pyrolysis, Gd,03
has been chosen as a probe to study how the variation of the operating parameters of
the system affects the properties of the material, such as luminescence, particle size,
phase purity and crystal structure. This study is of interest, in our view, because if the
effect of each parameter on the final products is known, it is possible to tailor the
properties of the produced compounds and plan them in advance. With the objective to
focus only on the effects of the synthetic parameters, the Gd,03 nanocrystals have been
doped with only Er*".

For reference purposes, Figure 5.10 is reported below.
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Figure 5.10: Setup of Flame Spray Pyrolysis
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5.2.1 Synthetic parameters

The parts of the synthesis that can be varied are the following:

a. Type of metal precursor

b. Type of solvent/fuel

c. Central flame oxygen flow rate

d. Precursor solution flow rate

e. Aperture of the nozzle

While a and b affect the synthesis from a strict chemical point of view, ¢, d and e
influence the flow dynamics of the system and, as a consequence, the flame. In
particular, the variation of the oxygen rate, of the fuel rate or of the opening of the
nozzle affects the heat of combustion, the dispersion of the precursors in the flame and,
finally, the length of the flame (Figure 5.11). Ultimately, these variations have an effect
on the formation of the products in the flame and, as a consequence, of their
properties. In order to understand how these settings affect the properties of the

luminescent nanomaterials, each of the synthesis settings has been studied.

Fuel Di ) Nozzle
rate Ispersion opening

Figure 5.11: Variable synthesis settings and their effect on the flame.
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5.2.2 Shape of the flame and mechanism of formation

The variation of the synthesis settings affects visibly the flame. As it can be seen
in Figure 5.12, when the fuel flow rate is increased from 1 mL/min to 3 mL/min, the
flame becomes longer, from 13 cm to 19 cm. In fact, a faster fuel flow rate provides

more solution in the unity of time and the flame, as a consequence, is fed by more fuel.

1 mL/min 2 mL/min 3 mL/min

Figure 5.12: Effect of the fuel flow rate on the flame.

Similarly, when the oxygen flow rate is decreased from 3 L/min to 1 L/min, the
flame becomes longer, from 9 cm to 18 cm (Figure 5.13). In fact, a higher oxygen rate
increases the dispersion of the precursors when they enter the flame, decreasing also
the collisions between the particles in the flame and, as a consequence, quenching the

flame temperature.

1L/min 2 L/min

Figure 5.13: Effect of the oxygen flow rate on the flame.
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Finally, when the nozzle is closed, and the pressure drop at the exit increases
from 0 atm to 4 atm, the flame shortens from 20 cm to 9 cm (Figure 5.14). In fact, the
velocity of the gas (0,) inside the flame determines the residence time of the particles in

the flame.

2 atm

Figure 5.14: Effect of the opening of the nozzle on the flame.

The shape of the flame has an important impact on the properties of the final
products. In fact, the mechanism of formation of the nanoparticles occurs entirely
within the flame. As it can be seen in Figure 5.15, the length of the flame determines the
time spent for the formation of the nanoparticles.

As the drop of precursor solution leaves the tip of the capillary tube, the solvent
evaporates and burns and, as it enters, onto the hot part of the flame, the metal
precursor is released and decomposed. After this, the nucleation occurs, followed by
coalescence and condensation and, if the particles remain in the flame for a sufficient

period of time, they can agglomerate [74].
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Figure 5.15: Formation of particles along the length of the flame

Hence, it is clear that the extension of the time period during which the particles
stay in the flame will cause their size to increase and the aggregation processes will
become more probable. On the other hand, a short flame will cause the formation of
small particles. In any case, the time spent into the flame needs to be sufficient to allow
the decomposition of the precursors and the formation of the desired phase of the
product. Usually, the most favourable results are achieved when a compromise

between these factors is sought.
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5.2.3 Choice of metal precursor

The choice of the metal precursor depends mainly on its solubility in the solvent
used. In fact, the precursor solution needs to be limpid and stable, in order to not clog
the capillary tube and maintain the continuity of the synthesis.

In this work, metal nitrates and acetates have been chosen as precursors.

Initially, metal nitrates have been used as precursors. However, the resulting
products showed low purity phase, as, in fact, it has already been reported in literature
[112]. However, nitrates have been chosen when ethanol was used as solvent for the
preparation of core-shell nanoparticles. In general, ethanol is not a good solvent for
flame spray pyrolysis because it evaporates too quickly when it exits the capillary tube
and it creates lumps, which clog the needle. However, the endothermic decomposition
of nitrates compensates the high volatility of ethanol.

4Gd(NO3); - 2Gd,05 + 12NO; + 30,

Metal acetates are the main precursors used, because they dissolve well in the
various chosen solvents and they lead to stable products, with high thermal stability,
due to the high temperature that is developed during their exothermic decomposition:

2Gd(CH3C00); + 120, - Gd,0; + 12CO, + 9H,0
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5.2.4 Choice of solvent/fuel

In order to optimize the FSP settings and obtain the best conditions during the

injection of the precursor solution, several solvents have been chosen (Table 5.3).

solvent formula bp (°C) AH, (kJ/L)
Ethanol H3C/\OH 78 -23.5
I
Propionic acid NN 141 -20.6
I
2-Ethylhexanoic acid Hscwj/kw 228 -30.1
H;C
CH,
Toluene 110 -36.8
CHjy
Xylene 138 -36.9
CH,

Table 5.3: Solvents used for the preparation of the precursor solutions and their characteristics.

Considering that ethanol is used for the preparation of several luminescent
nanoparticles [62,69,125], it has been the first solvent employed. However, as
mentioned in the previous paragraph, EtOH is too volatile (bp: 78°C) and the drops
evaporate too quickly to allow the precursor to decompose in a sufficient time. As a
consequence, lumps are formed at the tip of the nozzle, which is clogged. In addition to

this, it is difficult to collect the prepared powder sample.
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With the purpose to overcome the clogging of the nozzle, propionic acid has
been chosen as a solvent, because it has a AH., similar to EtOH, but higher boiling point
(141 °C). However, the products presented a brownish color, which is not desirable for
luminescence purposes, considering that dark coloured samples would absorb the
excitation light to the disadvantage of the emitted light. Most likely, propionic acid does
not provide, during its combustion, the conditions necessary to produce the material
wanted. As a consequence, some unburnt residues are still present on the products. In
fact, the powders have been treated at 500°C for 2 h and they turned white, showing
bright luminescence. However, the main reason why FSP has been chosen is the
possibility of preparing the samples in one step and, as a consequence, propionic acid
has been discarded as a possible solvent.

It is known that solvents with longer chains provide a better combustion [75]. In
particular, the presence of branching improves the combustion efficiency, as it occurs
with the octane number for gasoline. Therefore, it has been chosen 2-ethyl-hexanoic
acid (2EHA) as solvent. The prepared samples were white and they did not require any
further treatment. Moreover, they showed bright luminescence, as they were
synthesized. As a consequence, 2EHA was selected as solvent to prepare all the samples
used to study the effect of the synthesis parameters (oxygen flow rate, fuel flow rate,

nozzle opening) on the luminescent nanocrystals.
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However, the samples prepared with 2EHA showed high composition of cubic
phase (min 18%) and, because of their low grade of purity, are not suitable for high
performance optical purposes. Therefore, solvents with higher AH., have been chosen,
in order to provide higher temperature during the synthesis and prepare samples with
higher phase purity.

For this purpose, toluene and xylene, were selected as solvents. However, they
could not be used as pure solvents, because the dissolution of the acetates precursors is
difficult and the solutions are unstable. In fact, they become cloudy during the injection,
forcing the interruption of the reaction. To overcome this issue, mixtures of xylene and
toluene with 2EHA have been prepared. The solubility of the precursors and the stability
of the solution improved dramatically. Due to the higher volumetric combustion
enthalpy of these solutions, the temperature in the flame was higher than with the
other solvents and the obtained products showed higher purity. In general, when the
molar concentration of xylene, or toluene, in 2EHA is increased, the volumetric
combustion enthalpy increases and the equivalence ratio decreases, leading to reactions
at higher temperatures and more fuel rich (Table 5.4).

The XRPD patterns (Figure 5.16) showed reflections typical of the monoclinic
phase of Gd,03 ((JCPDS no. 160226), with a component of cubic phase (ICSD 41270). As
the molar fraction of xylene increases, the monoclinic component increases and the

sharper lines of the XRPD patterns indicate a better crystallinity.
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Figure 5.16: XRPD patterns of the samples prepared with different molar compositions of xylene (xyl) in 2EHA. Xyl#
indicates the molar fraction of xylene in a xylene/2EHA solution.

% xylene in 2EHA @ AHe % monoclinic
Ki/Loz phase
30 0.266 -32.10 76
50 0254  -33.46 81
70 0.242 -34.83 39
90 0.230 -36.19 93

Table 5.4: solutions of xylene in 2EHA.
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5.2.5 Effect of the precursors solution flow rate

In order to study the effect of the precursors flow rate, a series of samples have
been prepared, keeping the oxygen flow rate constant and obtaining synthetic
conditions with volumetric combustion enthalpies of -15, -20, -30, -40, -45 KJ/L (Table

5.5). The oxygen flow rate was kept constant at 2 L/min and the pressure drop at 2 atm.

AH, Fuel flow rate
KJ/Loa mL/min

-15 1.00

-20 1.33

-30 2.00

-40 2.66

-45 3.00

Table 5.5: Series of samples prepared to study the effect of the
solution flow rate on the final properties of the nanoparticles. Oxygen
flow rate is kept at 2L/min and the pressure drop at 2 atm.

For all the samples, the luminescence emission spectra, after excitation at 980
nm, have been collected at room temperature. As showed in Figure 5.17, the observed
emissions are in the green and in the red region of the spectrum.

As this series of samples is doped with only Er*", it can be considered that the
UC mechanism is the same as the one reported in Figure 5.7, and previously described.
In brief, the excitation at 980 nm populates, via different multiphoton energy transfer
mechanisms (ETU, ESA, CR), the 4I11/2 level. From here, after non-radiative decay, the
lower levels, *Hi1/2, *Ss3/2 and *Fis/,, are populated and their relaxation to the ground

state, 4I11/2, generates the observed green and red emissions.
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Figure 5.17: UC spectra of Gd203:1%Er3+ samples at different precursor solution flow rates. A, = 980 nm.

As it can be seen in Figure 5.17, the overall UC luminescence intensity increases,
when the precursor solution flow rate increases. The curves of the sample prepared at
the lowest flow rate have not a defined structure. In fact, the volumetric combustion
enthalpy of the sample prepared at 1 mL/min is the lowest and probably, in these
conditions, the crystallinity of the sample is too low to show structured features in the
UC emission spectrum. For all the other samples, major differences in the shape of the
spectra are not observed, but the ratio between the green and red emissions varies

significantly with the variation of the fuel flow rate (Figure 5.18).
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Figure 5.18: UC emission spectra, normalized to 453/2, at different precursor solution flow rates. A, = 980 nm

I
500 550

5+ - flow Red/green AH.
1 mL/min ratio KI/Loz
ol 1.00 4.72 -15
3 ] 1.33 1.57 -20
37 2.00 1.34 -30
g 5. 2.66 0.67 -40
- 3.00 0.44 -45
u |
14
| - Table 5.6: red/green ratio of the samples
0 prepared at different liquid flow rates

10 15 20 25 30
Precursor solution flow rate (mL/min)

Figure 5.19: Intensity ratios between the red emission (4F9/2,
centered at 673 nm) and the green emissions (2H11/2, 453/2,
centered at 548 nm)
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The sample prepared at 1 mL/min shows again different features in the spectral
lines. In particular, the emission from the 2H11/2 level is higher than for the other
samples. This level is hypersensitive to the crystal environment and the difference with
the other samples confirms the presence of more defects in the Er** site and the low
crystalinity of the sample prepared at 1 mL/min. In fact, the thermodynamics conditions
of the synthesis (lowest volumetric combustion enthalpy of the seires) support this
hypothesis.

In order to calculate the ratios, the intensities of the green and red emissions
have been integrated and the ratios between the red emission (4F9/2, centered at around
673 nm) and the green emissions (2H11/2, 453/2, centered at around 548 nm) have been
reported in Table 5.6: red/green ratio of the samples prepared at different liquid flow
rates

As the precursor solution increases, the ratios between the red and the green
emission decrease (Figure 5.19). The sample with the lowest volumetric combustion
enthalpy, -15 kJ/L, prepared at 1 mL/min, shows a prevalent emission in the red, with a
ratio red/green is around 5:1. This ratio drops almost three times (1:1.34) when the
solution flow rate is increased at 2 mL/min, and it drops more than ten times for the
sample at the highest volumetric combustion enthalpy, -45 kJ/L, prepared at 5 mL/min.
This last sample showed a prevalent emission in the green, visible with the naked eye.

When the precursor solution flow rate increases, the volumetric combustion
enthalpy increases and the temperature involved in the reaction is expected to increase

as well.
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A higher temperature during the formation of the nanocrystals makes the
combustion more efficient and decreases the probability of unburnt species on the
surface of the samples. In fact, the weight loss of the samples decreases as the
precursor solution flow rate increases (Figure 5.20). While the sample prepared at 3
mL/min, with the highest volumetric combustion enthalpy, shows a weight loss of about
4.5%, the sample prepared at 1 mL/min, with the lowest volumetric combustion
enthalpy of the series, presents a weight loss of almost 7%. The DTA measurements
(Figure 5.20) showed mainly three peaks, which, in literature, have been identified as
the decomposition of water (100°C) and carbonaceous species that are eliminated,

between 200 and 300°C, by evolution of CO, [75].
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Figure 5.20: TGA measurements of Gd203:1%Er3+ samples at different precursor solution flow rates.
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The increasing temperature developed during the synthesis, when the
volumetric combustion enthalpy is increased, provides a better decomposition of the
metal precursors and of the organic solvent. As a consequence, on the surface of the
nanocrystals, a lower amount of hydroxylic groups, from water, and carbonates, from
carbonaceous unburnt species, are present. These species have a quenching effect on
the luminescence emission, because their vibrational energy (1500 cm™ and 3350 cm™)
can fill the gap between the 4F7/2 and the 2H11/2 energy states and they can increase the
probability of populating of the 4F9/2, via cross-relaxation, and decrease the probability
of populating the 2H11/2 and 453/2 levels. The consequence of the presence of these
species is a quenching of the overall luminescence, because the available photons do
not pump efficiently the higher energy levels (2H11/2 and 453/2), and an increase in the red

emission, because of the increased population of the 4F9/2 level.
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Figure 5.21: DTA and TGA of Gd203:1%Er3+ sample prepared at 2.66 mL/min.
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Therefore, at the increase of the volumetric combustion enthalpy, and of the
temperature developed during the reaction, the residues from unburnt carbonaceous
species decreases. As a consequence, the overall emission intensity increases, as well as
the red/green intensity, because of a higher probability to populate the 4F9/2 level with a
[4F7/2,4|11/2] - [4F9/2,4F9/2] cross-relaxation mechanism.

The temperature developed during the synthesis affects also the thermal
stability of the samples (Figure 5.20). While all the other samples stabilized at about
700°C, the sample at 1mL/min becomes stable only above 780°C, confirming the
incomplete combustion in the flame and a higher concentration of unburnt residues on
the surface of the nanocrystals.

The rate of combustion affects also the phase purity of the samples. The XRPD
patterns (Table 5.7) showed reflections typical of the monoclinic phase of Gd,0s ((JCPDS
no. 160226), with a component of cubic phase (ICSD 41270), which varied with the
precursor solution fuel flow rate (Table 5.7).

At the lowest rate, 1 mL/min, the amount of monoclinic phase is 93% and it
decreases dramatically to 64%, as the precursors solution flow rate is increased at 3
mL/min, with the highest volumetric combustion enthalpy, -45 KJ/L.

The variation of the phase purity with different settings in samples prepared by
flame spray pyrolysis has been reported for Y,05:Eu* [56]. In the reported case, it was
possible to tune the phase purity of the samples (cubic or monoclinic) modifying the

synthetic parameters.
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In the samples prepared in this thesis, it has not been possible to produce a
completely cubic or monoclinic Gd,0s, because the limits used for the study of the
parameters (1 mL/min and 3 mL/min in the case of the precursor solution flow rate) are
imposed by the geometry of the employed nozzle: at settings lower or higher than the
limits, it would not be possible to obtain a stable flame.

In the samples prepared in this work, when the precursor solution flow rates
increase, and the volumetric combustion enthalpy increases, the percentage of
monoclinic phase decreases. The monoclinic phase has a lower symmetry than the cubic
phase. Therefore, an increase in the amount of monoclinic phase would suggest an
enhancement of the intensity of the luminescence emission, because of the release of

otherwise forbidden transitions.
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XRPD patterns of the samples prepared at different precursor flow rates.

70

flow AH.y % d
mL/min KJ/Los monoclinic nm
1.00 -15 93 12
1.33 -20 89 13
2.00 -30 88 14
2.66 -40 80 20
3.00 -45 64 23

Table 5.7: Summary of the samples prepared at various precursor flow rates, showing
the volumetric combustion enthalpy, the % of monoclinic phase and the size of the

particles.

80
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However, it has been observed that, increasing the solution flow rate, while the
monoclinic phase decreases, the intensity of the luminescence emission increases
(Figure 5.18), which is in contrast with the behaviour expected theoretically. As it can be
observed in, in the cubic phase, the Er’* ions could be allocated in two sites: one with
symmetry C, and one with Ci, which is optically inactive due to presence of the inversion
center. In the monoclinic phase, the ions could be allocated in three Cs sites, all of them

optically active.
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Cubic (C-type): two sites Monoclinic (B-type): three nonequivalent sites

Figure 5.23: Cubic and Monoclinic phase of Gd,0;.

Therefore, looking at the geometry, in the cubic phase only the 50% of the ions
contributes to the UC emission, while in the monoclinic phase all the ions take part to
the UC mechanisms. This means that, in addition to the symmetry decrease, samples
with a higher monoclinic component are statistically supposed to contribute more
efficiently to the luminescence emission, resulting in an increase in the intensity.

Ideally, in order to better understand the trend of the prepared samples, a
sample with a cubic component higher than 90% should have been prepared. This
would have allowed the comparison between the two extremes of the series. However,

the apparatus limitations do not allow us to increase the fuel flow rate further.
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With the objective to obtain a more complete picture of the observed trend, the
particle size of the samples has been calculated by the Scherrer equation. As it can be
seen in Table 5.7, when the liquid flow rate is increased, the particle size increases from
12 nm, at 1 mL/min, to 23 nm, at 3 mL/min. It is known that the luminescence intensity
is dependent from the particle size. Therefore, it can be concluded that, in this series of
samples, the increase of the emission intensity is mainly due to the increase of the
particle size (Figure 5.24).
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Figure 5.24: Plot showing the trend of the liquid flow rate and the volumetric combustion
enthalpy respect to the % of monoclinic phase (V) in the products and the particle size (A).
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The particle size observed with TEM images is in agreement with the values
calculated with the Scherrer equation. Moreover, the TEM images showed an increase
in the agglomeration of the nanocrystals as the solution flow rate was increased (Figure

5.25).

1.33 mL/min

Figure 5.25: TEM images of Gdan:l%Er3+ samples prepared at different precursor solution flow rates

In fact, at the increase of the solution flow rate, the volumetric combustion
enthalpy increases and, as a consequence, the temperature developed during the
synthesis is expected to increase as well. Moreover, when the liquid flow rate increases,
the flame becomes longer (Figure 5.12) and the particles spend more time in the flame,
increasing the agglomeration time. As a consequence, it is plausible to observe a larger

size of the nanocrystals.
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5.2.6 Effect of the oxygen flow rate.

The precursor solution rate has been kept constant in the series of samples
prepared to study the effects of the oxygen flow rate on the nanocrystals (Table 5.8). As
for the previous section, synthetic conditions with volumetric combustion enthalpies of
-15, -20, -30, -40, -45 KJ/L have been used. The precursors solution flow rate has been

maintained at 2 mL/min and the pressure drop at 2 atm.

AH., Oxygen flow rate
K.I/I_oz L/mln

-15 4.00

-20 3.00

-30 2.00

-40 1.50

-45 1.33

Table 5.8: Series of samples prepared to study the effect of the oxygen flow
rate on the final properties of the nanocrystals. Precursor solution flow rate
is kept at 2 mL/min and the pressure drop at 2 atm.

After excitation at 980 nm at room temperature, all the samples showed
emission in the green (2H11/2, 453/2 — 4Il_r,/z) and in the red (4F15/2 ) —> 4I15/2), similarly to
what observed for the previous series of samples (Figure 5.26)

Figure 5.26 shows that the overall UC luminescence intensity increases, when
the oxygen flow rate decreases. There are not remarkable differences in the overall
shape of the spectra, but the ratio between the green and red emissions, when the

oxygen flow rate increase, undergoes a significant variation (Table 5.9 and Figure 5.27).
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Figure 5.26: UC spectra of Gd203:1%Er3+ samples at different oxygen flow rates. A, = 980 nm.

As shown in Figure 5.27, the ratios between the red and green emissions
increase at the decrease of the oxygen flow rate, and at the increase of the volumetric
combustion enthalpy. The sample prepared at 4 L/min, with the lowest AHcy, -15 KJ/L,
presents the highest red/green ratio, 3.58, which decreases almost three times, 1.34,
when the sample is prepared at 2 L/min. At the highest AHcy, when the sample is
prepared at 1.33 L/min, the red/green ratio decreases more than ten times, 0.44,

compared to the initial value.
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Figure 5.27: UC emission spectra, normalized to 453/2, at different oxygen flow rates. Ao = 980 nm
4
u O, flow Red/green AH
34 L/min ratio Ki/Los
. 133 044  -45
g, 1.50 0.58  -40
=§ 2.00 1.34 -30
= . 3.00 282 20
b 4.00 358  -15
- |
: 1:5 2j0 2f5 3j0 3T5 4f0 Table 5.9: red/green ratio of the samples

Oxygen flow rate (L/min)

prepared at different oxygen flow rates

Figure 5.28: Intensity ratios between the red emission (4F9/2,
centered at 673 nm) and the green emissions (2H11/2, 453/2,
centered at 548 nm)
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At the decrease of the oxygen flow rate, when the volumetric combustion
enthalpy increases, the reaction temperature increases. In fact, similarly to what
observed in the previous series of samples, the TGA measurements (Figure 5.29) ) show
that the weigh loss decreases as the volumetric combustion enthalpy increases: from
about 7.5 % at 4 L/min and -15 KJ/L, to about 5 % at 1.33 L/min and -45 KJ/L. This means
that, as the reaction temperature increases, there is a lower amount of residues on the
surface of the nanocrystals. Since these species could be identified with carbonates and
hydroxylic groups, which act as quenching agents, the overall UC intensity emission

increases (Figure 5.26) and the red/green ratio decreases (Figure 5.27).
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Figure 5.29: TGA measurements of Gd203:1%Er3+ samples at different oxygen flow rates.
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Figure 5.30: XRPD patterns of the samples prepared at different oxygen flow rates.

0, flow AH, % d
L/min KJ/Los monoclinic nm
4.00 -15 92 12
3.00 -20 90 13
2.00 -30 88 14
1.50 -40 63 20
1.33 -45 61 24

Table 5.10: Summary of the samples prepared at various oxygen flow rates, showing the
volumetric combustion enthalpy, the % of monoclinic phase and the size of the particles.
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The XRPD patterns (Figure 5.30) revealed the reflections of monoclinic Gd,0s,
with a cubic composition, variable with the variation of the oxygen flow rate. In fact, as
it can be seen in Table 5.10, the percentage of monoclinic phase decreases as the
oxygen flow rate decreases and the volumetric combustion enthalpy increases: from
92%, at 4 L/min and -15 KJ/L, the monoclinic composition drops to 61 % at 1.33 L/min
and -45 KJ/L. Considering that at high oxygen flow rate the residence time is short and at
low oxygen flow rates the residence time is long, the results are in agreement with
other studies reported in literature. In fact, it has been observed that for Y,05:Eu® [56]
monoclinic nanocrystals were synthesised at short residence time and cubic
nanocrystals at long residence times.

The particle size, calculated by Scherrer equation, increased as the DHCV
increases. The sample prepared at 4 L/min, at the lowest volumetric combustion
enthalpy, have a particle size of 12 nm, while the sample prepared at 1.33 L/min, at the
highest volumetric combustion enthalpy, have a particle size of 24 nm. In fact, as the
oxygen flow rate increases, the volumetric combustion enthalpy increases and, along
with it, the temperature developed during the reaction.

All the above-mentioned observations are summarized in Figure 5.31.

The key role of the oxygen flow rate is the dispersion of the precursors in the
flame. It has been showed in Figure 5.13 that as the oxygen flow rate decreases the
flame becomes longer. This means that the particles spend more time in the flame and
their aggregation is more probable. In fact, TEM images (Figure 5.32) showed higher

aggregation and bigger size as the oxygen flow rate went from 4 L/min to 1.33 L/min.
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Figure 5.31: Plot showing the trend of the oxygen flow rate and the volumetric combustion enthalpy
respect to the % of monoclinic phase (V) in the products and the particle size (A).
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Figure 5.32: TEM images of Gdan:l%Er3+ samples prepared at different oxygen flow rates
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5.2.7 Effect of the pressure drop

In order to study of the effect of the pressure drop on the final properties of the
nanocrystals, a series of samples have been prepared at various openings of the nozzle,
when the indicated pressure drop was O bar (nozzle completely open), 2 bar, 4 bar
(Table 5.11). It was not possible to increase further the pressure drop at the exit of the
nozzle, because of the limits imposed by the design of the burner. During the
preparation of this series of samples, the solution and the oxygen flow rates have been

kept constant at 2 mL/min and 2 L/min, respectively.

Pressure dro
Openining of nozzle u P

bar
Completely open 0
Slightly closed 2
Almost completely closed 4

Table 5.11: Series of samples prepared to study the effect of the pressure
drop on the final properties of the nanocrystals. Precursor solution flow
rate is kept at 2 mL/min and the oxygen flow rate at 2I/min.

The prepared samples have been excited at 980 nm and the UC emission have
been observed. Similarly to the previous samples, the main emission peaks were in the
green (2H11/2, 453/2 — 4I15/2) and in the red (4F15/2 ) —> 4Il_r,/z), as it can be seen in Figure
5.33. The shape of the spectra does not change, but the overall emission increases as

the pressure drop decreases, which is when the nozzle is closed and the flame is longer.
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Figure 5.33: UC emission spectra at different pressure drops. A ¢, = 980 nm

When the spectra are normalized to the green emission (453/2), it can be

observed that the red emission increases as the pressure drop increases and, as a

consequence, when the flame is shorter.
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Table 5.12: UC emission spectra, normalized to 453/2, at different pressure drops. Ac = 980 nm.

The luminescence behaviour is explained by the results obtained with the XRPD
analysis and the calculation of the crystal size by Scherrer equation (Table 5.13). In fact,
the particle size resulted to decrease, from 16 nm to 11 nm, as the pressure drop is
increasing, from 0 to 4 bar. This means that the increase in the luminescence observed
in Figure 5.33 is due to a size effect: as the size of the nanocrystals increases, the

intensity of the luminescence increases as well.
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AP d
bar nm
0 16
2 14
4 11

Table 5.13: size of the nanocrystals prepared at
different pressure drops.

The aperture of the nozzle does not have any direct influence in the calculated
volumetric combustion enthalpy and, consequently, in the reaction temperature.
However, as showed in Figure 5.14, the aperture of the nozzle has an effect on the
length of the flame: when the nozzle is completely open (AP = 0 bar), the flame is the
longest and while the nozzle is closed (AP = 2, 4 bar) the height of the flame shortens.

In fact, the opening of the nozzle affects predominantly the discharge velocity of
O,: the higher the velocity, the shorter the flame. According to the available literature
[126], as the nozzle is closed, the flow of the oxygen goes from subsonic to sonic to
supersonic. A similar behaviour is expected for the system used in this work. However, a
detailed study of the flow dynamics of this system is not part of the purpose of this
thesis.

Considering the experimental observations (mainly the shape and the noise of
the flame), it can be assumed that at 0 bar the oxygen flow rate is subsonic, at 2 bar is

sonic and at 4 bar is supersonic.
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5.3 Enhancement of the luminescence

In order to be used commercially, luminescent nanomaterials need to show very

bright emission intensity. In order to achieve this, two aspects can be considered:

Selection of the dopants: different dopants, with appropriate concentration,
can improve the probability of energy transfer, with the consequent
enhancement of the luminescence.

Host materials. When the phonon energy of the host materials is low, the
gaps between the energy levels are not easily filled and, as a consequence,
the non-radiative relaxations, which have a quenching effect, are less
probable. Moreover, the intensity is increased when Ln** ions are inserted in
low symmetry sites, because of the release of selection rules, which allow

transitions, otherwise forbidden.
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5.3.1 Combination of dopants: Er** and Yb**

As explained in Chapter 5.2, the development of the FSP synthesis has been
carried out with materials doped with only Er**, for simplicity reasons. However, when
Er’* is combined with Yb®*, the upconversion emission intensity is enhanced. In fact, the
’Fs/, state of Yb*" is resonant with the *l;1; state of Er**, and has a high absorption cross
section, which makes this ion an ideal candidate to increase the efficiency of the
upconversion process.

The results explained in the previous sections showed that the intensity of the
luminescence of Gd,Os: Er** samples is the highest with a precursor solution of 90%
toluene in 2EHA, injected at 2mL/min, 2L/min of O, and with a pressure drop of 2 bar.
Therefore, a sample containing 1% of Er¥* and 1% of Yb®* has been prepared in the
above-mentioned conditions and the luminescence of the two samples has been
compared (Figure 5.34).

As expected, the sample codoped with Er** and Yb** is almost three times (2.7)
more intense than the sample singularly doped with Er**. The enhancement of the
luminescence is a direct consequence of the presence of Yb**, which pumps more

photons and increase the probability of energy transfers with the Er** energy levels.
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Figure 5.34: UC spectra of GdzOgIl%Er3+ (-) Gd203:1%Er3+, 1%Yb** (-) samples. Ay = 980 nm.

Moreover, the ratio between the red emission (*Fs, > “l1s/2) and the green
emission ((2H11/2, 453/2) - 4Il_r,/z) slightly increases, from 1.5 for the Er**-doped sample to
1.8 for the Er**, Yb**-doped sample. The increase in the red emission is due to the
energy transfer mechanisms (Figure 5.35). In fact, in addition to the mechanisms
described for the Er**-doped samples (Figure 5.7), Yb*> ions contribute to the energy
transfer from the excited °Fs/, state to the “ly1/, states of Er*". This energy transfer
contributes also to the population of the 4F9/2 level and, as a consequence, the red

emission is enhanced.
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Figure 5.35: Upconversion mechanisms responsible for the green (7-8) and red (9) emission in Er3+, Yb3+-doped
Gd,0; nanocrystals. — (1-2-3) energy transfer upconversion (ETU), (4-5) excited state absorption (ESA), and (6) cross
relaxation [*F/5,"111/2] = [*Fe2,*Fos2] (CR), (10-11-3) ETU from Yb™", (12-13) ETU and lattice dissipation.

As seen previously, the 4F9/2 level can be populated, not only by non-radiative
relaxation from the *Ss/, level, but also from cross-relaxation between the *F/, + *l11/2,
4F9/2 + 4F9/2 levels. In particular, in presence of Yb3* ions, the CR is enhanced.

However, Yb®* ions increase the probability of another mechanism that
contributes to the population of the 4F9/2 level. A 980nm pump photon excites the Yb**
ions from the ground state to the 2F7/2 excited state that, by energy transfer, donates its
energy to a neighbouring Er** ion, which is, consequently, excited to the 4I11/2 level. After

this, the ion decays non-radiatively to the 4I13/2 lower lying level.
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Since the energy gap between the 4I11/2 and 4I13/2 states is approximately equal to
3600 cm™, the high-energy phonons of carbonates and hydroxylic groups present on the
surface of the nanocrystals could fill this gap. When the ion is in the 4I13/2 excited level,
another energy transfer from a neighbouring Yb>" ion in the 2F7/2 excited state populates
the 4F9/2 level, leaving a small excess of energy (about 1600 cm™), which is dissipated by
the lattice of the nanocrystals. As a result, this mechanism further populates the 4F9/2
energy state and contributes to the enhancement of the red emission in samples

codoped with Yb**, particularly at high concentrations.
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5.3.2 Combination of dopants: alkali metals

With the objective of further enhancing the emission intensity, a series of
samples of Gd,05: Er¥, Yb*" codoped with 1% of alkali metals was prepared. In the

following discussion, the sample doped with only Er** and Yb>" is used as reference and

defined as blank.
The UC spectra of the samples, upon excitation at 980 nm, are illustrated in
Figure 5.36.
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Figure 5.36: UC spectra of Gd203:1%Er3+, 1%Yb3+, 1%M* samples, where M" is an alkali metal. Ao = 980 nm.
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The shape of the overall spectra is the same, but the intensity of the emission
increases when alkali metals are added, with the highest effect with Li".

In particular, the intensity increases almost twice with K* (1.7) and Na* (1.9) and
reaches the highest value with Li* (2.6). The ratios between the red emission (4F9/2) and
the green emissions (2H11/2, 453/2) increase with the incorporation of the alkali metals,

but do not vary significantly within the alkali metal-doped samples (Table 5.14).

Alkali Metal ion Red/g.reen ionic radius
ratio (pbm)
blank 0.55 -
Li* 0.68 76
Na* 0.77 102
K* 0.75 138

Table 5.14: Red/green ratios of alkali metal-doped samples.

Most commonly, a cation is incorporated in a crystal replacing the cation of the
matrix. However, considering the charge mismatch that would be created with the
incorporation of alkali metals in this way and the size of these ions, it is more probable
that alkali metals would be inserted in the interstitial sites of the lattice.

The size of the ions and their volume are summarized in Table 5.15. In particular,
the very small size of the Li* ion emerges, in comparison with the other ions and
supports the hypothesis that Li* ions would occupy the interstitial sites of the crystals

instead of replacing the Gd**ions.
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lon lonic radius (pm) Volume of ion (A3)
- Li* 76 230
[9]
2 Na* 102 556
S .
= K 138 1376
2 Gd** 93.8 432
©
'c 3+
g Yb 86.8 342
C
S Er’* 89 369

Table 5.15: size of the ionic radii of the alkali metals and of the Ln** ions

The samples have been analyzed by XRPD analysis and the patterns have been
refined with the Rietveld method, in order to observe the changes in the lattice
parameters. As shown in Figure 5.37, the XRPD patterns revealed the reflections of
monoclinic Gd,0s, with a cubic composition, variable with the type of alkali metal
incorporated in the crystal. In general, the shape of the XRPD patterns does not show
significant changes after the incorporation of alkali metals.

The refinement did not show any significant change in the lattice parameters
(Table 5.16) to clarify the role of Li" in the crystal and the particle size is very similar for
all the samples. With this last information, in particular, an enhancement of the

luminescence due to a size effect can be excluded.
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Figure 5.37: XRPD analysis of Gd203:1%Er3+, 1%Yb3+, 1%M"* samples, where M" is an alkali metal.

1% Er* 1% Er* 1% Er* 1% Er*
1% Yb** 1% Yb** 1% Yb** 1% Yb**
Li* Na* K*
ionic radius (A) 76 102 138
a 14.111 14.109 14.002 14.128
b 3.576 3.578 3.536 3.581
c 8.7738 8.772 8.686 8.781
B 100.017 100.058 99.903 100.036
volume 436.0 436.0 423.6 437.5
size (nm) 15.6 15.9 15.9 15.5

Table 5.16: Cell parameters calculated by Rietveld refinement of the samples doped with

alkali metals.
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In order to better understand the luminescence behaviour, the decay times of
the green emitting state (453/2) have been measured, upon excitation at 355nm (Table

5.17). The values are in good agreement with previous results [24].

Decay time
Sample (us)
blank 34.1
K* 57.3
Na* 56.2
Li* 95.6

Table 5.17: Decay times (t) of the alkali metal undoped and alkali metal doped
Gd,05:1Er*",10Yb*

An example of the obtained curve is shown in Figure 5.38. As the excitation is
done directly to the Er*" ions, the temporal decay shows an exponential behaviour with

time. The lifetimes have been calculated from the fitting of the curves.
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Figure 5.38: Decay time curve of Gd203:1%Er3+, 1%Yb** sample at the green
emitting state (453/2).
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In agreement with the trend observed for the luminescence intensity, the decay
times increase along the period of the alkali metals. In particular, an increment is
observed from the blank to the samples doped with K" and Na®*, which show similar
values. When Li* is added, the decay time dramatically increases of almost three times,
compared to the blank.

The protraction of the decay times is attributed either to an increase of the
probability of energy transfers or to an increase in the Er*" luminescence. Considering
that the samples are excited at 355 nm, an increase in the energy transfer should not be
appreciated under UV excitation, because, in these conditions, Er** energy levels are
directly excited. The variation of the values of the decay times according to the size of
the alkali metals suggests that the presence of alkali metal ions in the matrix increases
the luminescence of Er’* emission, because of the distortions that they create in the Er**
ion environment. Therefore, it can be assumed that the presence of alkali metal ions in
the lattice generates distortions around the lanthanide sites, with a decrease in the
symmetry.

In order to obtain a better understanding of the behaviour of the alkali metals in
G,03 crystals, it would be necessary to carry more sophisticated structural analysis,
which would involve a synchrotron. However, various studies on luminescent oxides
doped with Li* reported a significant enhancement in the emission

intensity[88,95,104,127-130].
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Some studies attribute to this phenomenon a variation in the Er-O bonds, with
the consequent formation of oxygen vacancies and distortion of the sites. Up to date,
however, the explanation of the effect of Li' ions on luminescent materials is not
entirely clear and leaves several open questions, whose answers are beyond the

objective of this thesis.
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5.3.3 Host materials: preparation of GdVO,

Flame Spray Pyrolysis has been widely used for the preparation of binary oxides,
as luminescent materials, but any compound produced via combustion synthesis can be
prepared by FSP. However, the main limitation lies in the availability of precursors that
can be dissolved in organic solvents and form stable solutions.

In order to increase further the luminescence intensity, GdVO,4 was chosen, as it
is not hygroscopic as Gd,03 and it presents brighter emission. This crystal is not only an
interesting lasing material, but also contains gadolinium, which could be used in
compounds for Magnetic Resonance Imaging and biological applications.

Initially, nanostructured gadolinium vanadate doped with 1% Er*" was prepared
with a solution made with acetate ions. Gadolinium acetate, Vanadyl acetate and
Erbium acetate were heated at 60°C and stirred for 20 minutes. The resulting green
limpid solution was stable. Some crystals were formed after 48 hours, but they were
easily dissolved after heating the solution. The resulting samples were powders of a
green colour and they did not show UC emission. After treatment at 500°C for 2 hours,
the samples were still slightly green and turned white only after being treated at 800°C
for 2 hours. After this further thermal treatment, the samples showed bright green
emission UC after excitation at 980nm. The green colour of the as-prepared samples
was probably the result of incomplete combustion residues, which have been

decomposed after thermal treatment.
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The XRPD analysis revealed the phases of gadolinium orthovanadate (JCPDS 86-

0996), with space group /41/amd (space group no. 141). The vanadate structure is

confirmed for all the samples, threated and unthreated. However, the sample treated at

800°C shows higher crystallinity than the others, as it is suggested by the sharp peaks.
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Figure 5.39: XRPD patterns of GdV04:1%Er3+.
GdVO4 has a zircon-type structure (Figure 5.40)
and the lanthanide ions replace the gadolinium ions
sites, which are coordinated with dodecahedral oxygen

and have D4 symmetry [131].
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Figure 5.40: structure of GdVO,.
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As showed in TEM images (Figure 5.41), the nanocrystals are slightly aggregated
and have the typical morphology of the materials prepared by FSP. The presence of
visible lattice fringes in the high-resolution image is in agreement with the high
crystallinity observed in the XRD analysis. The distance between the lattice fringes
measures 4.64 A, which is attributed to the (101) planes of GdVO, and is in agreement

with the value reported in literature, 4.76A (JCPDS 86-0996).

Figure 5.41: TEM images of GAVO, : 1%Er>*

The sample treated at 800°C showed upconversion emission, after excitation at
980 nm, with two predominant emissions in the green and in the red (Figure 5.42).

The green emission peaks centered at 525 nm and 549 nm, were attributed to
the 2H11/2 - 4I15/2 and 453/2 - 4I15/2 transitions, while the peak in the red emission

region, centered at 671 nm, was attributed to the 4F_c;/z - 4I15/2 transition.
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Figure 5.42: UC emission of GdVO4:1Er3+. Aexc = 980 nm. The inset shows the emission of the sample, normalized at
the 453/2 peak, at different excittion power.
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Figure 5.43: Power study of the GdV04:1Er3+’ upon excitation at 980 nm.
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Emission spectra were collected at different excitation powers. As the excitation
power is increased from 50 mW to 615 mW, the emission intensity increased (Figure
5.43) and affected, particularly, the ratio between the 2H11/2 and the 453/2 manifolds
(Figure 5.42 inset). In fact, the 2H11/2 energy level, which is separated from the lower
lying level 453/2 by a small energy gap (about 700 cm™), is hypersensitive. When part of
the energy excitation beam is dissipated as heat, the temperature in the local
environment of the Er** ions increases and, as a consequence, the 2H11/2 level could be
populated by thermalization. The UC mechanism is similar to the one described
previously for Gd,03; and the slope of the curves In(P) vs In(l) confirmed that the
excitation process occurs via two photons.

In order to prepare the samples in one step, without further thermal treatment,
a mixture of xylene and 2EHA in ratio 7:3, with higher combustion enthalpy than 2EHA,
has been used as solvent. The samples were white as-prepared and showed bright green
luminescence, visible by the naked eye. The one step sample has been analyzed as the
previous ones, leading to the same results.

The results of the prepared GdVO, are important not only because this NC show
a bright luminescence intensity, but also because, to our knowledge, this is the first time

that the synthesis of upconverting GdVO, prepared by FSP has been reported.
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5.4 Core shell systems

Nanostructured oxides can be integrated in core-shell systems for two different
reasons, both with the purpose of using these materials for biological applications.
Firstly a silica shell facilitates the functionalization of nanocrystals and their water
dispersibility. Secondly, a magnetic core aims for the preparation of multifunctional
systems, such as magnetic and luminescent.

The results reported in this section are only preliminary and the focus is mainly
oriented on the silica coating.

The previously described Gd,05;, 1%Er®*, 1%Yb*", 1%Li* nanocrystals prepared
with FSP have been chosen as a core, because of their high intensity luminescence. A 0.1
M solution of the prepared oxides and TEOS have been sonicated for 30 min and used as
precursor solution for the FSP.

The nanocrystals were still showing green luminescence. However, the emission
intensity decreased, compared to the samples used as core, because of the presence of
the silica layer, which probably absorbs part of the excitation intensity, along the light
path. In fact, the measured decay times decrease as well for both the emissions, in the

red and in the green.

-144 -



Results and Discussion

The prepared Gd,03:1Er**, 1Yb*', 1Li*@SiO, have been characterized by TEM
analysis and clearly show silica coating around the Gd,03; nanocrystals. Clearly, the core
show aggregation, which is inevitable considering the nature of the synthesis employed

for the preparation of the nanocrystals.

Figure 5.44: core-shell Gd,0;1Er*",1Yb>, 1Li'@SiO,
prepared by FSP

For comparison, the nanocrystals have been coated also via the Stéber method
(experimental details in Chapter 4.3.1), a traditional wet synthesis for silica coating. The
nanocrystals have been characterized by TEM analysis and showed a similar morphology

to what already observed for the samples prepared by FSP (Figure 5.45).

Figure 5.45: core-shell Gd,O0;1Er*,1Yb™,
1Li*@Si0, prepared by Stéber method.
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The main difference between the two synthesis is represented only by the time
needed to prepare the core-shell systems: the Stéber method requires almost three
days of reaction, while the FSP requires only one hour and half to prepare both core and
core-shell system. This is considered really advantageous, mainly for scale-up purposes.
However, the aggregation of the core nanocrystals is a limitation of the method, mostly
if the nanocrystals are designed for biological applications.

During the preliminary studies, a one step FSP synthesis has been attempted,
without success. In fact, the TEM images did not show any coating around the particles,

suggesting the formation of composite systems.
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Conclusions

6.1 From Combustion synthesis to FSP

A comparison of the structural, morphological and upconversion properties of
Er’*-doped Gd,03 nanocrystals (mainly in the monoclinic phase) prepared by propellant
synthesis and flame spray pyrolysis (FSP) was carried out. The nanocrystal samples
prepared by FSP showed greater uniformity and less aggregation, which are desired
morphological properties in various applications, such as in the display field. The
upconversion emission intensity, following 980 nm excitation, was higher for the
samples synthesized by FSP, without the requirement for further thermal treatment to
eliminate the un-decomposed residues.

Moreover, enhancement in the red emission was observed following an increase
of the dopant concentration (0.1, 1 and 10 mol%) in both samples. Low aggregation,
uniformity and strong emission intensity, added to the possibility of varying the
synthetic settings to modulate the properties of the final products, confirmed the high
potential of the FSP technique for the production of Ln**-doped upconverting

nanocrystals in one step.
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6.2 Development of Flame Spray Pyrolysis

Summarizing the results reported in Chapter 5.2.5-5.2.7, the intensity of the
luminescence increases when the precursor flow rate increases or the oxygen flow rate

decreases or the nozzle is being closed (Table 6.1).

o, L H
Increase of AHcy d % . ur-'mnesc.ence
monoclinic intensity
Precursor solution flow rate . 7 3 y |
Oxygen flow rate A A v A}
Nozzle opening - A - A}

Table 6.1: Summary of the effects of the synthesis parameters on the final products. ? indicates an increase and N
indicates a decrease.

In general, when the synthesis is carried in conditions where the volumetric
combustion enthalpy increases, the temperature developed in the flame increases and
the particle size of the produced nanocrystals increases as well. Although the monoclinic
component of the products decreases, the size effect is predominant and the intensity
of the luminescence is enhanced.

The aperture of the nozzle does not have any effect on the volumetric
combustion enthalpy, but it mainly affects the velocity of the oxygen at the exit of the
line. This influences the length of the flame, with an effect on the particle size and,

consequently, on the intensity of the luminescence.
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At the light of the observed effects, in order to obtain highly efficient emitters, it
is necessary to work at high precursor flow rates and low oxygen flow rate. However,
these conditions would lead to big particle size. Therefore, the best synthetic settings lie
in a compromise between these conditions. In our case, the best synthetic settings are
2mL/min for the precursor flow rate, 2 L/min for the oxygen flow rate and 2 bar for the
pressure drop.

When working with luminescent materials, phase purity is a crucial requirement
for the symmetry of the optic center and, as a consequence, for the transition
probability and the intensity of the luminescence. Therefore, as described in 5.2.4, a
solvent with higher combustion enthalpy (e.g. mixtures of xylene and 2EHA) would be
more appropriate to produce nanoparticles with high monoclinic component.

In general, flame spray pyrolysis demonstrated to be an interesting technique for
the production of nanostructured oxides, because, compared to the long batch
traditional synthetic techniques, it is carried out in a very short time and can be run with
inexpensive and easily available precursors [73]. The main advantages of this technique
are its high rate of productivity, the easiness of the scale-up, and the preparation of
products, at low cost, in continuous, and without the need of post-thermal treatments
[132]. These are important requirements for the manufacturing of luminescent
nanoparticles used for commercial purposes, particularly when high productivity is an
imperative. However, FSP is limited to the design of the apparatus and to the chemistry

of the combustion reaction that occurs in the flame.
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The design of the apparatus influences the critical synthetic parameters below or
over which it is not possible to set the synthesis [126]. The combustion reaction limits
the choice of products to all those materials that can be produced with this kind of
synthesis and the availability of their precursors [109]. As a consequence, it is really
challenging prepare non-oxide compounds with this technique and this thesis is mainly

focused on the preparation of oxide materials, with strong luminescence intensity.
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6.3 Enhancement of the luminescence

The emission intensity of Gd,Os: Er’* nanocrystals increased with the
incorporation of Yb®* in concentration 1% Er*" and 1% Yb*'. The addition of Yb*'
enhances the energy transfer and, as a consequence, increases the efficiency of the
upconversion process.

Alkali metals, especially Li*, increase further the emission intensity of the
prepared Gd,0s:Er®*, Yb* nanocrystals. The overall increase of the luminescence and of
the decay times suggests that their action is mainly due to the distortions that they
create around the Er** site environment.

For the first time in the literature, GdVOs has been prepared by FSP in one step,
without the need of any further thermal treatment. The crystals, doped with Er®*, show

very bright green luminescence intensity.
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6.4 Core-shell systems

Silica-coated luminescent Gd,03 have been prepared by FSP and compared with
a traditional wet coating method. The flame spray technique resulted more convenient
for the short time employed for the core-shell preparation, although the core
nanocrystals resulted very aggregated. It has not been possible to prepare a core-shell

system by FSP in one step.
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Future work

7.1 Alkali metals

In order to better understand the effect of alkali metals on the luminescence
intensity of nanostructured Gd,0s, it is necessary to carry more specific structured
analysis, such as X-Ray crystallography. Moreover, the preparation of single crystals
would greatly contribute to the understanding of the distortions created by the
presence of alkali metals around the Er’" sites.

These studies should be accompanied by probe-spectroscopy investigation, with
Eu®" doped nanocrystals, in order to clarify the effect of the alkali metals on the optical

active site.
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7.2 Gadolinium vanadate nanocrystals

More dopant combinations should be studied for GdVO,4 nanocrystals prepared
by FSP. Considering the bright luminescence of these nanocrystals, the development of
luminescent materials in defined single colors would be extremely useful for the
application in the display industry. Moreover, after studying the correct combination of
dopants, the preparation of white emitting phosphors would be of interest for the

production of LEDs.
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7.3 Core-shell systems

The studies on core-shell systems should be further developed. Firstly, it is
necessary a systematic study to investigate the relation between the thickness of the
silica shell and the synthesis parameters (e.g. enthalpy of combustion, concentration of
the precursor solution).

Magnetic/luminescent multifunctional systems should be investigated,
considering the promising preliminary studies with Fe,05:Gd,05:Er*", Yb**, non reported
in this work. Optical spectroscopy characterization (photoluminescence, decay times)
and XRD analysis should be followed by magnetic characterization, via
magnetoresistance.

However, in order to be considered as alternative method to other more
conventional wet procedures, it is necessary to develop a FSP synthesis for the
preparation of quasi-single particle core-shell systems in one step. This objective
necessarily requires the revision of the FSP burner design: two burners should be

employed for the simultaneous preparation of the core and shell via FSP.
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