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ABSTRACT

Penilla Garcia, Mitzy A., Exploring pyrochlore host for upconversion and downconversion

luminescence materials. Master of Science (MS), May 2020, 59 pp., 4 tables, 23 figures, 85

references.

Pyrochlore has been the focal point of research in the matter science community in the
area of nuclear waste host, thermal barrier coatings, solid oxide fuel cell, catalyst, magnetism,
luminescence etc. Such application arises due to their unique properties such as wide band gap,
high radiation stability, low thermal conductivity, high dielectric constant. The fact it also has
high structural ability, low phonon energy and ability to accommodate dopant ion at both A- site
and B-site; they are considered excellent hosts for inorganic phosphors. This research work is
directed towards synthesizing optical materials having high quantum efficiency for down-
conversion (DC) and up-conversion (UC).

Molten salt synthesis because of its several benefits such as low temperature synthesis,
friendly environmental process, and low cost are expected to produce high quality cost effective,
pyrochlore nanoparticles with A2B>0O7 which is expected to show high quantum yield due to
unique f-f transition of lanthanide ion and host to lanthanide energy transfer. We believe by
suitable tuning of dopant ion its concentration, annealing time, annealing temperature, we will be
able to produce small size luminescent nanoparticles of A2B>07 for up-conversion and down-

conversion suitable by bio imaging and solid-state lighting.
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CHAPTER I

INTRODUCTION TO NANOTECHNOLOGY

1.1.1 What is nanotechnology

Nanomaterials are known to be the manufacture development materials giving rise to
potential properties covering the range of 1-100 nm.[1] Nanomaterials have increased a lot of
research attention in the past years due to their unique size. The size in these materials develops
many physical and chemical properties such as phase transition, theoretical strength,
luminescence, electrical conductivity, etc. that are prone to quantum effects on atoms, molecule,
and structure that may differ from those of bulk size materials. Such distinction in bulk and
nanoscale materials ascends primarily due to an improved surface area considering that
nanomaterials have a larger surface-area to volume ratio at nanoscale, the intrinsic properties are
predominantly determined by size, atom composition, morphology, and crystallinity enhancing
chemical reactivity and much improved mechanical strength than bulk materials.[2] Many
scientists have manufacture controllable synthesis of size and shape at nanoscale having
optimized pH, defect concentration, crystallinity, surface area for many fields such as medical,

magnetics, energy, engine production, agriculture, optics, and more. (Figure 1.1) [3]
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Figure 1.1: Scope to Nanotechnology
1.1.2 Importance of Nanoparticles

Nanoparticles are important from centuries ago before we knew these materials even
existed in science. In the past, there were discoveries that Chinese heritage used to custom
nanoparticles as an inorganic dye, Romans used metal nanoparticles to create glass objects, and
now scientists used nanoparticles for science developments.[4] Nanoparticles are important now
because is the main role in nanomaterials for scientist’s ability to see and manipulate matter on a
nanoscale based and try to understand an atomic scale interaction that still is far from science to

be completely understood. [5]



Benefits and application of nanomaterials help expand, even transfigure science; for
example, medical nanotechnology uses drug delivery in the human body by effective approaches
to target nanoparticles carrying therapeutic drugs straight to ailing cells.[6] Diagnostic techniques
are now using antibodies attached to carbon nanotubes to detect cancerous cells.[7] Antibacterial
treatments aim to help destroy bacteria by the usage of gold nanoparticles and infrared light.[8, 9]
Nanomaterials in optics focus in the performance and properties of light, including its interactions
with matter and in the manufacture of instruments to detect the light been produced. [10]

Optical materials are proficiently used in optoelectronic, optic lasers as well as in LEDs
light, solar energy and medical imaging. Such materials and the devices used in optical materials
cover different spectra range such as UV, VIS, and IR.[9, 11, 12] Nanoparticle also play a role in
superconductivity; scientist study the electron-photon interaction where atoms in a lattice are in
constant vibration creating waves between these atoms, further creating these electron-photon
interactions causing conduction.[13, 14] Some of the fields where superconductors and
nanotechnology are used are gas storage, ultra-capacitors, batteries, flat-panel displays, etc. [15-
17] Not only do nanoparticles play a role in medical science, physics, material science, but food.

Nanomaterials also obtained lot of research in agriculture using nano sensors, and nano
catalysts; nano sensors are used to detect pesticides, contaminants, such as pathogens or allergens
in food harvests.[18, 19] Nano catalyst are used for agricultural waste bioprocesses.[20] For these
and many more fields in nanomaterials nanoparticles are a huge role in the development of

nanoscience. (Figure 1.2)
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1.1.3 Nanoparticles by Molten Salt Synthesis

Molten salt synthesis (MSS) has been introduce to the world of nanotechnology as one of
the simplest, environmentally friendly, low cost productions, and as an astonishing controllable
medium to synthesize nanoparticles. [21-23]

The way molten salt synthesis works is by mixing the reactants by choice with a specific
ratio of salts such as NaNOz, KNOs, NaCl, KCI, LiCl, LiNOs etc. The second process is the most
important in molten salt synthesis since it involves the diffusion, disassociation, arrangements of
the atoms by heating the mixture chosen with the molten salt; then the molten salt will behave as
the medium for the reactants. The final step will deal with the growth and shape of nanoparticles

by nucleation following Ostwald ripening mechanism. [24-26]
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Molten salt synthesis investigations had concluded that molten salt has many advantages
when it comes to use; such as; upturn the rate of chemical reactions, upturn the degree of reactant
producing uniform, homogenous particles, as well as controlling crystalline size, morphology,
and reduction of agglomeration between nanoparticles.[27] Molten salt synthesis simplicity has
led many scientists to use this technique to develop metal lanthanides crystal structures with
different chemical conformations such as perovskites (ABO3), spinel (AB204), pyrochlore
(A2B207) and orthorhombic structures (A2B40y) in different fields such as scintillators, ceramics,
thermal barrier coatings, luminescence, host radiation waste, etc. [28]

1.1.4 Importance of A2B>0O7 Host

Research based on A2B»07 structures obtained many research developments because the
structure of these materials can be synthesized into two phase transitions; ordered pyrochlore and
disorder fluorite; resulting in many different applications were these two phases can be useful.
The formation of A2B,07 consisted of the A-site corresponds to a rare earth element with a
charge of A3*. The B-site corresponds to a metal transition element with a charge of B**. The
difference between these two phases is on how the oxygens are arrange on the structure. (Figure
1.3) In ordered pyrochlore the oxygens are arrange on specific sites in the lattice making the
structure more prone to have the following properties: high chemical stability, immobilization of
high-level nuclear waste, wide band gap, luminescence properties, and ion conductivity etc.[29-
32] Ordered pyrochlore due to these properties became suitable for applications such as host
radiation waste, batteries, optic materials, catalysts, fusion reactors materials and more. In

disorder fluorite, the oxygens follow a different arrangement by arranging randomly thru the



lattice causing this phase transition to develop properties such as phosphor materials, and high

melting point use in applications such as ceramics and thermal barrier coatings. [33, 34]
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O Oxygen Vacancy

@ Assite®
(Rare Earth E.)

. 8b Oxygen

‘ 48 f Oxygen
(Specific Allignment)

. B-site**

(Transition Metal)

O Oxygen

(Randomly Allignment)

Figure 1.3: A2B207 Phase Geometry

These two phases can accommodate the dopant elements and rare earth elements into
both A and B-sites. Pyrochlore materials now a days are use more in the science field because
the structure is more ordered, has a D3 symmetry causing the cations to arrange in the most
suitable way depending on the ion size leading to a more occupied lattice.[35] There are many
A:>B-07 structures been used to try to understand the many properties these materials can
develop. In this work, A2B207 structures will be only cover the structure La>Zr.O7 ordered
pyrochlore and its findings throughout two years of research data and analysis.

Rare earth zirconate pyrochlore constituents are broadly studied as an optical host and
disorder to ordered phase transition by developing lanthanide-doped materials for various types

of lanthanide ion such as Er®*, Eu®*, Dy**, Yb%* etc. use directly towards phosphor applications.



[9, 36, 37] These phosphor materials have industrialized promising properties such as low
phonon energy, high structural and thermal stability, due to higher electron-hole overlay that
may Yield high oscillator strength which can increase photo and radioluminescence efficacy. As
for the reasonable size of La®*" ions, La,Zr.O7 displays a fully ordered pyrochlore-type assembly
with a space group of Fd-3m, also offering significant properties including, low thermal
conductivity, and good ability to accommodate defects. [38, 39] La2Zr.07 has been extensively
studied as a luminescence host however, none of past works focused on exploring doped
lanthanum zirconate nanoparticles that will be beneficial for medical, scintillation and
optoelectronic application.[40] Molten salt synthesis technique method has been achieved as one
of the most effective and suitable method to synthesize La>Zr>O7 because it requires as previous
explained low cost, low input time, low temperature synthesis, and the synthesis can be
controllable to develop suitable desire nanoparticles with well-organized properties. [41]
1.1.5 What is Upconversion

Upconversion (UC) is the system in which the absorption of two or more photons leads to
the emission of light at a shorter wavelength than the excitation wavelength.[9] In other words;
up-conversion deals with the activator (such as Ho, Er, Tm, NaYF.) been in an intermediate
state instead to be site in its ground state; this state will mark the interaction between a sensitizer
(Such as Yb, Ce) and the activator to be lesser than the vibrionic interaction of both materials so
that both can fuse into a single-ion level coupled to the crystal lattice of a compound.[42] Up-
conversion progression is achieved throughout numerous mechanisms such as ground state

absorption followed by excited-state absorption, sequential energy transfer, and photon



avalanche. Upconversion deals with anti-stoke lines; the difference of energy of the emitted
photon which has more energy than the absorbed photon in a system. [43]

Upconversion is mostly use as the conversion of electromagnetic radiation with longer
wavelengths (infrared light) to electromagnetic radiation that can be perceived by the human eye
(visible light). In recent years, some of advantages of upconversion are attributed by having large
anti-Stokes shifts, sharp-band emissions, long emission lifetimes, excellent photo stabilities, high
light-penetration depth and low toxicity. Due to these characteristics up-conversion applications
are optical features use in displays, laser and optical amplifiers, solar cells, biotechnologies,
drug-delivery, biosensor, optical temperature sensors, and more. [44, 45]

1.1.6 What is Downconversion

Downconversion (DC) consist in one high energy photon dealing with thermalization;
process in which elements reach thermal equilibrium by joint interactions which in this case is
inadequately absorbed due to thermalization losses by a system, which then is transmuted into
two or more lower energy photons. Down-conversion is mostly use as the conversion of
electromagnetic radiation with a wavelength size from 10 to 400 nm (ultraviolet light) to visible
light. [46, 47]

Downconversion materials exclusive physiognomies arise from the presence of narrow
band gaps which makes the process suitable for application such as, solar cells, luminescence

devices, optical transmission, medical diagnostics, biochemical probes, etc.[48]



1.1.7 Uses in Luminescence Materials

Luminescence is the transition of an atom from the excited energy state to a lower energy
state and then releasing quantum energy in the form of a photon of the system. Nanoparticles are
suitable in optical materials due to size-dependent physical and chemical characteristics. The
sizes in nanoparticles incline to have a large surface area in comparison with their volume
making nanoparticle very volatile to many applications. Nanoparticles tend to emit light or glow
with a light frequency depending on the material composition use and particle sizes gain after
synthesis method making them suitable for luminescence materials. [49, 50]

In A2B20- host materials, the area of interest in luminescence characteristics tend to be
infrared region, cathodoluminescence, efficient pump-power dependence, energy transitions,
lifetime, quantum vyield, radio-luminescence etc. [51-53] In pyrochlore host materials since the
A-site deals with lanthanide elements, the optical properties of these materials tend to be
originated from electron configurations of 4f transitions of such elements. In luminescence
materials there are various factors to consider when studied. Photoluminescence tends to be
affected by size and structure by changes in synthesis, time, temperature, pH, etc. so controllable
factors are required for scientist to obtained better annotations in growth mechanism, energy

transitions, luminescence lifetime, and morphology.



1.1.8 Dopant Role in A2B,O7 Host

A dopant material is a trace of impurity element that is incorporated into a chemical
compound or if it is crystalline material it will be incorporated into the crystal lattice to stimulate
emission and modify its original optical and electrical characteristics. Doped materials obtained
intense scientific work in the areas of lighting, LEDs devices, bioimaging, display materials, and
thermometry. Rare-earth doped materials are known for their elevated luminescence quantum
yield and chemical stability due to the f-f forbidden transitions and f-d transitions of these
elements suitable for optical devices. Pyrochlore structures tend to be an exceptional host for rare
earth dopant materials in recent years.[54] In this work, the use of Europium (Eu) as a dopant
element is under down-conversion studies with Lanthanum zirconate due to strong luminescence
and radiation stability in nanocrystal structures. Eu tends to give effective and rapid
luminescence due to allowed 5d-4f transitions of Eu®* causing intense values and lower thermal
conductivity when combine with lanthanum zirconate. Eu can serve as a substitute phosphor
active element in the host lattice by assessing local site symmetry with a nondegenerate state that
cause no splits by crystal field effects.[12, 55]

In upconversion materials, the introduction of Gd, Yb, Tm, and Er as dopants offer
ultraviolet upconversion (UVUC) emissions for the manufacture of UV devices. Moreover,
A:>B-07 host materials have been study by using triply doped materials (Gd, Yb, Tm) for NIR
excitation to UVUC emission. Dopant such as Yb**-Er®* conjunction expands absorption cross-
section of 980 nm photons because Yb®* ions stimulate Er** ions to greater energy levels

through energy transfer.[30, 56] Er®* characteristics show an extensive narrow linewidth in

10



addition to a high degree of wavelength stability. Tm®" has fitting stable state levels for UVUC
emission through the single transition of 2F7, — 2Fsp.. The ultraviolet to visible absorbance
spectra, Gd®** as a dopant displays a blue shift by increasing Gd dopant concentration. Similarly,
as Gd** concentration increases so does the band gap of the system. The photoluminescence
spectra of Gd** doped materials also display a green increase of intensity as Gd** incorporated
into the crystal lattice by oxygen vacancies occurring. Dopant elements had help rare earth
elements display many attributions to science. In this work, dopant elements play a huge role in
photoluminescence and how factors such as temperature, time, dopant selection affects the host

lattice and its characteristics.[57, 58]
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CHAPTER II

METHOD SYNTHESIS TO ACHIEVE A:B.07 NANOMATERIALS

2.1.1 Materials

Sodium nitrate Reagent Plus (NaNOs, 99.0%), Erbium nitrate pentahydrate
(Er(NO3)3-5H20, 99.0%), Potassium nitrate Reagent Plus (KNO3, 99.0%), Ytterbium nitrate
pentahydrate (Yb(NOz)3-5H20, 99.0%), Sodium chloride BIOXtra (NaCl, 99.5%), Thulium
nitrate pentahydrate (Tm(NOz3)3-5H.0, 99.0%), Potassium Chloride BIOXtra (KClI, 99.0%),
Europium (111) nitrate hexahydrate (Eu(NOz)3-6H20, 99.9%), Zirconium(lV) oxynitrate hydrate
(ZrO(NQ3)2-xH20, 99.99%), Lanthanum(l11) nitrate hexahydrate Reacton (La(NOz3)3-6H-0,
99.99%), Ammonium hydroxide (NH4OH, 28%), and Gadolinium nitrate pentahydrate
(Gd(NOs3)3:5H,0, 99.0%), were acquired from Alfa Aesar Company and Sigma-Aldrich
Company. [59, 60]

2.1.2 Experimental Synthesis

Co-Precipitation Method

Lanthanum (111) nitrate hexahydrate and Zirconium (1) oxynitrate hydrate and dopant
element Eu (5%), Tm (1%), Er (3%), Gd (20%), Yb (0.25%-20%) with a 5:5 ratio were dissolve
into a beaker with 200 ml of deionized water for 30 min. under stirring condition. In another
beaker a solution of 180 ml of deionized water and 20ml of Ammonium hydroxide were mixed

and then transfer by driblets via titration for 2 hours to the mixture under stirring condition to
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create a white precipitate. The precipitate was let to settle overnight before washing. The
precipitate was washed several times until neutral pH of 7.0 is reached. After that, the white
precipitate was collected via vacuum-filtration and let dried at room temperature for two days.
[31]

Molten Salt Synthesis (MSS)

A molten salt combination was synthesize by initially mixing the sodium and potassium
nitrates with the formed single-source precursor in a ratio of 30:30:1 by grinding, then heated in
an alumina crucible by a muffle furnace at 650°C for 6 hours with ramp-up and -down rates of
3°C/min, and finally washed with DI water multiple times to remove the salts to form “LZOD-P
NPs” (D, represent the dopant element use) For down-conversion data explanation, the dopant
use was exclusively Eu. For up-conversion data explanation, the dopant use was Tm, Er, Gd, and
Yb.

To explore the effects of molten-salt dispensation on the structure, particle size, and
optical properties of these preformed LZOE-P NPs on down-conversion, a mixture of NPs with
sodium and potassium nitrates or chlorides in a molar ratio of 1:30:30 was study under different
processing times (3h, 6h, 12h, and 24h) and annealing temperatures (i.e. 650°C, 800°C, 950°C,
and 1100°C) with ramp-up and down rates of 3°C /min. The obtained products after washed and
purified with deionized water were designated on the format of LZOE-t (the number of
processing hours)-T(the number of processing temperature)-molten-salt medium (shorted as N
and C for the nitrate and chloride salts, respectively). The representation of molten-salt

processing for upconversion and down-conversion LZOD-P NPs is showed in (Figure 2.1) [59]
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Figure 2.1: Molten Salt Synthesis for A2B>0O7 Structures
2.1.3 Different Method Types to synthesize A2B,O7 Nanomaterials
Nanoparticles can be synthesized by a variety of different techniques to achieve the range
of 1-100 nm. There are different methods with different characteristics use depending on the
shape, geometry or form researchers will like to achieve in the most efficacy way. In this work,

the methods explain are hydrothermal synthesis, co-precipitation, and Sol-gel synthesis. [32, 61]
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Hydrothermal Approach

Hydrothermal consist in performing a chemical reaction of reactants in aqueous solution
under a closed compartment, where the heated aqueous solution will surpass ambient pressure
and temperature conditions in the system. Hydrothermal is performed for the preparation of
inorganic-organic materials, crystals, complex oxides, luminescence phosphors and
nanomaterials.

The method consists in the mixture of the reactants desire with water or a solvent such as
ethanol, ammonia to cause a precipitation to be pour into a steel pressure device called autoclave,
then the mixture is now heated to a specific low temperature for a controllable duration time
causing the water or solvent to dissolve, precipitate the reactants and growth of the system
wanting to be achieved. Some of the advantages of using hydrothermal as a method are; easy and
precise control of size, morphology, and crystallinity by the modification of time and
temperature in the closed compartment. (Figure 2.2)

Huge improvement in the chemical activity of the compound been synthesized. Also,
hydrothermal is use as a soluble mechanism for reactants in hydrothermal when match with a
correct solvent to reach a critical point in the reaction. Some of the disadvantages in
hydrothermal approach are; the expensive steel close compartment cost needed, contamination
during reaction if compartment is not close properly, high temperatures can damage the vessel
inside of the autoclave causing to be melted and the synthesis expose to malformation or no

production of the material desire. [62, 63]
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Figure 2.2: Hydrothermal Synthesis

Co-precipitation Approach

Co-precipitation is use for synthesizing high-purity materials under low annealing
temperatures. Co-precipitation involves the manufacture of a precursor with nitrates to chlorides
which then is mixed and precipitated by the use of a solvent to stimulates the growth and
nucleation in a system. Some of the advantages that co-precipitation provides are; the facilitation
to produce insoluble materials by supersaturation, nucleation is an important role in the
formation of nanoparticles for A2B>O7 materials, reactants can be controllable synthesize by
controlling different factors like solvent concentration, titration time, temperature, etc. Just like
any technique co-precipitation contain disadvantages such as impurities may precipitate as well
with the reactants, long time process, resynthesized may not have the same results as the first

synthesis affecting control in the experiment. (Figure 2.3) [64, 65]

Settle
Overnight pH=7

Washing

Precipitation [ 1 drying

Figure 2.3: Co-precipitation Synthesis
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Sol-gel Approach

Sol-gel is the technique where hydrolysis and polycondensation is needed for the
formation of a reactant mixture with an aqueous solution where different factors such as
chemical reaction, temperature, gelation causes the solution to arrange itself into a gel
foundation. This gel helps avoid segregation between the particles at low temperatures when the
synthesis is in process. Some of the advantages of sol-gel are; low temperature synthesis, purity
increase in compounds synthesize under sol-gel, successfully mixture of reactants in liquid form,
control of dopant dispersion in synthesis. Sol gel also has some disadvantages such as solvents
may cause harmful human damage, and long engage time during synthesis. (Figure 2.4) [47, 66]

Precursor
La(NO,);*6H,0 + ZrO(NO;),*2H,0

<

Stirring

Gel Formation

Hydrolysis
Condensation

Drying under
- _d) temperature

Figure 2.4: Sol-gel Synthesis

17



CHAPTER Il

CHARACTERIZATION

3.1.1 X-Ray Diffraction

X-ray diffraction is defined as an analytical technique which allow scientists to acquire
information regarding phase identification of a lattice and its cell dimensions. X-ray diffraction
take place when a scattered beam of a monochromatic x-ray penetrates the target compound. The
scattered light experience constructive (waves in phase) and destructive (waves out-of-phase)
interference.[67, 68] X-ray diffraction mechanism consists for the x-ray light to rotate around the
targeting material placed in a stage, where only if the radiation waves became in phase with the
sample; will result in a specific diffraction peak at a specific angle providing bond lengths, bond
angles, and the virtual sites of ions and molecules in the unit cell. In nanomaterials, crystalline
structures are very common resulting in the usage of x-rays by crystals described by Bragg’s

equation.

2dsin@=nA

Where d is the distance from two parallel planes of atoms by the scattering light. The n is an
integer and wavelength (A) which is the specific angle where the radiation waves became in phase
causing a diffraction peak. There are factors which cause the direction of the diffraction

dependent such as size, shape, and intensities of the lattice giving scientist an insight of properties
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in the unit cell. Nanoparticles produce via molten salt synthesis results in powder samples where
the Debye-Scherer formula needs to be used to be able to determine crystallite size. [19, 65, 69]

D KA
Pcost

where D signifies the crystallite size, K is a constant of the Scherer formula with a value of 0.94
for cubic crystallites. X-ray wavelength (1) spectroscopy provided by the institution has a value of
1.5406 A, B is the full width half-maximum (FWHM) of the highest peak in the sample; for
A>B>07 materials the highest peak corresponds to the (222) peak of the nanoparticles minus the
FWHM fitting of the instrument, and 0 is the angle of the corresponding Bragg reflection fitted in
accordance with the calculate FWHM of the (222) peak. For data collection, x-ray diffraction was
elemental for crystallite size and phase transition from disorder fluorite to ordered pyrochlore.
3.1.2 Scanning Electron Microscopy

Scanning electron microscope is very helpful in science to observe morphology, particle
size, and physical topographies on a lattice area; where the simple eye is unable to determine the
characteristics in question. Scanning electron microscope is able to display images where
scientists are able to note changes in size and morphology by different parameters employ in the
sample been study. The electron scattering and sample interaction creates several motions that
result in an image. Scanning electron microscope uses an electron foundation, where electrons are
produced and release through a column where a variety of electrons are dispersed over a sample.
Scanning electron microscope uses electromagnetic lenses as a controllable way for electrons to

follow the column pathway; enhancing good quality images. The condenser controls the
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resolution on the electron beam, while objective lenses are operated to focus the beam into the
sample. Magnification will depend on the abilities of the machine use and on the size of the
particles gained. [70]
3.1.3 Raman Spectroscopy

Raman spectroscopy is an advantageous technique to study molecular vibration in a
structure and it has the unique ability to offer a structural fingerprint by which molecules can be
acknowledged. Raman spectroscopy follows the Raman effect; when a monochromatic light hits a
sample, some light will be scattered, and some will be absorbed by the sample. Then a certain part
of the energy gets transmitted to the sample by Raman scattering. When studying A>B207 phase
arrangement, Raman spectroscopy is one of the most wanted techniques to identify between
disorder fluorite (DF) or ordered-pyrochlore (OP) lattice structure. The way to contrast between
these phases is that a DF structure with space group Fm3m only has one Raman active mode
assigned to F2g and will be identify in the spectra by a broad peak covering the range categorize
by a DF phase. DF mode is principally accredited to random positioning of seven O% ions over
eight anionic sites in the lattice leading to high level of structural disordering. In contrast, the OP
structure is defined with Fd3zm space group holding six Raman modes (Axq + Eq + *F2g) that occur
in the range of 200 cm™ to 1000 cm™. The modes are principally accredited to specific molecular
vibrations between O?~ ions and the A and B-site will result in specific peaks located throughout

the spectra. [25, 45, 55, 56]
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3.1.4 Optical Spectroscopy

Photoluminescence (PL) measures the intensity of light released from the excited state to
ground state of a sample when irradiated by a monochromatic light over a spectrum of
wavelengths. By determining the luminescence spectrum, it is likely to observe material
imperfections and impurities. In this work, study the luminescence of materials, which involves
the metal oxide elements (host) and rare earth ions (activator) in the valance state is fundamental.
To study photoluminescence, a background study of the luminescence phenomenon needs to be
done, then representations are recorded linked with the energy levels of the ground state where it
will construct a relationship between the host and activator been used. [31, 71, 72]

3.1.5 Characterization use for experimental purposes

The spectroscopy techniques used for A2B207 nanoparticle materials by molten-salt
processing exposed once or twice were characterized using X-ray diffraction (XRD), Raman
spectroscopy, scanning electron microscopy (SEM), photoluminescence spectroscopy (PL) and
lifetime decay, and. XRD patterns were taken by Benchtop powder X-ray Rigaku-Miniflex
diffractometer having a Cu Kal radiation (A = 0.15406 nm, 115V, 50/60 Hz) with a scanning 20
range of 20-90°, step size of 0.05° and rate of 1.12°/sec. Raman spectra were taken by a Senterra
Bruker spectroscope (OPUS 7.5 Software) with a 785 nm laser and 50 mW at a resolution of 3-5
cm-1 and integration time of 10 second. SEM images were collected using a Carl Zeiss Sigma-
VP field emission SEM. Fiji image analysis software using ImageJ 64bit as the system to
develop histograms and particle size distribution for SEM images. PL spectrum were recorded

using an Edinburgh Instrument FLS 980 fluorometer with a xenon lamp. Lifetime decay profiles
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were collected on the FLS 980 fluorometer by implementing a pulsed microsecond xenon lamp

with a frequency from 1-100 Hz using time correlation with single-photon counting method.[59]
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CHAPTER IV

DISCUSSION

4.1.1 X-Ray Diffraction Analysis

Downconversion

For the simplicity of discussion, the molten-salt processing time, temperature, and type of
salts will be explained consecutive with each spectroscopy technique to compare the different
results obtained in preformed LZOE NPs when exposed to different factors.
Molten-salt processing time

X-ray diffraction was performed in LZOE NPs to confirmed purity by noting no
additional peaks in the spectra. XRD patterns of the preformed LZOE NPs and molten-salt
processing with a control temperature of 800°C, chloride salts as the medium and different
processing times (Figure 4.1a) show pure phase matched with the standard XRD pattern of LZO
(JCPDS card No 71-2363). After using Debye-Scherer formula explained in chapter 11, the
computed crystallite size of the LZOE NPs (Table 1) visibly sight the crystallite size increasing

from 22 nm to 29 nm as the molten-salt processing times increase from Oh to 24h. [27]
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Figure 4.1 (a) XRD patterns of the preformed LZOE NPs with a control temperature processed at

800°C in mixed sodium and potassium chloride medium with different molten-salt
processing times.
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LZOE-P LZOE-t3- LZOE-t6- LZOE-t12- | LZOE-t24-T8-
T8C T8C T8-C C
20 (°) of (222) peak 28.85 28.8 28.75 28.9 28.8
FWHM (B) of (222) | 0.5742 0.5382 0.52397 0.50596 0.4874
peak
Calculated 22 24 25 27 29
crystallite size from
XRD (nm)
Calculated lattice 10.71 10.73 10.75 10.69 10.73
parameter (A)
FWHM of Raman 326.43 503.609 534.46 535.99 519.34
F2g peak
Estimated particle | 32.4+04 | 33.3+04 374+0.4 459+0.8 47.5+0.8
size from SEM
(nm)
PL lifetime (ms) 1.76 1.77 1.65 1.84 1.95

Table 1. Changes of structural and optical parameters after the preformed LZOE NPs with a
control temperature processed at 800°C in mixed sodium and potassium chloride medium

with different molten-salt processing times.




Molten-salt processing temperature

XRD Patterns exhibit in Figure 4.2a display the single-phase of LZOE NPs without any
impurity and equivalent with JCPDS patterns 71-2363. It was noted that as temperature increases,
sharper diffraction peaks appear connotating high crystallinity and increase in crystallite size of
the LZOE NPs. After calculations, the crystallite size in Table 2 data shows an increase from 22
nm to 34 nm as the different variables in temperature (650°C to 1100°C) increases. There was a
slightly difference where the changes in crystallite size was larger by the different processing
temperatures used that the crystallite size by the different processing times used in this study. The
increase in crystallite size is ascribed to Ostwald ripening which defines the modification of an
inhomogeneous compound. In this case, the greater particles raise bigger at the expense of the
slighter particles demonstrating the relationship LZOE NPs surface area to volume ratio (S/V).

[73]
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Figure 4.2 (a) XRD patterns of the preformed LZOE NPs with a control processed time at 3h in

mixed sodium and potassium chloride medium with different molten-salt processing
temperature
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LZOE-P LZOE-t3- | LZOE-t3-T9- | LZOE-t11-

T8C C C
20 (°) of (222) peak 28.85 28.75 28.85 28.8
FWHM () of (222) peak 0.5742 0.5239 0.4454 0.43977
Calculated crystallite size (nm) 22 25 33 34
Calculated lattice parameter (A) 10.71 10.75 10.71 10.73
FWHM of Raman F24 peak 326.43 503.60 537.88 494.57

Estimated particle size from SEM (nm) | 32.4+0.4 | 33.3+04 40.9+£0.5 49.7+ 0.6

PL lifetime (ms) 1.76 1.77 2.16 1.99

Table 2. Changes in structural and optical parameters after molten-salt processing of the
preformed LZOE NPs with a control processed time at 3h in mixed sodium and potassium
chloride medium with different molten-salt processing temperatures.
Molten-salt processing Medium

In this section, LZOE NPs was formed by two different molten-salt mediums; for purpose
of the study, the molten-salt processing temperature and time has been controlled for data
processing. The following preformed samples were compared with LZOE-P NPs. The first
medium NaNO3z-KNOs (at 650°C for 6h) and the second medium NaCl-KCI (at 1100°C for 6h)
show XRD patterns (Figure 4.3a) effortlessly matched the characteristic diffraction peaks of
LaxZr,07 in accordance with already explained JCPDS patterns. Table 3 data show the estimated

before and after synthesis cell parameters and crystallite sizes of LZOE NPs after different

molten-salt types. [74]
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Figure 4.3 (a) XRD patterns of the preformed LZOE NPs after processed in the NaNO3z-KNO3
and NaClI-KCI molten-salt media for 6h at 650°C and 1100°C.



LZOE-P LZOE-t6-T6-N | LZOE-t6-T11-C

20 (°) of (222) peak 28.85 28.8 28.7

FWHM (B) of (222) peak 0.5742 0.5382 0.39227

Calculated crystallite size (nm) 22 24 42

Calculated lattice parameter (A) 10.71 10.73 10.76

FWHM of Raman F24 peak 326.43 534.46 505.54

Estimated particle size from SEM (nm) 324+04 42.3+0.6 59.3+0.9

PL lifetime (ms) 1.76 1.65 1.99

Table 3. Changes in structural and optical parameters of the preformed LZOE NPs after
processed in the NaNO3-KNO3 and NaCl-KCI molten-salt media for 6h at 650°C and 1100°C.

4.1.2 Scanning Electron Microscope Analysis

Molten-salt processing time

SEM data images including histogram insets in Figure 4.4 corresponding to particle size

of LZOE NPs are shown. Molten-salt different process times compare with the before treatment

of LZOE NPs shows particles with a spherical shape and constant progress of the average particle

size from 32 nm to 48 nm. At different annealing times, solid-state materials crystalline to

suitably high temperature enabling Oswald ripening. As previously explained, the greater

particles raise bigger at the expense of the slighter particles showing the rate limiting factor to be

diffuse oriented. Hence, increase in particle size normally follows exponentially with temperature,

only linearly with the times chosen in the experiment and at a given controlled temperature like

shown in the work. [75]
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Figure 4.4. SEM images of the preformed LZOE NPs with a control temperature processed at
800°C in mixed sodium and potassium chloride medium with different molten-salt
processing times. The insets show the histograms of the particle size obtained from the
ImageJ software.

Molten-salt processing temperature
SEM images (Figure 4.5) visibly displays preformed LZOE NPs with a sphere

nanodomain morphology; as temperature progress an increase in aggregation happened. It is

noted that as temperature increases, particle size enlarge from 33 nm to 50 nm (insets of Figure

4.5 and Table 2). The cause aggregation increases with temperature increase, is the self-assemble

of the small particles into spheres of large masses. The spheres start creating masses around them,

fussing into larger sized NPs. Yang et al. demonstrate this nanomaterial behavior where

nanoparticles tend to self-assemble in different morphologies by mechanical properties originated

by surface and strength of NPs adhesion.
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LZOE-t3-T9;C : LZOE-t3-T11-C

Figure 4.5 SEM images of the preformed LZOE NPs with a control processed time at 3h in
mixed sodium and potassium chloride medium with different molten-salt processing
temperatures. The insets show the histograms of the average particle size estimated using
the ImageJ software.
Molten-salt processing medium
Nanoparticle formation in MSS is dictated by nucleation and crystal expansion process
and the rate ratio defining particle size and morphology. In this case, a higher increase in the rate
of nucleation, a higher grow of the particle size and the formation of a better well-define crystal
shape. On the other hand, when crystal expansion rate is bigger than the nucleation, uniform
nanoparticles are molded. The preformed LZOE NPs SEM images (Figure 4.6) and the after-process

particles with different mediums show that larger particle sizes were obtained in the chloride

medium. Data confirm nitrate medium (KNO3-NaNOs3) at 6h/650°C is about 42 nm and that of as-
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synthesized sample in term of chloride medium (KCI-NaCl) at 6h/1100°C is approximately 59

nm.

LAZOE-t6T11C

Figure 4.6 SEM images of the LZOE NPs after processed in the NaNO3-KNO3 and NaCl-KCl
molten-salt media for 6h at 650°C and 1100°C. The insets show the histograms of the
average particle size calculated using the ImageJ software.

4.1.3 Raman Spectroscopy Analysis

Molten-salt processing time
The Raman spectra of the preformed LZOE NPs with a control temperature at 800°C with

different processing times (Figure 4.7) exhibit the Raman bands formation corresponding to the

ordered pyrochlore structure. It is noted that as processing time increases, so does the broadening
of the estimated FWHM (Table 1) The increase FWHM of the Raman F4 band at ~300 cm™

suggests enlarged anion disordering of the LZOE NPs with a control temperature at 800°C with

different processing times compared with the preformed sample. [76, 77]
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Figure 4.7 Raman spectra of the preformed LZOE NPs with a control temperature processed at
800°C ip mi?<ed sodium and potassium chloride medium with different molten-salt
processing times.

Molten-salt processing temperature
The Raman spectra (Figure 4.8) displays the Raman bands corresponding to OP structure

for preformed LZOE NPs and after post synthesis with temperature as the variable and a control

time of three hours under mixed sodium and potassium chloride molten-salt medium. (Table 2)

calculations show the Raman bands to narrow as the processing temperature increases from 800

to 1100°C proposing the ordering extend increase for OP structure to be reciprocal. In

consequence, XRD and Raman results under molten-salt processing temperature express that
particle growth of LZOE NPs and crystal lattice structure converts into higher degree of ordering

as preformed LZOE NPS are synthesis to higher molten-salt processing temperatures under

Ostwald ripening mechanism.
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Figure 4.8 Raman spectra of the preformed LZOE NPs with a control processed time at 3h in
mixed sodium and potassium chloride medium with different molten-salt processing
temperatures.

Molten-salt processing Medium
Raman spectra data for different molten-salt processing mediums shows the same results

explained before where the six Raman bands can be recognized in the spectra for OP structures. It

is noted that there is a higher degree of intensity, ordering of oxygens, and slighter Raman bands
in sample “LZOE-C” when compare with “LZOE-P” and “LZOE-N” samples (Table 3). The

reason of the higher ordering and intensity in sample “LZOE-C” is due to higher temperature use

in chloride molten salts synthesis resulting in higher Raman band definition.
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Figure 4.9 Raman spectra of the preformed LZOE NPs after processed in the NaNOs-KNO3z and

NaCl-KCI molten-salt media for 6h at 650°C and 1100°C.

4.1.4 Optical Analysis

Molten-salt processing time

The emission spectra of the LZOE NPs was recorded to investigate luminescence
behavior in each sample. LZOE NPs emission consist of strong bands of °Do—'F1 (592 nm),
°*Do—'F, (612 nm), °Do—'F3 (653 nm) and *Do—>'F4 (709 nm) once the charge transfer band was
excited, (Figure 5a). At 592 nm; an orange emission is noted belonging to the magnetic dipole
°Dy—'F4 transition of Eu** which values do not change significant due to the crystal field
strength. At ~612 nm; a red emission is noted to be related to the electric dipole *Do—'F>
transition of Eu** which the dependency on the symmetry of the crystal field makes Eu®* very

susceptible to the local environment around the element. Structural information about Eu®* ions

local symmetry is obtained when intensity ratios between *Do—'F2to °Do—'F1 are compared
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around LZOE NPs data. The asymmetry ratio °Do—'F; line at 612 nm (ED) is stronger and
higher in intensity in contrast to >Do—'F1 line at 592 nm (MD) which demonstrates that the
asymmetric surroundings with no inversion symmetry was occupy by Eu* ions.

The excitation spectra in (Figure 5c¢) shows the charge transfer (CT) band from
0* —Eu®" ions which is identify as a broad band in the range of 250360 nm and several lines
in the range of 360—-420 nm. Furthermore, the emission and excitation spectral data (Figures 5a
and 5c¢) no profound change after different times were implemented unlike the intensity. The
intensity difference as time increases (Figure 5b) shows in the preformed LZOE NPs have the
highest emission value which then decrease after at 800°C in mixed sodium and potassium
chloride medium for different time durations. The change in intensities after time increases is
due to light scattering by particles agglomerating increasing particle growth with time exposure.
The increase in agglomeration cause the scattering of emission and excited light to reduce in
intensity after time exposure. When different molten-salt processed LZOE samples with different
durations from 3h to 24h, 3h had the highest intensity due to high-quality properties since it had

the least surface defects by higher crystallinity and least agglomeration. [78, 79]
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Figure 5. (a) Emission spectra (lex = 260 nm), (b) variation of emission intensity as a function of
processing time, (c) excitation spectra (lem = 612 nm), and (d) lifetime decay profiles of
the preformed LZOE NPs with a control temperature processed at 800°C in mixed
sodium and potassium chloride medium with different molten-salt processing times.

To get an information about the ideal location of the dopant Eu** o in the LZO lattice
sites, PL decay time (lifetime) studies were implemented. The decay curves (Figure 5d)

corresponding to °Dyo level of Eu®* ions of the LZOE NPs depict monoexponentially outlines.

This information tells us that Eu* ions were equally arranged in the LZOE NPs. As explained
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before in emission data, Eu* ions are stabilized in the lattice which confirms the
monoexponentially decay behavior. Additionally, there is not significant difference in the
lifetime values for the preformed LZOE NPs and the molten-salt processed NPs for 3h (Table 1).
The lifetime value originally got reduced from 3h to 6h and then increment further at 24h. The
originally decrease in value at low durations was by agglomeration effects greater than surfaced
defects whereas the opposite behavior prevails at increasing processing duration.
Molten-salt processing temperature

(Figure 6a) shows PL emission data where it was noted that a gradual decrease of
emission intensity as molten-salt processing temperature increases. As discussed early, higher
temperature creates particles to increase agglomeration which leads to scattering of light
decreasing intensity. The second reason is thermal quenching that as temperature increases,
thermal defects cause emission to decrease by creating nonradiative pathways. (Figure 6b) it is
noted that the energy of charge transfer band increase by moving to shorter wavelength as
processing temperature increases. This behavior is cause by increase of average distance
between Eu®* and surrounding anions making it difficult for electron transfer between oxygen
and Eu due to extension of the crystal lattice. In both PL emission and excitation data proves
the enhancement of the O—Eu charge transfer energy and thermal quenching of emission

intensity as molten-salt processing temperature change. [68, 80]
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Figure 6. (a) Emission spectra (1ex = 260 nm), (b) excitation spectra (1em = 612 nm), and (c)
lifetime decay profiles (lex = 260 nm and (lem = 612 nm) of the preformed LZOE NPs
with a control processed time at 3h in mixed sodium and potassium chloride medium
with different molten-salt processing temperatures.

In (Figure 6¢) molten-salt processing at different temperatures in lifetime decay show
monoexponentially decay data which corresponds to °Do level of Eu®*ions. The lifetime value
(Table 2) of LZOE NPs increases gradually with increase at 950°C and then to some extent
decreases at 1100°C this behavior was attributed to surface area decrease at higher temperature
and as particle size increases. As the surface area increase, increase of Eu®* ions were
rearranging close to the surface which leads to more defects that then quench fluorescence.
Molten-salt processing Medium

Molten-salt different mediums the emission (Figure 7a) and excitation spectra (Figure 7b)
of the LZOE NPs show different intensities. In nitrate medium there is a higher emission and
excitation in comparison with the chloride medium. Then when both mediums are compared
with the preformed LZOE NPs the intensity in the preformed particles is higher. This behavior is
attributed to the light scattering by agglomeration of nanoparticles since temperature is higher in

chloride and a reprocess in nitrate medium which leads to agglomeration. (Table 3) lifetime
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values obtained from the lifetime decay profiles (Figure 7c) show that the value for chloride
medium is larger than in nitrate medium this is because the larger defect density for the latter in

comparison with the former which show more dominant effect compared to agglomeration.
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Figure 7. (a) Emission spectra (lex = 260 nm), (b) excitation spectra (em = 612 nm) (c) Lifetime
decay profiles (lex =260 nm and Aem = 612 nm) of preformed LZOE NPs after processed
in the NaNO3-KNO3z and NaCl-KCIl molten-salt media for 6h at 650°C and 1100°C.

Upconversion
For these phenomena, we describe two sequences of either doubly or triply doped

La>Zr,O7: NPs synthesized by a molten salt method. The first dopant sample is LaxZr,O7:YDb,Er

NPs, it is known that these dopants will displayed bright red and moderate green UC (VUC) and

NIR-B DC (NDC) at around 1550 nm. For the second dopant sample, La>,Zr.O7:Gd,Yb,Tm NPs,

displayed ultraviolet up-conversion (UVUC). In addition, we investigated the effects of sensitizer

doping level on the morphology, crystal structure and UC and DC emission intensity of these

NPs. [60]
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4.1.5 X-Ray Diffraction Analysis

XRD data of La»Zr,O7:Er,Yb NPs (Figure 8a) with different sensitizer concentrations
and La»Zr.07: Yb, Tm, Gd NPs with control concentrations showed that no other extra peaks
related to La,0s3, Yb20s3, Er.03, Tm203, Gd203 and ZrO, were noted meaning that the samples
achieve high purity and no impurities were observed. XRD patterns matched pure La>Zr.0O7
phase with Fm3m space group and pyrochlore structure (JCPDS No. 78-1292). After calculating
the crystallite size of all samples, it was noted in sample LZO:3%Er,x%Yb NPs (Table 4) that
the size decrease as sensitizer concentration increase due to smaller ionic radius of 8-coordinated

Yb® ion (98.6 pm) compared to 8-coordinated La®>* (116 pm).
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Sample Calculated Crystalline Size (nm)
LZO3Er0.25Yb 22.1+0.9
LZO3Er0.50Yh 20.9+0.9
LZO3Er0.75Yb 19.9+0.9

LZO3ErlYb 15011
LZO3Er2Yb 135+11
LZO3Er5Yb 123+1.2
LZO3Er7Yb 109+13
LZO3Er10Yb 9.6+14
LZ020Yb1Tm20Gd 20.5+0.3

Table 4. Calculated crystallite size values of the LZO:3%Er, x%Yb NPs at various processing
Yb** concentrations.

4.1.6 Raman Spectroscopy Analysis

Raman spectroscopy data shows both the doubly doped LZO:3%Er, x%Yb NPs and the
triply doped LZ0:20%Yb, 1.0%Tm, 20%Gd NPs adapting ideal pyrochlore phase showing the six
peaks corresponding to the structure (Figure 8b). To study the extend of disordering from sample
LZO:3%Er:x%Yb NPs and relationship with different concentrations of Yb3* ions was done by
variation of the full width half maxima (FWHM) of the most intense F2g Raman peak located
around 300 cm™. The gradual increase of the FWHM value (Figure 8b) shows the ordering extent
of LZO:3%Er:x%Yb NPs with Yb®* concentration increasing. This behavior is due to
incorporation of Yb3* ion from La>" site to Zr** sites as Yb3* concentration increase since the ionic
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radius of 6-coordinated Zr**ion is 72 pm whereas that of Yb®" ion is 98.6 pm causing a peak

bordering with increase concentration. [81]
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Figure 8. (a) XRD pattern (b) Raman spectra of LZO:3%Er, x%Yb NPs at various processing
Yb** concentrations and LZ0:20% Yb, 1.0% Tm, 20% Gd.

4.1.7 Scanning Electron Microscope
Scanning electron microscope (Figure 9a-g) shows the morphology and calculated particle
size of the doubly doped LZO:3%Er:x%Yb NPs being with a spherical shape and equally
dispersed with some agglomeration around particles. After calculations the size fall between a
range of 10-35 nm, which decreases from 37 nm to 24 nm as processing concentrations of Yb3*
increases from 0.25% to 10%. The triply doped LZ0:20%Yb,1.0%Tm,20%Gd NPs (Figure 9i)

show sphere shape nanoparticles with an average particle size of ~43 nm. [76]
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Figure 9. SEM images of LZO:3%Er,x%Yb NPs at various processing Yb®" concentrations (a)
0.25%, (b) 0.50%, (c) 0.75%, (d) 1.0%, (e) 2.0%, (f) 5.0%, (g) 7.0%, (h) 10.0% and (i)
LZ0:20% Yb, 1.0% Tm, 20% Gd
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4.1.8 Optical Analysis

NIR-Visible Up-conversion

The UC emission spectra (Figure 10a) of the LZO:Er,Yb NPs was analyze between 500-
700 nm under 980 nm laser excitation. Three projecting peaks around 525, 550 and 660 nm are
noted due to inter configurational f—f transitions of Er** ions. Moreover, double bands located at
525 and 550 nm in the green region are ascribed to 2H1/2-*l1s/2 and #Sgp2-*11s/2 transitions of Er3*
ion. The higher intensity band in the red region around 660 nm is due to “Fe/2-*l1s/2 transition of
Er®* ion. The intensity ratio emission of the red and green emission bands increases up to 2.0%
concentration and then decrease until 10.0% concentration (inset of Figure 10a). A relative UC
emission spectrum for LZO:3%Er:x%Yb NPs with various processing concentrations of Er®* jon
was implemented (Figure 10b), the UC emission band intensity increase until 1.0% concentration

and then decreasing encouraged by concentration quenching in the samples. [82, 83]
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Figure 10. The LZO:Er,Yb NPs: (a) UC emission spectra and (b) variation of UC emission
intensity at various processing Yb** concentration.
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PL of the Triply Doped LZO:Yb,Tm,Gd NPs

In (Figure 11a); UVUC fluorescence data under 980 nm excitation
LZ0:20%Yb,1%Tm,20%Gd NPs displayed three emission peaks in a range of 260-284 nm are
attributed to °1; —®S7, transitions of Gd** ions. The emission peak position at 289 nm is assigned
to 3Po/*le —*Hg transition of Tm** and emissions peaked at 296, 300, 306 nm are originated from
%P5/, —8S712, ®Psr2 —8S72 and 8Pz, —8S72 transitions of Gd®*ion, respectively. Energy levels
diagram of Yb%*, Gd®*, and Tm3* ions co-doped LZO NPs (Figure 11b) shows NIR photons are
absorbed by the Yb®" ions. Unlike Yb®" ion, Gd* ions have a large energy gap between its
ground state and excited state which cannot directly absorb 980 nm photons. Appropriately in a
tridoped LZO NPs with Tm®*, Gd*"and Yb®* ions, the energy transfer 3P21 — 3Hs(Tm?®*) : 8S7p
— 81;(Gd*") populates the excited °ljstates of Gd**. Given that the probabiltiy of nonradiative
transition from 817/, level to the ®Ps, level in Gd®* is 5 times that of ®1,, — 8S7/, radiative
transition. We can conclude based on above discussion that the population of the 3Py levels is

immensely important for strong UVUC from the LZ0:20%Yb,1%Tm,20%Gd NPs.[84, 85]
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Figure 11. (a) UC emission spectra of LZ0:20%Yb,1%Tm,20%Gd NPs and (b) Energy levels
diagram of Yb%*, Tm®" and Gd®* with likely mechanisms of the UC emissions.
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CHAPTER V

CONCLUSION

5.1.1 Data conclusion

In this work, we highlighted the different downconversion and upconversion mechanisms
through a simple controllable molten salt synthesis at different processing times, temperatures,
salt mediums, or dopant concentrations. In this study LZO was ideal to investigate the pyrochlore
phase under different parameters carried out by X-ray diffraction, Raman spectroscopy, scanning
electron microscopy, and photoluminescence to investigate their size, shape, structure and optical
property changes.

XRD show all samples to be pure since no other peaks were noted confirming purity.
Crystallite size shows the size increases as time and temperature increases due to thermal
quenching and more nucleation happening as these parameters increase. Raman spectroscopy
concluded that all samples had a pyrochlore phase by portraying the six unique peaks (Aig + Eg +
“F,g) Whereas temperature and time increases increase in crystal growth and higher lattice order.
Morphology shows that increase in time and temperature leads to agglomeration and decrease
lifetime value as the molten-salt processing time and temperature were raised due to decrease of
defects under enhanced thermal condition. In Downconversion the best optimal time and
temperature was 3 hours and 800 C due to least surface defects which causes the light to not

scatter as much as at high temperatures or times which affects the luminescence intensity. For
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different processes medium, Nitrate salts were better to obtain a well-define crystallize
morphology and least surface defects on the samples. Chloride salts were best in increasing
crystal growth.

In Upconversion, the effect of Yb®" doping level was investigated on the UC intensity of
the LZO:3%Er:x%Yb NPs. It was noted that as the Yb®* concentration increase, the order degree
of the pyrochlore phase and the particle size decreased. This was due to incorporation of Yb3*
into the lattice. The ionic radius of Yb®"is smaller than La3* causing a reduction on the particle
size as the concentration increases. For the triple doped samples with Gd**, Tm®*, and Yb** show
that Tm3* is efficiently populating on Gd®* energy levels by making Gd** emitted luminescence
at low wavelengths. In This work highlights the importance of post-synthesis thermal treatment
conditions on tuning the size and structure of nanoparticles as well as LZO being an excellent
pyrochlore material displaying visible UC which these behaviors are determined to help in

science for bioimaging and water disinfection purposes.
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